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ABSTRACT
As electronic devices become smaller and smaller there is an increasing need to
produce similarly small power devices to accompany them. Due to the limitations of
traditional chemical batteries research is being conducted to develop new ways to
produce power at the micro scale. These micro power devices, often referred to as micro
engines, attempt to utilize the favorable energy density of hydrocarbon fuel to improve
the size, weight, and recharging time offered by traditional chemical batteries. There are
several approaches being researched. A few projects have attempted to scale down macro
scale power devices, such as turbines and rotary engines, to produce micro scale power
devices. Other projects have developed novel approaches to producing power on the
micro scale. The research presented in this proposal falls into the second category.
The general premise of the proposed micro engine is to use pulsed catalytic
combustion to periodically deform a piezoelectric material and generate an electrical
output. Initial experimental work focused on the use of pulsed catalytic combustion to
produce periodic temperature fluctuations, which could be used to deform a piezoelectric
material. The experimental work was then simulated using FLUENT to gain a better
understanding of the flow, combustion, and heat transfer processes in the combustor. The
numerical predictions were compared to the experimental measurements to validate the
model.
The experimental and modeling work led to an improved micro engine design.
The new micro engine design consists of array of paired cantilever beams. One beam, a
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bi-layered beam, periodically deflects due to pulsed catalytic combustion. When the
beam deflects it exerts a force on the second beam, a piezoelectric beam, causing it to
bend and producing an electrical output. Experimental work using a single pair of
cantilever beams demonstrated successful operation of the piezoelectric micro engine.
In addition, the experimental work was used to characterize and evaluate the micro
engine design. After a discussion of ways to optimize the micro engine and other design
challenges, the overall feasibility of the micro engine design was assessed.
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Chapter 1
Introduction
The continual reduction in size and weight of electronic devices has required the
accompanying power devices to follow suit. Currently, chemical batteries provide the
best options to power portable electronic devices. Although battery technology has
drastically improved in recent years this power source continues to be the majority of the
mass and volume of the electronic units making the entire device more cumbersome [1].
In addition, they do not have the desired longevity and are time consuming to recharge;
often recharging for longer periods of time than they can operate. As a result of these
deficiencies, new power sources are being developed to be lighter, smaller and quicker to
recharge.
There are many applications where smaller lighter devices would be beneficial.
Soldiers carry several pounds in batteries to support state of the art electronic devices [2,
3]. Any reduction in weight could help improve the mobility of the soldier, increase the
amount of equipment carried or increase the duration of the mission. In medicine,
implanted biomechanical devices could be made smaller, lighter, and longer lasting [4,
5]. Finally, everyday portable electronics, such as laptop computers, could be smaller
and lighter to haul around. Each of these applications would benefit from the
development of improved power sources.
The majority of the new power source ideas focus on the use of hydrogen and
hydrocarbons as fuels. The reason is that the energy density of these fuels is as much as
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50 times that of chemical batteries [1]. Therefore, even if the efficiency is reduced by an
order of magnitude it can still be more efficient than chemical batteries. Also these
power sources can be simply refilled with fuel rather than recharged through an electrical
power source. These advantages are the primary motivations to find a replacement for
traditional batteries.
The majority of these new power sources are intended to be very small therefore
they are referred to as micro power sources and micro engines. In this paper that
nomenclature refers to all devices with volumes less than 1,000 mm3, for example 20 mm
x 10 mm x 5 mm. However, a few of the discussed micro engine concepts have been
tested on larger prototypes with the potential to be reduced in size. As a result of
working at such small scales several difficulties arise. The first difficulty is fabrication.
In most cases traditional fabrication methods cannot be used since parts are too small to
be machined. Traditional machining usually reaches its limitations near dimensions of 1
mm. At smaller scales, required tolerances become too small to achieve. This leads to a
second problem, namely that traditional materials cannot be used since microfabrication
does not work on many materials traditionally used for machines and engines. However,
the microfabrication requirements can also be seen as a benefit. The mass production
technologies used to produce microchips could be incorporated into the mass production
of micro power sources [1]. Another challenge is the use of combustion. Most micro
power ideas need a heat source to operate and combustion is the most prevalent option.
The reduced scale leads to combustion problems, inefficient combustion and flame
quenching, which will be explained in more detail in Chapter 2. Combustion also further
complicates the material choice, requiring materials that can withstand high temperatures.
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Thus the development of new micro power sources presents a number of scientific and
engineering challenges.
Several different types of micro power sources ideas have been researched, they
include: micro turbines, micro rotary engines, micro fuel cells, micro heat engines,
thermophotovoltaic micro engines, and other novel ideas not derived from macro
counterparts. The advantages and disadvantages of each type will be discussed in Chapter
2.
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Chapter 2
Background Information

Micro Power Devices
Several research groups are working to produce micro power devices or microengines. One group of projects attempts to reduce the size of existing power producing
devices such as gas turbines and rotary engines. Other groups have developed novel
designs that take a new approach to power generation. Both methods attempt to
minimize moving parts and maximize the benefits of microfabrication techniques.
Below are several research projects that have been initiated. Descriptions of previous and
ongoing micro power device projects follow. Table 2-1 provides a list of micro power
devices discussed below along with their approximate size, power density, and efficiency.
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Table 2-1: Micro power device projects
Power
Density

Engine Description

Engine Compnent

Size

Micro Turbine

Combustor

330 mm

Micro Turbine

Turbine (compressed air)

4400 mm

Rotary Engine

Complete Engine

1 mm

Rotary Engine

Complete Engine
(using compressed CO2)

549 mm

3

22 MW/m

Rotary Engine

Complete Engine

160 mm

3

25 MW/m **

Electromagnetic
Swing Engine

Complete Engine

17,000 mm

P Piezoelectric Micro
Heat Engine

Complete Engine

0.6 mm

Electrocmagnetic
Oscillating Piston

Complete Engine

4500 mm

Thermal Photovoltaic
(TPV) Engine

Complete Engine

3200 mm

Thermoelectric
Engine

Complete Engine
Complete Engine

3

Efficiency References
90%

Epstein,
Spadacinni

3

10.50%

Piers

3

Not
Published

Fu

Not
Published

Lee

Not
Published

Wang

1100 MW/m

3

1.6 MW/m

3

100 MW/m

3

3

3

1.2 MW/m

3

Not
Published

Dahm

1.7 MW/m

3

Not
Published

Whalen

3

4.4 MW/m

3

Not
Published

Kirtas

3

1.7 MW/m

3

0.66%

Chia, Wang

Not
Published

1.2 MW/m

3

0.80%

Federici

Not
Published

0.18 MW/m

24%

Yoshida

3

3

Thermoelectric
Engine
** Projected Output

3

3

Micro-turbines
The basic operation of a gas turbine is as follows: First, a compressor draws in
and pressurizes air. Then fuel is injected into the air and the resultant fuel-air mixture is
then ignited in the combustion chamber, increasing the temperature of the gases. These
product gases are then expanded through a turbine producing shaft work. Part of this
work is used to power the compressor and the remainder is used to drive the electric
generator [1]. There are several reasons for attempting to reduce gas turbines to the
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micro scale level. It is a proven energy producing technology, all components can be
arranged in a neat linear order with an axisymmetric design and several types of fuels can
be used. However, there are also difficulties to overcome. The combustion needed to
heat the working gas requires micro scale combustion and materials that can withstand
high temperatures. Several different moving parts need to be fabricated and combined
into one unit. This includes inlet vanes, a compressor, a combustion chamber, turbine
inlet vanes, turbine rotors and an electrical generator. As a result, despite several
promising features, the development of micro-turbines has been challenging.
One group, from The Massachusetts Institute of Technology, fabricated a microturbine out of silicon wafers [2-4]. Figure 2-1 shows the design which includes
compressor blades, a combustion chamber and turbine blades. The design is
axisymmetric, with the dotted line representing the center axis. The total volume is 330
mm3. This was fabricated by utilizing the microfabrication techniques used for
microchips. To date, operation has only been shown at the component level which
includes the turbines, bearings, and combustor. The combustion component has
produced considerable obstacles. Testing with hydrogen produced adequate flame
temperatures and power density but it could only reach a maximum mass flow of 0.11
g/s. As the mass flow increased, the residence time decreased much faster than the
reaction time, leading to flame blowout at mass flow rates above 0.11 g/s. A flow of 0.36
g/s has been calculated as the mass flow needed for continual turbine operation. Catalytic
combustion was also tested by inserting a platinum coated foam in the combustion
chamber. Sufficient mass flows and power densities were achieved but the desired exit
temperature could not be reached due to the temperature limitations of the platinum
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coated foam. The maximum power density produced by the combustor was 1100
MW/m3, with an overall combustion efficiency of 90%.

Figure 2-1: Schematic of the MIT micro-turbine [4]

Peirs et al. [5, 6] also worked on the development of a micro-turbine. The overall
system design includes a compressor, combustion chamber, turbine, and generator. A
schematic of the design is shown in Figure 2-2. To date, only the turbine (piece number
5 in the figure) has been fabricated and tested. It was fabricated out of stainless steel
through the use of die-sinking electro-discharge machining. The two parts machined
were the inlet nozzles (converging, subsonic nozzles) and the rotor blades, which had a
diameter of 10 mm and a tip clearance of 50 µm. The overall mass of the turbine was 66
g, including the generator. The turbine produced a maximum power output of 16 W at a
speed of 160,000 rpm. Therefore the overall electrical power density was 240 W/kg
(mass of turbine and generator) or 1.6 MW/m3. The overall efficiency of the turbine,
with 152 W used to compress the air, was 10.5%. The majority of the losses were a result
of the ball bearings’ inability to operate at the optimum speed (420,000 rpm) and high
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exit losses. These losses, however, would be reduced at higher speeds. Performance
improvements were achieved through the use of better ball bearings and optimizing the
gap between the rotor blades and the nozzles but quantative results have not been
published.

Figure 2-2: Schematic of the micro-turbine developed by Peirs et al.[5]

Micro-rotary Engines
Another micro-engine concept being developed is the micro-rotary engine. Also referred
to as Wankel engines [7], these are internal combustion engines that employ a rotor rather
than the reciprocating piston found in more traditional internal combustion (IC) engines.
The engine consists of a triangular rotor with an epitrochoidal-shaped housing. As a
result of this set up there are three distinct chambers, each going through the Otto Cycle:
intake, compression, combustion, and exhaust. Figure 2-3 shows schematic of the cycle;
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step 1 is the fuel and air intake, step 2 is the compression stage, step 3 is ignition and 4 is
expansion and exhaust. This cycle causes the rotation of the rotor which turns the
generator shaft. The rotation and shape of the rotor provides for the compression,
reactant intake, and product exhaust [7]. These engines are well-suited for
miniaturization due to their planar geometry, self-valving operation, minimal moving
parts and high specific power [7, 8]. However, high temperatures are produced from the
combustion and the large surface to volume ratio leads to high heat loss. In addition, the
small dimensions make sealing around the apex of the rotors difficult. This leads to
significant performance losses.

Figure 2-3: Schematic of rotary engine cycle. [9]
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One group from the University of California at Berkeley is working to develop a
rotary engine less than 1 mm3 in volume and producing 10-100 mW of power [7, 8].
This would result in a maximum power density of 100 MW/m3. Initial work involved the
fabrication and testing of a centimeter scale ‘mini’ rotary engine made of steel. The
design used a hydrogen-air mixture for combustion and a glow plug to ignite the
reactants. The engine achieved a maximum power output of 2.7 W at speed of 9300 rpm.
Key power losses were due to leakage around the apex of the rotors, reducing the
compression of the reactants and the pressure force from combustion. In order to reduce
the losses, metal springs were added to help seal the chambers. In future designs better
tolerances need to be achieved, this becomes increasingly difficult as the dimensions
decrease to a micro scale level. Also, heat losses contributed to significant power losses.
These heat losses can be reduced by re-circulating exhaust flow to preheat the reactants
and stacking multiple engines together to limit the heat loss to the engines at the ends of
the stack. However, the preheating reduces the density of the reactants, resulting in a
reduced power output.
A group from the University of Birmingham has also developed a micro-rotary
engine design. Initially a cryogenic micro engine was built which utilized compressed
carbon dioxide gas [10]. This eliminated the compression portion of the Otto Cycle,
making the engine design easier to fabricate and test.

The volume of the engine is 549

mm3 and was fabricated using advanced UV-lithography on SU-8. This method
produced steep vertical side walls – a major requirement of the engine design. In all, six
layers were placed together which comprised the covers, the housing, the rotors and the
gears. The goal of the project is to produce an engine that reaches speeds of 17,000 rpm
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and produces 12 W. A picture of the Birmingham micro Wankel engine assembly is
shown in Figure 2-4.
Wang et al. have recently begun to develop a rotary micro engine design. The
engine has a planar design, consisting of two separate chambers separated by the rotor.
The overall dimensions of the micro engine design are 16 mm x 10 mm x 1 mm. No
fabrication or testing has been conducted yet but preliminary calculations predict a power
density of 25 MW/m3[11].

Figure 2-4: Assembly of the micro Wankel engine produce by the University of
Birmingham. [10]

Electromagnetic Micro Engines
The electromagnetic class of micro-engines utilizes an oscillating piston to induce
a current by either magnetizing the piston or placing it within a magnetic coil. This direct
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conversion of mechanical power to electrical power eliminates the need for a generator;
reducing the size, weight and complexity of the system.
A group from The University of Michigan has worked to develop a micro internal
combustion swing engine (MICSE) [12]. The basic operation consists of four
combustion chambers, each going through the four processes of a typical IC engine Otto
Cycle: intake, compression, combustion, and exhaust. A schematic of the four
combustion chambers is shown in Figure 2-5. Ignition, intake and exhaust are controlled
to achieve periodic combustion in each chamber. An example of the operation is as
follows: compressed reactants in A are ignited, the swing arm moves from position 1 to
position 2, the reactants in B become compressed, the inlet valve in C allows reactants to
enter the chamber, and the exhaust valve in D allows the products to be exhausted. The
reactants in B are then ignited, the swing arm moves back from position 2 to position 1,
the reactants in C become compressed, the inlet valve in D allows reactants to enter the
chamber, and the exhaust valve in D allows the products to be exhausted. Ignition then
occurs in C and D, respectively, before repeating the initial process producing an
oscillatory motion. Micro-igniters are used to initiate combustion.
The swing engine concept was developed in the early 1900’s for production of
mechanical power but there is essentially no demand for oscillatory shaft power since
most machines are designed for a constant shaft power output. However, the concept
presents several advantages for developing a micro scale engine with an electrical output.
First, the oscillatory motion of the swing arm allows it be incorporated as an inductive
alternator, directly converting the mechanical energy to electrical energy. The conversion
of mechanical energy to electrical energy within the engine eliminates the need for
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external devices to produce electricity, which is needed for the micro turbines and micro
rotary engines. Also, there is a minimal number of moving parts. The four chambers can
be reduced to a single base structure reducing the system size and mass. No external
starter is required, control of the valves and igniters is minimal with no mechanical
linkages, and quick adjustments to changes in power demand can be made. The major
losses include heat loss from the combustion chambers and pumping losses to supply
reactants and remove products from the chambers. The working prototype engine has a
rather large volume of 17,000 mm3 and a mass of 54.4 g. Operating at 100 Hz, the
engine produced a net power output of 20 W. The power density then equates to 1.2
MW/m3.

Figure 2-5: Schematic of the Micro Internal Combustion Swing Engine [12].
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Another design developed at the Georgia Institute of Technology is a combustion
driven linear piston micro-engine [13, 14]. The basic design idea is to oscillate a piston
inside of a magnetic array to produce electric current and power. The volume of the
device is approximately 4500 mm3. There are several advantages to this design. First, it
contains a minimal number of relatively simple moving parts. The motion of the piston is
used to open and close the inlet and exhaust ports, requiring no external devices for
controlling fuel and air. Also, the design requires no external devices for generating
electricity, reducing the size and overall complexity of the design. Originally the device
incorporated two out of phase, opposed combustors to move the piston back and forth.
However, experimental and numerical simulation results indicated that oscillations could
not be sustained unless external control of the inlet flow was employed. Therefore a new
design was developed that used one combustor opposed by a spring to obtain oscillations.
Figure 2-6 shows a schematic of four designs with different intake and exhaust layouts
and a schematic of the final design. Numerical and experimental results showed
reasonable agreement, achieving an experimental frequency of 32 Hz for the oscillating
piston. It was estimated that a 25-50 Hz frequency range can produce about 20 W of
electrical power.
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Figure 2-6: In-line oscillating piston micro engine: a) shows the initial designs with two
opposing combustors. Oscillation of the piston could only be sustained in designs 3 and
4 which required external flow control. b) shows the adapted engine that utilizes a spring
to replace one of the combustion chambers [13].

Novel Micro Engine Designs
Washington State University has performed research to develop a two
dimensional modular heat engine, the P3 Microheat Engine [15-17]. Figure 2-7 shows a
schematic of the engine. The total engine volume is approximately 0.6 mm3. The
working cycle of the engine consists of four thermodynamic processes. First heat is
added from an outside heat source. The heat then causes a two phase working fluid to
expand and deflect a piezoelectric membrane. Heat is then rejected from the engine
followed by the contraction of the two phase fluid. The processes are then repeated. It
was determined that maximum deflection was achieved at the resonant frequency of the
membrane. The overall design has several favorable features. It is also well suited for
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photolithography fabrication, it has no moving parts, and the power generation is
incorporated in the device (compared to micro-turbines that need an additional
generator). Recent research work incorporated a thermal switch to periodically conduct
heat into and out of the two phase working fluid. The switch enabled the engine to
operate at frequencies up to 100 Hz and produce an electrical power output of 1.0 mW,
resulting in a power density of 1.7 MW/m3 [18].

