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Abstract 

The growth of energy demand in the world requires addressing the increasing 

power requirements of industrial and residential consumers.  Optimizing the design of 

new and existing large power producing systems can efficiently increase energy supply to 

meet the growing demand. Hydrogen as an energy carrier is a promising sustainable way 

to meet the growing energy demand, while protecting the environment. This thesis 

investigates the efficient production of hydrogen from the electrolysis of copper chloride, 

by predicting entropy production as a result of diffusive mass transfer.   

Also, this thesis investigates the possibility of producing electrical energy from 

waste heat produced by industrial or other sources. The thermocapillary motion of fluid 

droplet in a closed rectangular microchannel is used to generate electrical energy from 

waste heat in a piezoelectric membrane by inducing mechanical deformation as a result 

of the droplet motion. Modeling, fabrication, and experimental measurement of a micro 

heat engine (MHE) are investigated in this study. Analytical and experimental results are 

reported for both circular and rectangular microchannels. A novel fabrication technique 

using lead zirconate titanate (PZT) as substrate in microfluidic application is presented in 

this study. This thesis develops a predictive model of the entropy production due to 

thermal and fluid irreversibilities in the microchannel. Thermocapillary pressure and 

friction forces are modelled within the droplet, as well as surface tension hysteresis 

during start-up of the droplet motion. A new analytical model is presented to predict the 

effect of transient velocity on the voltage production in the MHE. In order to predict the 

effect of the applied stress on voltage, the different layers of deposition are considered for 

thin film laminates. The highest efficiency of the system from simulated taking into 
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account the electromechanical coupling factor is about 1.6% with a maximum voltage of 

1.25mV for the range of displacement considered in this study. In addition, new 

experimental and analytical results are presented for evaporation and de-pinning of 

deionised water and toluene droplets in rectangular microchannels fabricated from Su-8 

2025 and 2075.  
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Chapter 1 : Introduction 

Water is the most abundant substance in the world. The ability to harness the 

immense amount of energy found in water in an environmentally friendly way can 

prolong our ability to preserve earth’s natural resources.  A variety of ways have been 

invented and commercialized to achieve this purpose, ranging from hydroelectricity, tidal 

energy, and thermochemical splitting of water to generate hydrogen.  

Large scale (Macroscopic) power generating systems are conventional power 

plants, i.e., gas turbine plants, steam turbine plants, cogeneration, combined cycle power 

plants, nuclear plants, and combined cycle cogeneration power plants.  These generally 

produce power in the order of megawatts. Fossil fuels are generally used to power such 

systems, resulting in increased emission of greenhouse gases (GHG). These large power 

generating units will be called macro scale power plants in this thesis.  Microscopic 

power producing devices are usually miniaturized forms of macroscopic power plants. 

These systems are usually designed to produce a much smaller scale of power in the 

order of micro watts. The focus of this research is to generate energy on this smaller 

scale, which is in the order of microwatts. Systems which operate on such small scales do 

not usually require any fossil fuels for their operation, and they are classified as 

renewable energy systems. These systems will be referred to as micro scale power 

systems in this thesis.   

Water is used as the working fluid in steam power plants to produce power in the 

other of megawatts. It is also used significantly in cooling of various industrial processes. 
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The use of water in such large units will be considered as macroscopic application of 

water. Water has also found significant application at much smaller scale in the order of 

micrometers. Water has been used in microcooling, sensors, actuators, and micropumps,   

which are classified as microscopic devices. This thesis examines a different and unique 

approach from the usual macroscopic way of using water as an energy mover, by 

exploiting the properties of water at the microscopic level.  The motivation of working on 

the microscopic level stems from the desire to use smaller systems in our daily life. These 

devices require a source of energy for continuous operation. The conventional form of 

energy for most portable devices such as tablets, phones, mp3 players, and headsets is the 

battery, which is usually heavier and bulkier than the system mechanisms.  The macro 

systems are mostly a combination of several micro-electromechanical systems (MEMS) 

coupled together.  

Fossil fuels (natural gas, coal, and petroleum) have traditionally been used as 

energy carriers for large power generating units. Hydrogen is another prime energy 

carrier, which can be used to meet the growing energy demand on a macro scale. 

Although micro scale applications have a prime importance in our daily lives, macro 

scale power production are also significant. The increased need for reduction in GHG 

emissions requires a combined solution from both macro and micro energy systems. 

Increasing efficiency requires a reduction in entropy generation in micro and macro 

systems. This thesis specifically examines entropy production for two case studies: the 

micro heat engine (MHE) and electrolytic cells, as these are energy producing devices, 

which have a promising future. This thesis investigates the irreversibilities associated 

with mass transfer and diffusion in an electrolytic cell used for producing hydrogen. It 
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also investigates the entropy production as a result of heat transfer to a droplet in a closed 

microchannel. 

MEMS for powering microdevices can reduce the energy consumed by 

conventional systems. Increasing the efficiency of these systems by embedded MEMS 

devices can reduce their energy utilization. For example, waste heat recovery by 

electrical components in MEMS devices can be used to drive these micro-

electromechanical systems by producing micro voltages to power individual electrical 

components within microchips. This can be achieved by various methods of energy 

conversion and heat recovery and used for exploiting properties of thermoelectric or 

piezoelectric materials in MEMS devices. Thermoelectric materials have the ability to 

convert heat directly to electricity, while piezoelectric materials can convert stresses on a 

material into electric voltages. This thesis examines the transport phenomena associated 

with such energy conversion for MEMS devices, in particular the Micro Heat Engine 

(MHE). Earlier investigations [1, 2] suggest that surface tension of water can be used for 

thermocapillary pumping in a microchannel. This study further investigates the 

possibility of using this property to develop a MHE, which can be used to generate 

energy at the micro level. 

Micro energy systems can be classified into two categories: regenerative and non-

regenerative systems. Non-regenerative micro systems are scaled down designs of 

corresponding macro power systems. Some examples of such systems include: 

microcombustors, microbatteries, micro heat engines, micro turbines, and micro fuel 

cells. In contrast, regenerative power systems can be implemented as stand alone or 

hybrid power systems. These systems include: piezoelectric devices, thermoelectric 
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devices, micro-thermo-photovoltaic cells, and electromagnetic and induced coupled 

plasmas.  

Although conventional batteries are relatively heavy and bulky, recent advances 

in MEMS technology have taken advantage of micro and nano-scale phenomena that can 

improve battery performance. Innovative new MEMS devices are becoming promising 

alternatives to conventional battery technologies. For example, researchers have built 

micro heat engines that work on heating and cooling cycles in flexing of a piezoelectric 

membrane [3]. Nano-motors powered by solar energy have been developed by 

researchers at the University of California [4]. Micro Solid Oxide Fuel Cells (SOFCs) 

have been developed by researchers in Alberta, Canada and Zurich, Switzerland [5]. This 

thesis investigates the use of cyclic heating and cooling of droplets in microchannels to 

provide a new source of energy conversion between thermal and mechanical energy for 

MEMS devices.  

A closed microchannel is formed when an empty channel of an arbitrary cross 

section is sealed at all fluid inlets and exit boundaries of the channel. If a droplet is 

injected into the channel before it is sealed, a droplet in a closed microchannel is formed. 

When heat is applied to one end of the droplet in a closed microchannel, an increase in 

temperature at the heat source leads to a temperature gradient across the droplet. This 

results in the displacement of the droplet along the length of the channel towards the 

cooler end of the channel. This process is known as thermocapillary pumping. The 

resulting displacement increases the pressure at the closed end of the channel. The 

increased pressure is used to induce stress on a membrane at the closed end of the 

channel. This induced stress results in mechanical deformation of the membrane. The 
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mechanical deformation of the membrane results in flow of electrons in an externally 

connected circuit, which is the conversion of mechanical energy to electrical energy. 

Figure 1.1 shows a schematic of the MHE and the forces acting within the microchannel.  

 

Figure 1.1: Schematic of problem configuration in the MHE 

1.1 Types of power supplies 

Power sources which require continuous sources of energy to sustain their power output 

can be classified as a non-regenerative power supply. Many of these systems have 

commercial potential, in today’s industries. The current technology available to MEMS 

manufacturing can sustain production of most of these power sources, including the 

ability to improve their design and efficiency.  

1.1.1 Batteries 

Batteries are the most widely used regenerative power supply for MEMS devices 

due to their modularity, portability, and practicality. Some of the advantages of using 

batteries include their simultaneous generation and storage capability, high power 

densities, and easy replacement within the MEMS device. Batteries supply direct current 
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(DC) continuously, making the connection to MEMS devices less complicated than other 

micro power sources.  

Nickel metal hydride (NiMH) is used to power most portable devices, but because 

of its relative size in comparison to the actual device, the batteries account for a high 

percentage of the total mass of the device. A common example is the cell phone, where 

the battery accounts for 36% of the total mass. This has led to the development of lithium 

ion cells as an alternative for supplying power to MEMS devices. They have a longer 

shelf life, high range of operating temperatures, low self-discharge rate, quick charging 

characteristics, high voltage output, and high energy efficiencies, compared to other 

batteries. However, some disadvantages associated with these batteries include: 

unsustainable charge at high temperatures, complex circuits required for charging, and 

excessive internal temperatures when over-charged.  

Other problems associated with the use of the lithium–ion thin film and 

microbattery technology are packaging of a high volume of lithium and the losses 

associated with the packaging. Fabrication techniques are still limited for its 

incorporation into MEMS devices. The platinum coated substrates which are required for 

its fabrication make them less economical than other batteries. Recently developed ways 

to overcome the low current and capacity associated with lithium ion thin film cells 

include the following: 1) use of thin film silicon-zirconium-silver [6] cells, where the 

cells have greater capacity to store charge during cycling;  2) use of thick-film metal 

hydride cells, increasing the specific energy and power per unit area; and 3) use of 3-D 

micro batteries, which have a higher capacity due to an increased surface area and electro 

active layer. Hybrid batteries have also been considered as a viable option to increase the 
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power supply lifetime and the durability of a MEMS device. The application of hybrid 

batteries to gas chromatography has a power supply mass and volume of about 47.1% 

and 43.8% respectively [7]. 

1.1.2 Microcombustors, turbines and heat engine 

Microturbine (miniaturized gas turbine) systems like their macro counterparts 

consist of miniaturized combustors, turbine, compressors, recuperators and generators. 

This system has been proposed as an alternative to microbatteries because of the 

potentially higher power density. Microturbines can use different types of fuel in the 

combustors, producing power at high efficiency, and resulting in lower emissions. These 

systems are relatively easy to fabricate [8]. Despite these advantages, if a recuperator is 

not used, the efficiency is lower than that of a reciprocating engine, thus making a 

reciprocating engine more advantageous for high load and high rotation speed 

applications. Currently, microturbines are capable of producing between 25 kW and 75 

kW of power [8].  

Past studies have focused on improving the efficiency of individual components, 

to improve the overall efficiency of the power systems. Such miniaturization efforts have 

been limited to the combustor, since a reduction in its size leads to incomplete 

combustion, high temperatures, and resulting material limitations. Premixed combustion 

has been proposed to maintain a low flame temperature, which causes problems such as 

flame blowout, flashback and inconsistent pressure in the combustion chamber. Silicon 

nitride has been suggested as an appropriate structural component for the micro-

combustor [9]. An example is the microphotovoltaic combustion chamber.  
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Hydrogen is used as the fuel for the microcombustor because of its high heating 

value and low reaction time. The combustion of hydrogen in the presence of air results in 

photon production due to the selective emitter materials, dielectric filters, and 

photovoltaic arrays in the microcombustor [10]. In the process of generating electrical 

power, the filters recycle the photons with energy lower than the band-gap of 

photovoltaic cells, but transmit the photons with higher energy than the band-gap of the 

cells.  

1.1.3 Microfuel cells 

Fuel cells are being investigated as an alternative for powering MEMS devices. 

The components of a fuel cell include: an anode, cathode, and an electrolyte. The various 

types of fuel cells are mainly distinguished by the nature of the electrolyte used to 

separate the anode, and the cathode of the cell. The fuel is supplied to the anode, and the 

oxidant is supplied to the cathode. Hydrogen is the preferred fuel for the cell, while 

oxygen or air is the oxidant supplied to the cathode.  

When an acidic electrolyte is used to separate the anode and the cathode, hydride ions are 

released at the anode and the accompanying electrons flow through an electric circuit, 

while the hydrogen ions react with oxygen to form water. In contrast, when an alkaline 

electrolyte is used, hydroxyl ions are liberated at the cathode. These ions react with 

hydrogen to create water and electrons [11] that flow through the electric circuit. The 

various types of fuel cells include the polymer electrolyte membrane fuel cell (PEMFC), 

solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC), direct methanol fuel 

cell (DMFC), and phosphoric acid fuel cell (PAFC). Some of the advantages of fuel cells 

include: relatively high efficiency, cogeneration capability, high current density, quiet 
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operation and few moving parts required for its operation.  Highlights the various types 

of fuel cells, power produced, current, and voltage generated have been published in past 

literature [12-20].  

PEM fuel cells offer a unique advantage because of their resistance to mechanical 

vibrations and low operating temperatures, which range from 20 – 100oC [21]. Their 

relatively small size compared to other fuel cells also makes them advantageous for 

MEMS devices. The cost of the platinum catalyst required for its fabrication make the 

cells costly. Another drawback in PEM fuel cells is controlling the quantity of water in 

the electrolyte to maintain conductivity and avoid flooding of the electrodes. 

Direct and indirect methanol fuel cells have also been investigated for MEMS as a 

power source. When methanol is reacted with water in a direct methanol fuel cell, six 

electrons are produced, while a reformer is required in an indirect methanol fuel cell to 

produce hydrogen molecules. Fuel crossover has been observed in both cells. This tends 

to reduce the flow of electrons, reducing the production of electricity. Membrane 

electrode assemblies (MEA) have been investigated as a way of reducing the impact of 

fuel crossover [22]. Integrated MEMS fabrication is increasingly being investigated to 

enhance the capabilities of micro fuel cells. The aim is to design the anode and cathode of 

a fuel cell on one single substrate as opposed to two different substrates.  

The fabrication techniques include photolithography, deep reactive ion etching, 

and electron beam deposition [23]. Ion etching can be used for making porous silicon 

layers for electrode assemblies, reducing the gas diffusion path and enhancing the bulk 

flow and efficiency of microfluidic transport [24]. The continued development of DMFC 
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is dependent on addressing the challenges associated with microfluidic transport control, 

water and temperature management, and optimization of the contact resistance between 

component materials. The use of SOFCs can be enhanced by minimizing the ionic 

resistance in the electrolyte, stress relaxation in fabrication processes, and preventing heat 

losses during its operation [25, 26]. 

1.2 Regenerative MEMS power sources 

The ability to utilize waste heat is a form of regenerative energy source. Electrical 

energy generated from regenerative sources increases the overall efficiency of energy 

systems. The component efficiency of the energy harvesting system itself may be low, 

because the temperature difference between the source device and the ambient 

temperature is usually much lower than that associated with other power generating 

devices like turbines and reciprocating heat engines. The modes of generating electric 

power for microdevices from regenerative sources can be classified into three main 

categories, namely; solar cells, thermoelectric power, and vibrating power sources.  

1.2.1 Solar cells 

Solar cells have been studied extensively in past literature and implemented on a 

commercial scale in some MEMS devices. These cells typically consist of solar cell 

arrays and signal conversion circuits. The incident light on solar cells produces a 

photovoltaic effect. This is direct conversion of light to electrical current. Photons from 

sunlight are absorbed by the cells and produce proton holes, which enable current flow in 

the circuitry. These systems offer a unique advantage because they have no moving parts, 

making it easy to incorporate them into devices. These cells require a large surface area 

to produce high current density, which is not usually possible with microdevices. Another 
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disadvantage is the difficulty to predict the frequency of incoming sunlight. The solar 

cells are also cost prohibitive, making them less competitive than other technologies 

available for harvesting solar energy.  

Most solar cells are microfabricated from multi-crystalline silicon or 

monocrystalline silicon. The efficiency of these devices is typically between 10 and 16%. 

Some novel designs have shown efficiencies between 24% and 40%, but at very high 

cost. The power producing capabilities, power conversion efficiency, and operating 

conditions of solar cells have been published in past literature [14, 27-50]. The strategies 

investigated in past literature to reduce the effect of surface area on the efficiency of solar 

cells include: photovoltaic cells arranged in series to produce high voltage [28]; 

microphotovoltaic cells integrated with a microwave antenna [51]; thermally integrated 

micro generation (TIMGen), which simultaneously produces heat and electricity [26]; 

and a laser photovoltaic system [29]. The power densities of novel solar cells are as high 

as those produced by thin and thick lithium and lithium ion batteries [52-55]. 

1.2.2 Thermoelectric power  

Temperature gradients are capable of changing the electrical properties of certain 

materials, making them generate electricity in the process. This process is known as the 

Seeback effect. Some of the devices which have been manufactured based on this process 

have been reported in past literature [56-65]. Thermocouples are commonly used to 

measure temperatures, based on induced electrical current at the junction of two 

dissimilar metals in direct contact. 



12 
 

 

The schematic of a typical thermoelectric device is shown in Figure 1.2. The 

ability of thermoelectric devices to operate for long periods makes them very reliable for 

electricity generation. They also produce little noise and emission [58, 66].  

 

Figure 1.2: Schematic of thermoelectric energy harvesting system 

The materials used for fabrication of these devices typically have a low melting 

point, low energy conversion efficiency, and low operating temperatures, which limit 

their application in commercial devices [67]. Materials like Bi2Te3, Pb-Te and Si-Ge used 

for their fabrication are also not readily available and release toxic contents during 

processing. Hybrid thermoelectric devices have also been explored as a way of improving 

the performance of thermoelectric generators. Such hybrid systems include two-stage 

solar concentrators, which simultaneously produce heat and electricity [46]; or a 

thermoelectric generator combined with thermoacoustic refrigerator [68].  



13 
 

 

1.2.3 Vibrating power sources 

Generating power from mechanical vibration is receiving considerable attention 

because of the high energy density associated with such energy harvesting devices. The 

design of this power generating device is relatively simple and easy to fabricate, giving it 

great commercial potential.  

Thermostatic, electromagnetic, and piezoelectric generators can be classified into 

this group of devices. These devices convert mechanical vibrations directly into electrical 

current. The generation of electric current using piezoelectric generators is yet to reach its 

commercialization potential. However, these devices have been used extensively in 

sensors, actuators, and transducers. Electromagnetic generators produce electricity by the 

relative motion of a conducting coil within a magnetic field. When the coil rotates in the 

magnetic field, current is induced into the coil, which is harvested and supplied to a load 

or stored in batteries [69, 70]. 

The range of electricity generated is proportional to the magnetic field strength, 

number of turns of the coil, and angular velocity of the coil. Some innovative designs of 

electromagnetic generators and their respective power densities have been cited in past 

literature [71-82]. This generator does not require any input voltage but generate low 

voltages, which usually require transformers for MEMs devices. There are also 

challenges associated with fabrication of micro scale magnets. The number of turns of the 

coil at the micro scale has hindered its application in MEMs devices. 

Electrostatic generators are very similar to capacitors. They consist of two 

conductive plates separated by air, vacuum, or a dielectric to ensure the plates are 
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electrically isolated. The plates are also capable of moving relative to one another [83]. 

The two modes of energy conversion in electrostatic generators are constrained 

capacitors and constrained voltage. When the capacitor is constrained, the voltage is 

allowed to increase while the capacitance decreases. In the case where the voltage across 

the capacitor is constrained, the charge leaves the capacitor and the capacitance decreases 

[84]. An external source of power is required to charge the plates in order to store energy, 

which is later used by the MEMS device.  

The energy produced is equivalent to the work done to overcome the electrostatic 

force between the plates. The three groups of electrostatic generators are in-plane 

overlapping varying, in-plane gap closing, and out off-plane gap closing [84-87]. The 

constrained approach, however, generates the highest amount of energy. The in-plane gap 

closing technique has been shown to produce the highest amount of power of the three 

groups [86]. Electrostatic generators are amenable to surface micromachining, which 

make them well suited for incorporation into MEMS devices. The power densities of 

some electrostatic generators which have been reported in past [75-83, 85, 86, 88-92]. 

Applications of this device have focused on cardiac pacemakers, coulomb force 

generators, and biosensors [88, 93-95]. 

The energy density of electrostatic generators can be increased by reducing the 

plate’s gap spacing and surface area to nanometers or micrometers [69]. The impedance 

and voltage produced by these devices are high, reducing the current available to supply 

MEMS applications. Due to the low current produced, secondary circuitry is required, 

thereby increasing its complexity. Electrode shorting has also been observed in micro 

scale applications. 
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Piezoelectric materials produce electricity when they are mechanically deformed. 

The crystallographic structure of the material is arranged in such a way that the positive 

and negative charges cancel each other around the center of gravity, when no force has 

been applied to the material. Once a force is applied to the material, a distortion of the 

latter arrangement occurs within the material, forming dipoles within the material. The 

dipoles polarize the material, which are neutralized by the free flow of electrons within 

the material. Piezoelectric effects can be observed in the materials such as composites, 

single crystals, ceramics, polymers, thin films, and ferroelectric materials. Specific 

materials which exhibit piezoelectric effects include: lithium niobate (LiNbO3), lead 

zirconate–lead titanate (PZT), barium titanate (BaTiO3), quartz, polyvinylidene di-

fluoride (PVDF), and Pb (Mg1/3Nb2/3)O3 (PMN). The application and power density of 

piezoelectric based devices have been reported and analyzed in past literature [3, 8, 96-

103]. Some fabrication techniques for piezoelectric devices include photolithography, 

sol-gel, screen print and photomask [3, 96, 97, 104].  