Figure 2-7: Cross-section of a prototype P3 Microheat engine. [17]

Another unique micro power device is the thermophotovoltaic (TPV) micro
engine which is currently being researched and developed at the University of Singapore
[19, 20]. This device operates by using heat from a micro-combustor to produce
electricity through a thermophotovoltaic system. A basic schematic of a
thermophotovoltaic power system is shown in Figure 2-8. As shown in the figure, heat,
provided by combustion in this case, is absorbed by a selective emitter. When sufficient
heat is absorbed, the emitter will emit photons. When these photons impinge on the
photovoltaic array they generate free electrons and produce an electrical output. The
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power system is a cylindrical design with a tubular combustor in the center and the TPV
system surrounding it. The overall volume of the system is approximately 3200 mm3,
making it larger than typical micro engines. A hydrogen-air mixture is used in the
combustor and a backwards facing step has been employed to sustain and optimize the
micro combustion. This will be further detailed in the Micro Combustor Section.
This design has several advantages. The high surface to volume ratio, inherent to
micro devices, provides for improved heat transfer from the combustor to the TPV
system. Also, the system requires no moving parts, it only has a few components and is
relatively easy to fabricate and assemble. The major drawbacks to the design are the
conversion efficiency of the TPV system and producing efficient, sustained combustion
at the micro scale level. Initial testing of the system produced a power output of 0.92 W
and an overall efficiency of 0.66%. Several possible improvements have been identified,
such as lowering the band gap to the photovoltaic cells, which reduces the energy level
needed for photons to be emitted. Also, increasing the combustor dimensions to improve
efficiency and increase surface area. Calculations for an improved system indicate a
possible power output of 5.5 W and an overall efficiency of 3.92%.
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Figure 2-8: Schematic of a thermophotovoltaic (TPV) power system [19].

A number of research groups have worked to develop thermoelectric micro power
devices. Thermoelectric devices, which include thermocouples, work in accordance with
the Seebeck Effect. A thermal gradient in a material causes a build up of electrons on the
side opposite of the heat source, producing an electric field [21]. When two metals with
differing Seebeck effects are connected an electric potential is produced. Therefore the
thermoelectric devices have a heat source at one end and a heat sink at the other.
Figure 2-9 shows a simple schematic. Catalytic micro combustors are used as the heat
source and copper fins were used as the heat sink. Federici et al. was able to produce 1.2
W with an efficiency of 0.8% [22]. Yoshida et al. has produced a smaller device that
outputs 0.184 W with an efficiency of 2.4% [23]. This device provides an uncomplicated
method for producing power on a micro scale. However, heat loss and poor conversion
efficiency of the thermoelectric devices leads to low overall efficiencies.
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Figure 2-9: Schematic of a thermoelectric device [22].

Micro Fuel Cells
Micro fuel cells are the most advanced of the micro power devices. They are a
proven technology, have a minimal amount of parts and are scalable to different power
requirements. The basic operation of a fuel cell is as follows: The fuel is fed into the cell
to the catalyst layer which is usually palladium or platinum. The catalyst causes the fuel
to react with water or air, producing protons, electrons and carbon dioxide. A membrane
then allows protons to pass through while the electrons are fed through a circuit,
producing an electric current. The protons and electrons then recombine at the cathode
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catalyst layer and react with oxygen to produce water vapor and carbon dioxide. If only
hydrogen is used no carbon dioxide is formed. [24]
There are several types of fuel cells. One type is the proton exchange membrane
fuel cell (PEMFC). This fuel cell separates the electrons from hydrogen atoms to
produce an electric current. To increase the energy density of the PEMFC, fuel
processors or reformers are used to convert a liquid fuel, such as methanol, to hydrogen.
A second type is the direct methanol fuel cell (DMFC). The DMFC directly feeds
methanol into the anode rather than having to separate out the Hydrogen beforehand. A
third type is the direct borohydride fuel cell (DBFC). The DBFC can be made smaller
and more efficient but has a higher operational cost than the DMFC. [24, 25]
Several companies have produced commercially available micro fuel cells.
Toshiba has developed a fuel cell unit to power a wireless headset. Other companies
have developed products to power cell phone and laptop computers. The longevity of the
devices has been able to exceed premium lithium ion batteries but they have not
improved on the energy density for short term use [24, 26]. However, improved proton
exchange membranes and micro plumbing devices for circulating the fuel and products
will allow for higher energy density micro fuel cells to be produced in the near future.

Micro-combustion
Most micro power devices require a heat source for their operation. Often the
source of heat is a combustion process operating on hydrogen or hydrocarbon fuels.
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Since combustion occurs at very small length scales this process is referred to as
microcombustion. Typically, combustion is termed ‘micro’ when the combustor volume
is less than 1000 mm3. When the size scale is significantly reduced several different
phenomenon, such as higher rates of heat loss, occur which contribute too inefficient and
incomplete combustion. Eventually, there is an insufficient amount of energy from the
combustion process available for preheating the reactants, the activation energy for the
reaction becomes unobtainable and flame quenching occurs, which is the point at which
homogenous gas phase combustion reactions can no longer be sustained [27]. In order
for combustion reactions to occur there must be sufficient energy supplied from
preheating or the combustion reactions, this amount of required energy is referred to as
the activation energy [28].

In the following sections, the factors that contribute to

incomplete and inefficient combustion are discussed.

Scaling Laws
In reducing combustor designs to the micro scale it is important to understand
how the combustion process will be affected. Scaling laws help explain why size
reduction plays such a major role in the combustion process. When the characteristic
length dimension L changes, the surface area, S, will be vary with L2

S ~ L2

(2-1)
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And the volume, V, varies with L3

V ~ L3

(2-2)

This leads to the surface area to volume ratio varying inversely with L,

S L2 1
~
~
V L3 L

(2-3)

Therefore as the length scale is reduced the surface area to volume ratio increases.
The mass flow rate, m& , assuming one-dimensional flow, is given by the following
relation

m& = ρAuavg

(2-4)

where ρ is the density, A is the cross sectional area of the combustor, and uavg is the
average flow velocity through the combustor. Thus for a constant density and velocity,
the mass flow rate scales with the cross sectional area, which scales with the
characteristic length scale of the combustor squared.
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The Reynolds number, Re, also varies with L for a given velocity and kinematic
viscosity since

Re =

uDH

ν

~ L (for a given μ and ν)

(2-5)

where u is the average flow velocity, DH is the hydraulic diameter, and ν is the kinematic
viscosity. Since the Reynolds number decreases with decreasing length scale holding μ
and ν constant, almost all flows in micro combustors are laminar flow.
Another parameter affected by the length scale is the residence time, which is the
time for the reactants to flow through the combustor. This represented by

tr =

Lcomb
~ L (for constant μ)
u avg

(2-6)

Therefore, for a given velocity, the residence time is proportional to the characteristic
length scale and as a result, micro scale devices have characteristically small time scales.
The following discussion explains why the effect of a reduced length scale on
these parameters is detrimental the combustion process.
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Residence Time

There are several issues that affect the performance of micro-combustion systems.
The first issue is a reduced residence time. As noted, the residence time is defined as the
amount of time for the reactants to pass through the combustion chamber and is equal to
the combustor length divided by the bulk fluid velocity. Therefore the residence time
varies directly with the combustor length. The Damkohler Number, Dah, is the ratio of
residence time, tresidence, to characteristic chemical reaction time, treaction.
Da h =

t residence
t reaction

(2-7)

When the Damkohler number is much greater than 1.0 it implies the chemical reactions
occur much faster than it takes for the reactants to pass through the combustor and
residence time is not a factor. As the residence time decreases with the combustor size
the Damkohler number approaches unity. As it nears unity, insufficient time is available
for complete combustion, lowering the combustion efficiency and heat output.

Heat Loss

The second issue affecting the performance of micro-combustion systems is
increased heat loss to the surroundings. As noted earlier, when the combustor’s size is
reduced, the surface area to volume ratio increases. This increased surface area facilitates
greater heat transfer between the reaction zone and the combustor walls creating more
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heat loss compared to the amount a heat released from combustion, which is proportional
to the volume of the combustor. As the heat loss increases less thermal energy is
available for conversion to mechanical or electrical energy, decreasing the output and
efficiency of the system. When the rate of heat loss becomes too great, the combustion
cannot be sustained and the flame is quenched. In larger combustors, since the mass flow
rate is much larger, the amount of heat loss is small compared to the amount of heat
released during combustion so reactions are readily sustained.

Other Factors Leading to Reduced Combustion or Flame Quenching

The incoming reactant temperature will have an effect on the combustion process
and the likelihood of the flame being quenched. When the temperature of the incoming
reactants is low a significant amount of heat from the reaction will be needed to raise the
reactants to the requisite temperature. This will reduce the reaction temperature which
slows the reaction rate, thereby reducing the amount of heat produced from combustion.
When the incoming reactants are at too low of a temperature, the activation energy for the
reaction will be unobtainable, and the flame will be quenched. Low combustor wall
temperatures contribute to this by keeping the reactants at a lower temperature as they
reach the reaction zone.
A second factor is the fuel type; different fuels have different activation energies
and heats of combustion. Table 2-2 shows several different fuels along with their heats
of combustion, adiabatic flame temperature and ignition temperature. Since the amount
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of energy in a fluid is a function of temperature, the ignition temperature directly relates
to activation energy. When a fuel has a higher activation energy, more energy is needed
for ignition, and therefore more energy needs to be drawn from the reaction to sustain
combustion. Some fuels require more energy to ignite and release less energy during
reactions. As an example, compare hydrogen and methane. Methane requires a higher
ignition temperature (more energy to react) and only releases 40% as much energy as
hydrogen. As a result methane will quench more readily than hydrogen.

Table 2-2: Various fuels and their properties.
Fuel

State

Standard Heat
of Combustion
kJ/g

Adiabatic Flame
Temperature (K)

Ignition
Temperature
(K)

Hydrogen

Gas

141.8

2400

770

Methane

Gas

55

2220

850

Ethane

Gas

51.9

2240

790

Propane

Gas

50.4

2260

750

Methanol

Liquid

22.7

-

660

Coal

Solid

20-36

2300

850

Another factor, as mentioned above, is low flame temperature. The reaction rate
is governed by the Arrhenius Equation:

krxn = Aexp(-EA/RT)

(2-8)
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where krxn, is the reaction rate coefficient, A is the pre-exponential factor, EA is the
activation energy, R universal gas constant, and T is the reaction temperature. Since the
reaction rate is dependent on the temperature, reducing the temperature will decrease the
reaction rate causing less fuel to burn, causing less energy to be released. Once again, if
not enough energy is available to preheat the reactants the flame will be quenched.
Flame temperature is a function of several factors: reactant’s temperature, fuel type,
equivalence ratio, and radical quenching. As noted above, the temperature of the
incoming reactants affects how much energy is needed to preheat the reactants. The
more energy transferred away from the reaction, the lower the temperature of the
reaction. The equivalence ratio affects the amount of fuel combusted, which directly
affects the flame temperature. Once again, the fuel type determines how much energy is
released during the reaction, directly affecting the flame temperature. Finally radical
quenching, described below, reduces the rate and amounts of reactions, which retards
energy release, resulting in a reduction in flame temperature. Each of these factors leads
to lower flame temperatures, slowing the overall reaction rate and decreasing the rate of
energy release from combustion.

Radical Quenching

Radicals are highly reactive species that are created and destroyed during the
reaction process. These species react readily with other molecules to produce new
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radicals or stable products. When the radicals collide with the walls of the combustor
they often recombine, wasting the energy that was used to create them [29]. This also
causes a decrease in products formed, reducing the amount of energy released. A
simplified set of elementary reactions for H2/O2 combustion shown in Table 2-3 helps
illustrate the radicals’ role:

Table 2-3: Set of elementary reactions for H2/O2 combustion
Elementary Reaction

Reaction Type

H2 + M = 2H + M

chain initiation reaction

H + O2 = OH + O

chain branching reaction

OH + H2 = H2O + H

chain propagating reaction

H + OH = H2O

chain terminating reaction

The first reaction is a chain initiation reaction which produces a radical species.
The second reaction increases the number of radicals and is referred to as a chain
branching reaction. The third reaction causes a change in radical species but the number
of radicals remains the same. This is called a chain propagating reaction. In the final
equation the radicals combine to form a stable product. This is a chain terminating
reaction. In the second and third reactions the radicals H and OH help to produce new
radicals. Each of these steps is needed to produce the overall global reaction:

H2 + ½O2 = H2O

(2-9)
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When one of the above steps is impaired the entire global reaction suffers and less energy
is released [29, 30].
There are three main factors that contribute to radical quenching. First is the
combustor height (and the surface area to volume ratio). As the height is reduced a larger
percentage of radicals collide with the wall, resulting in their destruction [27, 29-31]. The
second factor is wall material. Certain materials are more reactive, resulting in more
radicals being prematurely eliminated [30, 31]. Finally, the pressure plays a role in
radical quenching. As the pressure decreases the mean free path of the molecules
increases, this decreases the reactions between molecules compared to the number of wall
collisions [27].

Solutions for Micro-Combustion Problems

Due to the problems created by reducing combustion chambers to the micro scale
several remedies have been researched. These methods help to improve combustion,
increase the overall efficiency of the system and reduce potential for flame quenching.
One method is to preheat the reactants. By preheating the reactants less energy is
transferred from the reaction zone to the reactants, increasing flame and exhaust
temperatures and reducing the likelihood of flame quenching. The most efficient way to
accomplish this is by using utilizing the heat loss from the combustor to preheat the
reactants. By recapturing the heat the system becomes nearly adiabatic. However, one
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drawback to preheating the reactants is that the density of the reactants is reduced,
resulting in a reduced power output. Research groups [32, 33] have incorporated methods
to preheat the reactants. Liedtke and Schulz [32] built and tested a fuel oil combustor for
a low pressure ratio gas turbine. Heat was transferred from the exhaust gas to the pre-mix
chamber. This served two purposes; it preheated and evaporated the reactants to promote
combustion and removed heat from the exhaust gases to reduce the temperature of the
gases entering the turbine [32]. Another example is the Swiss roll combustor, which is
shown in Figure 2-10. The Swiss roll design provides several desirable features: thermal
energy transfer mechanisms to preheat the reactants using the combustion exhaust heat,
larger surface area to volume ratio to promote heat transfer to the reactants, and large top
and bottom surface area to transfer heat to other devices [33].

(a)

(b)

Figure 2-10: Swiss roll combustor (a) photograph of flame inside the swiss roll
combustor (b)schematic of a Swiss roll combustor [34]
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Another method employed to improve micro-combustors is a backward facing
step. The backward facing step accomplishes two things. First, expansion in the
combustion zone reduces the flow velocity and increases residence time. Secondly, it
improves mixing by inducing a recirculating flow right after the step. Yang et al. [20, 35]
has employed a backward facing step for the combustor used in their micro TPV power
system, discussed previously. The experimental work with the backward facing step has
shown improved flame control and stability and higher and more uniform exhaust
temperatures. All of which are essential to the operation of the micro TPV power system.
Favorable combustor wall properties can also be used to help reduce flame
quenching. Meisse et al. [30] showed that the combustor wall material can significantly
reduce quenching distance. In an experiment with methane and air combustion, the
quenching distance was reduced from 1.8mm for stainless steel to 0.2mm for pretreated
alumina and less than 0.2mm for cordierite. This difference in quenching distance can be
attributed to the reactivity of the walls with hydroxyl groups. Metals such as iron, nickel
and chromium form strong bonds with hydroxyls, leading to radical recombination (chain
terminating reactions). Alumina and cordierite, however, are fairly inert, leading to the
less destruction of radicals and smaller quenching distances.
Finally, catalytic combustion can be used to improve combustion and eliminate
flame quenching. It can also eliminate the need for an ignition source, simplifying the
overall combustion system. Since catalytic combustion is utilized in our micro power
system, it will be discussed in detail in the next section.
Despite the problems faced by reducing the combustors to a micro scale, several
methods have been employed to produce effective, efficient combustion systems which
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can be incorporated into micro power devices. Many times more than one method can be
combined. For example, the micro reactor developed by Vican et al. utilized combustor
waste heat to preheat the reactants and a platinum catalyst to initiate reactions. The heat
from the combustion was then used to generate electricity by being sandwiched between
two thermoelectric modules [33].

Catalytic Combustion

Catalysts have been studied and used heavily over the past 50 years due to their
unique and advantageous chemical properties. Without being used up or destroyed in
reactions, catalysts lower the activation energy of reactions, increase reaction rates and
improve conversion efficiency. They have been used to produce ammonia, reduce
vehicle emissions, enable fuel cells, and reform methane. In the case of microcombustors, catalytic combustion can reduce ignition temperature, eliminate the need for
igniters, improve combustion efficiency, and eliminate flame quenching [36, 37].
In order for a successful catalytic reaction to culminate, several steps must take
place. For example, take the heterogeneous catalytic reaction of hydrogen and oxygen.
First, gaseous hydrogen and oxygen diffuse to the catalyst surface and adsorb onto the
catalyst. Upon adsorption the H2 and O2 molecules disassociate into H and O atoms.
Next, the O and H atoms diffuse across the surface and react with one another to form
H2O (among other species). As H2O is formed energy is released and the molecules
desorb from the surface [37]. This is a very simplified explanation; below are more
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detailed explanations of the process. In addition, an analysis of palladium versus platinum
catalysts will be given and the cause and effects of reducing the activity of the catalyst
will be discussed. Since the work in this project utilizes the combustion of hydrogen and
oxygen the details, examples, and explanations will revolve around their catalytic
properties.

Properties of Catalysts

The composition and properties of the catalyst are very important in
heterogeneous catalytic reactions. The most effective catalysts for combustion are
compounds of transition metals. Transition metals are found in groups 3-12 on the
periodic table, some examples include: nickel, iron, zinc, silver, rhodium, gold, palladium
and platinum. The fundamental property that makes transition metals excellent catalysts
is their ability to form compounds at various oxidation states. One example is nickel,
which readily forms stable compounds of NiO and NiO2 (Ni+2 and Ni+4 respectively).
This attribute allows the compound (catalyst) to attract/bond to single or multiple
hydrogen and oxygen atoms without becoming an unstable radical. It also allows them to
release atoms and remain a stable compound. Therefore the catalyst can expedite
reactions without being altered or destroyed in the process. How well the catalyst pairs
with the reactants is also important, some reactants work better with different catalysts.
palladium for example works better for hydrogen and oxygen catalytic combustion while
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platinum is better for higher order hydrocarbons [38]. The processes of the reactants
bonding and separating from the catalyst are referred to as adsorption and desorption.
Another important characteristic of transition metal compounds is their metaloxygen (M-O) bond energy and heat of formation. For simple solid compounds the bond
energy and heat of formation are directly related. If the bond energy is too high, the
breaking of the M-O bond slows the reaction and reduces the catalytic activity. If the
bond energy is too low, rapid reformation of the M-O bond prevents the adsorption of
other species and retards the reaction, reducing the catalytic activity. A study by Haruta
and Sano tested several different transition metal oxides. A portion of their results is
shown in Figure 2-11. The study showed that PdO was the most active catalyst for H2/O2
reactions. In the figure, the metal oxides to the right of PdO show a decrease in catalytic
activity with increasing heat of formation (bond energy) while the ones on the right show
a decrease in catalytic activity as the heat of formation decreases. It was also shown that
PdO and PtO2 could initiate hydrogen combustion at temperatures below 0°C [39, 40].
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Figure 2-11: Dependence of hydrogen oxidation activities of metal oxides on their heat
of formation. [40]

The other important aspect of catalytic combustion is the diffusion of the fuel and
oxidizer to the catalyst surface. If the mass diffusion rate of the reactants does not exceed
the catalytic reaction rate then the system is mass transfer limited. The rate of diffusion
can be improved by reducing the distance the reactants have to diffuse to the surface,
increasing the concentration of the retarding reactant or selecting reactants with higher
diffusion rates. If the reaction rate is less than the diffusion rate then the system is
surface reaction rate limited. There are two major factors contributing to the reaction
rates. The first factor is the energy and time needed for the reactants to adsorb and the
products to desorb from the catalyst surface. When more energy or time is needed, the
surface reaction rates will be slower. The second factor is the surface site density, a
measure of how many bonding sites are available on the catalyst surface. If the density is

36
not high enough, some of the reactants reaching the surface will be unable to adsorb and
initiate reactions, limiting the combustion.

H2/O2 Catalysis on Palladium

The reaction of hydrogen and oxygen is greatly enhanced by the presence of a
palladium catalyst. For typical homogenous H2/O2 reactions a temperature of 500°C is
needed to initiate the reaction. In the presence of palladium, several experimental studies
have shown that H2/O2 combustion is possible at low equivalence ratios and inlet
temperatures [39, 41, 42]. Values as low as 0°C [39] and equivalence ratios of 0.02 [41]
were able to produce H2/O2 reactions. Experimental and numerical studies have been
done to analyze the catalytic combustion of hydrogen and oxygen on palladium. Below,
there is a more detailed look at this catalytic reaction.
The first step is the adsorption and absorption of the reactants onto the catalyst.
For the present system, H2 and O2 come into contact with the surface, disassociate, and
bond to the palladium surface, this is called surface adsorption. There are two types of
adsorption, physical and chemical. Physical adsorption is when a molecule collides with
a catalyst and is weakly connected to the surface. Chemical adsorption is a similar
process but new bonds form between the molecule and the surface. Both hydrogen and
oxygen have been shown to chemisorb onto palladium at low temperatures. In order for
this adsorption to occur surface sites need to be available for the reactants. The surface
sites are different for hydrogen and oxygen.

The likelihood of the atom being
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chemisorbed to the surface is referred to as the sticking coefficient. The adsorption onto
the surface is an exothermic process where the surface loses energy to the surroundings
[43, 44].
Jewell and Davis reviewed and compared the results of the work done over the
last 15 years [43]. Most studies analyzed the sticking coefficient and the heats of
adsorption as a function of site availability. It has been shown that hydrogen is four
times more likely to adsorb than oxygen. In some numerical studies (as discussed later
on), the ratio needed to be set even higher to match experimental results.

This helps

explain the light off (the initiation of combustion reactions) at low equivalence ratios. In
order to have an equivalence ratio of 1.0 on the surface the reactant composition only
needs to be at an equivalence ratio of 0.25.

As for the heat of adsorption, when the

surface coverage of the adsorbate became greater than 50% (the site availability was
reduce by 50%) the heat of adsorption begins to change. For hydrogen, the adsorption
becomes less exothermic which can be attributed to repulsive forces between molecules
and less thermodynamically favorable sites being available for adsorption. For other
adsorbates the adsorption could become more exothermic due to attractive forces [43].
Deutschmann et al. [38] performed a numerical study concerning the catalytic
ignition of CH4, CO2, and H2 on catalytically active surfaces. The CH4 and CO2 were
modeled with a platinum catalyst and H2 with a palladium catalyst. The chemistry was
modeled using elementary reactions in the gas phase and on the catalyst surface.
Additional care was taken for the surface reaction rates dependence on surface coverage.
All detailed data on reaction steps and thermochemical properties were taken from
previous studies. The reaction mechanisms, sticking coefficients and reaction rates used
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for modeling CH4 and CO2 are shown in Table 2-4. For H2/O2 interaction on palladium
the same mechanisms were employed but different reaction rates and sticking coefficients
were incorporated, which are shown in Table 2-5. The difference in pre-exponential
factors is due to the differing surface site densities of palladium and platinum.

Table 2-4: CH4, CO, and H2 reaction mechanisms on platinum for Deutschmann model.
[38]
Reaction
H2 + 2Pt(s)→ 2H(s)
2H(s) → H2 + 2Pt(s)
H + Pt(s)→ H(s)
O2 + 2Pt(s)→ 2O(s)
2O(s) → O2 + 2Pt(s)
O + Pt(s)→ O(s)
H2O + Pt(s)→ H2O(s)
H2O(s) → H2O + Pt(s)
OH + Pt(s)→ OH(s)
OH(s) → OH + Pt(s)
H(s) + O(s) ↔ OH(s) + Pt(s)
H(s) + OH(s) ↔ H2O(s) + Pt(s)
OH(s) + OH(s) ↔ H2O(s) + O(s)
CO + Pt(s)→ CO(s)
CO(s) → CO + Pt(s)
CO2 + Pt(s)→ CO2(s)
CO(s) + O(s)→ CO2 + Pt(s)
CH4 + 2Pt(s)→ CH3(s) + H(s)
CH3(s) + Pt(s)→ CH2(s) + H(s)
CH2(s) + Pt(s)→ CH(s) + H(s)
CH(s) + Pt(s)→ C(s) + H(s)
C(s) + O(s)→ CO(s) + Pt(s)
CO(s) + Pt(s) → C(s) O(s)

A

EA

S°
0.046

3.7E+21

67.4-6.0*θ
1.00
.007

3.7E+21
1.00
0.73
1.0E+18

40.3

3.7E+21
3.7E+21
3.7E+21

192.8
14.3
17.4
48.2

1.0E+18
1.0E+18
3.7E+21

125.5
20.5
105.0

3.7E+21
3.7E+21
3.7E+21
3.7E+21

20.0
20.0
20.0
62.8
184.0

1.00

0.84

0.01
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Table 2-5: H2/O2 Reaction Mechanism on Palladium for Deutschmann model. [38]
Reaction
H2 + 2Pd(s)→ 2H(s)
2H(s) → H2 + 2Pd(s)
H + Pd(s)→ H(s)
O2 + 2Pd(s)→ 2O(s)
2O(s) → O2 + 2Pd(s)
O + Pd(s)→ O(s)
H2O + Pd(s)→ H2O(s)
H2O(s) → H2O + Pd(s)
OH + Pd(s)→ OH(s)
OH(s) → OH + Pd(s)
H(s) + O(s) ↔ OH(s) + Pd(s)
H(s) + OH(s) ↔ H2O(s) + Pd(s)
OH(s) + OH(s) ↔ H2O(s) + O(s)

A

EA

S°
0.70

4.8+21

84-13*θ
1.00
.40

7.1E+21

230
1.00
0.73

1.3E+18

44

1.3E18+
6.5E+21
6.5E+21
6.5E+21

213
11.5
17.4
48.2

1.00

The simulation was carried out and the ignition temperatures were plotted as a
function of fuel concentration (which can be converted to equivalence ratio). For the
CH4/O2 system, the ignition temperature decreased with increasing fuel concentration.
For the CO/O2 and H2/O2 systems, an increased fuel concentration resulted in an
increased ignition temperature. This is explained by examining the elementary reactions
at the gas-surface interface and the surface coverage. For CH4/O2 system, O has a higher
sticking probability than CH4 (and its dissociated products). When a lean fuel
concentration becomes richer, the ratio of reactants adsorbing on the catalyst surface
becomes more favorable for reactions to occur, lowering the ignition temperature. For
the H2 and CO systems, the primary species on the surface is fuel due to higher sticking
probabilities. Therefore increasing the fuel concentration further reduces the available
surface sites for O2 adsorption. This decreases the chance for oxidation, requiring a
higher temperature for ignition.
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The rates at which atoms adsorb to the surface have been analyzed to determine
their influence on the overall global reaction. Using sensitivity analysis (a method to
determine the rate determining steps) on the proposed reaction mechanisms (see Table 2
for H2/O2 on Pd) the adsorption/desorption kinetics are shown to dictate the ignition
process. The H2/O2 system also exhibits bistable behavior. If the process is started with
H2 coverage on the catalyst surface the temperature needs to be increased to produce
light-off. If the initial coverage is lean or 100% O2 the reactions begin immediately. For
all cases, once the ignition is established the diffusion of reactants to the catalyst and of
the products away from the catalyst controls the process.
Kramer et al. [42] performed a study to understand the issues associated with the
H2 activation and H2O inhibition of PdOx catalysts. Experimental work and numerical
modeling was used to investigate the reaction mechanisms for the oxidation of H2 on
supported Pd catalysts. Comparison of these results helped determine the importance of
adsorption and desorption rates of major species during the combustion process. Using
equivalence ratios of 0.05 and 0.1, mass fractions of H2O of 0.00 and 0.021 and initial
catalyst temperatures of 125°C and 150°C, eight different sets of results were obtained.
A plot of the results is displayed in Figure 2-12. The figure shows that increasing the
inlet temperature, increasing the equivalence ratio and decreasing the inlet concentration
of H2O helps to increase the conversion efficiency of H2.
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Figure 2-12: Results for H2/O2 reaction on Palladium. [42]

Next Kramer et al. [42] developed a numerical model to assess the combustion
mechanisms and compared it to the experimental results. Some of the assumptions and
simplifications included: isobaric conditions, uniform washcoat, calculated surface site
fraction for the catalyst, and heat loss to the surrounding environment. The initial surface
chemistry was drawn from previous works. In order to produce low temperature light-off
behavior, the model incorporated mechanisms with two different forms of interactions of
O and H atoms with the Pd catalyst. The more complex set of reactions more accurately
reflected the interactions of H and O atoms on the Pd surface. Once again, sensitivity
analysis showed that the overall reaction rate is based on the adsorption/desorption rates.
One of the biggest factors concerning the adsorption/desorption rates is ratio of sticking
coefficients of H2 to O2. Previous work showed the sticking coefficient ratio for H2
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should be four times that of O2, in this study a ratio of 10:1 was needed to match the
experimental results. It was also shown that 99% of the H2 conversion was from surface
reactions and not gas phase reactions.
Reihani and Jackson [45] followed up on the work done by Kramer et al. using
intrinsic low dimensional manifold analysis to investigate the interaction for the catalytic
combustion of H2/O2 systems on palladium. The work was able to examine the effect of
altering the heats of adsorption for H2O and OH and the activation energies for the
reactions creating the surface species H2O(sb) and OH(sb). The model included
repulsive interaction between the H2O(sb) and OH(sb) molecules. The ratio of sticking
coefficients of H2 and O2 were altered from 10:1 to 8:1 to better represent the theoretical
surface chemistry involved. The refined model was able to capture the trends for
experimental results at an equivalence ratio (φ ) of 1.0 and qualitatively agree with
experimental results at an equivalence ratio of 0.05. Once again, gas phase reactions
were neglected.

Palladium vs. Platinum for H2/O2 System

Palladium and platinum are two precious metals commonly used for catalytic
reaction. Both are used in fuel cells and for catalytic converters in automobiles. Both
metals readily adsorb H2 and O2 at standard atmospheric conditions. Palladium, however,
has several advantages. The first reason, which is a non-scientific reason, is platinum
costs 3-4 times more than palladium, making products with palladium more economically
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feasible. Palladium has also been shown to be a more effective catalyst for H2/O2
systems. As shown in Tables 1 and 2 the sticking coefficient for palladium is more than
an order of magnitude greater for both O2 and H2 [38, 44]. As a result the reactants
adsorb more readily, improving the conversion efficiency. H and O also have a higher
energy of desorption (Edes) with palladium or in other words H and O desorb more readily
from platinum. This causes H and O to leave the surface without reacting to form H2O,
therefore they may recombine and reduce the fuel conversion efficiency [39]. The
desorption of H2O from the surfaces of both metals requires nearly the same amount of
energy so this parameter does not create a significant difference between the two.
Platinum becomes the more effective catalysts for higher order hydrocarbons based fuels
but for H2/O2 reactions, palladium is the better choice.

Catalytic Activity of Palladium

The catalytic activity of palladium is not completely stable and can be affected by
different factors. Hydrogen can promote or inhibit catalytic activity depending on its
concentration. If the concentration remains low a palladium catalyst can become more
active due to a temperature rise create by the catalytic reaction. If the concentration is
too high the catalytic activity can be destroyed [46, 47]. This is because hydrogen
adsorbs more readily to palladium than oxygen, if a high concentration of hydrogen
comes in contact with the palladium it will be reduced and the activity at low
temperatures (T < 250°C) will be eliminated. In order to prevent this PdO is often used
as on the catalyst instead of pure palladium. Palladium oxidizes readily in oxygen so it is
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actually easier to maintain a PdO catalyst than a pure palladium one. The adsorption of
oxygen on the palladium surface does not interfere with the hydrogen adsorption and
helps to promote catalytic activity. Pure hydrogen can still reduce PdO causing H2O to
block surface sites which destroys the activity of the catalyst. However, oxygen heating
of the catalyst to above 460°C re-establishes the oxidized surface and the catalytic
activity [47].
Another element that can harm catalytic activity is exposure to highly reactive
species. Sulfur is a common example; this can destroy catalytic converters in
automobiles. Sulfur disrupts the hydrogen adsorption and desorption kinetics by
simultaneously blocking surface sites and diminishing surface mobility [48].

Piezoelectric Materials

The propensity of a material to produce an electric output when a force is applied
is called the piezoelectric effect. The piezoelectric effect was first discovered in 1880
and is exhibited in a number of naturally occurring materials such as quartz, tourmaline,
and sodium potassium tartride. The key property of piezoelectric crystals is no center of
symmetry to their structure. When a stress is applied, the separation of positive and
negative charges in the elementary cells is altered, producing a net polarization on the
crystal surface and a voltage output. These materials also operate in the opposite fashion,
an applied voltage causes an elastic strain in the material [49, 50].
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Polarization and Hysteresis

The most commonly used piezoelectric material is Lead Zirconate Titanate (PZT).
In additional to excellent piezoelectric properties it is chemically inert, inexpensive to
manufacture, and insensitive to atmospheric conditions such as humidity. PZT and other
piezoelectric ceramics can be thought of as materials with very small crystallites. When
these crystallites take on a tetragonal symmetry the positive and negative charged sites no
longer coincide, creating an electric dipole. These materials are often referred to as
ferroelectric because their electrical behavior is analogous to ferromagnetic materials but
do not necessarily contain iron [49] .
Another material commonly used for piezoelectric applications is poly vinylidene
fluoride (PVDF). This polymer based material offers several advantages, such as large
strain without structure fatigue, light weight, low cost, ability to process into thin and
flexible films of various shapes and sizes, and most importantly, flexible architecture
design via molecular tailoring. However, PVDF piezoelectric materials produce less
electrical output and are less energy dense compared to PZT. Therefore PZT is more
favorable when considering energy generation [51].
When piezoelectric materials such as PZT are formed the dipoles in the material
align themselves with neighboring dipoles, creating regions with a net polarization.
These are called Weiss Domains. Initially, the domains are randomly distributed and no
overall polarization or piezoelectric effect is exhibited. In order to align the domains the
material is exposed to a strong electric field at an elevated temperature, just below the
Curie point, the temperature at which the material no longer exhibits its piezoelectric
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properties. This process increases the domains aligned with the electric field and
decreases the unaligned domains. Once nearly all of the dipoles are aligned no further
polarization can occur, this is referred to as saturation polarization. The higher degree of
alignment or parallelism leads to a greater production of spontaneous polarization when a
mechanical stress is applied. This is also true for the inverse piezoelectric effect, the
increased parallelism of the dipoles leads to larger mechanical deformations when an
electric field is applied. Therefore, by aligning all the dipoles together, displacements
cause polarization in one direction, increasing the over electrical output of the material
[49, 50].
When the electric field is removed the dipoles become locked in place creating a
permanent polarization. Upon the removal, some dipoles become less aligned, reducing
the polarization to a value called the remnant polarization. This value is slightly less than
the saturation polarization. Exposure to an electric field in the opposite direction can
cause the polarization to return to zero and then to the negative saturation polarization
value. Once again, when the electric field is removed the polarization will decrease in
magnitude to the remnant polarization. This decrease in polarization when the electrical
field is removed is referred to as dielectric hysteresis. Figure 2-13 helps illustrate the
arrangement of the dipoles before, during and after the electric field is applied [49].
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Figure 2-13: Arrangement of dipoles in a piezoelectric material. a) before an electric field
is applied, b) during exposure to an electric field, c) after the electric field is removed.
[49]

Characterizing Piezoelectric Materials

There are several terms used to characterize piezoelectric materials.
Permittivity, εij, relates to the ability of a material to polarize when exposed to an electric
field, in other words, the dielectric displacement per unit electric field. The direction of
the dielectric displacement and the electric field are denoted by the first and second
subscripts, respectively. The dielectric displacement is defined as the amount of charge
per surface area. When the dipoles in the material become aligned the dielectric
displacement increases. The compliance, sij, of a piezoelectric material is the amount of
strain per unit applied stress. The first subscript refers to the direction of the strain while
the second refers to the direction of the stress. The charge constant, dij, is the electric
polarization of the material per unit of mechanical stress applied to it. The first subscript
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denotes the direction of polarization and the second denotes the direction of the applied
stress. The piezoelectric voltage constant, gij, is the electric field generated per unit of
applied mechanical stress, with the first and second subscripts referring to the direction of
the electric field and the direction of the applied stress, respectively. Finally, there is the
coupling constant which is the square root of the energy converted to energy input ratio.
All of these parameters help to characterize piezoelectric material and allow materials
with favorable properties to be paired with the appropriate application. In the case of
power generation the piezoelectric materials with greater charge constants and voltage
constants are preferred [49, 50].