1.2.4 Nano-electromechanical and microfluidic power generation 

Nanofluidics is still in a relatively early stage of commercial application but it 

shows great promise, as a substantial amount of research is underway in this area. The 

transport and physical properties at the nano-scale are not well understood. Conflicting 

research findings are still contested in literature. Microfluidics on the other hand, has less 

conflicting concepts and has been used significantly commercially. Micro heat 

exchangers have been developed for convective cooling of microelectronic circuits [105, 

106]. MEMS have been used for bio-devices to separate biological cells and enable blood 
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analysis [107]. Near-wall flow control [108], micro engines [3], and microchannel 

batteries [109] are other examples of recent MEMS innovations.  

Researchers at the University of California have developed a nano-motor, which 

operates by transferring atoms between two molten metal droplets in a carbon nanotube 

[110]. The relaxation oscillator consists of two liquid metal droplets along a surface 

within a 200 nanometer enclosure. Electrical current passes through the nanotube, which 

moves metal atoms from the larger droplet along the nanotube to the smaller droplet. As a 

result, the small droplet expands and eventually touches the larger droplet. This contact 

generates a rapid release of energy at a contact relaxation point, when the larger droplet 

absorbs atoms that were previously transported through the nanotube. 

Researchers at the National Institute for Nanotechnology, University of Alberta, 

Canada, have fabricated a micro-device that produces electricity from the interaction 

between flowing water and the surfaces of microchannels [109]. The chemical reaction 

between water and the surface leaves the walls negatively charged, which in turn attracts 

positive hydrogen ions in the water. Water flow through the microchannel then produces 

a streaming electric current by moving the positively-charged ions in the direction of the 

water current. Yang et al. [109] achieved electrical currents between 1 - 2 A, by flowing 

water through a glass filter containing millions of microchannels across a 30 cm 

hydrostatic pressure drop. The electrical current was raised by increasing the salt 

concentration in the flowing solution. The device produced a sufficient amount of 

electricity to generate power for a light-emitting diode. A 1500nA current was generated 

from a 30 cm hydrostatic pressure drop with tap water. The authors described various 

ways to enlarge the current, such as a higher pressure drop (requiring additional pump 
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input power), smaller thickness and larger surface potential of the porous material, and 

using a salt solution as the operating liquid. Also, a higher power output can be achieved 

with a larger external load, as the current remains nearly constant when the external load 

is much smaller than the resistance of the microchannel array. 

Researchers at Oregon State University, Washington State University and the US 

Army Research Laboratory have collaborated to develop a novel energy source called the 

P3 micro heat engine [3]. An external heat source is used to generate phase change and 

increase the vapor fraction of a saturated liquid-vapor mixture in a chamber. The 

expansion process flexes a piezoelectric membrane to generate an output voltage. The 

volume of the saturated mixture is then reduced in a cooling cycle. Repeated heating and 

cooling cycles are required to maintain cyclical operation of this heat engine. Three units 

can produce 40 microwatts of electricity, which would be sufficient to supply power for a 

wristwatch, using body heat of the person as the heat supply for the micro engine. Each 

unit is about twice the thickness of a human hair and two millimeters square in size. 

The P3 micro engine uses a lead zirconate titanate (PZT) film to convert 

mechanical work into electricity, through a membrane generator that is formed by 

depositing a bottom electrode, PZT, and top electrode on a SiO2/Si membrane. A power 

output of 4V and 1mW has been achieved with membrane generators (9mm2 in area and 

2-3µm thick). The material properties of the PZT film can be further improved to 

optimize the electrical performance and mechanical reliability of the membrane 

generator. The authors modified several processing parameters, such as orientation, 

crystal structure and chemical gradients within the PZT film to improve the performance 

of the membrane generator.  



18 
 

 

Glockner and Naterer [2] proposed another novel micro heat engine, which 

provides certain advantages over past methods. Rather than a fuel source such as 

propane, the method uses thermocapillary pumping (TCP) as a driving mechanism to 

move a discrete droplet within a closed-ended microchannel and generate electricity. The 

microdroplet would act like a piston to expand and compress the adjoining gas chambers, 

thereby flexing a piezoelectric membrane and the channel ends to generate electricity. 

TCP is a non-mechanical method of fluid pumping that takes advantage of temperature-

dependent changes of fluid surface tension. It is driven by internal pressure differences, 

resulting from surface tension variations at the ends of a discrete droplet, due to an 

applied temperature gradient. A prototype of a micro heat engine was manufactured with 

microchannels, fluid access holes, heaters and heater leads at the University of Manitoba, 

Canada [111].  

The application of microfluidic devices is dependent on the ability to control fluid 

motion in microchannels. The principles used to control the fluid motion include pressure 

change, electromagnetic induction, and heat transfer. This thesis will use heat transfer to 

cause a change in surface tension of a droplet in a closed microchannel to induce fluid 

motion. When heat is applied to the droplet, the change in surface tension causes a 

change in the contact angles at the ends in order to maintain a constant volume [2].  Due 

to the complexity of the fabrication process [112] the MHE was not fully fabricated.  

This thesis examines an alternative method of fabrication to build the MHE, and 

in addition, investigates analytically the droplet dynamics associated with the MHE. The 

novel design uses a PZT substrate as the base for the MHE, which has not yet been used 

to pattern microfluidic devices. Although the surface roughness of the substrate is higher 
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than silicon substrates, it still possesses excellent surface characteristics for the 

microfluidic motion. The effect of surface roughness on transport properties will also be 

investigated in this study. A solution to the heaters was found by using titanium-tungsten 

(Ti-W) as a heating element as opposed to the aluminum heater original investigated by 

Glockner [112]. The channels were also developed using SU-8, which provides excellent 

structural properties for the microchannels. Details of the design and fabrication will be 

described in subsequent chapters.  

1.3 Motivation  

In accordance with the above discussion in the prior sections, the motivation for 

this thesis is to develop better waste heat energy utilization. The need to develop alternate 

power sources for microdevices was the focus of this research. Most of the designs 

available are often complex and difficult to fabricate. If one could develop a simpler and 

cheaper method of harnessing energy from waste heat, the commercialization time of the 

device to go from the prototype to a market stage could be shortened. Numerous 

technologies are never realized commercially due to their complexity in the environment 

in which they operate. The design of the MHE in this thesis takes into consideration the 

seamless integration into existing microdevices.  The method of having very few moving 

parts and a solid structural stability makes this device well suited for integration into 

micro electromechanical assemblies. Although water is a widely used liquid and has been 

studied extensively on the macroscopic scale, several publications [113] have conflicting 

information about its behaviour on the micro/nanoscale. Additional experimental and 

analytically analysis of water droplets at the micro scale will add to the body of 

knowledge of microfluidics and micro scale heat transfer.  
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1.4 Objectives 

The main objective of this research is to develop a simpler design rubric for the 

MHE, which could be more easily commercialized. The primary goal was to investigate 

transport phenomena that affect operation and performance of the MHE. Additional 

objectives of this research were to: 1) increase the thermodynamic efficiency based on 

analyses of the MHE, and 2) account for entropy generation in the operation of the MHE 

to investigate Second Law losses associated with the MHE. The entropy generation from 

the MHE was investigated analytically to account for the losses associated with the MHE 

to improve the efficiency of the device. Developing a model to predict the entropy 

production in an electrolytic cell was another objective of this study. 

 This study was performed to investigate the losses associated with producing 

hydrogen from HCl/CuCl electrolysis. No models currently exist to compare 

experimental results from half-cell reactions of Atomic Energy of Canada Limited 

(AECL), hence a predictive model was developed in this thesis. A new model which 

could be used to predict the entropy generation for the full cell reaction was developed in 

this thesis. 

 Investigating the expected voltage from the MHE was an objective to ensure its 

viability in future applications. Alternate models that could predict the transient nature of 

the operation of the MHE was a key obstacle in comparing numerical and experimental 

results. The assumption of steady state models was seen to over-predict experimental 

observations, highlighted later in this thesis. This confirmed the need to study the 

transient droplet velocity in the micro heat engine. Past studies indicated that surface 

roughness had a significant effect on the droplet velocity. One of the objectives of this 
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dissertation was to account for surface roughness in analytical modeling of the MHE. 

Although the primary objective was voltage production of the MHE, it became apparent 

during the course of this study that the rate of evaporation and pinning of the droplet in 

the microchannel were essential in understanding the operation of the MHE. The effects 

of evaporation and de-pinning on droplet width were also investigated in this study.  
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Chapter 2 : Literature review 

This chapter will highlight the developments in the areas of microfluidic and 

electrochemical transport phenomena. This will include droplet displacement, entropy 

generation, surface roughness, transient velocity distribution, electric voltage generation, 

droplet evaporation, and droplet de-pinning.  

2.1 Droplet displacement in microchannels 

This thesis investigates heat transfer and resulting changes of surface tension 

within a droplet in a closed microchannel. These changes of surface tension lead to 

thermocapillary motion of the droplet. When heat is transferred to the droplet, the change 

in surface tension causes a change in the contact angles at both ends, in order to maintain 

a constant volume. This leads to thermocapillary driven motion of the droplet [2].  Past 

studies have investigated fluid motion in microchannels of various shapes such as: 

rectangular, circular, and trapezoidal. Open and closed microchannels have been 

analysed, both experimentally and numerically, in past literature. Sobhan and Garimella 

[114] published a review on heat transfer and fluid flow in micro and mini channels. The 

study indicated departure of past experimental results from theoretical predictions of heat 

transfer in microchannels.  

Experimental and numerical studies of hydrodynamics and heat transfer in 

rectangular microchannels were reported by Baviere et al. [115], showing a decrease in 

the Nusselt number for laminar flow at a constant Poiseuille number. Lee and Garimella 

[116] predicted 3-D heat transfer in rectangular microchannels of different aspect ratios. 

A correlation was developed for the Nusselt number, and results showed that local heat 

transfer rates decline at the edges of the channel.  Muwanga et al. [117] compared the 
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heat transfer rates of uniform and varying cross sectional area in microchannels. 

Increasing the inlet area improves the heat transfer characteristics of the microchannel 

flow. As examples of other geometrical configurations, helical configurations of fluid 

flow and heat transfer have been investigated in past studies [118, 118-120]. Chua et al. 

[118] conducted similar experiments as this thesis, using a helical heat source for the 

microchannel.    

Past numerical analyses of heat transfer and fluid flow in microchannels showed 

that thermocouples embedded in the channels influence the flow regime [121]. Friction 

was also shown to affect the thermal performance of the microchannels [122, 123]. The 

frictional losses declined upon heating of the channel at low Reynolds numbers, due to a 

reduction of viscosity of the fluid in the channel. Heat transfer rates were highest at the 

entrance of the channel. A decrease in flow rate reduced the thermal resistance. Khan and 

Yovanovich [123] showed that lower fluid friction increases the heat transfer 

effectiveness of the channels. Past studies [124-126] showed that accurate predictions of 

the effects of surface roughness on the flow distribution are significant for effective 

control of microfluidic motion. The surface roughness has a significant effect on wall 

velocity slip, pressure gradient and heat transfer coefficient in a microchannel. These 

fluid flow parameters are essential to develop theoretical models, which can accurately 

predict the flow in microchannels. 

Glockner and Naterer [1] developed a computational fluid dynamic (CFD) model 

for heat transfer to an immersed moving droplet in a rectangular closed microchannel. It 

was shown that increases of the temperature at the exterior of the channel have a 

significant effect on surface tension within the droplet. A higher thermocapillary pressure 
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occurs at the cooler end of the channel. A pressure change across the microchannel leads 

to the droplet displacement. When the heat source is removed, the droplet returns to its 

original position and balances pressure at both ends of the channel. 

2.2 Entropy generation in microchannels 

This thesis will investigate the processes of heat and entropy transport within the 

droplet in the microchannel. Experimental and predicted temperature changes across the 

droplet in the closed microchannel will be examined in this thesis. Also, entropy 

generation of thermal and friction irreversibilities associated with the droplet motion will 

be investigated. Entropy generation minimization will be used to optimize the channel 

dimensions and flow parameters, such as the optimal Reynolds number (Re) and applied 

heat flux. 

Although numerous past studies have examined fluid and heat flow in 

microchannels, few have examined entropy and the Second Law, particularly few or none 

involving immersed droplets as considered in this thesis. To obtain new physical insight 

into various energy conversion mechanisms in microchannel flows, this thesis 

investigates friction and thermal irreversibilities of entropy production due to droplet 

motion in closed microchannels. Past performance criteria for channel flows were 

examined by Zimparov [127], using the method of entropy generation minimization 

(EGM) [128]. Naterer and Adeyinka [129] presented a numerical model to examine 

entropy production in open microchannels, including electromagnetic irreversibilities, 

induced at the contact between the fluid and channel walls. A model to analyse heat and 

entropy transfer in a semi-infinite medium was developed by Hussain et al. [130], based 

on extended irreversible thermodynamics. In this thesis, the droplet is modelled as a 
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semi- infinite body, since the main source of heat transfer is axial heat conduction along 

the channel length, which is much larger than its diameter. Past studies have applied 

Bejan’s method for analyzing entropy generation in microchannel flows [127-131]. This 

study extends Bejan’s method to include additional physical phenomena associated with 

thermocapillary droplet transport in microchannels.  

Entropy generation through circular ducts was investigated by Dagtekin et al. 

[132] to determine the effects of pumping power on the input energy requirements. The 

optimal Reynolds number was found to increase when the pumping power increases, but 

with decreased entropy generated in the process when a fin configuration is used to 

enhance the heat transfer along the channel. Ratts and Raut [133] developed a predictive 

model, which could be adapted to internal flows of any cross-section for a given mass 

flow rate, and uniform heat flux. The model showed good agreement with Bejan’s model, 

although this thesis extends the capabilities to include additional thermophysical transport 

processes. Jakowski [134] developed an algorithm to determine the optimal shape of a 

duct to minimize entropy generation in internal flows. The results showed that by 

controlling the irreversibilities, this can minimize the entropy generation rate.  

2.3 Entropy production in electrochemical processes 

Hydrogen is frequently cited as a major solution to address climate change and a 

sustainable alternative to fossil fuels as an energy carrier. Hydrogen burnt in the presence 

of oxygen produces only water vapor, which can significantly reduce greenhouse gas 

emissions into the atmosphere. However, sustainable production of hydrogen on a large 

commercial scale is challenging, since most of the world’s hydrogen (about 96%) is 

currently derived from fossil fuels. Also, there is a large amount of energy required to 
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produce hydrogen. A number of industrial processes have been developed for hydrogen 

production, including steam-methane reforming (SMR), partial oxidation of bitumen, 

thermo-chemical cycles (such as the copper-chlorine cycle), water electrolysis and steam 

electrolysis [135-137]. This thesis focuses on mass transfer within a particular 

electrochemical process of the copper-chlorine (Cu-Cl) cycle, involving an 

electrochemical cell that produces hydrogen from electrolysis of cuprous chloride.  

Hydrogen is used widely by petrochemical, agricultural (ammonia for fertilizers), 

manufacturing, food processing, electronics, plastics, metallurgical, aerospace, and other 

industries. Also, auto-makers are investing significantly in hydrogen vehicles, so major 

efforts worldwide are investigating lower-cost methods of sustainable hydrogen 

production. Bio-hydrogen production processes are one of the emerging methods (dark-

fermentation, photo-fermentation, and biocatalyzed electrolysis) being investigated as a 

low cost alternative for hydrogen production [138]. These processes have 57-79% 

efficiency, along with a significant reduction of GHGs when compared with conventional 

steam reforming processes. However, these processes are yet to be used in commercial 

scale applications. Bio-hydrogen systems have been proposed to power proton exchange 

membrane (PEM) electrolyzers [139].  

Wind and solar plants have been proposed in several studies [140], as a renewable 

energy source to provide electricity for water electrolysis. However, the inability to 

effectively predict weather patterns and intermittency has limited the commercial 

viability of these methods for large-scale consistent production of hydrogen.  A new 

method of producing hydrogen by exploiting the dissociation of water with a continuous-

action reactor has been investigated in earlier studies [141]. The method requires a much 
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larger energy input than the technique investigated in this study. In this thesis, 

electrolysis of CuCl/HCl consumes less energy input to produce hydrogen than 

conventional water electrolysis. However, challenges include materials that can withstand 

the corrosive hydrochloric acid, which is used as an oxidant in the electrochemical 

reaction.  

 In recent years, electrolysis has been developed as an efficient method to 

generate hydrogen at lower costs. Three types of electrolysis have been developed on a 

commercial scale [142], with two based on the alkaline electrolyzer and a third based on 

a solid polymer electrolyte (SPE). The latter is also called a Proton Exchange Membrane 

(PEM) electrolyzer. Although these electrolytic processes do not generate greenhouse gas 

(GHG) emissions, the systems require electricity, which may be generated from power 

plants that emit GHGs. Advantages of SPEs over alkaline cells include greater safety and 

reliability, materials that can withstand higher pressures and compact structures within 

the cell [142].  

In order to address the power consumption from the electrolytic process, some 

researchers have investigated electrolysis with existing power systems to co-generate 

electricity and hydrogen and improve the overall plant efficiency. An investigation of the 

integration of steam electrolysis with an advanced CANDU Reactor (ACR-1000) shows 

that plant efficiencies ranging from 33-34% can be achieved [135]. Unlike electrolysis 

for electrochemical decomposition of water, this thesis investigates cuprous chloride 

electrolysis in a thermochemical cycle, which can lead to higher overall efficiency of 

hydrogen production [136] if the process in combined with nuclear power plants or other 

heat sources. The oxidation of cuprous chloride (CuCl) during an electrochemical 
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reaction in the presence of hydrochloric acid (HCl) can be used to generate hydrogen in 

the Cu-Cl cycle. The process requires electricity as the energy input, which can be 

supplied from a nuclear power station or other source of renewable energy, such as wind 

or solar power. 

Electrolytic cells have similar features and configurations as fuel cells, but 

opposing objectives. The major difference between fuel cells and electrolysis is the 

direction of current flow. The fuel cell generates electricity, while the electrolytic cell 

requires electricity as an input. Some past studies have indicated that combining both 

systems into a single unit can yield a highly efficient energy conversion system. The two-

phase flow in a direct methanol fuel cell (DMFC) is similar to flow that occurs in an 

electrolytic cell. The latter flow conditions have been simulated and examined to show 

how the performance of the fuel cell was affected by temperature, pressure and 

concentration of methanol [143]. Heat and mass transfer occurs through porous 

electrodes of a fuel cell in local thermal non-equilibrium states [144], generating losses 

due to entropy production at the interface of the electrode and electrolyte.  

Entropy production in proton exchange membrane fuel cells (PEMFC) has been 

examined by Naterer et al. [145]. This thesis performs a similar study to characterize 

irreversible losses in an electrochemical cell of cuprous chloride electrolysis. 

Electrochemical mass transfer is an irreversible process, which generates entropy to 

degrade performance of the electrolytic cell by increasing the voltage losses. Voltage 

losses in electrochemical systems can be characterized effectively by entropy and the 

Second Law of Thermodynamics [131]. Methods of heat-entropy analogies and planar 
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laser induced fluorescence [146,147] have utilized entropy-based methods to reduce 

irreversible losses in thermofluid systems.  

This thesis formulates the diffusive mass transfer in an electrochemical cell with 

respect to entropy and the Second Law of Thermodynamics, in order to develop a useful 

alternative methodology of identifying and reducing the overall system losses. It 

investigates irreversible losses and entropy production of diffusive mass transfer in an 

electrochemical reaction of cuprous chloride and hydrochloric acid. The effects of ohmic 

and activation potential on the voltage drop across the electrolytic cell will be formulated. 

Operating parameters like the overpotential, current density, charge transfer coefficient, 

temperature and exchange current density will be analyzed as performance indicating 

parameters. The formulation presents a new predictive model and results for the analysis 

of electrochemical irreversibilities, associated with electrolysis of cuprous chloride for 

hydrogen production.  

2.4 Effect of surface roughness on flow in microchannels 

Experimental measurements in laminar and turbulent flow were presented in 1993 

by Nikuradse [148].  It was initially believed that the transition from laminar to turbulent 

flow occurs at about a Reynolds number of about 2,300, but recent studies [149] have 

shown that this only occurs in channels with diameter greater than 1cm. Experimental 

results on the effect of relative roughness on heat transfer in circular channels (1.06mm, 

0.62mm diameters) were reported by Satish [149]. As the channel diameter reduces, the 

effect of surface roughness on heat transfer and pressure drop increases across the 

channel. A numerical model to investigate the effect of the different roughness patterns 

on the Poiseuille number and average Nusselt number was developed by Zhang et al. 
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[150]. The latter numbers differ significantly from those reported for a smooth channel. 

The roughness patterns included triangular, semicircular and rectangular patterns. 

Experimental results from this thesis show that an average roughness height is a better 

approach as the patterns formed as a result of microfabrication are highly irregular. 

Experimental results for flow in a micro tube were reported by Mala and Li [151], which 

indicate that at low Reynolds number, the Poiseuille flow assumption is sufficient for 

analytical studies. However, the results showed that significant variation from the steady 

state assumption is observed at higher Reynolds numbers. An empirical correlation was 

developed to predict the dynamic viscosity for a rough surface.  