Stability

The output from PZT is also temperature dependent. The dielectric constant
changes with temperature. The alignment of the electric dipoles gradually decreases as
the temperature increases. However, PZT exhibits pyroelectric behavior as well, where
an electrical output will be produced by increases in temperature, not just by material
deformation. This characteristic is favorable when temperature fluctuations are also used
to strain the material [49].
Other factors that lead to changes in the properties of PZT and polarization are
strong opposing electrical fields, excessive mechanical stress, and excessive
temperatures. An opposing electrical field will cause the alignment of the dipoles to
decrease, eventually leading to depolarization. As the temperature increases electrical
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depolarization is likely to occur. The temperature at which the material no longer
exhibits piezoelectric behavior is called the Curie point. Experimentation with
piezoelectric materials should be conducted well below the Curie point to prevent
depolarization. Excessive mechanical stress can also destroy the alignment of the dipoles
and depolarize the material. The limits for the mechanical stress are dependent on the
material grade [49, 50].

Piezoelectric Applications

Piezoelectric devices are used as actuators, sensors, and energy generators.
Actuators utilize the reverse piezoelectric effect. By applying a voltage, the deformation
of the material can be made to do work, such as turning switches on and off. This is very
useful in system controls applications. Sensors use the direct piezoelectric effect to
detect motion or deformation. They are used for applications such as strain gauges for
bridges and accelerometers for air bag deployment. Generators utilize the electrical
output of piezoelectric devices to produce work, such as powering electronics equipment.
The purpose of the current research is to utilize the electrical generating abilities to
develop a piezoelectric micro engine. [49, 50]
Several research groups have worked on developing piezoelectric energy
generators. The majority of the groups focused on the development of energy harvesting
devices; devices that utilize the waste heat or mechanical energy of larger mechanisms to
produce electricity. Once example is a shoe mounted piezoelectric device, which uses
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the forces exerted on a shoe during walking to produce electricity [52]. Several other
research groups have focused on using mechanical vibration to oscillate cantilever beams
[53-58]. Another use of piezoelectric energy generation is for micro engine devices,
which use inclusive heat source, usually produced through combustion, to produce
power. One example is the P3 micro engine which was previously discussed [15-17].
Another example is the focus of the current research; employing pulsed-catalytic
combustion to deform a piezoelectric cantilever beam and produce a useful electrical
output.
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Chapter 3
Micro Engine Design

The basic concept of the micro engine design that is studied in this work is to
utilize the thermal expansion of materials to produce useful energy. As a material is
heated and cooled it will expand and contract. If it is a solid rod or tube it will mimic the
in and out motions of a piston. Instead of using this motion to turn a shaft, it can be used
to strain a piezoelectric material. The strained material will then produce an electrical
output that can be harnessed to provide power. Therefore, as the device is periodically
heated and cooled, expansion and contraction within the micro engine will produce a
periodic electric output. To achieve the cyclical heating and cooling, periodic catalytic
combustion will be used. The next section discusses the advantages of this concept and
the use of catalytic combustion.

Design Advantages

The first major advantage to the proposed micro engine concept is the absence of
moving parts. This is advantageous because when the size of a mechanical system is
reduced the mechanical losses become a larger percentage of the possible power output.
Motors for example, suffer large losses in efficiency as they decrease in size. Based on
the National Electrical Manufacturers Association (NEMA) premium motor efficiency
standards, when a motor is reduced from 5 HP to 1 HP the efficiency is reduced from
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89.5% to 82.5% [1]. If the number of moving parts is reduced, the losses in efficiency
are less excessive. In addition, moving parts are difficult to fabrication on a microscale.
Therefore, by eliminating the moving parts, the device can be more efficient and easier to
fabricate.
Another major advantage is the use of catalytic combustion. As mentioned in the
previous chapter, the reduction to the microscale level inherently increases the surface
area to volume ratio. This leads to inefficient combustion, heat loss, and, eventually,
flame quenching. With heterogeneous catalytic combustion, there is no flame to sustain
and the increased surface area to volume ratio increases the surface reaction sites and the
rate of reactants reaching the catalyst surface. As a result catalytic combustion is much
more effective at reduced dimensions than gas phase combustion. Another advantage is
low operating temperatures. Catalytic reactions can be sustained at much lower
equivalence ratios and temperatures than gas phase reactions. Also, no ignition source is
needed for catalytic reactions.
Finally the design incorporates the electrical generating device within the engine.
Several other designs, such as micro turbines and micro rotary engines require the use of
an electrical generator to produce an electrical output. In this device, the piezoelectric
material, which produces the electrical output, is part of the overall engine structure.
This allows for the design to be more compact.
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Preliminary Work

Work began in the fall of 2002 to design a device that would thermally expand
and contract a solid rod. Upon expansion, the rod would exert a force on a piezoelectric
device to produce an electrical output. A prototype engine was designed and built. The
engine prototype was named the Penn State Solid Piston (PSSP) Engine. Figure 3-1
shows a photograph of the prototype engine next to a D-sized battery. A schematic
drawing of the prototype micro engine is shown in Figure 3-2. The basic operating
principle of the PSSP micro engine is as follows: The air flows through the channels of
the outer chambers and then over a metal or ceramic tube to which a catalytic coating has
been applied. Fuel, which is periodically injected into the air stream, reacts on the
catalyst and thereby heats the tube. When no fuel is supplied the air flow acts to cool the
rod. Thus the tube is alternately heated when the fuel is on and cooled when the fuel is
off, causing periodic thermal expansion and contraction. One end of the tube is rigidly
constrained while the other end is pressed against a piezoelectric device. The mechanical
work produced by the expansion of the tube is converted to an electrical output by the
piezoelectric device.
As a first step in assessing the viability of the PSSP micro-engine concept, a
micro-combustor was fabricated to simulate the combustor within the PSSP engine.
Tests were conducted to evaluate the response of the catalytic micro combustor to fuel
flow rate modulations. The results of these tests were compared to numerical calculations
that were performed using FLUENT. The experimental and numerical results are
discussed in Chapters 4 and 5, respectively.
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Figure 3-1: Picture of the prototype Solid Piston Micro engine compared to a D-size
battery

Figure 3-2: Schematic of prototype Solid Piston Micro engine

60
New Micro Engine Design

After analysis of the results from original micro engine concept, a new micro
engine design was developed. The design, which is detailed in Chapter 6, consists of
two cantilever beams within a sealed chamber. A schematic of the general set up is
shown in Figure 3-3.

Figure 3-3: Schematic of the new micro engine design.

The beam on the left hand side is a piezoelectric cantilever beam. Upon
deflection, the piezoelectric beam will produce an electrical output. The beam on the
right is a bi-layered actuator beam coated with a palladium catalyst. The operation is as
follows: hydrogen is periodically injected into a steady flow of air which flows into the
engine chamber. When the hydrogen-air mixture flows over the catalyst coated surface
of the bi-layered beam it reacts and, as a result, heats the bi-layered beam. The layers of
the beam are paired to have significantly different coefficients of thermal expansion,
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causing the beam to bend when it is heated. As the beam deflects it exerts a force on the
piezoelectric beam, causing it to bend. The strain on the beam then produces an electrical
output. The fuel is then shut off and air only flow cools the bi-layered beam, causing it to
go back to the ‘cool’ position. The cycle is then repeated based on the optimum
operating frequency. By combining several sets of beams into one device a useful
electrical output can be produced. Initial work focused on the characterization of one
pair of beams through experimental testing.
The new design has several advantages over the original. First, the design is
modular; the beams can be stacked or aligned side by side, allowing for a specific power
output dependent on the number of beams. The design is comprised of components that
can be fabricated using existing microfabrication techniques. Finally, the micro engine
design has a lower operating temperature of less than 100°C, making it more feasible to
incorporate with devices it may power.
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Chapter 4
Micro-Combustor Characterization

Since the core concept of the micro-engine operation relies upon the temperature
fluctuation of the catalyst tube, the initial research focused on the heating and cooling
processes within the combustion chamber of the initial engine design. In order to better
understand and control these processes a test combustor was designed and fabricated to
perform experiments.

Micro-Combustor Design

The combustor design and dimensions were set to allow for traditional machining
methods and the use of readily available materials. As a result, micro-combustor
experiments could be performed before more expensive and challenging micro
fabrication methods were incorporated. The micro-combustor was machined by a CNC
machine out of Hastelloy C276 alloy metal. Since previous calculations were fairly
rough, a material that could easily withstand anticipated high operating temperatures was
desired. The melting point for hastelloy is 1640K, which was well above the expected
operating temperatures.
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Figure 4-1 shows a schematic of the test combustor. The combustor is comprised
of three main sections: the mixing section, the combustion chamber, and the exhaust
section. The function of the mixing section is to ensure that the fuel and air mix prior to
entering the combustion chamber. As shown in the schematic, the air enters inline with
the combustion chamber through eight 0.635 mm holes. The fuel enters from the
manifold around the outside of the mixing chamber via eight 0.559 mm holes. The
transverse injection of fuel into the air steam promotes mixing. The next section is the
combustion chamber. The original combustor had a diameter of 4.57 mm, and a length of
38.1 mm. The combustor was designed to allow for adjustments in combustor diameter.
Subsequent combustor diameters used were 3.56 mm and 2.54 mm. A hastelloy tube is
positioned concentrically in the combustion chamber and is supported by an inset on the
mixing chamber wall. The tube is coated with a palladium catalyst and is therefore
referred to as the ‘catalyst tube’. The catalyst tube has an outer diameter 1.65 mm,
creating combustion heights of 1.46 mm, 0.955 mm, and 0.445 mm for the three
combustor diameters. The exhaust section is the last piece of the test combustor. Its
main purpose is to provide support for the catalyst tube and the combustion chamber,
allowing it to be easily mounted.
The operation of the combustor is as follows: First the air and fuel enter the
mixing chamber through different inlets. The fuel and air then mix. As the air and fuel
leave the mixing section they flow over the catalyst tube producing a catalytic reaction.
This reaction releases heat, which raises the temperature of the catalyst tube. The fuel is
then shut off and an air only stream flows through the mixing section into the combustion
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chamber. The steady flow of room temperature air then convectively cools the catalyst
tube. By modulating the fuel flow the tube is periodically heated and cooled.

Figure 4-1: Computer drawing of the test micro-combustor

Experimental Setup

In order to conduct experiments and analyze the operation of the combustor
several instruments needed to be incorporated with the test combustor. Figures 4-2 and 43 show a schematic and a picture of the experimental setup, respectively.
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Flow Control

First, tanks of hydrogen and air were used to store the reactant gases. Pressure
gauges were used to measure the pressure of the gases leaving the tanks and entering the
flow meters. Rotameters with control valves were used for both gases, this allowed for
the gas flow to be measured and controlled prior to entering the combustor. The
hydrogen gas then entered a large plenum made out of 4 inch diameter PVC pipe. The
plenum served to dampen pressure fluctuations produced by the valve used to turn the
fuel flow on and off. The hydrogen flow was modulated by a two position solenoid
control valve. The valve was controlled by an IOTA ONE® Pulse Drive Actuator that
enabled the fuel to be turned on and off at a desired frequency and duty cycle.

Figure 4-2: Schematic of experimental layout.
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Hydrogen Sensor

After the hydrogen passes through the valve, it enters the mixing section to
combine with the air flow. Both air and hydrogen then flow into the combustion
chamber. The hydrogen and air that reach the catalyst surface react to form H2O,
producing a mixture of air, hydrogen, and H2O exiting the chamber. The products of
combustion chamber then pass through the exhaust section, through a cooling coil and
into a mixing plenum. The cooling coil is used to lower the temperature of the exhaust
gases before entering the hydrogen sensor to prevent damage to the instrument. The
mixing plenum is used to mix the gas entering the combustor when the hydrogen is on
when it is off, producing an average concentration of the exhaust gases. After the mixing
plenum the gases flow through the hydrogen sensor. The sensor was a Conspec
P2263XP Hydrogen Gas Sensor capable of measuring concentrations of hydrogen from
0-4% H2. A digital multi-meter was used to measure the output signal from the sensor.
Based on the previously performed calibration, the amount of hydrogen in the exhaust
could be determined. The mixing plenum is necessary because the response time of the
hydrogen sensor was too long to measure real time hydrogen levels. Therefore, the
average concentration measurement from the hydrogen sensor is used to determine the
percentage of hydrogen burned during the fuel pulse.
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Figure 4-3: Experimental Setup

Temperature Measurement

A thermocouple was inserted inside the catalyst tube to measure the temperature.
The end of the thermocouple was placed 19 mm from the edge of the mixing chamber.
Another thermocouple was inserted in the air flow passage ahead of the mixing section to
measure the inlet air temperature. The temperatures were read and recorded using a
digital acquisition system. The data acquisition system consists of a National Instruments
SCB-68 Analog to Digital Conversion Box which links the thermocouples to a computer.
LabVIEW® was used for the computer interface software enabling the temperatures to be
recorded and displayed.
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Micro-Combustor Performance Parameters

The overall performance of the micro-combustor is defined in terms of the
amount of mechanical work produced by the thermal expansion of the catalyst
and the efficiency with which the supplied chemical energy is converted to
mechanical work. Ideally the operating conditions that produce the greatest
amount of mechanical work are similar to the conditions with the highest overall
efficiency.

Mechanical Work

The maximum mechanical work produced by the thermal expansion of the
catalyst tube is equal to the change in the length of the catalyst tube (ΔLtube) times
the maximum force the tube can withstand without buckling (Fcr). The change in
the length of the catalyst tube is

ΔLtube = LtubeαΔTtube

where α is the coefficient of thermal expansion of the catalyst tube and ΔTtube is
the change in the catalyst tube temperature. The maximum force that the tube can
withstand without buckling is

(4-1)
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Fcr = [E I π2] / L2tube

(4-2)

where E is the modulus of elasticity and I is the area moment of inertia of the
catalyst tube. The area moment of inertia for a tube is given by

I = [π/4] [r4OD – r4ID] = [Atube/4] [r2OD + r2ID]

(4-3)

where rOD and rID are the outer and inner diameter of the catalyst tube, and Atube is
the cross-sectional area of the catalyst tube. Therefore the maximum work (Wmax)
that the expanding catalyst tube can do on the surroundings is equal to

Wmax = [EAπ2 (r2OD + r2ID) (LtubeαΔTtube)] / [4 L2tube ]

(4-4)

Efficiency of Conversion from Supplied Chemical Energy to Mechanical Work

The process whereby chemical energy is converted to mechanical work can be
viewed as a sequence of three energy conversion processes, each with its own efficiency.
The processes include: (i) the conversion of chemical energy to thermal energy; (ii) the
transfer of heat to the catalyst tube; and (iii) the conversion of the heat gained by the
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catalyst tube to the mechanical work done by the catalyst tube. The description of these
three processes and their corresponding efficiencies are as follows.
The first process is the conversion of chemical energy to thermal energy as a
result of combustion and is described by the combustion efficiency, ηcomb. The
combustion efficiency can be expressed in terms of the rate at which fuel is consumed in
the combustor divided by the rate at which fuel enters the combustor.

ηcomb = [ m& fuel consumed ] / [ m& fuel input ]

(4-5)

The second process is the heating of the catalyst tube, which can be
described in terms of a heat transfer efficiency, ηHT. The heat transfer efficiency is
defined as the change in the internal energy of the catalyst tube as it is heated
divided by the energy produced by the fraction of the fuel that burns. The heat
transfer efficiency (ηHT) is therefore given by the following equation.

ηHT = [mtube Ctube ΔTtube] / [ηcomb mhydrogen Hhydrogen ]

(4-6)

71

where mtube is the mass of the catalyst tube, Ctube is the specific heat of the catalyst tube,

ΔTtube is the temperature change of the catalyst tube, mhydrogen is the mass of the hydrogen
delivered per cycle and Hhydrogen is the heat of combustion for the hydrogen.
The third process is the conversion of the internal energy increase of the catalyst
tube to the mechanical work produced by the thermal expansion of the catalyst tube and
can be described in terms of a thermal-to-mechanical efficiency, ηtherm-mech. The thermalto-mechanical efficiency is defined as the mechanical work done by the expanding
catalyst tube divided by the increase in the internal energy of the catalyst tube. As noted
previously, the maximum mechanical work is equal to the change in the length of the
catalyst tube times the maximum force the tube can withstand without buckling. The
resulting equation for the thermal-to-mechanical efficiency is

ηtherm-mech = [Eπ2 (r2OD + r2ID) α] / [4 L2tube Ctube ρtube]

(4-7)

where E is the modulus of elasticity and α is the coefficient of thermal expansion of the
catalyst tube, ρtube is the density of the catalyst tube and Ctube is the specific heat of the
catalyst tube.
The overall system efficiency, ηsystem, represents the efficiency with which the
chemical energy entering the combustor is converted to mechanical work and is equal to
the product of the above three efficiencies.
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ηsystem = ηcomb ηHT ηther-mech

(4-8)

The next section details experiments that were completed to determine the affect of
combustor design and operating conditions on the performance of the micro-combustor.

Combustor Testing

Three sets of experiments were conducted using the test micro-combustor. First
steady state combustion tests were performed. Next hot-wire anemometer tests were
done to analyze the modulation of the fuel. Combustion tests with modulated fuel flow
were then conducted. The modulated fuel experiments also included testing with three
different combustor diameters.
For all tests, hydrogen was used as a fuel because of its lower reaction
temperature and faster reaction rates.. As explained in Chapter 2, palladium is a better
choice than platinum for hydrogen-air combustion. The presence of palladium produces
reactions at lower temperatures and has a better conversion efficiency than platinum.
Also platinum is 3-4 times more expensive than palladium.
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Steady State Combustion Experiments

Combustion tests were initially conducted under steady flow conditions in order
to determine the temperature of the catalyst tube as a function of equivalence ratio. In
addition the tests determined the light-off temperature for hydrogen in air at different
equivalence ratios. This was important in determining if the incoming fuel or air needed
to be preheated. The temperature of the catalyst tube was measured by the thermocouple
placed inside of the catalyst tube from the exhaust end of the combustor. In the steady
flow tests, the steady state temperature of the catalyst tube was recorded as a function of
equivalence ratio and air flow rates.

Hot-Wire Anemometer Experiments

Before modulated combustion experiments were conducted, the temporal
fluctuation of the fuel concentration at the entrance to the combustor was measured over
a range of conditions. This was done using a hot-wire anemometer that was inserted into
the combustor from the exhaust end, after removal of the catalyst tube. Hot-wire
anemometers are used to measure velocities and concentration changes in flow fields.
This is accomplished by measuring the change of voltage needed to maintain the wire at a
constant temperature as it is convectively cooled by the fluid flow. Figure 4-4 shows a
schematic of the hot-wire inserted into the combustion chamber. During the pulsed
experiments the fuel was modulated at specified frequencies, duty cycles, and
equivalence ratios. (Note that in the pulsed experiments, the equivalence ratio refers to
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the equivalence ratio during the fuel pulse.) The anemometer output was recorded by a
digital acquisition device at a rate of 100 samples per second. Employing a calibration
curve for measured voltage vs. equivalence ratio obtained under the steady flow
conditions, the measured voltage levels during pulsed operation were converted to
equivalence ratios.

Figure 4-4: Hot-wire Anemometer Setup

Modulated Fuel Experiments

Pulsed combustion tests were conducted to determine the response of the catalyst
tube temperature to input frequency, duty cycle, and equivalence ratio. Temperature
measurements were acquired by the digital acquisition system at a rate of 100 samples
per second. In addition, the hydrogen sensor was used to determine the amount of
hydrogen remaining in the exhaust flow. This allowed the combustion efficiency and
chemical energy to mechanical energy conversion efficiency to be determined. Table 4-1
lists the different parameters tested, which includes two frequencies, two duty cycles,
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three equivalence ratios, two velocities, and three combustor diameters. This resulted in a
total of 72 separate test conditions.
Table 4-1: Operating parameter for modulated fuel combustion experiments
Operating Parameters

Values

Frequency

0.5 Hz, 2.0 Hz

Duty Cycle

15%, 25%

Equivalence Ratio
Air Velocity

0.4, 0.5, 0.6
15 m/s, 25 m/s

Combustor Diameter

4.57 mm, 3.56 mm, 2.54 mm

Results and Discussion

Steady State Combustion Experiments

The temperature of the catalyst tube during steady operation of the microcombustor is shown as a function of equivalence ratio for six velocities in
Figure 4-5. The velocity is the average velocity of the gas flowing through the
micro combustor. The results of the steady state experiments show that light off
was achieved at room temperature conditions for hydrogen-air equivalence ratios
greater than approximately 0.02. As expected, the temperature of the catalyst
tube increased with increasing equivalence ratio. The results shown in Figure 4-5
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are significant for the design of the engine since they indicate that no preheating
of the fuel is necessary and that high temperatures can be achieved at very low
equivalence ratios. Equivalence ratios above 0.12 were not tested at steady state in
order to prevent the catalyst and hastelloy tube from being damaged by high
temperatures.
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Figure 4-5: Catalyst tube temperature versus equivalence ratio for the steady state
combustion experiments.
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Hot-Wire Anemometer Experiments

Next, the modulation of the equivalence ratio within the micro-combustor
was measured using the hot-wire sensor. A typical plot of equivalence ratio versus
time at the entrance to the combustor with pulsed fuel flow is shown in Fig. 4-6.
In this case the frequency is 0.5 Hz, the duty cycle is 15%, the velocity is 25 m/s
and the equivalence ratio is 1.05. As shown, the temporal modulation of the
equivalence ratio at the entrance to the combustor very closely mimics the square
wave input signal to the solenoid valve. During the test, when hydrogen was
released into the system, the hotwire signal corresponded to the signal produced
for a steady flow of hydrogen and air at the same flow rate and equivalence ratio.
When the fuel was shut off the hotwire signal corresponded to the signal produced
for a steady flow of air with no fuel added to the flow. From these results, the
hydrogen concentration, and therefore the equivalence ratio, can be expected to
remain relatively constant during the fuel pulse and that there is effectively no
hydrogen present during the fuel-off period.
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Figure 4-6: Hot-wire output for experiment with a frequency of 0.5Hz, a duty cycle of
15%, an equivalence ratio of 1.05, and a velocity of 25 m/s.

Fuel Modulated Combustion Experiments

A typical plot of catalyst tube temperature versus time over two fuel
modulation cycles is shown in Figure 4-7. In this case the fuel modulation
frequency is 0.25 Hz, the duty cycle is 20%, the velocity is 25 m/s and the
equivalence ratio during the fuel pulse is 0.7. The cycle begins when the solenoid
valve opens enabling hydrogen to flow to the mixing section, where it is mixed
with air before entering the annular combustion chamber. When the hydrogen-air
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mixture enters the combustion chamber, reactions are initiated on the surface of
the catalyst tube, which causes the catalyst tube temperature to increase. The
temperature of the catalyst tube increases until the hydrogen flow is stopped, after
which the steady flow of room temperature air cools the catalyst tube until the
hydrogen flow resumes and the cycle repeats itself. It should be noted that under
the conditions of these tests the gas temperature is too low for the initiation of gas
phase reactions, therefore, the fuel consumption and heat release is solely the
result of catalytic surface reactions.

Figure 4-7: Catalyst tube temperature versus time during two complete cycles for a
frequency of 0.25 hz, a 25% duty cycle, a velocity of 25 m/s and an equivalence ratio of
0.7.
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The catalyst temperature versus time plots over the range of conditions
tested exhibit two general characteristics. The first is that the catalyst temperature
change is approximately linear with time during both the cooling and heating
parts of the cycle. In other words, the heating and cooling rates are approximately
constant. The second is that the duration of the heating and cooling parts of the
cycle are very nearly equal to the fuel on and fuel off times, respectively.
Therefore the heating and cooling rates, defined as dTtube/dt, can be expressed as

{dTtube/dt}heating = (Tmax – Tmin) / (DC/f)

(4-9)

{dTtube/dt}cooling = (Tmin – Tmax) / ([1- DC]/f)

(4-10)

where DC is the duty cycle, f is the fuel modulation frequency, and Tmax and Tmin
are the maximum and minimum temperatures of the catalyst tube. Dividing the
heating rate by the cooling rate gives the following equation, which shows that the
ratio of the heating rate to the cooling is only a function of duty cycle, i.e.,

[dTtube/dt)heating] / [ (dTtube/dt)cooling] = – [1 – DC] / DC = 1 - [1/DC]

(4-11)
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Effect of Test Parameters on Catalyst Tube Temperature Change

An important parameter for the intended application is the difference
between the minimum and maximum catalyst tube temperature (ΔTtube = Tmax –

Tmin), since this relates directly to the change in length of the catalyst tube in the
solid-piston micro-engine. Depending on the tests conditions, the temperature
fluctuations ranged from 9°C to 196°C. Figures 4-8, 4-9, and 4-10 illustrate the
effect equivalence ratio, duty cycle and frequency, respectively, have on the
temperature fluctuation. As shown, the temperature fluctuations increased with
increased duty cycle and equivalence ratios and with decreased frequency. Using
the data from all 72 test conditions, a correlation relating the change in the
catalyst tube temperature (ΔTtube) to the test parameters, i.e., frequency of fuel
modulation (f), duty cycle (DC), velocity (V), equivalence ratio (φ) and outer
diameter of the combustor (d) was calculated using the computer software
SigmaPlot and is shown in Equation 4-12. The R2 value for the correlation is
0.984.
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Figure 4-8: Catalyst Temperature versus time at duty cycles of 10%, 15%, 20%, and
25%, a frequency of 0.5 Hz, a velocity of 25 m/s and an equivalence ratio of 0.73.
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Figure 4-9: Catalyst Temperature versus time at equivalence ratios of 0.47, 0.73, and
1.05, a frequency of 0.5 Hz, a duty cycle of 20% and a velocity of 25 m/s.
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Figure 4-10: Catalyst Temperature versus time at frequencies of 0.25, 0.5, 1.0, a duty
cycle of 25%, a frequency of 0.5 Hz, a velocity of 25 m/s and an equivalence ratio of
0.73.

ΔTtube = 2.29x104 f -1.31 DC 0.67 V 0.64 φ 0.40 d 1.24

This correlation shows that all test parameters have an appreciable effect
on the change in the catalyst tube temperature, where increasing/decreasing the
frequency of fuel modulation acts to decrease/increase the change in the catalyst
tube temperature, while duty cycle, velocity, equivalence ratio and combustor
diameter all have the opposite effect. In order to understand this behavior, one

(4-12)
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must consider the effects of the individual parameters on the heating and cooling
times, as well as, the heating and cooling rates. The heating and cooling times are
simply functions of the duty cycle and the frequency, i. e.

Δτheating = DC / f and Δτcooling = [1 – DC] / f

(4-13)

Therefore the effect of velocity, equivalence ratio and combustor diameter on the catalyst
tube temperature change must be through their effect on the heating and/or cooling rates.
The heating and cooling rates can be obtained by substituting Equation 4-12 into
Equations 4-9 and 4-10, respectively, giving

{dTtube/dt}heating = κ f -0.31 DC -0.33 V 0.64 φ 0.40 d 1.24

(4-14)

{dTtube/dt}cooling = - κ f -0.31DC 0.67V 0.64φ 0.40d 1.24/(1- DC)

(4-15)

where κ = 2.29x104.

Another important parameter is the average catalyst tube temperature, since this
affects the surface reaction rate during the heating part of the cycle and the heat transfer
rate during both portions of the cycle. Using data from all 72 test conditions, the
following correlation between the average catalyst temperature, i.e., Tavg=(Tmax – Tmin)/2,
and the test parameters was obtained. (R2=0.925)
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Tavg = 5.515x103 f 0.020 DC 0.833 V 0.011 φ 0.376 d 0.138

(4-16)

The correlations in Equations 4-14 and 4-15 show that the velocity, equivalence
ratio and combustor diameter not only affect the heating and cooling rates, but that the
effect of these parameters is the same on both the rate of heating and the rate of cooling.
This interesting result is a consequence of the fact that heating and cooling processes are
interdependent in that at steady state the magnitude of the catalyst tube temperature
change is the same for both processes. This leads to the unexpected result that the cooling
rate depends on the equivalence ratio. The physical explanation for the dependency is that
increasing the equivalence ratio increases the amount of fuel burned, which increases Tavg
as shown in Equation 4-16. When Tavg increases the temperature difference between the
catalyst tube and the incoming air is greater, increasing the rate of heat transfer from the
tube to the air. This leads to a higher cooling rate created by increased equivalence ratio.
The duty cycle increases the cooling effect in a similar fashion. When the heating period
constitutes a larger portion of the cycle, Tavg increases. As a result, the increased
temperature difference between the tube and the air once again increase the cooling rate.
Increased velocity increases the rate of convective cooling enabling heat to be removed at
a higher rate.
The heating rate is affected by the parameters by similar means. As the diameter
increases an increased quantity of hydrogen and air is needed to achieve the equivalent
velocity in the combustion chamber. More hydrogen and air entering the combustion
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chamber leads to more reactions and a higher heating rate. Increased velocity increases
the rate which fuel enters the combustion chamber and therefore increases the rate of fuel
reaching the catalyst and reacting. Therefore more fuel burns and the heating rate
increases. The increased equivalence ratio also increases the rate of fuel reaching the
surface resulting in an increased heating rate. Increasing the duty cycle, however, has an
inverse effect on the heating rate. This is a result of the smaller temperature difference
between the catalyst tube and the combustion gases which reduces the heat transfer rate
to the catalyst tube. As shown in Equation 4-14, the effect of the duty cycle is less
significant than equivalence ratio, diameter, and velocity.
The temperature fluctuation, heating rate and cooling rate of the catalyst tube are
all inversely related to the frequency. Increasing frequency reduces the length of each
cycle, i.e. if the frequency is doubled the cycle time is halved. As a result less time is
available to heat and cool the tube, reducing the temperature fluctuation. Since the
frequency only changes how often the fuel is added to the system, it should not affect the
amount of fuel reaching the catalyst tube, the rate at which the fuel reacts or the heat
transfer rate from the catalyst tube to the flowing gases. Therefore the dependency of the
heating and cooling rate on the frequency is unexpected. This result will be further
analyzed and discussed in the Numerical Simulation Chapter, Chapter 5.
The effect of each of the test parameters on the heating and cooling times, the
heating and cooling rates, the change in the catalyst temperature, and the average catalyst
temperature are summarized in Table 4-2.
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Table 4-2: The effect of tests parameters on heating and cooling times, heating and cooling
rates, and the average temperature of the catalyst tube.
Test
Parameter

Δτheating Δτcooling [dTtube/dt]heating [dTtube/dt]cooling

Frequency

f-1

Duty Cycle

DC

Velocity

-

Equivalence
Ratio
Combustor
Diameter

f-1

ΔTtube

Tavg

f-0.31

f-0.31

f-1.31

f0.02

DC-0.33

DC0.67/(1-DC)

DC0.67

DC0.83

-

V0.64

V0.64

V0.64

V0.01

-

-

φ0.40

φ0.40

φ0.40

φ0.376

-

-

d1.24

d1.24

d1.24

d1.38

(1-DC)

Effect of Test Parameters on Efficiencies

In addition to the effect of the test parameters on the change in the catalyst tube
temperature, it is also important to understand how the operating parameters affect the
efficiency with which the chemical energy supplied by the fuel is converted to the
mechanical work resulting from the thermal expansion of the catalyst tube. As discussed
previously, the overall system efficiency is equal to the product of the combustion
efficiency, the heat transfer efficiency, and the thermal-to-mechanical efficiency.
The combustion efficiency (ηcomb) is the rate at which fuel is burned in the
combustor divided by the rate at which fuel enters the combustor as defined by
Equation 4-5. The measured combustion efficiency over the test matrix given in Table 41 ranged from 21% to 88%. Using data from all 72 test conditions the following

89
correlation relating combustion efficiency to the test parameters was obtained. The R2
value of this correlation is 0.958.

ηcomb = 8x104 f 0.012 DC 0.095 V -0.483 φ -0.175 d -1.384

(4-17)

For a given mass flow rate of fuel entering the combustor, the rate at which fuel is
consumed is determined by the rate at which fuel reacts on the catalyst surface. The rate
at which fuel reacts on the catalyst is limited by either the surface reaction rate or the rate
at which fuel diffuses to the surface. If fuel consumption is surface reaction rate limited
the catalyst temperature will have an effect on the rate of fuel consumption. The fact that
the duty cycle has a significant effect on the average catalyst tube temperature (DC0.833),
while having almost no effect on the combustion efficiency (DC0.10), indicates that the
rate of fuel consumption is mass transfer limited.
The rate of mass diffusion to the catalyst surface is equal to the fuel concentration
gradient times the mass transfer conductance. In the mass transfer limited case the fuel
concentration on the catalyst surface is effectively zero, therefore the fuel gradient can be
approximated by dividing the inlet equivalence ratio by the annular combustor height.
The mass transfer conductance is given in terms of the Sherwood number which is
typically expressed as a function of the Reynolds number and Schmidt number. The net
result is that the ratio of the rate at which fuel diffuses to the catalyst surface and reacts to
the rate at which fuel enters the combustor is predicted to be a function of velocity and
combustor diameter and independent of frequency, duty cycle and equivalence ratio. The
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fact that the combustion efficiency is predicted to be independent of the frequency and
duty cycle is in good agreement with the correlation, where it was found that the
combustion efficiency was proportional to f 0.012 and DC 0.095. Similarly, the combustor
diameter (d -1.3842) and velocity (V-0.483) show the expected dependency. The largest
discrepancy is in the case of the equivalence ratio, which is predicted to have no effect on
the combustion efficiency whereas the correlation indicates that there is a small
dependence, i.e., φ -0.175. The correlation exponents for the combustion efficiency are
given in Table 4-3, along with those for the heat transfer efficiency, thermal-tomechanical efficiency and system efficiency, which are discussed next.

Table 4-3: Correlation exponents for each parameter for the combustion efficiency, heat
transfer efficiency, thermal to mechanical efficiency, and overall system efficiency
Test Parameter

η comb
0.012

η HT
-0.372

η ther-mech
0

η system
-0.312

Frequency (f )

f

Duty Cycle (DC )

DC

Velocity (V )

V

-0.483

V

0.367

V

0

V

-0.263

Equivalence ratio (φ )

φ

-0.175

φ

-0.28

φ

0

φ

-0.235

Combustor Diameter (d )

d

-1.384

d

0.082

d

0

d

-1.622

0.095

f

DC

-0.39

f

DC 0

f

DC

-0.12

The heat transfer efficiency (ηHT) is defined as the increase in the internal energy
of the catalyst tube in going from Tmin to Tmax divided by the energy released by the fuel
that is burned. In other words, the heat transfer efficiency is proportional to the
temperature change of the catalyst tube and inversely proportional to the combustion
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efficiency times the mass of fuel delivered. It should be noted that the amount of heat
that is transferred into the catalyst tube is equal to the increase in the internal energy of
the catalyst tube plus the amount of work done by the catalyst tube on its surroundings as
it expands; therefore the heat transfer efficiency as defined above does not account for all
of the heat transfer to the catalyst tube. The measured heat transfer efficiency over the
test matrix given in Table 4-1 ranged from 11% to 38%. Using data from all 72 test
conditions gives the following correlation relating the heat transfer efficiency to the test
conditions. The R2 value of this correlation is 0.728.