2.5 Piezoelectric power generation 

The main difference between various methods of piezoelectric power generation 

is the nature of the applied force on the piezoelectric material, as necessary for 

deformation required to generate the electric voltage. Past studies have used combustion 

[3], electrostatic induction [83], mechanical vibrations [152] and acoustic vibrations 

[153] to achieve distortion of the crystallographic structure of the piezoelectric membrane 

to produce an electric displacement in a preferred direction. 

This study uses displacement of a microdroplet in a closed microchannel to 

generate the deflection in a piezoelectric membrane. The induced motion occurs as a 

result of changes in the surface tension of the droplet when heat is applied on one end of 

the droplet, forcing the droplet to compensate for this change in order to maintain a 

constant volume, and inducing translational motion in the process. Glockner and Naterer 

[2] were the first to propose a MHE working with a similar principle. The P3 micro heat 

engine works based on combustion in a closed channel [3] and also makes use of the 



31 
 

 

deflection to generate voltage. Most of the piezoelectric energy harvesting devices in past 

literature focus on the mechanical deformation using static loading conditions [154]. 

Cook-Chennault et al. [154] investigated the use of piezoelectric effects to harness 

energy from household devices with the aid of a bimorph composite of piezoelectric 

membranes.   

Different configurations of inserts have been investigated as energy harvesters 

using piezoelectric membranes [99, 155] in 31-mode loading conditions. These devices 

were able to produce high voltage, low current, and low energy devices capable of storing 

energy like a capacitor.  A unique insert based on a two layer unimorph curved 

membrane was developed by Yoon et al. [156]. The width of the membrane was found to 

have a more significant effect on the charge generation than its length. It was also 

revealed that increasing the thickness of the membrane also improves the charge 

generation, but this can have an adverse effect on the load requirement to flex the 

membrane. It is important to note that although an increased size of membrane will 

generally improve the quantity of charge, an optimal sizing of height, and length to width 

ratio are required for a minimal force input.  

In bio-medical industries, piezoelectrics have been used to generate energy from 

fluctuating blood pressure [8]. An energy harvester fabricated from PZT which vibrates 

in a 33-mode has been developed to power orthopaedic knee implants [100]. The life 

cycle was discovered to decrease linearly over 10 years of device usage. The power 

output between stacked and single layers of PZT of the micro-assembly were compared, 

and results indicated that stacking does not have any significant effect on power output, 
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but a reduced voltage output was recorded. Low voltage output harvesters are easier to 

integrate into devices in which they are required.  

2.6 Droplet evaporation and pinning 

Evaporation is a relatively simple phenomenon, but highly complex to model due 

the various processes which are associated with heat transfer and mass transfer occurring 

simultaneously. A comprehensive review of different phenomena associated with 

evaporation was conducted by Bonn et al. [113]. The experimental and numerical 

analysis of heat and mass transfer based on the contact line displacement was 

investigated. The main challenges include the liquid-vapor contact line relative to the 

vapor-solid contact line, and both relative to the substrate- liquid contact line. The initial 

spreading of liquids on a solid substrate can be analysed using the Gibbs adsorption 

equation to estimate the change in surface tension [157]. In other to sufficiently explain 

the dynamics of evaporation, the hydrodynamics of droplet spreading must be clearly 

understood. This problem has been studied by Bonn et al. [113]. However, most of the 

studies cited in past literature focused on droplet spreading on a flat surface.  

This thesis investigates droplet spreading in a microchannel. The analyses in past 

literature usually assume that the droplet is spherical [158-161], but recognise the 

existence of a film, which tends to be detached from the main surface. Figure 2.1 shows 

the pinned film and the main part of the droplet.  There are two major ways in which 

evaporation occurs on a flat surface. The droplet radius remains constant, while the 

contact angle of the liquid-substrate contact angle decreases [158]. The other method of 

evaporation is the contact radius that reduces while the contact angle remains constant 

[158]. In the latter case, both the contact angle and contact radius reduce simultaneously 
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at a certain contact radius. This stage precedes the de-pinning process. The de-pinning 

process occurs when the film, which appears to be separate from the main droplet, starts 

to evaporate. The separation of these two layers of the liquid has been used to transfer 

solid particles in a liquid droplet to a substrate in a previous study [162]. This is the 

technology used for the inkjet printer [163] as the carrier liquid evaporates and the 

patterns are left behind on the paper. Deegan [163] used this transport phenomenon to 

explain the pattern of satins left behind by a drop of coffee 

The problems associated with evaporation also occur due to the nature of the 

droplet during evaporation. The boundary of the surface can be either saturated with 

vapor or a mix of liquid and vapor of unidentifiable proportions [164]. A temperature 

drop within the droplet occurs as a result of evaporation, but it is generally difficult to 

estimate how much of this heat transfer goes to the substrate or the atmosphere as the 

process is occurring at atmospheric conditions.  This also leads to internal recirculation 

within the droplet caused by a change in surface tension [165,166].  

The flow within the droplet always occurs towards the edge of the droplet so as to 

maintain constant a volume. The constant change in contact angles lead to a variation in 

advancing and receding contact angles. Various conflicting methods have been proposed 

for estimating the varying contact angles [167, 168]. The method of estimating the 

change in contact radius with respect to contact angle, which appears to be agreeable with 

most researchers, is the semi empirical approach proposed by Deegan et al. [158]. The 

authors proposed a relationship by assuming an equivalent contact angle, which is based 

on the change in volume of the droplet and proportional to an exponential function of 

time [158]. New results from experiments conducted by Shahidzadeh [169] showed that 
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although the method by Deegan is possible the vapor above the droplet accounts for the 

variation in the exponent. Different liquids will give different exponents in relation to 

time, i.e., R∞(t-t0)
λ, where λ varies for different liquids with respect to the equivalent 

contact angle. Here R is the contact radius, t is the time for the droplet of a given volume 

to evaporate, and t0 is the instantaneous time.  

The behaviour of wetting and non-wetting fluids differs during evaporation. 

Cahcile et al. [170] provided a semi-empirical correlation for estimating the 

hydrodynamic behaviour of alkanes on a wetting surface. The analysis neglected the 

pinning of the droplet on the substrate. The authors highlighted that although the model 

requires further investigation, the assumption of a spherical shape of the droplet appears 

to be an over simplification of the problem. It was recommended that an electrostatic 

model including the pinning process should be considered.  

 

Figure 2.1: Separation of  bulk fluid and pinned film in a SU-8 2025 microchannel with a 
depth of 20 µm 

The next chapter will outline the experimental setup and procedures to investigate 

the operation of the novel design for the MHE. Detailed steps on the fabrication 

techniques will be outlined and an uncertainty analysis of the experimental measurements 

will be presented. 



35 
 

 

Chapter 3 : Experimental method and apparatus 

A prototype to verify the concept of thermocapillary pumping in a microchannel 

was fabricated at the University of Ontario Institute of Technology - Clean Energy 

Research Laboratory (CERL). Experimental measurements were also conducted at the 

same location. There was a need to conduct the experiment in a controlled environment 

as the dust particles in the atmosphere could affect the observations and results. The 

Center of Integrated Radio Frequency Engineering (CIRFE) at the University of 

Waterloo, Ontario, was used to fabricate and perform the experimental measurement of 

the MHE. This laboratory was chosen because it allowed processing of metal deposition 

in its clean room. Most microfabrication facilities work with bulk micro machining of 

silicon, which are highly sensitive to metallic contaminants.  

3.1 Experiment to verify concept  

Prefabricated capillary tubes were used for the microchannels. Once the open 

channel is formed, a droplet is allowed to flow into the microchannel by capillary 

movement of water, when the channel is inserted into a volume of water. The droplet 

length is measured from the images obtained from the microscope for each experimental 

trial. The ends of the microchannel were then sealed after the droplet was injected into 

the channel. The ends of the channel are sealed with epoxy. Once the ends of the channel 

are sealed, the construction of the closed microchannel is complete, and it can be 

inspected under a microscope. An EMZ series stereo microscope (4.5 × magnification) 

was used to observe the displacement of the droplet.   

 The experiment consists of a microscope with a digital camera mounted on the 

viewing portion, and connected to a computer. A schematic of the experimental 
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measurement layout is shown in Figure 3.1. The circuit board placed on the image stage 

has a prefabricated substrate, attached to the surface. The substrate has an embedded 

thermocouple and helical heating coils. The thermocouple and heating coils are 

connected to a National Instruments (NI) digital acquisition board and computer. The 

acquired data is processed by Lab View Signal Express. The microchannel is placed in 

the center of the heating coils, in such a way that the droplet is divided evenly across the 

heating coils. The droplet is positioned so that only the droplet is heated, and not the air 

regions.  

 

Figure 3.1: Schematic of microchannel experiments 

The initial voltage readings (before heat is applied to the droplet) were measured. 

The initial temperature is then obtained based on a known relationship between the 

measured voltage and temperature. Alternating current is supplied to the heater through a 

rheostat. The readings from the digital camera and NI software are then synchronised, so 

that changes in temperature and displacement, with respect to time, can be measured 
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simultaneously. The data is acquired at a frequency of 100 Hz. The droplet moves to the 

right of the channel when heat is applied; then it moves back to its original position after 

heat is removed. The images of droplet movement are recorded by the camera. The 

distance moved by the droplet is estimated based on the number of pixels displaced 

between an initial and final position. The equivalent room temperature is converted to a 

voltage based on the following correlation,  
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where Tr is the room temperature and Vr is the equivalent voltage for the room 

temperature. The temperature of the droplet is determined from a correlation that relates 

the measured voltage and estimated room temperature voltage as follows:  
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where Vu is the measured voltage and Ti is the temperature of the droplet during heating 

or cooling. Data is collected for several channels of equal diameters and the average is 

used to estimate the measured temperature of the droplet. 

 Although the thermocapillary pumping could be verified by this experimental 

process, no post processing can be performed. This necessitated the need for a new 

design, which incorporates all aspects of the MHE. The design parameters for the new 

MHE design were based on experimental measurements obtained from the study of the 

cylindrical channel. The minimum length and width of the rectangular channel were 

determined from the cylindrical channel.  
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3.2 Fabrication of MHE 

The complete assembly of the MHE is shown in Figure 3.2. Fabrication steps of 

the MHE are highlighted in Figures 3.3- 3.5. The MHE is fabricated with PZT wafers 

manufactured by B and H Industries, California. Three sets of wafers of different 

thicknesses were examined for the fabrication (100µm, 80µm and 60µm). During 

experimentation, it was discovered that only the sample of 80µm and 100µm could 

withstand the fabrication rigours. Despite the difficulty in drying the 60µm sample, the 

vacuum on the spinners distorted the substrate, creating an uneven surface. The substrate 

eventually failed during the soft bake period of SU-8 as the weight of the photoresist 

appears to fracture the substrate.    

The major equipment used to build the micro heat engine are the IntelVac 

Nanochrome Deposition System, vacuum spin coaters, vacuum hotplates, 

photolithography assembly, and Bungard dry film laminator. The equipment is shown in 

Figures 3.6-3.9.  It is important to ensure the highest temperature process is done first 

during the microfabrication processes, while lower temperature processes are done in 

descending order. Care must also be taken to show that etching chemical processes are 

not reactive to deposited metals or photoresist. If a process can attack a layer already 

patterned on the substrate, a sacrificial layer must be deposited before further processing 

and removed after processing. The liftoff process appeared most suitable in this research. 

This involves the deposition of LOR5A beneath the AZ3330 photoresist. LOR5A 

dissolves in PG remover. By depositing this resist before AZ3330, it creates access for 

the liftoff process. The fabrication is characterized into 5 major steps:  

 Wafer cleaning; 
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 Fabrication of heaters; 

 Back side etching; 

 Fabrication of microchannels; 

 Sealing of channel.  

 

Figure 3.2: Complete micro heat engine assembly 

3.2.1 Wafer cleaning 

The PZT substrates of different thicknesses were cleaned using an RCA 1 (Radio 

Corporation of America) cleaning procedure. The cleaning must be done under a fume 

hood due to the nature of the gases used for the process. Care must also be taken to 

ensure particles of lead are not inhaled during the cleaning process. The following steps 

outline the details of the cleaning process.  
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Figure 3.3: Surface micromachining steps for fabrication of Ti-W microheaters using 
photolithography, sputtering and wet etching 

In the process, 650ml of DI-water is dispensed into a beaker and heated on a plate 

until a temperature of 70oC is attained. Also, 130ml of ammonium hydroxide is dispensed 

into the beaker of DI-water, while on the hot plate. This can be added at the beginning of 

the heating cycle. Then 130ml of hydrogen peroxide is added to the mixture of water and 

ammonium hydroxide, once the required temperature has been achieved (70oC). The 

resulting solution must be allowed to attain the latter temperature before placing the 

sample in the beaker. A wafer holder is used to place the samples in the beaker. When 

processing multiple samples, care must be taken to ensure the sample does not make any 

physical contact to prevent damage of the surface of the wafer.  
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Figure 3.4: Fabrication of SU-8 microchannels using photolithography and sealing of the 
microchannel using the Bungard dry film laminator 

 

Figure 3.5: Surface micromachining steps for back side of PZT substrate using 
photolithography, electron vacuum deposition, sputtering, and reactive ion etching 
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Figure 3.6: (a) UV mask aligner assembly for photolithography; (b) Trion Phantom II 
Plasma Etcher reactive ion etching 

 

Figure 3.7: a) Vacuum hotplate (b); Spinner and photo resist dispenser 
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Figure 3.8: IntelVac Nanochrome I for electron beam deposition  and DC sputtering 

 

Figure 3.9: Bungard dry film laminator for sealing microchannels 

Once the above temperature is reached, the samples are placed in the beaker and 

allowed to remain in the solution at a constant temperature (70oC) for fifteen minutes. 

The cleaned substrate is then immersed in a beaker filled with DI-water and allowed to 
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cool for three minutes. High pressure nitrogen gas is used to dry the substrates, but 

extreme care must be taken to ensure substrates don’t fracture in the process. The sample 

to be dried is placed on a clean room wipe on a wet bench to avoid any deformation 

during the drying process.  

It is difficult to completely dry the fragile substrate; hence before proceeding to the 

next step, the substrate should be heated to 120oC for two minutes on the vacuum hot 

plate and allowed to cool. 

3.2.2 Fabrication of microheaters 

The heaters were fabricated using Ti-W as the heating element. A combination of 

photolithography, sputtering, and wet etching are used to fabricate the heater. The 

sputtering is done in the electron vacuum deposition chamber at 5×10-6Torr. A sacrificial 

layer is used to outline where Ti-W would be deposited during the sputtering process. 

AZ3330 positive photoresist from Microchem is used as a sacrificial layer to pattern the 

heaters. LOR 5A is spin coated on the surface but not developed in order to aid the liftoff 

process, which is required for the fabrication of the heaters. The best results were 

obtained when fabrication of the heater is done immediately after the cleaning process. 

The details of the process are outlined below. 

LOR 5A is first dispensed onto the substrate and spin coated at 500rpm for 5s and  

3000rpm for 45s. This process is done in one spin cycle. The acceleration must be 

ramped to 10,000rpm/s to ensure an even distribution of the photoresist on the substrate. 

A thin layer of about 500nm is formed based on the spin speed. The substrate is then soft 
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baked for two minutes at 160oC. No exposure or development is required as it is just a 

sacrificial layer. The substrate in then allowed to cool naturally for about five minutes.  

AZ 3330 is deposited onto the cooled substrate and spin-coated at 500rpm for 15s and 

4000rpm for 45s in one spin cycle. It is recommended to wait for 30s before initiating the 

spin process after deposition to ensure even distribution of the photoresist and dispersion 

of possible bubbles during the dispensing process. A thin film of about 3µm is formed for 

a spin speed of 4000rpm.  

The substrate is soft baked at 90oC for five minutes on a vacuum hotplate and allowed 

to cool before exposure. The exposure is done with a 365nm-UV wavelength mask 

aligner (Ultraviolet Illumination System (350 – 450nm) - Model 87000) for 14s. The post 

exposure baking (PEB) of substrate is then performed at 110oC for three minutes on the 

vacuum hotplate. The substrate must be cooled before developing the pattern. The 

development is done using AZ’s MIF 3000 developer solution. This development is 

carried out for 300s. This was the optimal time that gave the best results. This was an 

important discovery, because the manufacturer’s recommended time for development 

was only 60s. If development is done for only 60s during the liftoff process, the deposited 

metal is removed along with the resist. The longer development time ensured that 

LOR5A was completely removed from the patterned surface and allowed the metal to be 

deposited directly unto the substrate. The development time of 300s is only applicable to 

the PZT substrate. During initial trials on microscope slides, the development time was 

about 120s.  
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The developed substrate is hard baked on the hotplate for two minutes at 110oC and 

allowed to cool before it is inspected under the microscope. The finished pattern is shown 

in Figure 3.10.  

 

Figure 3.10: Patterning of microheater using LOR 5A/AZ3330 viewed at × 5 

magnification with the Reichert Austria stereo microscope 

The IntelVac Nanochrome deposition system is used for the sputtering process in a 

high pressure vacuum chamber. The equipment can be used for sputtering several metals. 

The metal of interest at this stage of the process required a Ti-W target to be installed in 

the chamber. The sputtering vacuum chamber is vented to allow for a change of target 

and inserting the specimen in the chamber. An aluminum holder is required beneath the 

target to prevent a short circuit between the permanent magnet and the target. A thin layer 

of paste is required on the cathode to fill the microscopic voids between the target and 

cathode block.  

The chamber is pumped down to the process pressure (5 x 10-6Torr). The sputtering 

then commences at a rate of 23Angstroms (Å) per minute. Ti-W is sputtered for about 

sixty minutes to provide a film thickness of about 138nm. This process must be carefully 

controlled using an Argon flow rate of 20sccm and power of 50W in order to get a 

uniform deposition. Increasing the power can help reduce the time required for the 
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deposition, but it was discovered that this leads to excessive internal stresses, which 

affect the adhesion of Ti-W to the substrate.  

The chamber is then allowed to cool for 15 minutes before the samples are removed 

and inspected under the microscope.  The liftoff process should be done immediately 

after sputtering to prevent oxidation of Ti-W. Two methods were investigated for the 

liftoff process. The liftoff could either be done by using a heated bath of PG remover or 

by using PG remover in an ultrasonic bath. The latter process is recommended as the 

processing time is reduced, hence it is the preferred method for this process. The 

ultrasonic bath is heated to a temperature of 38oC and the power setting is fixed at 3 

Watts.  

 

Figure 3.11: Fabricated Ti-W microheaters 
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The time for the liftoff varied between twenty and forty minutes. The strength of 

adhesion is suspected to be the reason for the variance in liftoff time. Substrates may 

collect some dirt before the sputtering process, which could alter the adhesion property.  

Once the entire LOR5A/AZ3330 layer is visibly off the substrate, the sample is 

placed in a fresh beaker of isopropyl alcohol (IPA) to remove any traces of PG remover 

that might be left on the sample. The sample is allowed to remain in the solution for three 

minutes before it is dried by nitrogen gas. Further heating may be required to remove any 

traces of IPA from the surface. This is done on the vacuum hotplate at 120oC for two 

minutes. The heater can then be inspected under the microscope before further 

processing. Figure 3.11 shows the completed Ti-W heaters.  

3.2.3 Back side etching  

The back of the substrate must be etched to allow for flexing of the piezoelectric. The 

etching pattern also creates packaging support for the microassembly. The back of the 

substrate is processed using photolithography, sputtering and reactive ion etching (RIE). 

Three metals are deposited during this process (chrome [Cr], gold [Au], and aluminum 

[Al]). Chrome acts as an adhesion layer and dielectric layer for the gold deposition. Gold 

acts as the electric layer, which allows for external connection to the required load. 

Aluminum acts as a mask for the reactive ion etching process.  The steps to achieve the 

desired results are listed as follows.  

LOR 5A is spin coated on the substrate using a similar technique as outlined in 

section 3.2.2. This thin layer is also used to aid the liftoff process. AZ3330 is also 

deposited as a sacrificial layer for the deposition of Cr, Au and Al. The process is the 
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same as outlined in section 3.2.2. The IntelVac Nanochrome deposition system is capable 

of performing the DC sputtering and electron beam deposition simultaneously. The 

chamber is vented to allow loading of the Al target and filling of holders for Au and Cr 

with their respective crucibles for the deposition process. Then 300Å of Cr is deposited 

using the electron beam deposition, after which 500Å of Au is then deposited using a 

similar procedure. Al is deposited at 180Å per minute for thirty minutes.  The chamber is 

then allowed to cool for fifteen minutes before it is vented and the samples are inspected 

under the microscope to ensure even deposition.  

The liftoff process is required to expose the portion of the substrate to be etched by 

the RIE process. The liftoff process is carried out under similar conditions as outlined in 

section 3.2.2.  In order to protect the Ti-W heaters from the RIE process, AZ3330 is spin 

coated on the front side of the substrate to act as a masking layer. AZ3330 is then 

deposited using the spinners at 500rpm for 15s and 4000rpm for 45s in one spin cycle. 

The substrate is then soft baked at 90oC for five minutes. No exposure or development is 

required since the layer is only used to mask the substrate from the plasma during the RIE 

process. 