ηHT = 1.362 f -.372 DC -0.39 V 0.367 φ -0.28 d 0.082

(4-18)

The thermal-to-mechanical efficiency is the ratio of mechanical work associated
with the thermal expansion of the catalyst tube to the change of internal energy of the
catalyst tube resulting from the increase in temperature from Tmin to Tmax. As derived
previously, the equation for the thermal to mechanical efficiency is expressed as:

ηtherm-mech = [E π2 (r2OD + r2ID) α] / [4 Ctube ρtube L2tube ]

(4-19)

Equation 4-19 shows that the thermal-to-mechanical efficiency depends on the
physical and geometric properties of the catalyst tube but does not depend on any of the
test parameters, i.e., the frequency, duty cycle, velocity, equivalence ratio, and combustor
diameter. Substituting in the values for the material properties and catalyst tube
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dimensions gives a thermal-to-mechanical efficiency of 0.10%. Although this value is
very low, it can be increased by optimizing the catalyst tube dimensions and using a
material with a larger coefficient of thermal expansion and/or modulus of elasticity.
Finally, the overall system efficiency can be determined. The overall system
efficiency is the maximum mechanical work produced by the thermal expansion of the
catalyst tube divided by the chemical energy associated with the mass of fuel that enters
the combustor, and is given by the following equation.

η system =

4
− rID4 )ΔT
Eαπ 3 (rOD
4 Ltube mhydrogen H hydrogen

(4-20)

The measured overall system efficiency calculated using Equation 4-20 over the
test matrix given in Table 4-1 ranged in value from 0.004% to 0.021%. Again, these
values are very low because of the low thermal-to-mechanical efficiency. Using the data
from all 72 test conditions gives the following correlation for the overall system
efficiency as a function of the test parameters. The R2 value of this correlation is 0.917.

ηsystem = (1.26 E-8) f -0.312 DC -0.12 V -0.263 φ -0.235 d -1.622

(4-21)

The overall system efficiency is also equal to the product of the combustion, heat
transfer and thermal-to-mechanical efficiencies. The product of previous correlations for
the individual efficiencies gives the following result for the overall system efficiency.
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ηsystem=(3.52E-8) f -0.360 DC -0.295 V -0.116 φ -0.455 d -1.3

(422)

Although there are differences in the exponents of the individual parameters, both
equations show that the overall system efficiency is inversely dependent on all of the test
parameters. In other words, decreasing the frequency, duty cycle, velocity, equivalence
ratio and/or the combustor diameter will increase the overall system efficiency, where the
combustor diameter has the greatest effect. The differences between the exponents in
Equations 4-21 and 4-22 suggest that the statistical significance of the correlations is low.
This can be attributed to the limited size of the test matrix.

Conclusions

The micro-combustor test rig was designed to simulate the combustor in a
prototype version of a solid-piston micro-engine. The effects of operating conditions and
design parameters on the performance of the micro-combustor were determined. The
performance parameters of interest were the difference between the minimum and
maximum catalyst tube temperature and the efficiency with which the chemical energy of
the fuel is converted to mechanical work, as defined by the overall system efficiency.
The change in the catalyst tube temperature, which is a measure of the mechanical
work produced by the expansion of the catalyst tube, was found to decrease with
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increasing frequency and to increase with increasing duty cycle, velocity, equivalence
ratio and combustor diameter.

ΔTtube = 2.29x104 f -1.31 DC 0.67 V 0.64 φ 0.40 d 1.24

(4-23)

While the overall system efficiency was found to decrease with increasing frequency,
duty cycle, velocity, equivalence ratio and combustor diameter.

ηsystem = (1.26 E-8) f -0.312 DC -0.12 V -0.263 φ -0.235 d -1.622

(4-24)

Therefore there is a trade-off between increasing the magnitude of the power
output and the efficiency with which that power is produced. However, the main factor
limiting the overall system efficiency was found to be the thermal-to-mechanical
efficiency, which is not a function of catalyst tube temperature. As a result, the overall
system efficiency can be increased, without decreasing the mechanical work, by
optimizing the catalyst tube dimensions and using a material with a larger coefficient of
thermal expansion and/or modulus of elasticity.

Chapter 5
Numerical Simulation

The development of a numerical model can be a helpful and important tool in the
design and experimental process. Numerical models can be used to optimize the design,
materials, and operating conditions prior to fabrication, reducing the overall expenses and
experimental time. In addition, an improved understanding of the experimental work can
be obtained since the model provides a more theoretical based perspective on the system.
Therefore a numerical simulation of the micro-combustor experimental work was
performed using the computer-aided design package, FLUENT. Since experimental
results were previously obtained, a numerical model resembling the micro-combustor
experiments could be compared and analyzed. If the numerical and experimental results
are in close proximity to one another or the discrepancies can be sufficiently explained
then the method used to model the experiment can be considered valid. By refining the
model and analyzing and comparing experimental and numerical results a better
understanding of the micro-combustor system can also be obtained.

Setup

FLUENT has been used extensively to model fluid dynamics and heat transfer but
it can also be used to model combustion and other chemical reactions. Therefore,
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FLUENT is capable of handling the fluid dynamics of the gas flow through the
combustor, the catalytic reactions on the catalyst tube, and the heat transfer during both
the heating and cooling periods.
The first step was to use the FLUENT preprocessing tool, Gambit, to construct a
mesh structure to match the dimensions of the mid-sized micro-combustor (ID=3.56
mm). Figure 5-1 shows the micro-combustor mesh structure. The only significant
difference between the mesh structure and the actual combustor is the mixing chamber.
In order to simplify the numerical model the hydrogen and air enter through the same
inlets rather than the transverse injection of the hydrogen into the air stream, as used in
the experiment. Also, symmetry was used so that only one quarter of the microcombustor was modeled. This greatly reduced computation times since three quarters of
the combustion chamber did not need to be incorporated into the calculation.

Figure 5-1: Mesh structure for the micro-combustor numerical model.
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Next the flow conditions, reaction chemistry and operating parameters were
entered into FLUENT. The conditions discussed are based on the options provided
within the FLUENT user interface and include what was needed for the simulation.
The FLUENT model was a three dimensional, unsteady simulation. The model
was not simplified to two dimensions because accurately simulating the gas flow from
the mixing chamber to the combustor required a three dimensional model. The accuracy
was necessary because the effects of the fluid entering the combustion chamber from the
mixing section play an important part in the diffusion of fuel and air to the catalyst
surface. Since fuel is periodically injected into the system, the flow and heat transfer
conditions are continuously changing with time, therefore the system was modeled as
unsteady.
Based on calculations from the physical experiment, the Reynolds Number ranged
from 900-1400 for the given flow parameters. Since this is below Recrit, which is typically
~2300 for internal flow, the system was set to model laminar flow. As discussed later,
turbulent flow conditions were also tested but laminar results were in better agreement
with the experimental results.
The energy equation was also incorporated in the numerical calculations. The
calculations of heat transfer, temperature fluctuation, and heat release from combustion
are essential to modeling the temperature fluctuations of the tube.
The species transport and reaction options were turned on. These options were
needed to calculate the amount of hydrogen reaching the catalyst surface, what
percentage reacts with the air and the amount of heat released due to the reactions.
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An input file was used to modulate the fuel concentration. As the flow of air
remained constant the inlet value for hydrogen changed based on the frequency, duty
cycle and equivalence ratio. Since the air and hydrogen shared the same inlets the
calculation assumed the two were evenly mixed upon entrance to the combustion
chamber.

Reaction Chemistry

In order to model the surface catalytic reaction of hydrogen and oxygen, the
proper reaction chemistry needed to be input into the FLUENT model. To begin, the
reaction set included seven elementary reactions:

Table 5-1: Set of seven elementary reaction initially used to simulate the combustion in
the micro combustor.
Reaction

Reaction Type

Reaction #

H2 → 2H

(surface reaction)

(1)

2H → H2

(surface reaction)

(2)

O2 → 2O

(surface reaction)

(3)

2O → O2

(surface reaction)

(4)

H + O → OH

(surface reaction)

(5)

2OH → H2O + O

(surface reaction)

(6)

H + OH → H2O

(surface reaction)

(7)
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As noted, each of the above reactions is a surface reaction. Since the experiment
was conducted at relatively low temperatures (T<600°C), it was assumed that no
homogeneous gas phase reactions occurred, only surface reactions. For each individual
reaction, a reaction rate coefficient and an activation energy needed to be specified.
These values initially went off of Deutschmann’s [1] modeling work with the catalytic
combustion of hydrogen on palladium but were adapted to fit our experimental results.
In order to achieve reactions at 20°C, the activation energies for the dissociation
of H2 and O2 needed to be reduced significantly. This reduction in activation energy
produces the H and O radicals needed for the subsequent reactions. Also, the rate
coefficients for reactions for the reverse, recombination reactions were decreased so the
newly formed H and O radicals did not readily reform H2 and O2. However, this
produced unrealistic chemistry during the cooling cycle; O radicals formed readily and
did not reform into O2. Since the formation of O radicals is an endothermic reaction, the
catalyst tube lost heat due to the chemical reactions. This, in addition to the expected
convective cooling, produced a cooling rate much higher than observed in experimental
conditions. Several adjustments were made to account for these problems but with seven
interdependent equations and fourteen adjustable parameters no suitable reaction
chemistry could be obtained. As a result, one global reaction:

H2 + O2 → H2O (surface reaction)

(5-1)
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was used to simulate the catalytic reactions.
The use of one global reaction for the surface reaction chemistry proved to be a
viable option for several reasons. First, the reaction chemistry played no role in the
cooling portion of the cycle; therefore the catalyst tube was only cooled by convective
cooling from the incoming air flow. Second, the reaction rate coefficient and activation
energy could be set so that all fuel that comes in contact with the catalyst surface will
react. This falls in line with the previous experimental conclusions that the combustor is
mass transfer limited not reaction rate limited. Another positive aspect of the simplified
reaction chemistry was the effects from the modifications of the reaction rate and
activation energy were easier to observe and analyze. The interdependency of the
original set of reactions made the analysis much more difficult. In the end, the activation
energy was set to enable reactions to occur at 20°C and the reaction rates were set to
allow all fuel diffusing to the catalyst surface to react.

Operating Parameters

By adjusting the operating parameters (frequency, duty cycle, equivalence ratio,
velocity) in FLUENT, each set of operating conditions used in the experimental work
were repeated in the simulation. The operating parameters included two frequencies (0.5
Hz, 2.0 Hz), two duty cycles (15% and 25%), two velocities (15 m/s, 25 m/s) and three
equivalence ratios (0.4, 0.5, 0.6). This produced twenty four unique operating conditions
to simulate.
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Categorizing the Flow Condition

Based on calculations from the physical experiment, the Reynolds Number ranged
from 900-1400 for the given flow parameters. Since this is below Recrit, which is ~2300
for internal flow, it is expected that the viscous effects dampen out instabilities in the
flow, keeping the flow laminar. However, certain effects in the combustor design such as
the transverse injection of fuel into the air stream and the expansion of flow at the inlet to
the combustion could produce turbulent flow. Also, one of the largest disparities
between the experimental and numerical results was a lower combustion efficiency and
average temperature for the numerical results. The turbulent flow conditions would
increase the amount of fuel reaching the catalyst, which would increase the combustion
efficiency. Therefore, turbulent flow conditions were also tested in the numerical model
to determine if the numerical results would be in better agreement with the experimental
results.
In FLUENT several parameters can be adjusted to increase the turbulence
intensity of the flow. The κ-Epsilon Mathematical Model was used to model the
turbulent flow. Two different parameters were chosen to test their effects of turbulence
on the system.
The first parameter adjusted was the Turbulent Schmidt Number. The Schmidt
Number is the ratio of inertial diffusion to molecular diffusion expressed as:
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Sc =

ν
D

(5-2)

where ν is the kinematic viscosity and D is the molecular diffusivity. The Turbulent
Schmidt Number is a parameter used in the FLUENT κ-Epsilon Model. It is the ratio of
eddy diffusivity of momentum to the eddy diffusivity of molecular transport. In other
words, it is a comparison between the transport of momentum and transport of molecules
due to turbulence. The Turbulent Schmidt Number was varied from 0.4 to 1.2. Initially
the ratio was set to 1.0 to observe the effects when the eddy diffusivities of momentum
and molecular transport were in balance. The ratio was then increased and decreased to
determine how the ratio impacted the combustion efficiency, the temperature fluctuation
and the average temperature. Since increasing the Turbulent Schmidt Number decreased
the combustion efficiency, no simulations were run beyond 1.2. Table 5-2 shows the
results for one set of flow conditions. As the Turbulent Schmidt Number becomes smaller
the combustion efficiency, temperature fluctuation and average catalyst tube temperature
increases. In general, turbulent flow increases the amount of fuel reaching the catalyst
and reacting, producing more heat release. In this set of simulations, as the Turbulent
Schmidt Number becomes smaller the molecular transport becomes more dominant
causing more catalytic reactions. While the increase in combustion efficiency and
average tube temperature produces results closer to the experimental results, the
discrepancy in the temperature fluctuation becomes larger. One reason is that the
turbulence also increases the cooling rate, producing the higher temperature fluctuation.

103
Table 5-2: The impact of the Turbulent Schmidt Number on the combustion efficiency,
catalyst tube temperature fluctuation, and average catalyst tube temperature.
Turbulent
Schmidt
Number

Combustion
Efficiency

ΔT(K)

Tavg(K)

N/A (Laminar)

43%

78

556

0.4

50%

87

577

0.6

49%

84

568

0.7

48%

83

566

1.0

46%

80

560

1.2

45%

80

559

For the second parameter, the Turbulent Kinetic Energy (TKE) Prandtl Number
was modified. This number is a ratio of momentum diffusivity to the turbulent kinetic
energy diffusivity via turbulent transport. The results are shown in Table 5-3 for the
same set of flow conditions as in Table 5-2. Initially the ratio was set at 1.0, the default
value in FLUENT, and the number was increased and decreased to determine the effect
on the output parameters. Again, the turbulence modeling increases the combustion
efficiency, temperature fluctuation and average catalyst tube temperature. However, the
variation of the TKE Prandtl Number had very little effect on the results. The combustion
efficiency improved by just 2% and the average temperature changed less than 1%. The
temperature fluctuation increased by less than 10%.
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Table 5-3: The impact of the Turbulent Kinetic Energy Prandtl Number on the
combustion efficiency, catalyst tube temperature fluctuation, and average catalyst tube
temperature.
TKE
Prandtl
Number
N/A
(Laminar)

Combustion
Efficiency

ΔT(K)

Tavg(K)

43%

78

556

0.7

49%

84

566

0.85

49%

83

566

1.0

48%

84

565

1.2

48%

84

566

The use of the turbulent flow model produced mixed results. There was an
increase in the discrepancy between the model and the experiment for the temperature
fluctuations of the catalyst tube but a decrease in the discrepancy for the average catalyst
tube temperature and combustion efficiency. Even though the difference between the
numerical and experimental results decreased for Tavg and the combustion efficiency, the
difference remained large, near 200˚C and 30% respectively. As a result of the turbulent
model not significantly resolving the discrepancies between the model and the
experimental results and the fact that the highest Reynolds Number for any flow
conditions was only 60% of Recrit, a laminar flow model was used for the numerical
analysis of the combustor.
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Numerical Results and Comparison

The numerical model produced results that resemble the experimental results.
Figures 5-2 and 5-3 show the temperature fluctuations produced are the same cyclical
pattern as the experimental results. The heating and cooling periods directly correspond
to duration of air and fuel flow (heating) and air only flow (cooling) during each cycle.
For Figure 5-2 the frequency was 2 Hz and the duty cycle was 15%. Therefore the
heating period lasted for 0.075 seconds and the cooling period lasted for 0.425 seconds.
For Figure 5-3, the frequency was 0.5 Hz and the duty cycle was 15%. Therefore the
heating period lasted for 0.30 seconds and the cooling lasted for 1.7 seconds. One can
also observe a noticeable discrepancy in the range of temperature and smaller
discrepancy in temperature fluctuation between the experimental and numerical results.
These discrepancies will be discussed later on.

106

680

Temperautre (K)

630

Exp Temp

580

Model Temp

530

480
0

0.5

1

1.5

2
Time (s)

2.5

3

3.5

4

Figure 5-2: Numerical vs. experimental temperature fluctuation results. Frequency – 2
Hz, Duty Cycle 15%, Equivalence Ratio 0.5, Velocity 15 m/s.
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Figure 5-3: Numerical vs. Experimental Temperature Fluctuation Results. Frequency –
0.5 Hz, Duty Cycle 15%, Equivalence Ratio 0.5, Velocity 15 m/s.

In order to analyze and compare how the parameters affected the temperature
fluctuations, the heating rates, the cooling rates, the average temperatures and the
combustion efficiency in the simulation, correlations were calculated using SigmaPlot.
The numerical and experimental correlations are shown in Equations 5-3 through 5-12.
The correlations are slightly different from ones discussed in Chapter 4 since the
combustor diameter was not a variable parameter in the numerical simulation. Therefore
the correlations in this chapter are only for a combustor diameter of 3.56mm.

dT = a * ER0.33* f -1.27 * DC0.73 * V0.53 (Experimental)

(5-3)

dT = a * ER0.83 * f -0.98 * DC0.75 * V0.57 (Numerical)

(5-4)
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As shown in Equations 5-3 and 5-4 , the effects of the duty cycle and velocity on
the temperature fluctuation are nearly equal for the numerical and experimental results.
There is a small discrepancy in the frequency. For the numerical model, the frequency
exponent of -0.98 shows that the temperature fluctuation it directly related to the length
of time of the cycle. The experimental results show a larger dependency on frequency.
A large discrepancy in the exponential values can be seen for the equivalence ratio, with
the numerical results being more dependent on the parameter.