RIE is a combination of ion and plasma etching. The selective etching of the surface 

occurs as a result of a chemical reaction between the surface layer and the chemically 

reactive plasma. Trion Phantom II plasma etcher is used to carry out the etching for this 

experiment. The sample is suspended in the chamber in order to produce the isotropic etching 

finish. The parameters used in the present study are listed as follows: 

o Inductive coupled plasma (ICP) power 250W 

o Radio frequency (RF) power 200W 
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o Argon (Ar) flow rate 50Sccm 

o Sulphur hexafluoride (SF6 ) flow rate  5Sccm 

o Etching pressure 50mTorr 

o Time 1,080s   

3.2.4 Fabrication of microchannels 

SU-8 is a negative photoresist, which can be used to produce micro structures of large 

thicknesses in the order of 25-150µm. SU-8 2025 can produce structures with thicknesses 

between 25 and 40µm while SU-8 2075 can produces thicknesses between 60 and 

240µm. The thickness is dependent on the spin speed. SU-8 has an excellent imaging 

capability and also thermally stable. This photoresist produces structures with very good 

vertical walls with a high aspect ratio. Once formed, it cannot be easily dissolved in most 

organic solvents. In most structures produced with SU-8, hard baking is not required 

because of its structural stability. The process for processing of SU-8 during this 

experiment is outlined below. 

If the sample is processed immediately after the etching process, it should be allowed 

to cool before being processed. It is a good practice to rinse the specimen in IPA and 

subsequently perform drying before beginning the patterning process. If a sample is 

allowed to stay overnight, the substrate must be heated at 120oC for two minutes before 

patterning the channels. SU-8 is sensitive to moisture, which affects its adhesion to the 

surface.  

Photolithography is used to process SU-8. The design of the chrome mask for 

patterning SU-8 is shown in Figure 3.12. The mask design is based on experimental 
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measurement of droplet width and diameter observed from the cylindrical microchannels 

fabricated from capillary tubes.  The minimum achievable width in the cylindrical 

microchannels is 16µm while the length was about 1200µm. The minimum design width 

for the rectangular microchannel is 40µm. This ensures the properly exposed during 

photolithography, as the UV-Mask aligner requires a minimum tolerance of 15µm for 

complete exposure. SU-8 is deposited on the substrate and spin coated using the 

following optimal parameters in one spin cycle: 

o 500rpm for 10s with an acceleration of 162m/s2;  

o 2000rpm for 15s with an acceleration of 468m/s2; 

o 4000rpm for 20s acceleration of 468m/s2. 

Edge ridges are always observed after the spin cycle. A knife edge is used to remove 

the ridges from all sides of the substrate. If the ridges are not removed, uneven exposure 

will occur, as an air gap will be trapped between the substrate and the chrome mask in the 

vacuum seal of the mask aligner.  

Soft baking is done in two steps for both types of SU-8. The baking time for SU-8 

2025 is two minutes at 65oC and five minutes at 95oC, while the baking time for SU-8 

2075 is three minutes at 65oC and seven minutes at 95oC. After the baking is completed, 

the sample should be suspended in air for one minute before being placed on clean wipes 

on the work bench and allowed to cool naturally. This is necessary to avoid cracks at the 

edges of the microchannel, which occur as a result of rapid cooling of the substrate. The 

exposure time for SU-8 using the UV mask aligner is 240s. It is recommended to break 
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the exposure into 4 cycles of 60s each to reduce the amount of heat absorbed as a result 

of the UV exposure. This will also prolong the life cycle of the UV lamp. 

 

Figure 3.12: Design of 4 × 4 inch chrome mask for photolithography of microchannels 
(40, 60, 80,100,120 and 140µm widths and 1500µm lengths) 

The microscope on the mask aligner is used to ensure that the channels are formed 

perpendicular to the Ti-W heaters and the electrical contact points of the heater are not 

covered by the resist.  

Once the exposure is complete, the post exposure baking can be commenced. SU-8 

2025 is post baked in two steps, one minute at 65oC and five minutes at 95oC. SU-8 2075 

is baked for two minutes at 65oC and seven minutes at 95oC. The substrate must also be 

suspended in air for one minute before it is placed on the clean wipes on the work bench. 

Development is done after the sample is cooled. SU-8 Developer form Microchem is 
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used to process the pattern after post exposure baking. A Developer solution is dispensed 

in a beaker and filled to ensure that the entire substrate is immersed in the solution. The 

substrate is firmly placed on a wafer holder to ensure no slippage during agitation. Strong 

agitation is required for development of SU-8 and must be done throughout the 

development period. Agitation of the sample must be done in the same sequence to 

ensure even development. Forward and backward stroke movement was chosen for this 

experiment. The optimal development time for SU-8 2025 is four minutes, while that of 

SU-8 2075 is six minutes.   

 

Figure 3.13: Fabricated SU-8 2075 microchannel viewed at × 5 magnification of a 
Reichert Austria stereo microscope 
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Figure 3.14: Fabricated SU-8 2075 microchannel viewed under a Hitachi 3000 scanning 
electron microscope 

The sample is then immersed in a solution of IPA for three minutes to remove any 

trace of the developer that might be left on the substrate. High pressure nitrogen gas is 

used to dry the substrate. The fabricated channel can then be inspected under a 

microscope. Figures 3.13 and 3.14 show the fabricated microchannel. If any sign of 

underdevelopment is observed, the previous step can be repeated in intervals of 10s and 

inspected each time, until a desired pattern is achieved. Care must be taken to avoid 

undercuts. Over development leads to undercuts in the microchannel.  

3.2.5 Sealing of microchannel 

Bungard dry film laminator is used to seal the channel and secure the droplet within 

the channel. The laminator is designed to laminate both sides of the substrate with a thin 

film photoresist of about 17µm. The thickness of the photoresist cannot be precisely 

controlled. No patterning was required for the purpose of this experiment. The laminate 

was left for about five days to ensure proper adhesion to the substrate. Although the 

photoresist can be heated for immediate adhesion, the droplet will react with the film 
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during the heating process, leading to an uneven surface. The process followed during 

this experiment is outlined below.  

A Hamilton micro syringe is used to place the droplet on top of the channel. The 

hydrophobic property of DI-water on SU-8 keeps the water in the required location 

before the lamination process.  

The Bungard laminator is used to force the water droplet into the channel and seal the 

channel. The laminator is set to a temperature of 95oC and a pressure of 2bar with a roller 

speed of 0.5m/s. The substrate is placed on a clean room sheet to avoid the lamination of 

the backside of the substrate and prevent sticking of the roller. Thin strips of clean room 

paper are placed along the heater on top of the substrate to prevent lamination of the 

electrical contact points. The completed assembly is allowed to remain in the 

photolithography room for five days before the protective covering of the laminate is 

removed. The substrate cannot be allowed to have exposure to the visible light spectrum 

before the adhesion is complete, as this will alter the properties of the thin film.  

The completed microchannel assembly can then be inspected under the microscope. It 

is expected that the droplet will remain in the channel. However, after several 

experiments, this could not be achieved. The microchannel was developed without 

sealing the top of the channel and observed under the microscope. The experiment 

revealed that the droplet evaporated within 15s of being deposited in the microchannel 

without any heat addition. This showed that the droplet vaporized before the substrate 

went through the rollers, which was kept at 95oC. The reason for evaporation of the 

droplet became an important phenomenon to understand. Subsequent sections of this 
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thesis will give new insight into the evaporation of a droplet in a closed rectangular 

microchannel. 

3.3 Experimental measurements and uncertainty 

Experimental measurements were carried out on three test benches. The first test 

bench, outlined in section 3.1, was used to observe the displacement of the droplet in a 

cylindrical microchannel. The second test bench was used to measure the power output of 

the Ti-W heaters, which were used to supply heat to the MHE. The third test bench was 

used to observe the droplet evaporation and de-pinning in the rectangular microchannel.  

The uncertainties with measurements acquired from all three test benches are outlined in 

this section. Two methods were used to estimate the uncertainties associated with the 

experimental measurements. Kline and McClintock’s [171] method was used for 

estimating the uncertainties of the power and evaporation process. The ASME standard 

of uncertainty was used to estimate the estimate the uncertainty in measuring the 

displacement of the droplet in the cylindrical channel.  

3.3.1 Power supply measurement and uncertainty  

The voltage and current supplied to the heater were measured by four point probe 

method. The electrical circuit of the four point probe method is shown in Figure 3.15. A 

resistance of known value is connected across the direct current (DC) power supply and 

the current is measured using a DC multimeter. This method is used to determine the 

current flowing through the resistor (1kΩ) as the voltage is regulated. The resistor and Ti-

W heater are connected in series, which means the same amount of current is flowing 

through the heater and resistor. A second DC voltmeter is connected across the Ti-W 
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heater to measure the voltage generated. The power output from the heater can be 

estimated from the measured voltage and sheet resistance across the Ti-W heater.   

 

Figure 3.15: Electrical layout of four point probe test to measure the sheet resistance and 
voltage output of the microheaters 

The droplet is observed under a microscope mounted on top of the probe station 

and a high speed video camera is used to record the motion of the droplet. The substrate 

in held in position by a vacuum chuck to ensure that no vibrations occur during the 

voltage measurement. The probe needles are positioned on the contact pads with the aid 

of a microscope and a stage control mechanism of the probe station. Extreme caution 

must be taken to ensure the two probes on each pad make no physical contact, as this will 

sort circuit the device and burn the heater, resulting in an open circuit. The probe station 

can accommodate a third set of probes, which could be used to measure the voltage 

generated from the flexing of the piezoelectric membrane.  
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The uncertainty of the measurement is done in accordance with Kline and 

McClintock [171] method of estimating the uncertainty in a single sample experiment. 

This method was used to analyse the voltage and current measured across the heaters. 

The measurement of interest is the power output (q), which is a product of the 

voltage and current (q= VI). The uncertainty associated with measuring the power output 

can be determined using the following correlation:  

1 / 22 2

q v i

q q
U e e

V I

                       (3.3) 

Where qU , is the uncertainty of the single sample measurement and ve , ie  are the 

uncertainties associated with measuring the voltage and current, respectively.  The 

calculated uncertainty of the experiment varied between 1 and 5% for the range of data 

considered in this study. The DC multimeter used to acquire the voltage and current is 

capable of detecting a current fluctuation on the order of 1×10-4mA, which explains the 

high accuracy of the data collected.  

3.3.2 Evaporation measurement and uncertainty  

A 10µl syringe was used to dispense the droplet into the microchannel with the 

aid of a Reichert Austria stereo microscope in the experimental measurements. A digital 

video recorder is mounted on the viewing port of the microscope. The images were 

recorded at a frequency that varied between 25 and 32 frames per second (fps). The DI-

water samples were measured mostly at 25fps because the evaporation occurred slower 

than toluene. The images were measured under two magnification settings (× 5 and × 10), 

although the microscope had the capability of measuring a magnification of × 150. The 
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entire width of the channel could only be captured by the digital camera under the latter 

two settings. The evaporation and de-pinning processes of the droplet were recorded 

using Stream Pix III imaging software, which allows for digitization and characterisation 

of the images.  

The contact angle, droplet width, and pinning radius can all be measured over 

time. A UTHSCSA image tool developed by the University of Texas Health Science 

Center in San Antonio was used to measure pixel displacement and contact angle over the 

evaporation and de-pinning periods. The imaging tool also reported the mean and 

standard deviation of the measurements. This standard deviation was used to estimate the 

uncertainty of the data recorded.  

The uncertainty of the measurements was obtained by the  Kline and McClintock 

method [171]. The displacement is a product of the measured width of the channel and 

the number of pixels ( iL PW ). In this case, the independent variables were width and 

pixels. The uncertainty can be estimated as follows: 

1/22 2
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U e e
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                      (3.4)

 

where LU
 is the uncertainty in a single measurement of the length and

i
pe , we  are the 

uncertainties associated with measuring the pixel and width, respectively. The uncertainty 

associated with measuring the evaporation width was estimated to be between 1 and 11% 

for the number of experiments considered in this study. The uncertainty associated with 

the de-pinning process varied between 1 and 5%. Although some of the data points for 
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the evaporation uncertainty measurements fall outside of the confidence interval of 10%, 

the single sample uncertainty measurement allows this set of data to be discarded during 

the analysis of the experimental data.  

The uncertainty in the time measurement is a function of the frame rate and 

number of frames. The time t is estimated as  

  1

N Rt F F


          (3.5)
 

 The uncertainty in measuring time for a single sample can be expressed as 

1/22 2

N Rt F F
N R

t t
U e e

F F

                       (3.6)

 

where 
NFe ,

RFe are the uncertainties in measuring the frame number and frame rate, 

respectively.  The uncertainty of the time measurement was found to be about 1%, which 

is very reliable for analysing the experimental data. The high accuracy is expected as the 

Stream Pix acquires the images at +/-0.0001 frame rates per second.  

3.3.3 Uncertainty of measurement in droplet displacement 

The measurement uncertainties were estimated based on a method described by 

Abernethy et al. [172] as more data was available about the precision and bias errors of 

the devices used for the measurements. The precision and bias errors were obtained for 

the multimeter (used to measure current flowing to the heater), data acquisition board (for 

measuring voltage readings from thermocouples), digital calliper (used for measuring the 

diameter of the microchannel) and the measured voltage from a thermocouple. The 
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precision error for the measured data is estimated as a function of its standard deviation 

as follows [172]:   

measured

D
P

S
U

N
          (3.7) 

The bias error is a measure of deviation from the mean. This error remains 

constant throughout the experiment. From observations of the measured data, the mode of 

deviation from the mean is assumed for the bias error. The precision and bias errors for 

the devices are obtained from the equipment manufacturers [173-175]. The precision and 

bias errors of the equipment and measured data are shown in Table 3.1. The total 

precision error is estimated by: 

2 2 2 2

m e a s u r e d N I D M M Mp p p p pU U U U U   
      (3.8)

 

Similarly the total bias error is obtained by: 

2 2 2 2

m e a s u r e d N I D M M MB B B B BU U U U U          (3.9) 

The total uncertainty is obtained from the combination of precision and bias errors, 

2 2
p bU U U 

         (3.10) 

Table 3.1: Precision and bias errors of experimental temperature measurements 

Variables Precision Error Bias Error 

Voltage readings from thermocouple 1.16µV 25.6µV 

Diameter of microchannel 0.5 1µm 

Multi-meter (current flow to heater) 0.1mA 0.275 mA 

 

The resulting error in the temperature measurement is estimated to be ± 1.4oC, 

which is within a 95% confidence interval. The uncertainty for the measured 
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displacement is a function of the precision of the digital camera used to acquire the image 

and the error from the image digitization. 
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Chapter 4 : Entropy generation in electrochemical 

processes 

A new predictive model of entropy production for the electrochemical processes 

is presented in this chapter. This related to an overall goal of this thesis to develop new 

predictive tools for Second Law analysis, particularly models to predict entropy 

generation in electrochemical and microfluidic processes. The effects of temperature and 

current density on entropy production are investigated with the new formulation. A 

comparative study is performed with respect to the relationships between current density 

and overpotential, using Tafel’s equation and the newly proposed method, based on the 

Nernst equation. 

4.1 Entropy production in an electrolytic cell  

Consider an electrochemical process involving electrolysis of CuCl/HCl to 

produce hydrogen in Figure 4.1. The electrical circuit is completed by a resistor, ammeter 

and dc voltage source connected by external wiring from one electrode to another [176]. 

The electrochemical reaction in the cell can be treated as two half-cell reactions, since the 

electrochemical reactions occur in two different sections of the cell, i.e., anode and 

cathode, respectively. In the electrolytic cell, a positive potential is used to drive the 

reaction in the anodic direction, while a negative potential will drive it towards the 

cathodic direction. This makes the anode the positive electrode in an electrolytic cell, 

while the negative electrode is regarded as the cathode. It is assumed that CuCl is 

supplied continuously to the anode, while HCl is supplied to the cathode. The working 

electrode is assumed to be platinum (Pt) on a gas diffusion layer (GDL). The electrolyte 
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used on the anode side of the cell is a mixture of HCl and CuCl, while HCl is adopted on 

the cathode side.  

The reactions are classified as anodic and cathodic reactions. The anodic half-cell 

reaction for the oxidation of copper (I) to copper (II) can be represented as: 

22 2 2 2 2CuCl HCl CuCl H e           (4.1) 

 

Figure 4.1: Schematic of the electrochemical cell 

Similarly, the cathodic half-cell reaction for the reduction of hydrogen protons to 

hydrogen gas is represented as 

22 2H e H            (4.2) 

Although both reactions occur separately, they can be combined as one reaction, 

based on the principles of conservation of charge and electron neutrality [176]. As a 

result, the overall cell reaction can be written as 

2 22 2 2CuCl HCl CuCl H          (4.3) 

Introducing an electric field across the electrolyte generates a driving force for the ions 

dissolved in it. While electrons flow through the electrode, as a result of the applied 
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current, ions in the electrolyte migrate as a result of diffusive and convective modes of 

transport. The net flow of ions will be the sum of migrations due to diffusion and 

convection. 

4.1.1 Formulation of voltage losses and mass transfer irreversibility  

 All overpotentials represent irreversiblities in the system. In an electrolytic cell, 

more power must be supplied to overcome these irreversibilities, thereby making the 

actual cell potential greater than the open circuit potential. Alternatively, these 

irreversibilities are also a consequence of polarization. This is an effect of passing current 

through an electrolytic cell to make it depart from equilibrium. The magnitude of the 

decrease in potential from equilibrium is called the overpotential ( v ).  

 The voltage loss in electrolytic cells includes the activation, ohmic and the 

concentration (surface) overpotential. Activation and ohmic losses are known to 

significantly affect the voltage losses across the cell, and hence they should be included 

in design considerations for the electrolytic cell. The activation losses can be interpreted 

as the voltage required in overcoming the open circuit voltage of the cell, when no load is 

connected in the circuit. Ohmic losses occur as a result of the internal resistance of the 

cell.  

The maximum power output of the cell is determined from the change in Gibbs 

free energy, which is expressed as 

G H T S              (4.4) 

The potential at zero current flow is known as the reversible open circuit voltage (ROCV) 

across the cell, which can be determined from the relationship between the Gibbs free 

energy and the electrical work as follows, 
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c

G
ROCV

ZF


          (4.5) 

where Z is the number of electrons transferred and Fc is Faraday’s constant. The 

deviation of electrode potential from the reversible open circuit voltage is 

 v ohmic activation concROCV V V V           (4.6) 

4.1.2 Surface overpotential 

 The driving force in the electrochemical reaction at the electrode of the cell is the 

surface or concentration overpotential. The rate of reaction can be related to the surface 

irreversibilities by the Butler-Volmer equation [176]: 

exp expan c ct
o conc conc

F F
i i V V

RT RT

              
      (4.7) 

where i  is the current density, oi  is the exchange current density, and  is the charge 

transfer coefficient that varies between 0.1 and 0.5. Equation (4.7) will be approximated 

at low surface overpotentials using Tafel’s model [177] to yield: 

 an b c
o conc

F
i i V

RT

 
         (4.8) 

The voltage loss ( concV  ) can then be expressed as 
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                  

    (4.9) 

4.1.3 Ohmic overpotential 

Resistance to the flow of ions in the electrolyte, combined with resistance to the 

flow of electrons through the electrode, then constitutes the ohmic losses. These losses 
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are considerably higher for high temperature cells, however the cell operates at ambient 

temperature. The total ohmic resistance is the sum of components from the electrolyte, 

cathode and anode. 

 ohmic elect an ctV i r r r           (4.10) 

The resistance from the electrolyte is much larger than other terms for the anode and 

cathode, so only mass transfer within the electrolyte will be considered hereafter. 

 Consider 1-D mass diffusion within the electrolyte, with x = 0 at the edge of the 

electrolyte. The ohmic resistance can be expressed as follows, 

 0

el

ohmic
e

dx
V i

x
           (4.11) 

where e  refers to the electrolyte conductivity, which can be calculated from 
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 



          (4.12) 

where Cl is the molar concentration of cuprous chloride (mol/cm3), CH+ is the molar 

concentration of protons (mol/cm3) and 0e  is the electrolyte conductivity at unit 

cuprous chloride content. From Fick’s Law [145, 178], the electro-osmotic flux can be 

determined from 

e

l
AB d

c

dC i
D n

dx F
          (4.13) 

where nd is the electro-osmotic drag coefficient. Integrating equation (4.13) over the 

thickness of the electrolyte yields  
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which becomes 
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e
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D F
           (4.15) 

The result in equation (4.15) represents a molar concentration at the 

anode/electrolyte interface. Since the diffusive flux is proportional to the molar 

concentration, Ohm’s law requires that the molar concentration increases linearly across 

the membrane [145], from the previous result in equation (4.15) at the anode to Cl,c at the 

cathode. Therefore, 
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Alternatively, 
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where 

,ec AB l ct
L

d e
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n l
          (4.18) 

It can be observed that Cl (0) = 0 when i = iL. This case of i = iL represents the limiting 

current within the electrochemical cell. Substituting equation (4.18) into equation (4.11) 

gives 
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which may be integrated and expressed in terms of an empirical coefficient, 

6 230 10electr k cm    [179] to give the following ohmic loss, 

ohmic electV ir           (4.20) 

Diffusion of the electrolyte can be verified using Cottrell’s equation [177], 
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d
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           (4.21) 

where Co is the bulk concentration, DABo is the diffusion coefficient and equation (4.21) is 

used to check if the electron transfer is as result of mass transfer of the electrolyte.  