{dTtube/dt}heating = a * ER0.41 * f -.0.27 * DC-0.28 * V0.51 (Experimental)

(5-5)

{dTtube/dt}heating = a * ER0.84 * f0.02 * DC-0.23 * V0.57 (Numerical)

(5-6)

As shown in Equations 5-5 and 5-6, the dependency of the heating rate on the
duty cycle and velocity are nearly the same for the numerical and experimental results.
The frequency has almost no effect on the heating rate in the numerical model while the
experimental results show some dependency. The numerical model shows a much larger
dependence on equivalence ratio than the experimental model.

{dTtube/dt}cooling = a * ER0.43 * f-0.27 * DC0.97 * V0.50 (Experimental)

(5-7)

{dTtube/dt}cooling = a * ER0.84 * f0.02 * DC1.02 * V0.57 (Numerical)

(5-8)
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As shown in Equations 5-7 and 5-8, the correlations for the cooling rate show
nearly the same discrepancies as for the heating rate. The dependency on duty cycle and
velocity is nearly identical to the experimental results, while the numerical results show
more dependency on equivalence ratio and almost no dependency on frequency.

Tavg = a * ER0.22 * f0.01 * DC0.51 * V0.01 (Experimental)

(5-9)

Tavg = a * ER0.35 * f-0.001 * DC0.37 * V-0.05 (Numerical)

(5-10)

The correlations for the average temperature shown in Equations 5-9 and 5-10,
show almost no dependency on frequency and velocity. The experimental results are
slightly more dependent on duty cycle while the numerical are more dependent on the
equivalence ratio.

ηcomb = a * ER-0.32 * f0.01 * DC-0.04 * V-0.70 (Experimental)

(5-11)

ηcomb = a * ER0.05 * f0.01 * DC-0.01 * V-0.37 (Numerical)

(5-12)

The correlations in Equations 5-11 and 5-12 show the parameters’ effect on the
combustion efficiency. The combustion efficiency decreases with both increasing
velocity and equivalence ratio for the experimental results. The numerical results show a
drop in the combustion efficiency due to increasing the velocity but the velocity has a
larger impact on the experimental results. The combustion efficiency for the numerical
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results is nearly independent of the equivalence ratio, frequency, and duty cycle while the
experimental combustion efficiency is independent of the frequency and duty cycle.
In addition to the parameter correlations, it was also shown that nearly all of the
fuel reaching the surface reacted, making the system mass transport limited. This was
concluded based on two observations. First, increases in the reaction rate in the FLUENT
setup did not increase the amount of fuel burned. Decreases in the activation energy also
did not improve the efficiency. Additional simulations were run that showed sufficient
reduction in reaction rates or increases in activation energy decreases the amount of fuel
consumed. This showed that there is a point when increased reaction rates and reduced
activation energy do not increase the amount of fuel burned. The other observation is
illustrated in Figure 5-4. The figure shows the mass percentage of hydrogen from the
catalyst surface to the edge of the combustor at different axial locations along the
combustor. Since the concentration of hydrogen at the catalyst surface is nearly zero
from the middle to the end of the combustor, all the hydrogen that had reached the
surface most likely reacted to form H2O. Figure 5-5, shows the concentration of H2O at
the same point in time at different axial locations along the combustor. The increase in
H2O concentration farther along in the combustor helps to support the surface reaction
assumption. As a result of these two observations it can be assumed that all fuel reaching
the catalyst surface reacts with the air.
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Figure 5-4: Concentration of Hydrogen vs. distance from the catalyst tube during the
heating period. The inlet equivalence ratio was 0.6.
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Figure 5-5: Concentration of H2O vs. distance from the catalyst tube during the heating
period. The inlet equivalence ratio was 0.6.

Analysis of Experimental Vs. Numerical Results

In comparing the numerical and the experimental results there are two major
discrepancies. First is the difference in temperature fluctuation over a cycle. At 0.5 Hz
the discrepancy is much less apparent (0-20% difference) compared to 2 Hz (50-70%).
Since shorter cycle length leads to bigger errors the time response of the experimental
equipment is a possible factor. From the experiment, the time response of the
thermocouple is one possible factor to contribute to the discrepancy. The specification on
the thermocouple used shows a 40 ms response time when submerged in water. Since the
thermocouple in the experiment was in direct contact with the heated tube the response
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should be improved but could still be a factor. If the thermocouple cannot respond fast
enough, the temperature peaks at the end of the heating and cooling periods could be
shaved; resulting in a smaller observable temperature fluctuation. This effect would be
more apparent for higher frequencies due to the response time being a more significant
portion of heating and cooling periods. Since the model does not include this effect, the
predicted temperature fluctuations are greater than the measured temperature fluctuations.
The response time of the thermocouple also explains why the correlations for the
experimental results show a greater dependency on frequency than the numerical results.
The discrepancies could also be attributed to experimental error, such as: poor or
inconsistent contact between the thermocouple bead and catalyst tube or inaccuracies in
flow control.
The second major discrepancy is combustion efficiency. The combustion
efficiency is lower for the numerical model than for the experimental results. The most
likely reason is that more fuel diffuses to the surface in the experiment than in the model.
Since the numerical model showed that all of the fuel reaching the catalyst surface
reacted, the system must be dependent on the mass transport to the surface and not the
surface reaction rates. The larger rate of fuel reaching the surface in the experiment could
be due to a production of turbulent flow during the heating phase created by the
transverse injection of hydrogen into the air stream. The turbulence flow could then
increase the transport of H2 to the catalyst surface. Therefore the turbulence would factor
into the heating rate without having an impact on the cooling rate. As noted previously,
the turbulent flow did improve the combustion efficiency in the numerical model. Also,
the application of the catalyst produces a rougher surface on the tube creating more
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surface area. The rougher surface could result in more mixing and more H2 reaching the
catalyst and reacting. An increase in the fuel consumption results in a higher average
temperature of the tube due to more heat being release. Since incorporating turbulent
conditions in just the heating portion of the cycle makes the model much more complex
and time consuming to execute, no attempts were made to run such a simulation.
Another discrepancy is the dependence of the combustion efficiency on the
equivalence ratio. In the numerical model there is almost no dependence while there is a
significant impact in the experimental results. This discrepancy is likely due to a limited
amount of reaction sites on the catalyst for the test combustor. This is reinforced by the
experimental results, where a drop in efficiency is seen with a change in equivalence ratio
from 0.5 to 0.6 but is not seen from 0.4 to 0.5. This implies that the catalyst surface
becomes saturated with too much hydrogen once the equivalence ratio exceeds 0.5,
reducing the number of surface reactions and the combustion efficiency. Therefore the
system can be assumed to be mass transport limited at lower equivalence ratios and
reaction rate limited at higher equivalence ratios. These additional limits on the
combustion efficiency of the system do not occur in the model because sufficient reaction
sites are available and temperature should have little effect on the catalytic activity.
The above explanation also helps explain the discrepancies in the temperature
fluctuation and the cooling rate. In the numerical model, as the equivalence ratio
increases there is a proportional increase in fuel reaching and reacting with the surface.
In the experiment, the amount of fuel reaching the surface may increase proportionally
but not the amount reacting. As a result the experimental temperature change, heating
rate and cooling rate show significant increases from equivalence ratio 0.4 to 0.5 but not
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for 0.5 to 0.6. Therefore the experimental results are not as dependent on the equivalence
ratio.
The last discrepancy was the average temperature of the catalyst tube. In the
numerical simulation the average catalyst tube temperature was much lower than the
experimental results. This discrepancy could be attributed to the decreased combustion
efficiency; with less fuel reacting, less energy is released to raise the temperature of the
catalyst tube. Therefore the average catalyst tube temperature remained significantly
lower for the numerical simulation.

Conclusion

The FLUENT model developed to simulate the experimental work achieved the
intended goals. Although the exact values of the results differed, the trends of the
experimental and numerical system were very similar. In the situations where
dissimilarities arose, the discrepancies could be understood and explained. The
modeling work also provided a better understanding of the overall combustion system
and the factors contributing to temperature fluctuations and system efficiency. This
knowledge can be used to optimize future systems and operating conditions prior to
fabrication and experimentation.
In future work, improved temperature measurement could help eliminate the
increased frequency dependence of the experimental system. During the experimental
work, this dependency was under-analyzed because there was little reason to question the
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results. Once numerical results were available the discrepancy needed to be explained,
which required further analysis of the experiment. This contributed to the realization that
frequency only has an impact on the overall temperature fluctuation because it directly
affects the length of the cycle; providing proportionally less time to heat and cool the
catalyst tube.
The system is more likely to be turbulent during the heating portion of the cycle
due to the transverse injection of the fuel. This would allow for greater transport of the
fuel to the catalyst surface, increasing the combustion efficiency, the amount of the fuel
burned and the average temperature of the catalyst tube.
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Chapter 6
Piezoelectric Cantilever Beam Micro Engine

Introduction

The previously discussed research helped produce a redesigned micro engine. The
primary objective of the device is to convert the chemical energy in the fuel source,
hydrogen, to electrical energy. This conversion is achieved by periodically deforming a
piezoelectric material via pulsed catalytic combustion. Additionally, the design must
incorporate a geometry and operation that allows for it to be fabricated and operated with
a volume of less than 1000 mm3.
After analysis of the original micro engine concept, a new micro engine design
was developed. The design consists of two cantilever beams within a sealed chamber. A
schematic of the general set up is shown in Figure 6-1. The beam on the left hand side is
a piezoelectric cantilever beam. Upon deflection, the piezoelectric beam will produce an
electrical output. The beam on the right is a bi-layered actuator beam coated with a
palladium catalyst. When a hydrogen-air mixture flows over the catalyst coated surface
of the bi-layered beam it reacts and, as a result, heats the bi-layered beam. The layers of
the beam are paired to have significantly different coefficients of thermal expansion,
causing the beam to bend when it is heated. As the bi-layer beam deflects it exerts a
force on the piezoelectric beam, causing it to bend. The stress on the piezoelectric beam
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then produces an electrical output. A more detailed explanation of the engine design and
operation will be discussed later.

Figure 6-1: Basic schematic of the new micro engine design.

The concept of using periodic catalytic combustion to produce power with a
piezoelectric cantilever beam is a unique approach to micro engines. Other accounts of
combustion on the micro scale either use steady catalytic or non-catalytic combustion
processes or spark ignition combustion. Second, the device contains all necessary
components to convert the chemical energy of the fuel to electrical power. Many micro
engine devices, such as micro turbines and micro rotary engines require generators to
convert mechanical energy to electrical energy. This results in larger, more complex
devices. There are other devices that use piezoelectric materials to produce electrical
power, however, most of these designs use waste heat and mechanical energy, such as
vibration from machines to deform the piezoelectric materials and produce electrical
power [1-4]. The devices do not store energy, such as fuel, on their own; they only
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harvest what is available. An overview of some of these devices is discussed in the
Background Information Chapter. The most similar micro engine concept is that of the
P3 micro engine, which also attempts to use an inclusive heat source to deform a
piezoelectric material [5-7]. However, the P3 engine design uses a constant heat source
with a thermal switch and incorporates a piezoelectric membrane rather than a
piezoelectric cantilever beam. Therefore, after thoroughly reviewing other research
works, as discussed in Chapter 2, the use of periodic catalytic combustion to oscillate a
piezoelectric beam and produce an electrical output is unique to this research work.

Micro Engine Experiment

In order to demonstrate the operation of the micro engine concept and analyze the
operation, an experimental engine needed to be fabricated and tested. The test engine
exceeds the typical size of a micro engine (less than 1000 mm3). The dimensions of the
engine chamber are 38 mm by 11 mm by 7 mm, resulting in an overall volume of 2,900
mm3. These dimensions allowed for the use of traditional machining methods for
fabrication rather than requiring microfabrication processes and techniques. A larger
scale, traditionally machined device provided a less expense, less time consuming
method for developing and fabricating the experimental setup. Therefore, prior to
investing substantial time, money and other resources into a micro scale engine, the
overall micro engine concept was tested using larger dimensions.
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The test engine employs a bimetallic actuator to periodically deflect the
piezoelectric cantilever beam, producing an electrical output. As shown in the
photographs in Figure 6-3 and 6-4 and the schematic in Figure 6-2, the test engine
consists of a chamber that houses and suspends both the piezoelectric cantilever beam
and bimetallic actuator. The beams were separated in the vertical direction by 1.5 mm.
The one side of the engine was sealed by a glass slide, allowing one to view the
deflections of the beam during operation. The other side of the engine was sealed by a
thin piece of steel. The top and bottom pieces used to clamp the beams in place were
brass.

Figure 6-2: Close up schematic of the piezoelectric micro engine chamber

121

Figure 6-3: Experimental setup of the piezoelectric micro engine
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Figure 6-4: Close up view of the micro engine chamber

A prefabricated piezoelectric cantilever beam was purchased from CERATEC,
Inc. of Santa Clara, CA. The piezoelectric beam was clamped into place 1.5 mm below
and opposite the bimetallic actuator (shown on the left side in Figure 6-4). The
piezoelectric beam consists of five separate layers including a 0.1mm thick metal support
layer in the center, a 0.1 mm thick piezoelectric layer on each side of the metal layer, and
a 5 μm thick electrode layer on top of each piezoelectric layer. An illustration of the
cantilever beam layers is shown in Figure 6-5. The material specifications for the
piezoelectric beam are listed in the Appendix.
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Figure 6-5: Piezoelectric cantilever beam composition

The bimetallic actuator (shown on the right side of the engine in Figure 6-4) is a
0.5 mm thick bimetallic strip from a Honeywell thermostat composed of brass and steel.
The metallic strip was specifically designed to produce deflections due to fluctuations in
temperature. The palladium catalyst layer was then applied to brass side of the bimetallic
actuator. The catalyst was added to the beam via a washcoat application process
performed by Dr. William Retallick in Philadelphia, PA. During this process, a liquid
solution containing the palladium catalyst is brushed onto the surface of the bimetallic
actuator. The piece is then baked at 500°C, oxidizing the palladium and evaporating the
excess liquid.
The bimetallic actuator and piezoelectric beam were separated by 1.5 mm in order
to improve the output of the engine. If the spacing between the beams was reduced by
0.5 mm or more, the temperature needed to produce deflection of the piezoelectric beam
would decrease to below 40°C. Since the total deflection of the piezoelectric beam is
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limited to avoid inelastic deformation, the periodic deflection will occur over a lower
temperature range. When the engine temperature is lower, the difference between the
incoming air and the engine is less, resulting in a decreased cooling rate. The decrease
cooling rate reduces the temperature fluctuation and the power output. Significant power
output (P > 0.1 μW) was achieved for a beam spacing of 1.5 mm, therefore it was chosen
as the separation distance for all experiments. Further work could be done to optimize
the distance by analyzing results at several distances and determining which distance
maximizes the engine power output and system efficiency. Increasing the distance will
increase the average operating temperature of the engine leading to an increased cooling
rate due to a larger temperature difference between the incoming air and the bimetallic
actuator. This increase in cooling will help to increase the deflection rate and therefore
increase the power output and efficiency. However, the increased distance also leads to
an increased expansion of the combustion chamber, decreasing the combustion and heat
transfer efficiency (as discussed in the Results and Discussion section). Only one distance
was tested for the current experimental work. The large space below the piezoelectric
beam was included to ensure the bottom of the chamber did not inhibit the deflection of
the piezoelectric beam.
The operation of piezoelectric cantilever beam test engine is as follows: A
constant stream of air flows into the engine chamber above and below the bimetallic
actuator. Hydrogen is periodically pulsed into the stream of air flowing above the beam.
As the hydrogen and air come into contact with the catalyst surface on the actuator, they
react and energy is released to heat the beam. Since the operation is kept at low
temperatures (T < 80°C) only surface reactions occur, keeping the heat release close to
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the top surface of the actuator. As the bimetallic actuator is heated, it begins to bend.
The bending occurs due to the greater expansion of the brass layer than the steel layer.
This increased expansion is due to a greater coefficient of thermal expansion for the
brass. When the deflection becomes great enough, the bimetallic actuator begins to exert
a force on the end of the piezoelectric beam. The force deflects the beam and the
increased stress due to the deflection causes the piezoelectric beam to produce an
electrical output. The hydrogen flow is then shut off and air only flow cools the beam
and the deflection decreases, reducing the stress on the piezoelectric beam. Therefore, as
fuel is pulsed into the system, the beam oscillates up and down producing a periodic
electric output. The constant flow of air below the beam helps to increase the cooling
rate of the bimetallic actuator and limit the temperature increase of the piezoelectric
beam. Figures 6-6 through 6-8 show three different positions of the bimetallic actuator
and the piezoelectric cantilever beam. Figure 6-6 shows the position of the beams prior
to operation, when the engine chamber is at room temperature (23°C). Figure 6-7 shows
the beam right at the point of contact of the bimetallic actuator with the piezoelectric
beam, the average piezoelectric temperature is approximately 50°C. Figure 6-8 shows
the beams when the engine is operating at 5 Hz.
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Figure 6-6: Initial position of the bimetallic actuator and piezoelectric beam

Figure 6-7:
Point of initial contact between the bimetallic actuator and
piezoelectric beam as the bimetallic actuator is heated by the catalytic reactions
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Figure 6-8: Deflection of the bimetallic actuator and piezoelectric beam during 5 Hz
operation of the engine

The new design has several advantages. There are no complex moving parts
which simplifies the fabrication and operation of the engine. The design is scalable and
lends itself to proven microfabrication techniques. The microfabrication of a
piezoelectric cantilever beam is detailed in the work done by Shen [8]. Another
important design feature is separation of the bimetallic actuator from the piezoelectric
beam. This feature is helpful for two reasons. First the catalyst needs to be applied at
elevated temperatures (500°C), which would cause the piezoelectric properties of the
piezoelectric beam to be destroyed. By having a separate beam to apply the catalyst the
piezoelectric properties are unharmed. Also, since the highest temperatures will be
produced near the catalyst surface, keeping the piezoelectric beam separate from the
bimetallic actuator helps limit the temperature increase of the piezoelectric beam during
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the heating period. Another important aspect of the design, as mentioned above, is the air
flow below the beam. It reduces the overall engine temperature, protects the
piezoelectric material from high temperatures and produces higher cooling rates of the
bimetallic actuator. Finally, the modular design allows for arrays of cantilever beams to
be assembled, providing a specific electrical output. A schematic of an array of
cantilever beams is shown in Figure 6-9.