Experimental observations are yet to predict the diffusion coefficient for the 

electrochemical reaction.   

4.1.4 Activation overpotential 

Activation losses occur due to energy required to start the reaction in the 

electrolytic cell. Using a good catalyst such as platinum will reduce the activation 

overpotential. However, platinum is expensive and makes the overall system cost 

prohibitive. Considerable research is underway to find alternative lower-cost catalysts to 

make the process more commercially viable. Nernst’s equation will be used to estimate 

the activation potential of the electrolytic cell. The Nernst equation can be used to 

analyze this cell since it was assumed that the electrolyte will be constantly supplied to 

the cell. This will make the reactant concentrations much lower than the electrolyte, 

essentially making the electrolyte uniform in concentration throughout the 
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electrochemical reaction. Also, since the reaction is relatively fast and reversible, the use 

of the Nernst equation can be justified in this study. The activation losses are higher at 

low temperatures, hence a more significant effect on the total voltage loss will be 

observed. The liquid junction potential and ionic activity coefficient are neglected when 

writing the Nernst, equation owing to their interdependent relation on the nature of the 

reacting spices:  

lnactivation
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 

  
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        (4.22) 

4.1.5 Entropy generation 

Entropy generation in the electrolytic cell is a measure of irreversibility and 

voltage loss within the cell. In other words, voltage losses are a direct result of entropy 

production within the cell. Hence, entropy generation is a useful robust way to analyze 

the irreversibilities within the cell. There are other sources of irreversibility within the 

system, which could impede the overall performance of the cell. These include frictional 

losses and losses within other devices connected to the cell. The entropy generation 

associated with overpotentials discussed previously can be expressed as [180] 

2
actgen

v
c

TS

F
            (4.23) 

where 
actgenS  is the entropy generation and T is the operating temperature of the cell. 

Combining equations (4.6), (4.11), (4.22) and (4.23), the following expression for the 

entropy generation is obtained, 
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      (4.24) 
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From equation (4.24), it can be observed that the entropy production is dependent on 

temperature, current density, exchange current density and charge transfer coefficient.  

Unlike other parameters such as overpotential or polarization, entropy production 

can provide a more robust metric, from which all losses within an electrochemical system 

can be characterized. For example, entropy production encompasses both irreversible 

voltage losses of concentration polarization within the electrode, as well as viscous losses 

induced by frictional irreversibilities of fluid motion within the electrochemical cell. 

Although this chapter focuses on the surface, ohmic and the concentration overpotentials, 

the method can be extended to other irreversibilities that include auxiliary equipment 

linked with the electrochemical cell, such as pumps and heat exchangers. In this way, an 

entropy-based design tool can be used to minimize irreversibilities and energy input 

required for the overall system.  

4.2 Results of entropy production in an electrolytic cell   

In this section, predicted results of voltage losses and entropy production will be 

presented. The operating parameters (Table 4.1) are intended to replicate conditions of 

experimental studies conducted by Atomic Energy of Canada Limited (AECL) [181]  on 

nuclear-based hydrogen production with a thermochemical copper-chlorine cycle [136, 

137]. Figure 4.2 illustrates the effect of varying current density on the overpotential for 

different ohmic resistances. The negative values correspond to a reverse direction of 

current flow, with hydrogen generated at the expense of electrical energy input, so the 

system is consuming rather than generating electricity, as per the case with a fuel cell. 

The equilibrium potential of about 1.009 mV was calculated based on the Gibbs free 

energy. 
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Figure 4.2: Effects of current density on the overpotential for varying ohmic resistances 

A decrease in current density between 0 and 250mA/cm2 results in a steep 

increase of voltage across the cell. This trend is observed for all ohmic resistances in this 

study. The increase in voltage amounts to about 26% of the ROCV. There is no 

significant difference in voltage rise, between current densities of 0 and -400mA/cm2 for 

the three cases of ohmic resistance under investigation. Beyond this range of current 

density, a more significant difference in voltage can be observed. The maximum 

difference between the ohmic resistances was about 1.5%. The operating temperature of 

the electrochemical cell has a significant effect on the entropy generation in Figure 4.3. 

The entropy generation for the three temperatures is nearly equal until about 100J/kgK. 
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Beyond a current density of 200mA/cm2, the rate of change of entropy production is not 

significant for the range of temperature under consideration. 

  

Figure 4.3: Effects of varying cell temperature on the entropy production of CuCl/HCl 
electrolysis 

It can be inferred that some level of equilibrium has been attained for the 

electrochemical reaction. When the temperature of the cell varies from 298K to 373K, the 

entropy generated decreases by about 25%. This implies that increasing the cell 

temperature reduces the energy required by the electrochemical cell. For a cell 

temperature of 298K, a percentage increase of 58% was observed between a current 

density of 10mA/cm2 and 400mA/cm2, while the increase beyond this range is only about 

3.6%.  An optimization within this range of current density, with cost as the objective 
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function, would indicate the best current density to operate the electrolytic cell with the 

working fluid of cuprous chloride. 

Table 4.1: Operating conditions in the electrochemical cell 

Operating parameters Value 

Temperature of the cell, T (K) 373.15 

Exchange current density, io (A/cm2) 0.07 

Activation potential, ηv (mV) 0.515 

Electrons transferred in the reaction, Z 2 

Charge transfer coefficient, α 0.5 

Molar mass of mixture, M (kg/kmol) 0.17048 

Universal Gas constant, R (J/molK) 8.314 

Faraday’s Constant, Fc (C/mol) 96,500 

Concentration of CuCl (mol) 1.5 

Concentration of HCl (mol) 6 

Reaction Order, γ 0.5 

Reversible Open Circuit Voltage, ROCV (mV) -1.009 
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Figure 4.4: Comparison between predicted results and Tafel’s model for CuCl/HCl 

electrolysis 

Table 4.2: Comparison between predicted and measured results [181] 

Operating parameters  Measured  Predicted 

Operating temperature of cell (T) 298.15K 298 K 

Activation potential (Vact) 0.277mV 0.261 mV 

Current density (i) 250mA/cm2 250 mA/cm2

Reversible open circuit voltage (ROCV) 0.414 mV 0.515 mV 

 

A comparison between Tafel’s model [176] and the current new formulation is 

presented in Figure 4.4. Close agreement between the results provides a useful validation 

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

-1,000 -800 -600 -400 -200 0

O
ve

rp
ot

en
ti

al
 (

V
/V

m
ax

)

Current Density (mA/cm2)

Predicted

Tafel's Model



76 
 

 

of the current formulation, as the maximum difference between both methods is only 

about 0.08%.  

 

Figure 4.5: Effects of varying exchange current densities on the overpotential 

This comparison serves as a useful verification of the model for predicting 

entropy production during the oxidation of cuprous chloride. In addition, Table 4.2 shows 

that the magnitudes of the predicted overpotential in the new formulation show close 

agreement with experimental half-cell data reported previously for cuprous chloride 

electrolysis [181]. The activation overpotential was measured experimentally [181] and 

compared against predicted results in Table 4.2. It can be observed that the activation 

potential shows only about a 6% difference between the experimental activation potential 

and the predicted results. This relatively small difference may have occurred due to the 
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measured uncertainty of ROCV, as well as other forms of copper ions or impurities 

present in the cell [181]. 

 

Figure 4.6: Comparison between the predicted activation and ohmic overpotentials 

A varying exchange current density has little or no effect on the overpotential of 

the cell, as shown in Figure 4.5. The maximum difference in overpotential between any 

of the exchange current densities is only about 0.7%. This difference is similar to results 

observed by varying the ohmic resistance of the electrochemical cell. Unfortunately, 

there is no data available (to the author’s knowledge) with respect to the relationship 

between the ohmic resistance and the exchange current density of the electrochemical 

cell. The activation overpotential is much greater than the ohmic overpotential, as 

indicated in Figure 4.6. The change in current density significantly affects the activation 

overpotential. This increase in overpotential is about 81%, when compared with its value 
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at the lowest current density. The activation overpotential is a major contributor to the 

overall overpotential, which is not only observed from the trends in Figure 4.6, but also 

previous trends in Figure 4.3. 

 

Figure 4.7: Effects of varying charge transfer coefficient on the predicted overpotential of 
CuCl electrolysis 

The ohmic overpotential can be neglected at high current densities, but it has a 

significant effect at lower current densities (0 – 700mA/cm2). The ohmic resistance is 

about double its value at the minimum current density, when compared to the maximum 

current densities. The ohmic resistance increases linearly with current density, as 

expected by the relationship of Ohm’s Law.  The predicted effects of charge transfer 

coefficient on the overpotential, with changes in the current density, are shown in Figure 

4.7. For a higher charge transfer coefficient, a larger overpotential is obtained.  
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This trend is consistent with past studies of Newman and Thomas [176]. The 

percentage increase in overpotential with current density is larger at a higher charge 

coefficient. The largest percentage difference in overpotential for any of the three charge 

transfer coefficients is about 36%. These results provide useful new insight into the 

performance and operation of cuprous chloride electrolysis, as a key electrochemical step 

within a copper-chlorine cycle of hydrogen production.   
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Chapter 5 : Droplet dynamics and entropy 

generation in microchannels 

Analytical models will be developed in this chapter to examine important physical 

phenomena that affect the operation of the MHE (as described in chapter 3). An 

analytical model is used to better understand the droplet motion in the micro heat engine. 

Experimental results of Odukoya et al. [182-184], showed that earlier analytical models 

by Glockner and Naterer [1,2] over predict the droplet displacement. This thesis extends 

those past studies, to include surface tension hysteresis during initial start-up of droplet 

motion, modeling of the simultaneous effects of thermocapillary, pressure, and friction 

forces on the droplet displacement, and resulting thermal and friction irreversibilities, as 

determined by entropy and the Second Law.  

In this chapter, a new model is also presented for thermocapillary droplet 

transport in microchannels, including minimization of the entropy generation with respect 

to Reynolds number, to determine the optimal flow conditions for droplet transport 

through the microchannel. The effects of surface roughness on viscosity and local 

Reynolds number are determined and used to improve the transient model of droplet 

velocity.  The transient nature of the velocity of the droplet is also compared to the 

Poiseuille flow assumption and its effect on voltage production in the MHE is examined 

in this study.  

The droplet motion in the MHE will lead to a pressure gradient in the air gap in 

the channel making the piezoelectric membrane flex at the bottom of the channel.  The 

effect of the pressure gradient on the deflection of the piezoelectric membrane has not 
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been studied in past literature to the best of the knowledge of the author. This thesis 

applies known models of the deflection of a thin membrane [185] to determine the effects 

of the pressure gradient in the air gap across the microchannel on the piezoelectric 

membrane. The deflection of the membrane can be used to estimate the voltage produced 

in the micro heat engine (MHE). The efficiency of the micro heat engine is also modeled 

in this section. 

New models for predicting the evaporation and de-pinning of DI-water and 

toluene in rectangular microchannels are also presented in this chapter. Controlling the 

evaporation rate in the closed microchannel will guide the design process of the MHE.  

5.1 Droplet displacement 

In order to examine the processes, a relatively straightforward fabrication 

technique was initially based on deformation of a glass capillary tube used to produce the 

microchannel without the piezoelectric membranes. An experimental setup was 

developed to investigate the effect of heat transfer on a micro droplet in a closed 

microchannel. Simulations were also performed to validate the results from the 

experiments. 

Consider a droplet positioned between two air pockets in a closed circular 

microchannel (see Figure 5.1). There is a uniformly distributed cyclic heat source around 

the droplet. During heat input, thermocapillary forces induce fluid motion from left to 

right. Heat transfer to one end of the droplet leads to temperature variations within the 

liquid. This leads to internal recirculation within the droplet as shown in Figure 5.1. The 

direction of the two rotating cells is a result of the heating of the droplet on the left end of 
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the channel. The molecular motion of the droplet drives the droplet from the hot 

temperature heat source to the cold region and within the two half-cell regions.  

 Thermocapillary pumping arises when such variations, and differences between 

contact angles at both ends of the droplet, contribute to an effective pressure difference 

across the liquid. This difference induces fluid motion within the microchannel. When the 

droplet moves from left to right, the air pressure increases in the right section of the 

microchannel and decreases in the left section. The increased pressure on the right end of 

the channel is used to deflect the piezoelectric membrane located at the cold end of the 

microchannel. The deflection of the piezoelectric membrane induces a change in the 

crystallographic structure of the membrane, which generates electric voltage in the 

process. During the cooling period when the heat source is turned off, these relative air 

pressures drive fluid back towards the initial equilibrium position of the droplet. In the 

MHE, the heat sources have been imbedded at the two ends of the channel to generate a 

cyclic heat source for continuous voltage generation from ends of the microchannel. The 

cyclic heat source could be readily connected to several microchannels in parallel. In this 

way, microfluidic transport within a larger network of microchannels could be effectively 

controlled by thermocapillary pumping. 

Internal fluid motion within the droplet is governed by the Navier-Stokes 

equations, subject to appropriate boundary pressures at both ends of the droplet. An 

external pressure is generated when the droplet moves in the microchannel. In practical 

applications, the external pressure can be used when triggering a sensor, activating a 

switch or operating a flow control device in a microdevice. In Figure 5.1, Pc,L is the 

capillary pressure on the left side of the droplet, Pc,R is the capillary pressure on the right 
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side of the droplet,  is the contact angle between the liquid and solid wall and H is the 

channel height. The droplet is hydrophilic if the droplet is the wetting fluid, in which case 

 < 90. On the other hand, the droplet is considered hydrophobic if the surrounding fluid 

is the wetting fluid, for which  > 90. In Figure 5.1,  is the contact angle and P 

represents pressure. The subscripts L and R refer to the left and right edges of the droplet, 

respectively. The contact angle is measured through the fluid of interest. If the contact 

angle is measured through the wetting fluid, it is always less than 90 degrees. 

 

Figure 5.1: Schematic of closed circular microchannel with a uniform heat source 
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During the change of surface tension across the droplet, the resulting pressure 

difference induces bulk motion internally within the liquid. The change of surface tension 

at the heated meniscus with temperature, T, can be represented by  = A – BT, where A 

and B are constants (i.e. A = 75.83dyn/cm and B = 0.1477dyn/cmK for water). A 

desirable feature of the working fluid is a high change of surface tension with 

temperature, which would generate the largest pressure difference for a given heat input. 

For example, water and H2O2 have high coefficients of B (most desirable). But surface 

tension must overcome friction within the droplet. When divided by dynamic viscosity, 

other fluids (such as toluene) become more effective as a working fluid. The working 

fluid should generate a high tension-induced pressure difference, in excess of a fixed 

frictional resistance within the liquid. 

The surface tension along the receding meniscus of the droplet in Figure 5.1 

decreases with increasing temperature. As a result, it decreases when the receding end of 

the droplet is heated, which lowers the capillary pressure and causes relaxation of the 

meniscus. The net decrease in capillary pressure is slightly offset by a corresponding 

increase associated with a smaller receding contact angle. In order to maintain a constant 

droplet volume, the advancing contact angle (R) increases, thereby resulting in a 

decrease of interfacial capillary pressure and accompanying increase in PR. The resulting 

pressure gradient within the droplet is reflected through a change in the shapes of the 

menisci at both receding and advancing edges of the droplet. 

In other to analyze the detailed fluid motion, the laws of conservation of mass, 

momentum, and energy should be solved. These equations can be represented in partial 

differential equation form as follows: 
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      (5.3) 

Equations (5.1), (5.2), and (5.3) represent the mass, momentum, and energy equations, 

respectively: ui represents the flow velocity, ρ  is the local density, P is the pressure, τ is 

the stress tensor, e is the internal energy, F is the body force, and q is the heat flux. The 

type of problem and boundary conditions affect the assumptions made to obtain 

analytical or numerical results. Gravity does not have a significant effect at the micro 

scale, hence the gravity force component in equation (5.2) will be neglected. These 

equations are applicable to both gases and liquids. The boundary conditions associated 

with Poiseuille flow, used to analyse the flow in the closed circular microchannel, are 

given as follows: 
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The viscosity of the fluid can have a significant effect on the flow of the liquid. 

Past studies have examined whether the viscosity at the micro level and macro level are 

equivalent. Gad-el-hak [186] has performed an extensive review of the experimental 

measurements of viscosity in microchannels.  In order to analyse fluid flow in channels, 

two major assumptions are commonly made; the stress is directly proportional to the 

strain rate, and the heat flow across the fluid is proportional to the temperature gradient 

(Fourier law of heat conduction). The Newtonian assumption would become invalid once 

the strain rate is approximately double the molecular interaction frequency.  

The predominant mode of heat transfer in this problem will be axial transient 

conduction. Fourier’s law of heat conduction can be expressed as: 

p

T T T T
c k k k q

t x x y y z z


                           
      (5.8) 

where cp
 is the specific heat capacity at constant pressure and q  is the volumetric heat 

source. The boundary conditions are required to fully represent the heat transfer problem. 

The boundary conditions in this study will be explained in detail in section 5.2. The 

thermal conductivity is assumed to be constant for each different medium (air and water). 

The heat transfer is assumed to be significant only in the axial direction (x).  

5.2 Heat transfer formulation  

Consider a droplet positioned between two enclosed air regions in a closed 

circular microchannel (see Figure 5.1). There is a uniformly distributed cyclic heat source 

around the receding end of the droplet, so that heat is transferred across the 
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circumference of the channel. A time scale to characterize heat conduction through a 

droplet in a microchannel is characterized as follows: 

2

4d

D
t


           (5.9) 

where  = k/( cp) is the thermal diffusivity (1 × 10-6 m2s-1), and for example, td is about 

256s for a 16m channel. If td is lower than the phonon relaxation time (1ps), the 

continuum equations of heat transfer are no longer applicable to microchannels [187]. 

Since the estimated value of td is larger than the phonon relaxation time, the continuum 

equations will be used in this study. Liu and Garimella [188] verified experimentally that 

the continuum equations of fluid flow can be used under these conditions. 

The predominant mode of heat transfer in the microchannel is conduction. 

Previous studies [2] have shown that conduction has a much more significant effect on 

the temperature distribution across the channel than convection. Conduction occurs in 

both the radial and axial directions across the droplet. But the heat transfer in the axial 

direction is much larger than the radial direction, due to the ratio of the droplet height to 

its length. The microchannel will be divided into three regions: air/substrate region (left 

side), droplet/substrate region (middle), and air/substrate region (right side). Since the 

droplet is analysed when it crosses a point along the channel, the analysis is reduced to 

two regions.   

Assuming the droplet is divided into two sections at the left end of the droplet, the 

two regions of concern are the air/substrate and droplet/substrate regions. The two 

regions are assumed to be quasi one-dimensional semi-infinite regions. Each region is 

assumed to have its own heat source so that the temperatures on the right and left of the 

point along the channel are equal. The heat transfer between the substrate and the 
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environment will be neglected, since the axial direction is assumed to be most significant 

for heating of the droplet. An exact solution of the temperature distribution within the 

droplet, subject to a constant surface heat flux, can be obtained as [189, 190]: 

 
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where erfc  / 2x t  is the error function. When x = 0 and appropriate boundary 

conditions are applied, equation (5.10) becomes  
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which is extended to two different regions. The left and right temperature distributions 

can be determined from: 
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Equation (5.11) is modified based on the experimental measurements in the 

present study as follows:  
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where a is an empirical factor. In this study, the factor was determined experimentally as 

0.00208. It depends on the initial temperature of the droplet (13.5oC in this study). The 

factor is estimated based on discrete scaling of the Biot number (Bi), which characterizes 

temperature uniformity within the droplet. 
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        (5.15)  

Equation (5.14) is required to estimate the temperature of the droplet once the time scale 

of heat input exceeds 0.0005s.  

At the interface of the air/substrate and droplet/substrate regions, the temperatures 

are approximately equal: 
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This implies that the total heat flux 
"
sq is  

" " "
, ,s s L s Rq q q            (5.17) 

Substituting equation (5.17) into equation (5.16), the following expression is obtained for 

the heat flux on the left side: 
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The microchannel is represented as a composite region for both right and left 

sides of the boundary of equal temperatures. The left side has a layer for the substrate at 

the bottom, air in the middle and the substrate at the top, while the right side has a similar 

composition but with a water droplet in the middle. The thermal conductivity of the 

composite can be determined as a function of the height of the air, droplet and substrate, 

relative to the total height: 
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where D is the diameter of the channel. Similarly the thermal conductivity of the right 

side can be determined from: 
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The thermal diffusivity is also a function of the ratio of the height of each part of 

the composite material, relative to its total height, leading to 
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Similarly, the thermal diffusivity of the right side can be determined from: 
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The following section will use this heat transfer formulation to predict the displacement 

and motion of the droplet within the microchannel. 

5.3 Formulation of droplet motion 

The predictive model developed in section 5.2 yields an approximation of the 

temperature during the heating period. Droplet displacement in a microchannel has been 

studied previously by Glockner and Naterer [2, 191] and Baikov et al. [192]. In this 

thesis, unlike past studies, the displacement of the droplet is analysed in three separate 

stages. The heat applied to the droplet generates an initial force necessary to overcome 

the internal friction and surface tension within the droplet, known as surface tension 

hysteresis. The second stage is a transition period until the droplet moves with a constant 

acceleration. The last stage occurs when constant acceleration is achieved and the droplet 

motion can be approximated by Poiseuille flow. The force exerted on a droplet in a 
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closed circular microchannel, based on a slug flow approximation (i.e., droplet modelled 

as a single lumped mass), can be expressed as  

2
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where G = 4 for a circular microchannel,  is the contact angle and  is fluid viscosity. 

The terms on the right side of the equation represent the thermocapillary, external air, and 

frictional forces, respectively. The contact angle between the droplet and channel wall 

was obtained by close examination of the immersed droplet under a scanning electron 

microscope. The gravity forces are negligible with respect to thermocapillary forces, 

since the Bond number (Bo = gD2/) is very small. In the experiments, it is shown that 

the droplet returns to its original position when the heating is removed, meaning that the 

droplet moves due to heating and not gravity. Gravity effects (if any) would only affect 

the initial configuration of the droplet inside the capillary and not its movement, since 

gravity is present before the heating is applied. 

The velocity and displacement of the droplet can be determined by integration of 

the equation of motion of the droplet, thereby yielding 

 o t
u u F
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
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         (5.24)
 

ox x u t             (5.25) 

where m is the mass of the droplet, and uo and xo are the velocity and displacement at the 

previous time step. The change of surface tension  is estimated based on the temperature 

change across the droplet: BT   , where  = 0.07583N/m and B = 4.177×10-4 N/m 

K [2].  
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5.4 Entropy generation in the microchannel 

Entropy generation of droplet motion and heat transfer in the microchannel will 

be determined by considering a differential channel length as a control volume, and 

performing an energy balance across the control volume as follows, 

'
smdh q dx            (5.26) 

where 
'
sq [W/m] is the rate at which heat is transferred to the fluid stream by a finite 

wall - bulk fluid temperature difference, T  [128]. There is a constant uniformly 

distributed heat flux applied to the droplet. The entropy balance across the droplet can be 

written as  
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          (5.27) 

Using equation (5.26) and the Gibbs equation, equation (5.27) can be written as  

 
'

'
2 ( ) 1 / ( ) ( )

gen s
gen

dS q dT m dP
S

dx T t dT T t T t dx
       

        (5.28) 

where the temperature T(t), is a function of time, and dP/dx is the pressure gradient 

across the liquid droplet, determined as follows from the net force on the droplet, 

 s a

P F
P P

x A


  


          (5.29) 

Here, Ps and Pa are the resultant pressures from the change in surface tension, and change 

in pressure in the air columns, respectively.  

The change in air pressure is derived from the ideal gas law as 
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The change in pressure as a result of a change in surface tension is obtained from the 

following Laplace’s equation for the surface tension.  

cos cos
s

R L

P G
D D

                
       (5.31) 

The change in pressure can be written in terms of the viscous force as: 

4

128dP m

dx D





          (5.32) 

Substituting for the Reynolds number in equation (5.32), where 4
Re D

m

D


  and 

rearranging equation (5.28), the entropy generation per unit length becomes 

' 3 5 4
'

2 2 2

1 Re

( ) ( ) 2
s D

gen

q T
S

T t T t m

 


 
   

 




       (5.33)  

The change in temperature ( T ) across the droplet can be related to the heat flux 

through the expression for convective heat transfer ( '
sq N u k T  ). Substituting for ΔT 

in equation (5.33), an expression for entropy generation, in terms of the Nusselt number 

(Nu), is obtained. The correlation for laminar flow for the Nusselt number (Nu) as a 

function of Reynolds number (Re) and Prandtl number (Pr) is Nu = 
1/3 1/50.453 Pr Re

[189], which is substituted into equation (5.33) to yield the following expression: 

' 2 0.33 0.5 5 4
'

2 2 2

0.70 Pr Re 15.50 e

( ) ( )
s D D

gen

q R
S

kT t m T t




 

 



      (5.34) 

The optimum Reynolds number is determined by differentiating equation (5.34) 

with respect to the Reynolds number and equating it to zero, yielding:   
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      (5.35) 

The optimal Reynolds number from equation (5.35) is substituted into equation 

(5.34) to obtain the minimum entropy generation. The following duty parameter is a non-

dimensional parameter to characterize Reopt,  

'

5/ 2 1/ 2( ( ))
s

o

mq
B

kT t





 

         (5.36) 

Once m  and 
'
sq are established, Bo can be adjusted to obtain the optimal geometrical 

configuration of the microchannel to minimize the net entropy production of droplet 

motion. An expression can also be obtained for the entropy generation number, based on 

a dimensional ratio of the actual entropy generation to its minimum value, in terms of the 

Reynolds number.  

min

0.5 4'

'

Re Re
0.889 0.111

Re Re
gen

s
gen opt opt

S
N

S


   

        
   


      (5.37) 

The next section investigates the effects of surface roughness on the droplet flow in the 

microchannel. This is another irreversibility, which could affect the performance of the 

MHE.  

5.5 Surface roughness formulation 

Surface roughness affects the momentum near the wall of a microchannel. This 

will affect the velocity profile of the flow when it is in the laminar region. Mala and Li 

[151] suggested a modified roughness viscosity model, which will account for the 

momentum change along the wall of microchannels. The modified fluid viscosity is the 
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sum of roughness viscosity and fluid viscosity. The apparent viscosity can be represented 

as  

app R f             (5.38) 

The apparent viscosity can be used to model the flow of water in a microchannel. 

Qu et al. [126] developed an analytical model to determine the ratio of the roughness 

viscosity to the fluid viscosity, expressed as: 

   
2

min minRe
Re 1 exp

Re
h hR K

p K

R l R l
A

K K




   
     

   
    (5.39) 

where Ap is the coefficient of roughness viscosity and is determined  by an empirical 

correlation of the experimental data, ReK is the local roughness Reynolds number, and lmin 

is the shortest distance between the peaks of the roughness elements and the channel 

wall, 

0.35
0.94 55.8 exp Re 5.0 10 0.0031h h

p

R R
A

K K
               

    (5.40) 

where K is the height of the roughness element and Rh is the hydraulic radius. The height 

of the roughness element must be determined experimentally. From equations (5.39) and 

(5.40), it can be observed that the channel dimensions and velocity of the droplet will 

have a significant effect on how the roughness affects the viscosity of the fluid. The 

apparent viscosity is determined by examining the substrate under a scanning electron 

microscope to determine the profile of the surface roughness. A profilometer is used to 

estimate the roughness height. The estimated viscosity is substituted into equation (5.23) 

to obtain a better correlation between the theoretical and experimental results. A Dektak 

profilometer was used to measure the roughness height of the substrate. 
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5.6 Transient velocity formulation  

Unsteady viscous flow occurs when a sudden pressure gradient is applied to a 

fluid flow through a channel. Several geometries have been investigated in past literature 

[193-196], ranging from circular, rectangular, and non-circular geometries. The sudden 

pressure gradient can be induced by a uniformly distributed heat source via conduction 

through the substrate. If the heat source is continuous over time, the flow will approach a 

steady state and the transient effect can be negligible. The short period observed in the 

experiments of the MHE suggest that the droplet motion never actually reaches steady 

state, necessitating the investigation into its short time flow nature. Szymanski [193] 

developed the solution of the flow in circular tube. A solution to flow along parallel 

channels was developed by Rouse and Arpaci et al. [194, 195]. Solutions to circular and 

rectangular configurations can be found in publications by Muller et al. and Erdogan et 

al. [197, 198].  

Most of these solutions are numerical. A simplified and analytical model which 

could be used for arbitrary configurations was developed by Muzychka and Yovanovich 

[198]. This thesis extends the latter model to predict the transient velocity in a closed 

microchannel. There is no known model (to the author’s knowledge) that predicts the 

transient start-up flow in closed microchannels.  

Consider a rectangular microchannel with an average velocity u and cross 

sectional area A. The transient velocity can be estimated from the spatial integral of the 

instantaneous velocity of the droplet.  

1

A

u udA
A

            (5.41) 
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Using the general Poisson equation, the instantaneous velocity distribution can be 

written as  

21 1du P
u

dt L 


           (5.42) 

Based on the Muzychka and Yovanovich analogy [198, 199] of a short time flow scale as 

observed in the case of the MHE, the dimensionless velocity as t 0 can be written as 

*
21

u t
u

P
L






 


         (5.43)

 

where   is an arbitrary length scale. Close to the boundary layer, a mass balance 

between diffusion and storage leads to 

*
*2

1 du u
t

dt
 

 
 

        (5.44)
 

Poisson’s equation in equation (5.42) is solved in the region of the boundary layer 

based on the boundary conditions of 
*(0) 0u   and 

* *( )u t t for a short time. Using the 

Stokes equation for momentum transport, the boundary layer thickness can be estimated 

as 

* 2
1.128t t  


 

        (5.45)
 

The length is determined from the hydraulic radius for a rectangular microchannel 

and can be taken as 4 /A p  , where A is the cross sectional area and p is the wetted 

perimeter. Muzychka and Yavanovich [198] recommended the use of A   for 

arbitrary cross sections. Using the start-up velocity and modifying the equation of motion 

in equation (5.24), an expression can be obtained for the velocity in a closed 
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microchannel. The acceleration of the droplet is determined by the net change in air 

pressure in the closed channel, while the transient instantaneous velocity can be 

determined by a temporal integration of the equation of motion. The transient velocity in 

a closed channel can be written as 

 
1/

2 ( ) ( )1
nn

n a a a a

a a dR L

P A m T t m T tP t
u t t R

L p V V m




                                        (5.46)

 

where P  is the Poiseuille number of the flow. The asymptotic value of n is determined 

from the aspect ratio of the channel. Extending the asymptotic correlation of Churchill 

and Usagi [200]  to a closed channel where u  tends to zero, the values n can be 

estimated from:  

   
1/

* * *
nn n

ou u u
             (5.47)

 

Once the transient velocity is known, its effect on voltage production can be 

estimated from the analytical model for the voltage production from the MHE. The next 

section highlights the analytical modeling of the voltage generation of the MHE and also 

its efficiency.  

5.7 Electricity generation model 

The sum of the strain energy due to deformation and internal stresses yields the 

total strain energy on the piezoelectric membrane. The strain energy due to bending can 

be neglected for very thin films if the deflection is much greater than the thickness of the 

membrane [201]. Tabata et al. [202] used the energy minimization approach to determine 

the load-deflection in thin rectangular membranes. The relationship between pressure on 
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the membrane and the thickness of the membrane can be determined by the following 

relationship: 

2
12 2

( )

1
pzt

m o m

t f E
P w C w

b b




    
       (5.48) 

where t is the thickness of the membrane, b is the width of the membrane,  is the 

residual stress in the membrane,  is Poisson’s ratio, E is Young’s modulus of the 

membrane, and C1 and f() are geometry dependent constants.  

The effect of the droplet motion on the piezoelectric membrane is modeled as a 

uniformly distributed pressure that is applied to a thin membrane. This requires 

determination of the bending moment of each layer about a neutral axis relative to the 

piezoelectric membrane. The general equation for determining the pressure due the 

stresses in the longitudinal and transverse directions across the membrane is given as 

follows: 

4 4 44

2 4 4 2 2 4

12
2

(1 )
m m m

pzt

w w ww
P

Et x x x y y
   

         
     (5.49) 

Re-arranging equation (5.49), the deflection of the membrane can be expressed in 

terms of pressure exerted on the membrane. The pressure gradient across the channel is 

determined from the force balance across the microchannel droplet. The net force on the 

membrane consists of the thermocapillary force, frictional force and resultant air pressure 

across the droplet.  The force exerted on a droplet in a closed rectangular microchannel, 

based on a slug flow approximation [121-125] (droplet modeled as a single lumped mass) 

can be expressed as: 
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    (5.50) 

where G = 2 for a rectangular microchannel, Ɵ is the contact angle and µ is fluid 

viscosity. The terms on the right hand side of the equation represent the thermocapillary, 

external air and frictional forces, respectively. 

The voltage produced by the piezoelectric membrane is a measure of the potential 

difference across the membrane. The deflection of the membrane is a measure of the 

change in pressure in the microchannel. The deflection can be related to the stress and 

strain in the piezoelectric membrane as follows,  

eD dT V    (5.51) 

where D, d, T,  Ve are the electrical polarization, piezoelectric coefficient matrix, 

applied mechanical stress, electric permittivity matrix, and the induced electric field. 

Since no electric field is induced to generate the voltage, equation (5.51) can be reduced 

to a matrix of the following form. 

1

2
11 12 13 14 15 161

3
2 21 22 23 24 25 26

4
3 31 32 33 34 35 36

5

6

     

     

     

T

T
d d d d d dD

T
D d d d d d d

T
D d d d d d d

T

T

 
 
                     
 
            (5.52)  

where, 
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   0          0      0       0      584  0

   0          0      0       584  0      0

171    171  374   0       0      0
ijd

 
   
     

The piezoelectric matrix coefficient depends on the nature of the piezoelectric 

material used in the fabrication. The choice of piezoelectric material for this fabrication 

will be PZT-5. The T1, T2, and T3 variables are the normal stresses, while T4, T5, and T6 

are the shear stresses in the channel. The mechanical stress is occurs when heat is applied 

to the droplet and it is directly related to the change in pressure across the channel. The 

effect of the shear stress on the membrane is expected to be relatively small for the 

current design. The efficiency of the MHE can be estimated relative to the voltage 

produced from the piezoelectric membrane.  

The maximum deflection of the piezoelectric membrane will occur at the center of 

the membrane. This displacement can be expressed as:  

4

3centerm
comp pzt

Pb
w

E t


                      (5.53) 

where β is a constant related to the ratio of the length to width of the membrane and P is 

the uniform pressure on the membrane. The width of the membrane is represented by b, E 

is Young’s modulus of elasticity, and tpzt is the thickness of the membrane. The 

relationship in equation (5.51) can be extended to the mechanical stress on the membrane 

in the direction of the membrane [185],  

2

2

ij
i

pzt

P b
T

t


             (5.54) 
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where  is a constant based on the ratio of the length to the width of the membrane. The 

estimated values of  (0.1386) and β (0.0138) [185] are constant for any ratio of the 

length to width of the membrane, but they differ at the maximum normal stress. 

Substitution of equation (5.54) into equation (5.52) can be used to estimate the generated 

voltage from the membrane. 

The net in-plane stress can be used to determine the location of the neutral axis, 

which is the point at which the stress makes the bending effect negligible. The position Zn 

is determined by taking account of each layer from the bottom to the top of the 

membrane, yielding:  

 i i i
i

n
i i

i

Z E A
Z

E A




         (5.55) 

where Zi is the height of each material from the base of the structure, Ai is the cross 

sectional area of each material and Ei is the Young’s modulus of elasticity for each 

material.  The Young’s modulus of elasticity of the composite structure is determined 

based on the ratio of the moment of inertia to the total moment of inertia. 

i
comp i

i total

I
E E

I

 
  

 


        (5.56) 

The piezoelectric membrane deflection can be approximated as the bending of a simply 

supported beam under load. Murralt [203] and Cho et al. [201] showed that the 

electromechanical coupling factor could be approximated as: 
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where G is the leverage factor, and K is the bending modulus. The leverage factor can be 

determined relative to the neutral axis as:  
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 
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           (5.58)

 

The bending modulus is determined from an integration of the moment per unit length 

about the neutral axis using appropriate boundary conditions [201].  
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where 
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The predicted efficiency of the MHE can be determined from the relationship 

between the electromechanical coupling factor and the quality factor of piezoelectric 

membrane.  The energy input in the experimental setup will be equivalent to the heat 

supplied to the electric heaters to generate the droplet motion. This can be estimated 

based on the resistance of the heaters and current supplied to the heaters. The efficiency 

of the system, based on experimental measurements, can be estimated by the ratio of the 
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power supplied to the heaters to the energy generated by the piezoelectric membrane 

under a resistive load.  
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    (5.61) 

The efficiency determined from the experimental measurement could be compared with 

analytical approximation of the efficiency based on the coupling coefficient. The power 

density of the energy harvester will determine its viability.  

5.8 Droplet evaporation model  

When a droplet is injected into a microchannel, it takes the shape of the channel. 

This is dependent on the wetting properties of the fluid. It can either have a concave or 

convex meniscus with the substrate of the channel. If the droplet is much smaller than the 

channel dimension, it will adhere to the edge of the channel. The model here is developed 

for the hydrophobic case, as per the experiment. The model can also be extended to the 

hydrophilic case, since the main difference will be the contact angle and the volume 

associated with the concave meniscus. Consider the cross section of the channel and the 

droplet shown in Figure 5.2.   

The transient diffusion mass transfer equation can be used to express the rate of 

evaporation of the droplet into the surrounding vapor. This can be expressed from Fick’s 

law of diffusion as follows,   

2

2
D D

D ABM D
t x

  
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          (5.62)
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Figure 5.2: Schematic of evaporation process in a closed rectangular microchannel 

subject to the following boundary conditions:  
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Non-dimensionalizing the equation of mass transfer yields   

2

2AB

Y Y
D

t x

 


           

 (5.63)
 

Where D air

w air

Y
 
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
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 with the new boundary conditions set as  
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The general solution of this partial differential equation can be obtained using 

separation of variables and expressed as:  

  2

1 2Y= cos( ) sin ABD tc x c x e             (5.64)
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Applying the boundary conditions, the constants c1 and c2 can be determined to find the 

following solution:  

 
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2 1
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      (5.65)
 

Now the change in density with time can be expressed as  
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     (5.66)
 

From the equation of mass transfer, one can write the change in volume with time as  

.AB D
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
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      (5.67)

 

Since the cross sectional area is assumed to be constant as the droplet evaporates along 

the width of the channel, the rate of evaporation relative to the width of the droplet can be 

derived from a numerical integration over the channel width.  
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   (5.68)

 

Equation (5.68) is used to predict the change in width of the droplet with time, assuming 

the droplet spans across the entire width of the channel. The experimental results show 

that a thin layer exists between the main part of the droplet and the wall. This layer is 

called the “pinned film”, which starts to evaporate after the main part of the droplet has 

evaporated.  

5.9 Droplet de-pinning model  

A thin film of the droplet is attached to the bottom of the channel and it is distinct 

from the bulk of the droplet. This separation occurs along the contact line of the main 
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droplet. The process by which this layer evaporates is known as “de-pinning”. Unlike the 

evaporation process, the de-pinning process starts from the center of the channel and 

progresses in both directions simultaneously towards the wall. Figure 5.3 shows the de-

pining process. The phenomenon is a highly complex process to predict. It occurs in a 

similar way as evaporation. A semi-empirical approach will be used to analyse the 

evaporation of the pinned film. The conservation equation of the pinned film can be 

written as  

    ab

w
wU j r D

t


      



       (5.69)

 

where w is the width of the channel, D is the diffusivity ,   is the concentration and j(r) is 

the evaporation rate per unit area. The general equation of average velocity over the 

width can be expressed as [161] 

 
2

( , ) ( )
3

w
U w t w gh h  


    

       (5.70) 

The gravity cannot have an effect at this scale, as the capillary length cl g




  is much 

less than 1.08mm. The term containing gravity can be neglected in equation (5.70). 
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        (5.71)
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Figure 5.3: Schematic of de-pinning process in a closed rectangular microchannel 

The evaporation rate of the droplet has been shown by Deegan [163], Cachile et 

al. [170] and Poulard et al. [161] to be proportional to the change in pinning radius based 

on the instantaneous time and final time. It can be represented as  

    oj r w w t


          (5.72)
 

where  

2

2 2
c

c

 
 



           (5.73)

 

Here c  is the contact angle of the droplet and the contact line at the beginning of the de-

pinning process. Extending these models to the case of pinning in a rectangular 

microchannel, the expression can be written for the change in volume with time as  

 
3

4
cwdV d d

wyz
dt dt dt

  
   

          (5.74)
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Here w, y, and z are the width, length and depth of the film, respectively. Since c is 

assumed to be constant, based on the particular wetting fluid, and the cross sectional area 

(yz) is also constant, the expression can be reduced to  

3

4

dV dw dw
yz

dt dt dt


 

        (5.75)
 

Since the evaporation rate can also be related to mass transfer across the boundary, the 

change in volume becomes  

    . . o

dm dv
j A r A w w t

dt dt





   

      (5.76)
 

Combining equations (5.75) and (5.76), the change in pinning radius becomes  

  
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4
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w
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        (5.77)

 

An expression is determined for  w t  in order to integrate over a known time 

interval to determine the change in the pinning radius. A method of asymptotic analysis 

will be used to find  w t , by an assumption based on observations of the experiment of 

the profile of the pinning displacement. From the experimental observations in this study, 

w(t) is determined to have a correlation  as follows:   

   
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o
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w
w t t t
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         (5.78)
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The value of is dependent on the type of fluid used. A value of 0.3 was derived for DI-

water and a value of 0.6 was obtained for toluene based on a similar asymptotic analysis 

as performed by Cachile et al. [170].  

The following chapter highlights results from the analytical simulation and 

experimental results. Experimental results are compared with the predicted models to 

validate the analytical modeling.  
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Chapter 6 : Results and discussion 

Various numerical studies were performed before the completion of the experiments to 

investigate the fluid transport and heat transfer characteristics of droplet motion in the 

microchannel. A schematic of the problem configuration is shown in Figure 1.1. Effects 

of entropy generation, temperature gradient, transient heat flux and surface roughness 

will be presented in this chapter.  The results will be presented in this chapter along with 

other analytical models that predict the voltage generation and efficiency of the MHE. 

Experimental results for power output from the microheater will be presented and 

compared with predicted results from analytical modeling of the heaters. Experimental 

and analytical results of the evaporation and de-pinning of the droplet in the 

microchannel will also be presented.   

6.1 Droplet motion in a cylindrical microchannel 

In this section, predicted and measured results of droplet temperature and 

displacement will be presented and discussed. The problem parameters and 

thermophysical properties are shown in Table 6.1 for droplet motion in a fabricated glass 

microchannel. Figure 6.1 shows a comparison and close agreement between the predicted 

and measured temperatures for a 16 m diameter microchannel. As heat is transferred to 

the left end of the droplet, the thermocapillary force causes the droplet to move toward 

the closed end on the right side of the droplet, as shown in Figure 1.1.  

The droplet recirculation is symmetric about the centerline of the channel. This 

occurs in the upper and lower halves of the channel, when the droplet moves from left to 

right. The ambient start-up temperature is 13.5oC when the heating cycle begins, then 
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heating is applied and the temperature of the droplet increases with time, and peaks at 

about 32.5oC. 

 

Figure 6.1: Comparison of predicted and experimental results for a 16µm diameter 
channel 

The temperature of the droplet increases over the range of non-dimensional time in 

Figure 6.1. This close agreement provided useful validation of the predictive model.  

The displacement of the droplet increases with time. After about 10s, no further 

movement of the droplet was observed, as it reached an equilibrium position. This 

position is a critical point, since the droplet may vaporize if additional heat is applied. 

The assumptions in the present model for the temperature distribution would no longer be 

valid if further heating is applied and the droplet is allowed to vaporize, since the flow 

conditions would become a two-phase flow system. 
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Table 6.1: Problem parameters and thermophysical properties 

Property Value 

Thermal conductivity droplet  0.606W/mK  

Diameter of channel  16 m  

Height of droplet  0.13 m  

Height of substrate  0.00113m  

Thermal diffusivity  1 × 10-6m2s-1 

Thermal conductivity of air  0.0263W/mK  

Thermal conductivity substrate  0.96W/mK  

Heat transfer coefficient  4.81Wm2/K  

Heat flux  3.423W/m2  

Density of droplet  998kg/m3  

Density of substrate  2,500kg/m3  

Density of air  1.16kg/m3  

Length of channel  0.02262m 

 

The measured temperature is proportional to the supply voltage. A maximum supply 

voltage of 700V is supplied from a 10Ω resistor. An increase in current leads to an 

increase of temperature.  The maximum current supplied to the heater is about 70mA. 

The heat flux in the simulation is determined based on the current supplied and the 

resistance, per unit length of heater coil. The predicted droplet motion in the circular 

microchannel uses measured parameters from the experiments. The heat flux is needed to 

make a comparison between experimental and predicted results. The heat flux depends on 

the electrical current supplied to the heater (I) and resistivity of the heater wire ( ) as 

follows:  
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Figure 6.2: Predicted temperature change in different microchannels of varying diameters 

" 2
s
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q I
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
           (6.1) 

where l is the length of the heater wire (circumference of the channel) and A is the cross-

sectional area of the heater wire.  

The simulated channel diameters in Figure 6.2 indicate that a change in channel 

diameter does not have a significant impact on the temperature change across the droplet. 

The advantages of thermocapillary pumping are better in smaller channel dimensions, 

since the effect of the frictional force is minimized and the capillary force is maximized. 

The temperature of the droplet increases with time, when the droplet is exposed to the 

heat source. The increase in temperature occurs very rapidly. Although experiments have 

shown a different order of magnitude than the timescale of analytical modelling, a 
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response time of less than 10s indicates that the droplet’s response to a temperature 

change is very rapid, which makes it well suited for thermal sensing applications.  

 

Figure 6.3: Comparison between measured and predicted droplet displacement (16µm 
diameter channel; supply voltage of 700µV) 

Figure 6.3 shows a comparison between the results of the present model and 

measured data for the displacement of the droplet in a closed microchannel. The speed of 

the droplet after the initial heat input to the channel is rapid, but it decreases once the 

effect of back pressure from the opposite end of the closed channel increases. The initial 

speed of the droplet over a period of 2.3s is about 13m/s. Once the droplet reaches a 

uniform velocity, the displacement is accurately predicted by Equations (5.24) and (5.25). 
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However, during the transition period between the initial droplet acceleration and 

subsequent stage of uniform velocity, the force balance over-predicts the droplet 

displacement, because the droplet motion has not yet reached a uniform velocity. 

Also, the method neglects the activation energy needed to first overcome the 

frictional resistance of the droplet, before the droplet begins moving.  It also provides a 

useful and reasonably accurate model over the entire range of droplet motion, including 

the transition between initial and uniform velocity stages.  

6.2 Effect of surface roughness  

The main effect of surface roughness on flow in the microchannel is altering the 

“effective viscosity” of the droplet. Any changes in viscous force will affect the pressure 

gradient across the channel as can be seen from equation (5.23). The effective viscosity is 

inversely proportional to the Reynolds number of the flow of the droplet in the 

microchannel. Although the percentage variation is only about 1.5 % for the range of 

Reynolds number in this study, the impact at this scale can have a significant effect on 

the frictional force. The effective viscosity increases as the Reynolds number increases 

for open channel flow [151], but the reverse occurs for the closed channel. This is due to 

the restraint of the fluid flow as the droplet moves towards the right end of the channel. 

The effect of the viscosity decreases towards the centre of the droplet, due to diminishing 

effects of the boundary layer in the radial direction. The frictional force variation for 

different local roughness Reynolds numbers (Reek) is indicated in Figure 6.4. The choice 

of Reek is based on measurement of the roughness height, which varies from 2-3µm as 

measured for different samples of the PZT substrate. The frictional force increases with 
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an increase in the roughness height as observed in Figure 6.4, which is a result of the 

increase in local roughness mean velocity.   

 

Figure 6.4: Effect of local roughness Reynolds number on frictional force in a closed 
circular microchannel (16µm closed microchannel) 

The frictional force is doubled for an increase of Reek from 0.1 to 0.3. This further 

indicates the importance of the effect of surface roughness on the droplet displacement in 

the microchannel. The frictional force is inversely proportional to the bulk Reynolds 

number of the flow. The average bulk velocity increases with Reynolds number, thereby 

reducing the impact of the frictional force on the bulk motion of the droplet. The 

frictional force is much smaller than other forces acting in the microchannel, as can be 

observed in Figure 6.5. The capillary force is the main force that drives the motion of the 

droplet. 
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Figure 6.5: Distribution of forces during a heating cycle of the MHE 

As expected, it increases rapidly as heat is added to the droplet. The air force and 

frictional force act in opposite directions of the capillary force as the droplet moves 

toward the right end of the channel. The combined effect of air and frictional forces 

reduces the bulk velocity of the droplet to zero.  The frictional force leads to 

irreverisbilities in the MHE, to investigate the combined effect of irreversibilities and 

entropy generation in the MHE. The next section examines the entropy production in the 

micro heat engine. 

6.3 Entropy generation in a cylindrical microchannel 

Friction and thermal irreversibilities are characterized by the entropy production 

rate. These have significance for understanding and controlling the energy conversion 
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mechanisms in practical applications of the microchannel device. The effect of the 

Reynolds number on the entropy generation in the microchannel is shown in Figure 6.6. 

The entropy generation decreases with an increase in Reynolds number. The entropy 

generation is slightly lower as the droplet moves further away from the heat source due to 

the increased external air pressure and reduced acceleration of the droplet.  

 

 
Figure 6.6: Entropy generation at different times for droplet flow in a circular 

microchannel (16 micron diameter channel) 

The entropy generation as a result of heat transfer is highest at the initial displacement of 

the droplet. When the droplet moves away from the heat source, the velocity is reduced 

due to the closed end of the channel on the right side. 
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At low Reynolds numbers, the thermal irreversibilities are higher because a high 

temperature difference occurs over as shorter length for a fixed heat flux. The optimum 

Reynolds number for the closed channel is directly proportional to the change of Bo as 

indicated in Figure 6.7. The optimal diameter increases at higher values of Bo, 

consistently with previous results of Bejan [128]. 

 

Figure 6.7: Effect of duty parameter on the optimum Reynolds number 

The effect of changing the heat flux as a result of the change in Bo is also shown 

in Figure 6.7. The optimum Reynolds number for the closed microchannel is dependent 

on the product of the heat flux and mass flow rate, as can be observed from equation 

(5.35). However, since the heat flux is constant, there exists a unique Reopt in each case, 

which can be used to design the microchannel for minimum entropy generation. 
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The time elapsed has little effect on the entropy generation number. The total 

change in entropy generation number over the range of time is about 2.65%. When Re is 

less than the optimum Re, the entropy generation as a result of heat transfer is larger. 

When Re is larger than the optimal Re, the viscous stress has a more significant effect on 

entropy generation due to more dissipated kinetic energy as a result of the increased 

velocity and friction over a larger surface area. This yields an optimal Reynolds number 

in a certain range where the effect of droplet velocity will minimize the entropy 

generation.  

The effect of time elapsed is more pronounced, as the difference in the ratio of the 

diameters, over the range of time, is about 5.5%. At the initial stage of droplet motion, 

the effect of heat transfer is larger on entropy generation, as compared to the latter stage 

of droplet motion. The effect of viscous stress is more significant at 0.0005s, as compared 

to the initial motion of the droplet. The entropy generation number shows a trade-off 

between heat transfer irreversibilities and frictional irreversibilities near the optimal 

Reynolds number. This trade-off is used to optimize the dimensions of the channel.  

A change in heat flux will also increase the interface temperature at the receding 

end of the droplet, which will lead to an increase of entropy generation across the 

channel. Increasing the heat flux may also make the droplet vaporise before the actual 

thermocapillary pumping occurs.  The type of application would influence the heat flux 

required and supplied to the system. In this study, a minimum heat flux which will 

provide a maximum speed of the droplet is preferred. A comparison was also made to 

determine the effect of different fluids on the entropy generation number in the closed 

microchannel. Figure 6.8 shows a comparison of water, toluene and mineral oil for the 
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entropy generation number, with respect to time. The velocity and Reynolds number are 

changing with respect to time. Mineral oil produces the maximum entropy generation 

number, with respect to time. The minimum difference in magnitude of entropy 

generation number of mineral oil is about 74% larger than the entropy produced by using 

a toluene droplet, when observed at 0.0005s.  

 

Figure 6.8: Entropy generation for different droplet compositions in a closed 
microchannel 

When a toluene droplet is compared with the water droplet, a maximum 33% difference 

in entropy generation number is observed over the range of time. This can be attributed to 

the difference in specific heat capacity between both fluids. 

The effect of droplet displacement on the entropy generation number is compared 

for various fluids in Figure 6.9. The most pronounced effect of displacement on the 
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entropy generation number occurs when mineral oil is used as the working fluid. The 

viscous stress on the droplet is larger when mineral oil is used as a working fluid. This 

increases the entropy produced when the droplet is displaced along the channel.  

 

Figure 6.9: Entropy generation for different fluid droplets 

The effect of displacement on entropy generation number is minimal between toluene and 

water. This indicates a possibility of using both fluids interchangeably, depending on the 

application. The actual entropy production with water as a working fluid is the lowest 

(see Figure 6.8). The entropy generation number is an important parameter to determine 

the optimal sizing of the microchannel. 
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 The entropy generation number for closed and open microchannels in the laminar 

flow regime is compared in Figure 6.10. The entropy generation number in an open 

channel with the same amount of heat input is larger than results for a closed channel. 

 
Figure 6.10: Entropy generation number in closed and open circular channels in the 

laminar flow regime 

The model of Ratts and Rauts [133] for circular channel laminar flow is used to 

predict the entropy generation number in the open channel. The contribution of fluid 

friction to the entropy production has a more significant effect in the open microchannel, 

compared to the closed microchannel, where both thermal and friction irreversibilities are 

more similar. The effect of the resultant air pressure from the closed ends of the 

microchannel is responsible for the difference in entropy generation in the closed and 

open microchannels.  
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Minimizing the entropy generation will increase the energy efficiency of the 

intended application, which in this study is the MHE. The MHE uses the cyclic heating 

and cooling of the droplet to generate fluid motion and electric voltage from deflection of 

a piezoelectric membrane beneath the channel.  

 

Figure 6.11: Entropy generation number of laminar and turbulent flow regimes for open 
and closed microchannels 

Reducing the entropy production will increase the system efficiency and life cycle of the 

piezoelectric layer of the MHE.  

The entropy generation number in the closed microchannel is compared to an 

open microchannel using Bejan’s data for fully developed flow as shown in Figure 6.11. 

The comparison was made with equivalent problem parameters for the closed 
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microchannel, but the pressure drop across the droplet is only due to thermocapillary and 

frictional forces on the droplet. The Hagen-Poiseuille flow model was used to predict the 

frictional forces in the open microchannel.  

The optimum Re differs significantly in terms of the order of magnitude, thereby 

making it difficult to provide conclusive information on the heat transfer contribution to 

the entropy generation. Below and above the optimum Re, the open microchannel flow 

has a larger entropy production as compared to the closed microchannel. The contribution 

of frictional irreversibility to entropy production is significant in both cases.   

Once the irreversibilities in the MHE have been analysed, the results from this 

section were used for modelling of the voltage generation and efficiency of the MHE. 

Section 6.4 investigates the voltage production in the MHE and the possible efficiencies 

that can be achieved.  

6.4 Voltage production and efficiency of MHE 

Results will be presented for simulation of the droplet displacement in a closed 60 

× 60 × 15,000µm rectangular microchannel. The properties used for performing the 

simulation can be found in Table 6.2. Figure 6.12 shows the effect of droplet 

displacement on the pressure exerted on the piezoelectric membrane and temperature of 

the droplet.  

The change in pressure is rapid with initial displacement of the droplet, but the 

rate of change decreases due to the external air pressure from the closed end of the 

channel. The total pressure change is about 0.1kPa, which can be justified by the 

magnitude of deflection in the piezoelectric membrane as observed in Figure 6.13. The 
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maximum deflection is about 13µm, which is obtained from the piezoelectric with the 

largest thickness.  

 

Figure 6.12: Effects of droplet displacement on temperature and pressure in the MHE 
[rectangular cross section (60 × 60µm)] 

The change in deflection occurs in steps. It remains constant for a certain range of 

displacement for the different thicknesses. The overall change in deflection increases 

with a larger displacement of the droplet. 

However, when the various thicknesses are considered for a specific 

displacement, the change is doubled between a thickness of 500 and 700nm, but only 

about 77% between 300 and 500nm. The voltage produced as a result of the deflection of 

the membrane was compared for the three thicknesses in Figure 6.14. The voltage 
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produced in the MHE is proportional to the thickness of the membrane, whereby the 

largest thickness produced the highest voltage, which varied between 1.2 and 1.3µV.  

 

Figure 6.13: Effect of piezoelectric membrane thickness on deflection of rectangular thin 
membrane 

The change in voltage for the range of displacements is about 1.7%. A steady 

supply can be achieved within a reasonable confidence interval. The lowest voltage 

produced was observed in the 300nm membrane, with a value of 0.5mV. The latter 

suggests that the thickness of the membrane can be used to control the application in 

which the MHE can be utilized. The voltage production is affected by the bulk velocity of 

the droplet. The transient velocity was investigated in order to predict the impact on the 

voltage production in the MHE. The predictive model was validated against past data by 

Muzychka [198].  
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Figure 6.14: Effect of displacement of the microdroplet on the voltage produced for 
different piezoelectric heights 

The dimensionless velocity was compared for different characteristic length 

scales, which affect the Reynolds number of the flow (Figure 6.15). For different aspect 

ratios, the trends show good agreement with Muzychka’s model. The friction factor was 

also modelled in terms of the aspect ratio. Muzychka [198] correlation for the friction 

factor showed that when the aspect ratio is varied, the friction factor eventually attains an 

asymptotic value. Figure 6.16 verifies this claim. The correlation for the friction factor 

was derived based on Muzychka [198]. 
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Figure 6.15: The effect of friction factor on dimensionless velocity for open and closed 
microchannels. 
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where    is the aspect ratio of a rectangular channel. The transient velocity is compared 

with Poiseuille flow in Figure 6.17. It can be observed that the Poiseuille flow 

assumption overpredicts the bulk velocity of the droplet. At early time, the difference in 

velocities is minimal but a significant deviation is observed at about 30µs. The droplet 

quickly attains a maximum velocity in the transient model and but also decreases much 

faster than the Poiseuille flow assumption.   
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Figure 6.16: The effect of aspect ratio on friction factor in microchannels 

The maximum variation in the velocity when the droplet is advancing is about 

33%. The droplet stops in about half the time observed as the Poiseuille flow assumption, 

which indicates a faster response time will be achieved in the MHE.  Over predicting the 

velocity of the droplet affects the predicted voltage from the MHE.  Figure 6.18 shows a 

comparison of the effect of the transient and Poiseuille flow assumption on voltage 

production in the MHE. The output voltage is overpredicted by the steady flow 

assumption by almost double its transient result. The corrected voltage can then be used 

to estimate the efficiency of the MHE. The effect of the displacement of the droplet on 

the efficiency of the MHE is shown in Figure 6.19. It can be observed that the trends are 
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similar to the observation in Figure 6.14. Thus, the voltage production is directly 

proportional to the system efficiency. The maximum efficiency is about 1.67% for the 

700 nm membrane for the largest droplet displacement.  

 

Figure 6.17: Comparison of the effect of the Poiseuille flow assumption and transient 
velocity in the MHE [rectangular cross section (60 × 60µm)] 

The minimum efficiency observed is about 0.7% for the 300nm membrane. The 

total change in efficiency is about 0.02% for the range of droplet displacements. It should 

be noted that a compromise must be made between efficiency and cost of the material 

and fabrication. 
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A comparison was done between the dimensionless voltage produced from the 

MHE and the bimorph energy harvester [154] (see Figure 6.20). The effect of pressure on 

the voltage produces similar trends in both energy harvesters. The power produced from 

the bimorph harvester was about 10 orders of magnitude greater than the power produced 

from the PZT membrane.   

 

Figure 6.18: Comparison of the effect of the Poiseuille flow assumption and the transient 
voltage generated in the MHE [rectangular cross section (60 × 60µm)] 

The thickness/length ratio is much larger in the bimorph cantilever, which will 

also require a large loading to produce any deformation.  Figure 6.21 shows a comparison 

for different piezoelectric membranes for similar dimensions to the PZT membrane.  The 

zinc oxide (ZnO) piezoelectric produced the maximum voltage of about 7.6µV for the 

deformation considered in this study. These results may not be accurate for ZnO and 
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lithium niobate (LiNbO3) as the true voltage generation will depend on the nature of the 

deposited materials on the substrate. These were considered for PZT. LiNbO3 was 

originally tested as a substrate for the MHE, but etching it without damaging the existing 

patterns could not be achieved.  

 

Figure 6.19: Effect of droplet displacement on the efficiency produced in a MHE for 
various heights of piezoelectric membranes 

The substrate is supplied for a thickness of 500µm and etches only in a heated 

bath of hydrogen fluoride, which is toxic and will etch almost any metal deposition. The 

etching LiNbO3 also leaves a very irregular surface finish, which cannot be controlled 

and will result in high surface roughness. The fabrication of the MHE was not as 

successful as initially anticipated. 
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Table 6.2: Parameters and thermophysical properties for rectangular channel with PZT 
substrate 

Property Value 

Conductivity of droplet  0.606W/mK  

Height of droplet  60µm 

Height of air  60µm 

Height of substrate  500 µm  

Thermal diffusivity  4.588m2s-1 

Thermal conductivity of air  0.0263W/mK  

Conductivity of substrate  0.96W/mK  

Heat transfer coefficient  4.82Wm2/K  

Heat flux  3.423W/m2  

Density of droplet  998kg/m3  

Density of substrate  2,500kg/m3  

Density of air  1.16kg/m3  

Length of channel  15mm 
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Figure 6.20: Dimensionless comparison of voltage output from a cantilever bimorph 
membrane energy harvester (Kimberly et al. [154]) and the MHE [rectangular cross 

section (60 × 60µm)] 

Sealing the microchannel after injecting the droplet was drawback in the 

fabrication process. Evaporation of the droplet during the sealing process was a setback 

in successfully analysing the experimental efficiency of the MHE.   

Despite these challenges, experimental data was obtained to analyse the power 

supplied to the MHE. Also, and experimental results were obtained to analyse the 

evaporation process. The next section presents and discusses the experimental and 

predicted results from the MHE. 
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Figure 6.21: Effect of different types of piezoelectric films on voltage produced in the 
MHE [rectangular cross section (60 × 60µm)] 

6.5 Experimental and predicted results of microheaters 

A four point probe test was used to determine the sheet metal resistance of Ti-W. 

The resistivity of Ti-W sputtering deposition varies with residual stress as a result of the 

deposition process and the pressure at which it is deposited (5.6 × 10-6Torr). The 

resistance can be estimated based on the sheet metal resistance. 

L
R

w
   
            (6.3)

 

where  is the sheet metal resistive obtained from the four probe measurement, and  w 

and L are the width and the length of the heater, respectively. Based on the estimated 
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resistance in equation (6.3), the actual heat flux transferred to the heater is estimated from 

the measured contact area of the heaters and channels. 

 

Figure 6.22: Comparison of experimental and analytical results of heat supplied to the 
MHE 

The predicted model uses equation (6.1) to estimate the expected resistance of Ti-W. The 

resistivity cited in past literature [204] is used to estimate the heat flux into the system. 

The measured resistivity of Ti-W from the experiment varies between 21 and 31Ω/m2 for 

a deposition of 138nm. A previous study at the CIRFE Lab for the same sputtering target 

was reported as 40Ω/m2 for a 50nm deposition.  

The resistance is inversely proportional to the thickness of the deposition. Figure 

6.22 shows a non-dimensional comparison between experimental and analytical data for 
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the power supply to one microchannel. This is analogous to the non-dimensional heat 

flux supplied to one microchannel. 

 

Figure 6.23: Comparison between experimental and analytical measurements of the heat 
flux and voltage supplied to the MHE 

The heat flux curve in Figure 6.22 shows the relationship between voltage and 

power supplied to the heaters. The experimental and predicted results have good 

agreement. The deviation from the predicted results can be associated with the 

irreversibilities in the connections and heat losses to the substrate and surroundings. A 

non-dimensional comparison is done by the measured voltage, current and heat flux in 

Figure 6.23. The resistance of the Ti-W heater was estimated to vary between 893-918kΩ 

for the range of measured voltages across the heater. This is used to estimate the actual 

sheet resistance of Ti-W. The predicted and experimental measurements are in good 
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agreement for the range of voltages in the four point probe test. The maximum variation 

in the resistance is only about 2.7%, which indicates the uniformly distributed heat flux 

could be achieved for a wide range of heat input. The measured heat flux supplied to each 

microchannel was between 1.2 and 120µW/m2. Continuous supply of voltage did not 

show any motion in the channel. This led to a study of the physical phenomenon 

associated with droplet evaporation in the microchannel. The next section shows results 

from evaporation of the droplet in the microchannel. 

6.6 Experimental and predicted results of droplet evaporation 

This section presents results on the evaporation of a droplet in a rectangular 

microchannel. Two different wetting fluids were investigated to examine the evaporation 

in the microchannel. Earlier investigations by Glockner and Naterer [1, 2] suggested that 

the two best fluids for thermocapillary pumping were toluene and water. Toluene was 

initially not recommended as a viable fluid because it is toxic. It is particularly interesting 

to note that toluene is completely wetting when injected into the SU-8 channel. DI-water 

was used for this experiment to avoid the effects of the electric double layer caused by 

charges present in regular water. 

DI-water is partially wetting when injected into the microchannel, making it 

partially hydrophobic in this test case.  The pattern of evaporation of DI-water and 

toluene is shown in Figures 6.24 and 6.25 respectively. When DI-water is injected into 

the microchannel, the bulk fluid is separated from the pinned film as shown in Figure 

6.24(a), due to the hydrophobic nature of the fluid with the SU-8 vertical walls. After 

about 0.92s, the bulk fluid spreads across the width of the channel, reducing the 

separation distance between the bulk fluid and the pinned film as shown in Figure 
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6.24(b), due to the evaporation of the bulk fluid. In other to maintain constant volume, 

the droplet spreads along the width of the microchannel. After about 3.32s (Figure 6.24), 

the rate of change in width of the bulk fluid reduces significantly, when comparing the 

change in width with that observed in Figure 6.24(d), which represents the end of the 

evaporation of the bulk fluid.  

 

Figure 6.24: Evaporation of a DI-water droplet in Su-8 2075 between 0 and 6.08 s 

The evaporation of the bulk fluid in the case toluene evolves in a different pattern 

since it is completely wetting to the PZT substrate and SU-8 vertical walls. Figure 6.25(a) 

further establishes the latter claim as the pinned film is not visible. After about 0.76s 

(Figure 6.25(b)), the pinned film can be observed, indicating a separation between the 

pinned film and bulk fluid. The evaporation of the bulk fluid initially occurs only across 

the width, but after about 2.76s, the bulk fluid starts to evaporate along the length as 

shown in Figure 6.25(c). The complete evaporation of the bulk fluid occurs after about 

3.76s as observed in Figure 6.25(d). 
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Figure 6.25: Evaporation of toluene droplet in Su-8 2075 between 0 and 3.76s 

A non-dimensional comparison of the evaporation of DI-water and toluene is 

shown in Figure 6.26. Toluene evaporates much faster than water, but exhibits similar 

trends as can be observed in Figure 6.26. The analytical model yields the correct trend of 

the evaporation, but does not accurately predict the evaporation rate for water in the early 

stages of evaporation. Accounting for the analytical prediction of the separation distance 

between the pinned film and the bulk fluid during evaporation remains a challenge. The 

separation distance is dependent on the depth, width and surface roughness of the 

channel.  Smaller channels were observed to have larger separation distances, which 

indicate a higher surface tension in smaller channels.   

 DI-water tends to maintain its width for about half the time of the evaporation 

cycle (8s), before a significant reduction is observed. The effects of surface tension of 

water and the hydrophobic nature in this experiment are responsible for this deviation 

from the analytical model. Toluene is completely wetting and has a lower surface tension, 
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hence it evaporates much faster than DI-water. The total evaporation of the bulk fluid 

occurs in about 3.5s, but the de-pinning process takes a slightly longer time as a result of 

the strong adhesive force between the pinned film and substrate. The surface roughness 

also enhances the adhesion of the pinned film to the edges of the channel.  

 

Figure 6.26: Comparison of experimental measurements and analytical predictions of 
evaporation in the rectangular microchannel 

The effects of the height of the microchannel was also investigated and reported 

in Figures 6.27 and 6.28. The change of height of the channel for a fixed width can be 

associated with a change in volume of the droplet. The mass transfer of the droplet is not 

significantly affected by a change in depth of the channel as revealed in Figure 6.27 and 
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6.28. A reduction of the height by a third of its original height only resulted in a 1s drop 

in the evaporation time. 

This shows that a change in height of the channel does not have a significant effect on the 

evaporation in the rectangular channel. The surface area of the channel exposed to the 

atmosphere has a more significant effect on the evaporation rate. The diffusion of the 

fluid takes place at the surface in contact with air directly in contact with the fluid. The 

evaporation rate can be modified by controlling the relative humidity in the vicinity of the 

ambient air surrounding the channel.  

 

Figure 6.27: Comparison of experimental measurement and analytical prediction of 
evaporation of DI-water in a rectangular microchannel of different depths 

However, it does have a significant effect on the pinning. This occurs due to the 

separation distance between the bulk fluid and the pinned film as shown in Figure 2.1. 
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The roughness height has a significant effect on the pinned film as a result of the decrease 

in microchannel depth. This can also be attributed to the surface tension forces that are 

larger in the smaller channel, since the surface tension force is inversely proportional to 

the depth of the channel. A reasonable agreement can be observed from the experimental 

and predicted result as shown in Figure 6.28.   

 

Figure 6.28: Comparison of experimental measurements and analytical predictions of 
evaporation of toluene in a rectangular microchannel of different depths. 

The change in the contact and pinned film angles are shown in Figure 6.29. The 

bulk fluid evaporation contact angle varies between 41 and 47 degrees. The variation in 

contact angle is as a result of the droplet trying to maintain constant volume due to mass 

transfer from the droplet surface. The change in angle of the pinned film corresponds to 

an increase or decrease in the contact angle of the bulk fluid. The pinned film angle 
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varies between 40 and 47 degrees. The larger channels have a higher rate of evaporation 

initially due to the surface area of the channel, but after about 7.5s, the effect of surface 

area is not significant for the range of time considered.  

The contact angle with the surface will depend on the nature of the surface of the 

substrate and the properties of the channel wall. Although DI-water is hydrophobic to 

SU-8, it is hydrophilic to PZT. Toluene has a contact angle of zero since it is completely 

wetting.  The effects of contact angle and channel width on the evaporation rate are 

reported in Figure 6.30. A reduction in contact angle results in a decrease in the 

evaporation rate of the droplet. Increasing the width increases the evaporation rate of the 

channel.  

 

Figure 6.29: Experimentally measured contact angle of the pinned film and bulk fluid 
during droplet spreading 



147 
 

 

 

Figure 6.30: Effects of contact angle and width on evaporation of the bulk fluid in a 
rectangular microchannel 

 

Figure 6.31: De-pinning of toluene droplet in Su-8 2075 between 0 and 5.56s 
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Although the channel width has a significant effect on the evaporation of toluene, 

the experimental observations show that it affects the structural layer of the channel. 

Solid particles are observed along the edges of the channel at the end of the evaporation 

cycle, which may suggest toluene etches the PZT substrate. The de-pinning process is 

interesting, because once the bulk fluid has evaporated, a split from the center is observed 

as shown in Figure 6.31.  

 

Figure 6.32: De-pinning of DI-water droplet in Su-8 2075 between 0 and 10.5s 

The split is very different between toluene and water, when comparing the images 

in Figures 6.31 and 6.32. The difference in wetting properties of toluene and DI-water 

affects the separation process of the pinned film.   

6.7 Experimental and analytical studies results of de-pinning in a closed 

microchannel 

The de-pinning of the pinned toluene film commences immediately after the 

evaporation of the bulk fluid of toluene as observed in Figure 6.31(a). The de-pinning 

proceeds along the width and length simultaneously as observed in Figure 6.31(b). After 

about 2.67s, the rate of de-pinning is not significant across the length of the channel as 

observed in Figure 6.31 (c). The pinned film completely evaporates after about 5.56s as 

shown in Figure 6.31(d).  
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De-pinning of DI-water occurs over a longer period of time than that of toluene. 

The de-pinning process is only significant across the width of the channel, but occurs 

slightly across the length, as observed in Figure 6.32 (a). No further de-pinning across the 

length can be observed after about 7.24s as shown in Figure 6.32(b). The rate of de-

pinning is significantly increased across the width after about 9.04s (Figure 6.32(c)). The 

pinned film completely evaporates after about 10.5s, as the PZT substrate is completely 

visible across the length and width of the microchannel as shown in Figure 6.32(d). The 

nature of the rough PZT substrate can be observed after the evaporation and de-pinning 

processes are complete as the images are compared for both processes.  

A comparison between the de-pinning process for water and toluene is reported in 

Figure 6.33. A reasonable agreement can be observed between the experimental and 

analytical results. The analytical model accurately predicts the initial start and end of the 

de-pinning process, but a significant difference is observed with experimental results 

midway through the de-pinning process. This occurs due to the model not considering the 

heat transfer irreversibilities as a result of evaporation of the droplet. The experimental 

measurements were taken as soon as a clear path across the channel could be observed, 

signifying that a mixing of the two processes was not occurring simultaneously. The de-

pinning rate of toluene is much faster than that of DI-water. 

The de-pinning of toluene is multi- dimensional as it occurs in both the axial and 

transverse directions simultaneously. Only the de-pinning in the transverse direction 

(across the width) was considered in this study, as the rate is faster in this direction. The 

length of the channel is significantly higher than the width, hence the mass transfer rate is 

larger. 
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Figure 6.33: Comparison of experimental measurements and analytical predictions of de-
pinning in a rectangular microchannel 

A numerical two-dimensional solution will be required to account for the de-

pinning in both directions. However, the limitation of the experimental setup did not 

allow observation of the entire channel length. The effect of change in channel width on 

the rate of de-pinning is reported in Figure 6.34. The effect of change in width of the 

channel has a significant effect on the de-pinning rate. 

This can be attributed to an increase in surface area as it is directly proportional to 

the width of the channel. From equation (5.54), it can also be observed that the de-

pinning radius is proportional to the diffusion coefficient. The analytical and 

experimental results are in good agreement, although the analytical model slightly 

overpredicts the start of the de-pinning process. 
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Figure 6.34: Comparison of experimental measurements and analytical predictions of de-
pinning of toluene in a rectangular microchannel of different widths 

A strong adhesion is observed between the pinned film and the PZT substrate. 

This occurs as a result of the roughness height of the substrate, as traces of the film are 

trapped within the grooves of the profile. Images from the experiment can be used to 

verify the latter assumption. The effect of height of the substrate on the de-pinning 

process was also investigated for toluene and reported in Figure 6.35. A non-dimensional 

analysis of analytical results shows a slight difference in the de-pinning rate of about 10% 

for the range of heights. The experimental results show a similar difference at some 

specific times, but the difference between analytical and experimental results is 

significant. 
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Figure 6.35: Effect of microchannel width on de-pinning of the bulk fluid in a rectangular 
microchannel 

This can be attributed to neglecting de-pinning in the transverse direction in the 

current model and also neglecting the temperature gradient. Bonn [113] suggested that 

the inability to account for this phenomenon remains a challenge in accurately predicting 

the de-pinning process. The general trend of the analytical results is in good agreement 

with the experimental results. The change in contact line elastic force has an effect on the 

de-pinning rate [113]. This force increases with defects on the surface, confirming the 

relationship between surface roughness and the de-pinning rate. Further studies would be 

required to determine the actual effect of the overall volume change on the de-pinning 

process. The current experimental setup is limited to investigating only the change in 

width in relation to the de-pinning process.   
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Analytical studies were investigated to study the effect of channel width on the 

de-pinning process. Figure 6.35 indicates that larger channels have a higher de-pinning 

rate than smaller channels. This is expected as experimental results show similar trends.  

 

Figure 6.36: Effect of pinning contact angle on de-pinning of the bulk fluid in a 
rectangular microchannel 

Although this model does not take into account the temperature gradient, which 

occurs during mass transfer from the surface, it predicts the experimental trends with 

reasonable accuracy. The effect of varying contact angles on the de-pinning radius was 

also reported in Figure 6.36. Varying the contact angle can be varied by changing the 

fluid, substrate or structural layer. 

In this study, the choice of fluid was based on the ratio of the capillary to viscous 

forces. A high ratio results in an increase in the bulk velocity for the same amount of heat 
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input.  A mineral oil which has a low evaporation rate will solve the problem of sealing 

the channel. However, a larger heat input is required for the same droplet volume, to 

yield a similar bulk velocity as DI-water or toluene in the MHE.  

Although the sealing of the microchannel could not be achieved in other to 

measure the voltage and efficiency, an analytical investigation was performed to estimate 

the voltage and efficiency. New results have been presented to improve the existing 

knowledge of the dynamics of droplet motion in a closed microchannel.  The following 

section will present conclusions from this thesis, future directions and recommendations 

for future research.  
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Chapter 7 : Conclusions and Recommendations 

This section will highlight the major accomplishments form this study, propose 

ideas for future research, and elucidate recommendation for improving future work in this 

area.  

7.1 Conclusions 

A new model for predicting entropy production in an electrochemical cell was 

presented this thesis, particularly for diffusive irreversibilities of cuprous chloride 

electrolysis. The ohmic resistance has minimal effects on the electrolytic cell 

performance at high current densities. A significant effect of current density on 

overpotential was observed at low current densities (0 – 250mA/cm2). From the entropy 

production results, it is preferable to operate the electrochemical cell at higher 

temperatures to reduce the irreversible losses. However, there are other limitations at high 

temperatures, due to the corrosive nature of hydrochloric acid. The current density has a 

significant effect on entropy production between 0 and 400mA/cm2. The exchange 

current density was shown to have little effect on the cell overpotential, also the 

activation overpotential has the most significant effect on the cell performance. Although 

the ohmic resistance has little or no effect at high current densities, the effects become 

significant at lower current densities. Also, high charge transfer coefficients are 

undesirable, as they increase the entropy production in the system. At a high charge 

transfer coefficient, the energy required for cell operation nearly doubles, which makes 

the system less commercially viable. In summary, the new predictive formulation and 

results in this thesis have provided valuable new insight for the effective design and 
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improvement of electrolysis in the thermochemical copper-chlorine cycle of hydrogen 

production. 

This thesis also examined the use of a PZT substrate for surface micromachining 

in microfluidics. Past studies have relied on silicon or glass substrates for surface 

micromachining of microfluidic devices. Although the latter substrates have the 

advantage of surface roughness in the order on nanometres, the ease of integrating PZT 

directly into the intended application provides a unique advantage. The results from this 

thesis have shown the excellent adhesive properties of PZT and Ti-W, by successfully 

patterning SU-8 directly into the heaters while maintaining good adhesion with the 

substrate.  

To the best of the knowledge of the author, the patterning of the back of the PZT 

substrate with RIE by masking the front of the substrate with AZ3330 is an entirely new 

fabrication technique, which has not been investigated in past studies. Past experimental 

investigations by Glockner [112], did not achieve the production of a microheater for the 

MHE. This study has not only shown the possibility of fabricating the heaters, but 

presented experimental and analytical results to verify the use of a microheater to 

generate a heat flux beneath the microchannel.  

This thesis has examined the fluid flow, heat transfer, and entropy production of 

droplet motion in a closed circular microchannel. New analytical models have been 

developed to predict the initial droplet acceleration, as well as thermocapillary pressure 

and friction forces within the droplet, and entropy generation. New experimental data was 

also presented for temperature and displacement of the droplet within the closed 

microchannel. The closed microchannel flow has a lower entropy generation number than 
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an open microchannel, and also water has a lower entropy generation than mineral oil 

droplets. The rapid response of the droplet to temperature changes indicates that 

thermocapillary pumping can serve a useful role in practical applications such as a 

thermal sensor, actuator or other micro-device application. 

The effect of surface roughness on the kinematic viscosity was investigated in this 

study. The contribution of the apparent viscosity was considered in determining the net 

force on the droplet. The effect of the local Reynolds number within the boundary layer 

was considered in this study. The surface roughness was shown to have less impact on 

the droplet flow as the average bulk velocity of the fluid increased.  

The transient nature of the droplet velocity has a significant effect on the voltage 

production in the MHE. New analytical results have been presented to determine the 

transient nature of the velocity of the droplet in a closed microchannel. Past studies [1, 2, 

191] of a closed channel assumed that the droplet reaches a steady state. But 

experimental data in this thesis shows that the velocity reaches a maximum in a short 

time and subsequently reduces to zero as a result of the back pressure caused by the air in 

the closed end on the channel. The transient velocity was also related to the analytical 

voltage production in the MHE. A comparison was made between the steady state and 

transient approximation of the bulk velocity of the droplet with a time lag between both 

peaks. The peak transient velocity is about half of the peak of the steady state velocity. It 

was also shown that a similar effect is translated into a lower voltage when the transient 

flow is considered. The voltage was used to predict the efficiency of the MHE, while 

considering all of the layers deposited on the substrate.   
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The efficiency of the MHE was presented for different thicknesses of the 

piezoelectric membrane. The analytical study showed that the efficiency varied between 

0.7 and 1.6% for the range of thicknesses considered. Although this efficiency appears 

quite low, the Carnot cycle efficiency for this system for an ambient temperature of 25oC 

is only about 4.4% for the maximum temperature of the MHE. This indicates that if the 

system has a 700nm thick flexible membrane, it will be operating within 36% of the 

Carnot cycle efficiency. This is a relatively efficient heat engine under any standard of 

reference. Furthermore, since the objective is to harness low grade waste energy, the 

overall efficiency of the system will increase.  

Also, the evaporation and pinning of a droplet in a closed rectangular 

microchannel has been investigated. The rate of evaporation for toluene and DI-water has 

been reported. New experimental and analytical results have been presented. The 

evaporation of toluene is twice as fast as water in a rectangular channel. Internal 

recirculation could be observed during the evaporation process. This could be confirmed 

by movement of particles during the evaporation process. The different modes of 

evaporation and de-pinning have been reported. Results indicate that toluene may erode 

the PZT substrate and should be avoided as a fluid in the microchannel despite its strong 

thermocapillary force. The evaporation and pinning processes are used to transfer solid 

particles in microfluidic applications [158]. These processes have found commercial 

applications in inkjet printing. Three-dimensional printing applications could benefit 

from the experimental and analytical results presented in this study. The results of this 

study could also be relevant in biomedical industries where small particles of solutes can 

be distributed through complex meshes.  
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7.2 Recommendations for future research 

Controlling the droplet and sealing the top of the microchannel proved to be the 

most challenging aspect of this study. The design may be altered to successfully complete 

the MHE. Rather than injecting the droplet before sealing the channel, the channel can be 

sealed and capillary forces used to allow the droplet to flow into the microchannel. The 

mask used to fabricate the channel should be designed to pattern the open channels that 

span across the entire length of the substrate.  

The entire substrate can then be immersed in a beaker of DI-water and the droplet 

may flow into the channel as a result of capillary motion. Subsequently the ends of the 

channel can be sealed with epoxy that requires no heat to set. The actual size and position 

of the droplet may still remain a challenge, but an automated system which relates the 

immersion depth to the size of the droplet could be built to overcome this problem. A 

micropump can be incorporated into the fabrication process, but this makes the design 

more complicated and new challenges may arise. 

If the evaporation measurements were done in an environment where the 

humidity and temperature could be controlled, better agreement could be achieved 

between analytical and experimental results. The analytical model which is used to 

investigate the evaporation of toluene should be modified to consider the length of the 

droplet as a time dependent variable.  This can be solved numerically and multiple 

microscopes and camera angles will be required to capture accurate experimental results. 

A microparticle analyzer may be required to study the nature of the particles during the 

evaporation process. It is not clear if light from the microscope could also have effect on 

the evaporation process. Although an infrared thermometer for measuring such small 
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temperature measurements is expensive, the temperature gradient will have an effect on 

the evaporation of the droplet. 

The MHE is a possible accomplishment and would require highly sophisticated 

equipment to reach a commercial prototype. The design in this thesis is relatively cheap 

and the design conditions have been optimized and they are repeatable. This should 

encourage future researchers to pursue the challenge. Microfabrication is not only a 

difficult and complicated process, but patience and financial commitments are needed for 

success in this field of study.  
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