Figure 6-9: Array of cantilever beams with the top portion of the engine
removed
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Micro Engine Testing

Three sets of experiments were performed to characterize the piezoelectric micro
engine. The first set of experiments characterized the power output and system efficiency
of the micro engine. The second set of experiments analyzed the combustion efficiency
of the micro engine. The third set characterized the deflections and power output of the
piezoelectric cantilever beam. These three sets of experiments were carried out to
provide a fundamental understanding of the operation of the micro engine, the power
output of the micro engine, and the system efficiency.
In order to achieve the objectives of the experiments listed above various
measurements of the working micro engine needed to be recorded. The four parameters
measured for the experiments include the electrical power output of the piezoelectric
beam, the average temperature of the engine chamber, the percentage of hydrogen in the
exhaust gas and the deflection of the piezoelectric beam as a function of time. All of
these potentially measurable parameters provide information for the analysis of the micro
engine. However, as described below, achieving the objectives of the experiment did not
require all the parameters to be recorded for every experiment.
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Experimental Measurements

Electrical Power Output

The voltage output of the piezoelectric beam is relatively simple to measure and
provides data to calculate the power output of the engine. The beam was connected to a
simple electrical circuit and the voltage across a resistor was recorded using an analog to
digital converter box which was then read into LabView. This measurement allows for
the calculation of the power output of the beam (Pout), where

Pout

V2
=
R

(6-1)

where V is the voltage output measure across the resistor, R. Along with the power
output the overall efficiency of the micro engine can be calculated as well. The overall
efficiency is calculated by:

η system =

Pout
E&

(6-2)

chem

Where ηsystem is the overall system efficiency and E& chem is the rate of chemical
energy of hydrogen delivered to the micro engine.
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Average Piezoelectric Beam Temperature

The average temperature of the piezoelectric beam was measured using an N-type
thermocouple. As shown in Figure 6-4, the thermocouple is located on the top side of the
piezoelectric beam, beyond the end of the bimetallic actuator. This measurement
provided the average temperature of the piezoelectric beam and helped protect the
piezoelectric material by ensuring the engine it did not exceed the Curie Temperature,
which would destroy the piezoelectric properties of the beam. In addition it allowed for
the determination of when catalytic reactions begin occur. If no temperature rise is
observed, little to no catalytic activity can be assumed to be taking place. As the
piezoelectric beam temperature measurement began to rise, it was evident that catalytic
reactions were occurring.
The average piezoelectric beam temperature was limited to a maximum of 80°C
to protect the beam from inelastic deformation or diminished piezoelectric properties
resulting from high stress. The maximum stress exerted on the piezoelectric material can
be expressed as:

σ max =

3Ehδ
2 L2

(6-3)

where σmax is the maximum stress on the beam, E is the modulus of elasticity, h is the
thickness of the piezoelectric material and L is the length of the beam. In order to
determine the maximum deflection, the maximum stress equation was set equal to the
yield stress of the piezoelectric material, 70 MPa, and the maximum deflection, δmax, was
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calculated. The maximum deflection for the piezoelectric beam was calculated to be 2.9
mm. It was determined experimentally that an average piezoelectric temperature of 80°C
deflects the piezoelectric beam approximately 2.5 mm. As a result, no tests were run that
produced average piezoelectric temperatures above 80°C.

Combustion Efficiency

Measuring the percentage of hydrogen in the exhaust gas is essential in
determining the combustion efficiency of the micro engine. The exhaust of the micro
engine was fed to a 2.1 liter mixing plenum. From the plenum, the exhaust gases were
fed to the hydrogen gas sensor. The plenum allowed the exhaust gases to mix prior to
entering the gas sensor, providing a time averaged concentration of the exhaust gases.
This process was necessary since the gas sensor cannot react fast enough to provide real
time measurements of the exhaust gas concentration. The quantity of fuel burned was
determined by subtracting the fuel remaining from the fuel delivered. The combustion
efficiency was then be calculated by dividing the fuel burned by the fuel delivered,
expressed by:

η comb =

m& H 2burned
m& H 2 delivered

(6-4)
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Beam Deflection

Measuring the deflection of the beam was achieved by using a Phantom v7.3 high
speed digital camera to record the beam deflecting up and down. The images were then
processed to determine the position of the beam as a function of time.

This was helpful

in characterizing the piezoelectric beam; determining the voltage output as a function of
deflection distance and rate of deflection. The processing was completed using the
Phantom camera control software provided by Vision Research.

Operating Parameters

The operating parameters used for the experiments include the frequency and duty
cycle of the fuel pulse, the air flow rate entering the combustion chamber, and the
equivalence ratio during the fuel pulse. By choosing appropriate variations and ranges for
the operating parameters the engine operation was characterized.
The height of the combustion chamber, and the distance between the bimetallic
actuator and the piezoelectric beam were not altered. It is expected that variations to these
parameters could be used for optimization but would not greatly affect the qualitative
effect of the other operating parameters.
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Fuel Pulse Frequency

The fuel pulse frequency, as defined in previous chapters, is the number of times
per second the fuel valve is opened and fuel is released. The valve is controlled by an
IOTA ONE® Pulse Drive Actuator that enables the fuel to be turned on and off at a
desired frequency and duty cycle. The frequency is denoted in future figures and
equations as f. The fuel pulse frequency values for the experiments were 2 Hz, 5 Hz, and
10 Hz. These values were selected to provide values near the limits of operation for the
engine as well as a data point near the center point of the range. Two hertz was chosen as
the lower limit because preliminary testing showed that lower frequencies would not
deflect the piezoelectric beam fast enough to produce a power output about 0.1 μW. Ten
hertz was chosen as the upper limit because preliminary testing showed that higher
frequencies did not provide adequate time to heat and cool the beam to produce
significant deflections and power outputs above 0.1 μW. In addition, the two millisecond
open and close time of the fuel valve becomes a substantial fraction of the cycle as the
frequency is increased beyond ten hertz.

Duty Cycle

The duty cycle is the percent of the operating cycle when the fuel valve is open
and is denoted in future equations and figures as DC. Three different duty cycles were
chosen for the experiments, 8%, 10%, and 12%. Since the duty cycle controls the
proportion of heating to cooling during the cycle, it has a large impact on the average
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chamber temperature. The average chamber temperature relates directly to the deflection
of bimetallic actuator. During operation, the bimetallic actuator must be bent within a
specific range to produce significant deflection of the piezoelectric beam. When the duty
cycle was increased past 12%, operating the engine below the 80°C threshold, while still
producing the heating rates to produce a significant power output, became too difficult.
When the duty cycle was reduced below 8%, the reduced heating time lowered the
operating temperature of the engine. As a result, the average deflection and the cyclical
change in deflection of the bimetallic strip were reduced, leading to little or no power
output. Therefore a duty cycle range of 8-12% was used.

Air Flow Rate

The air flow rate is defined as the volumetric flow rate of air entering the
combustion chamber of the engine and is denoted by V. The air flow rate was measured
and controlled using rotameters with control valves. An equivalent air flow rate entered
the chamber below the beam to increase cooling and limit the average chamber
temperature. The air flow rate values used for the experiments ranged from 4.5 liter per
minute to 9.0 liters per minute (Lpm). At values below 4.5 Lpm a significant power
output could not be produced (Pout < 0.1 μW). The reduction in temperature fluctuations
can be attributed to reductions in both the heating and cooling rates. The heating rates
are reduced due to a smaller mass flow of fuel (for a given equivalence ratio) entering the
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engine, leading to less reactions and, in turn, less heat release. The reduced cooling rates
are mostly a result of a lower convective heat transfer coefficient created by a drop in
velocity. At values above 9.0 Lpm the overall system efficiency drops off considerably.
In addition, the operation of the engine becomes less practical due to the large volume of
air needed for continual operation.

Equivalence Ratio

The equivalence ratio, denoted φ, is equal the ratio of hydrogen to air delivered to
the system divided by the stoichiometric ratio of hydrogen to air. Like the air flow, the
hydrogen flow rate was measured and controlled using a rotameter with a control valve.
The equivalence ratio values used for the experiments ranged from 0.6 to 1.7 but the
exact values varied based on the other operating parameters. These values are indicative
of the equivalence ratio during the fuel ‘on’ period, not the average equivalence ratio
over the entire cycle. The minimum values for these ranges were set at equivalence ratios
that produced a significant power output (Pout > 0.1 μW). The maximum values were
determined by increasing the equivalence ratio (for a given gas velocity and frequency)
until the average piezoelectric temperature reached 80°C or the power output no longer
increased. As a result the equivalence ratio ranges to varied with the air flow rate, duty
cycle and frequency combinations.
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Micro Engine Characterization

The objective of the experiments was to gain a better fundamental understanding
of the micro engine operation. This included determining the power output, the system
efficiency of the micro engine, the combustion efficiency, and the effect of the different
operating parameters.

Experimental Uncertainty Experiments

In order to determine if the results of the experiments produce significant trends it
was necessary to know the experimental uncertainty. The experimental uncertainty was
determined by conducting 25 tests with identical operating parameters and calculating the
standard deviation and the uncertainty of the output data to a 95% confidence level. The
experiments were conducted at a frequency of 5 Hz, a duty cycle of 10%, an equivalence
ratio of 1.0, and air flow rate of 7.5 Lpm. The experimental uncertainty for the
combustion efficiency, the piezoelectric beam temperature, the power output and the
system efficiency was determined.

Power Output and System Efficiency Experiments

The average piezoelectric temperature and voltage output of the piezoelectric
beam were measured for each set of parameters to calculate the power output and system
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efficiency of the micro engine. The power output and overall system efficiency can be
determined from the voltage output so it was unnecessary to measure the hydrogen
concentration and the beam deflection.
Based on the ranges of parameters described above a test matrix was developed
which consisted of three frequencies and duty cycles, five gas velocities, and five
equivalence ratios. This results in a total of 225 tests. Table 6-1 summarizes the
parameter values used in the set of experiments.

Table 6-1: Operating parameters used in the power output and system
efficiency experiment set.
Parameter
Frequency
Duty Cycle
Equivalence Ratio
Air flow (LPM)

Values
2Hz, 5Hz, 10Hz
8%, 10%, 12%
0.5 - 1.7
4.5, 6.0, 7.5, 9.0

Combustion Efficiency Experiments

The objective of the second set of tests was to determine the combustion
efficiency of the micro engine and how the operating parameters affected the combustion
efficiency. The test matrix consisted of 60 tests. Frequencies of 2 Hz, 5 Hz, and 10 Hz
were used. Three air flow rates of 4.5 Lpm, 6.0 Lpm, and 9.0 Lpm were used. These
values covered the range of operating conditions from the previous experiments and
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allowed the linearity of the results to be assessed. Duty cycles of 8% and 10% were used.
The equivalence ratio ranged from 0.5-1.7. The values of equivalence ratios varied based
on other operating conditions. At lower duty cycles, higher equivalence ratios were used
to increase chamber temperature and power output. At higher duty cycles, a lower range
of equivalence ratios was needed to limit the average chamber temperature and the
deflection of the beams. Tests were conducted using the Conspec P2263XP Hydrogen
Gas Sensor to measure the concentration of hydrogen in the exhaust gases and then
computing the combustion efficiency. Table 6-2 summarizes the parameter values used
in the combustion efficiency experiments.

Table 6-2: Operating parameter values used for the combustion efficiency
tests
Parameter
Frequency
Duty Cycle
Equivalence Ratio
Air flow (LPM)

Values
2Hz, 5Hz, 10Hz
8%, 10%
0.8 - 1.7
4.5, 7.5, 9.0

Piezoelectric Cantilever Beam Characterization Experiments

The third set of tests involved characterizing the deflection and voltage output of
the beam. The key objectives of the tests were to determine the voltage output of the
beam as a function of magnitude of deflection and rate of deflection. These tests were
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conducted by recording the motion of the beam using the high speed camera and the
voltage output of the beam using LabView. The motion of the beam was compared to the
voltage output to characterize what magnitude and rate of deflections produced different
voltage output. The high speed camera tests were conducted at frequencies of 2 Hz and 5
Hz, a duty cycle of 10%, an air flow of 7.5 Lpm and equivalence ratios of 0.7–1.5. The
parameter values were selected in order to maximize the magnitude of deflection as well
as the difference in deflection rates. The camera was set to record at 1000 frames per
second. This rate provided 500 frames per cycle at a frequency of 2 Hz and 200 frames
per cycle at a frequency of 5 Hz.

Results and Discussion

Experimental Uncertainty

The experimental uncertainty was determined by conducting 25 tests with
identical operating parameters and calculating the standard deviation and the uncertainty
of the output data to a 95% confidence level. This was done for the combustion
efficiency, the piezoelectric beam temperature, the power output and the system
efficiency. Knowledge of the experimental uncertainty is important for proper
interpretation of the results. Table 6-3 shows the four output parameters, their standard
deviation and uncertainty for a 95% confidence level.
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Table 6-3: Standard deviation and experimental uncertainty of the four
primary output parameters.
Output Parameter
Combustion Efficiency
Piezoelectric Temperature
Power
System Efficiency

Standard
Deviation
1.20%
0.7°C
5. 0E-08 W
7.70E-11

Uncertainty
(95% Confidence)

±2.40%
±1.4°C
±1.0E-07 W
±1.54E-10

Engine Characterization

Combustion Efficiency and Average Piezoelectric Beam Temperature

In order to examine the impact of the operating parameters on the combustion
efficiency and average piezoelectric beam temperature it is necessary to consider the
factors that influence these parameters.
The combustion efficiency represents the percentage of fuel passing through the
engine that reacts. During the fuel ‘on’ portion of each cycle, fuel and air enter the
combustion chamber and flow toward the catalyst coated surface of the bimetallic
actuator. When the reactants come into contact with the catalyst, surface reactions occur,
forming combustion products and releasing energy. By definition, the more fuel that
reacts, the greater the combustion efficiency. Therefore the combustion efficiency is
limited by the rate at which the reactants reach the catalyst surface or by the rate at which
reactions occur on the catalyst surface. Since the temperature throughout the engine
remains relatively low (<100°C), it is assumed that no homogeneous gas phase reactions
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occur. When the combustion efficiency is limited by the rate of reactions on the catalyst
surface the system is considered surface reaction rate limited. When the combustion
efficiency is limited by the rate of reactants reaching the surface, the system is considered
mass transport limited. A reduction in the residence time contributes to the system being
mass transport limited by reducing the time for the reactants to reach the surface and
react.
The surface reaction rates are dependent on the reactants, the catalytic material
and the catalyst surface temperature. In the current experimental setup, the reactants and
catalyst remain the same for all tests. Therefore the temperature of the catalyst surface
has the largest impact on the surface reaction rates. Increasing the catalyst surface
temperature increases the reaction rates.
The rate at which the reactants reach the catalyst surface is dependent on the
convective mass transfer rate of reactants to the surface. Increasing the velocity of the
flow through the combustor increases the transport of reactants to the surface (and
products away from the surface). However, the increased velocity decreases the time for
the reactants to reach the surface before exiting the combustion section. An increase in
the equivalence ratio increases the concentration of fuel, which also increases the amount
of fuel reaching the catalyst surface.
In the current engine design, the combustion process could actually exhibit both
limitations at different points along the catalyst surface. A possible scenario would be as
follows: The transverse injection of fuel and air into the combustion chamber produces a
large influx of reactants to the catalyst surface. This initial influx of reactants to the
catalyst surface could be more than the surface chemistry can consume; producing a
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surface reaction rate limited area. As the flow turns, and the reactants flow along the
length of the combustor, the convective mass transport of the reactants to the surface
becomes the limiting factor in the combustion process, making the latter portions of the
combustion chamber mass transport limited. Such a scenario is unusual, typically the
system transitions from reaction rate limited to mass transfer rate limited due to an
increase in the reaction rate resulting from an increase in the catalyst temperature. More
in depth testing would be needed to further analyze the complex flow dynamics and
confirm such a scenario. However, analysis of the experimental results does indicate
both limitations do occur within the combustor.
The next output parameter is the average piezoelectric beam temperature. While
the different components of the engine may fluctuate over different temperature ranges, it
is expected that an increase in the average temperature of the piezoelectric beam reflects
an increase in the average temperature inside the engine and the average surface
temperature of the catalyst. Therefore by tracking the average piezoelectric beam
temperature one can determine when the average engine temperature and catalyst surface
temperature increase and decrease.
The average piezoelectric beam temperature is a result of the balance between the
energy gained and lost through convective heat transfer from the combustion products
and the flow of air and unreacted fuel through the combustion chamber. The amount of
energy released from combustion is dictated by the rate of fuel delivered to the engine
and the combustion efficiency. Therefore, an increase in either mass flow rate of fuel or
the combustion efficiency will increase the amount of energy released. The combustion
reactions only occur during the fuel ‘on’ period. Therefore this period is referred to as

144

the heating period. The convective cooling occurs throughout the entire cycle but the
temperature of the engine components only decreases during the fuel ‘off’ period
(cooling period) since there is no heat being released from the catalytic reactions. The
convective cooling is affected by the velocity of the gases in the engine chamber and the
temperature of the engine chamber. As the velocity increases the convective heat transfer
increases, causing energy to be removed from the engine at a higher rate. Also increasing
the chamber temperature causes the temperature difference between the incoming air and
the chamber to increase, causing the convective heat transfer rate to increase. When the
engine is operating such that the minimum and maximum temperature is constant, the
energy gained from combustion is equal to the heat removed by the gas flow over each
cycle.
From the above explanation, it is apparent that the combustion efficiency and the
average piezoelectric beam temperature are interrelated. Figure 6-10 illustrates the
interrelation between the two parameters. Figure 6-10 shows the combustion efficiency
versus the average piezoelectric temperature for all tests conditions. As the average
piezoelectric beam temperature increases the combustion efficiency increases due to
increased surface reaction rates. Also, as the combustion rate increases the temperature
increases due to increased energy release from the greater number of reactions. As a
result, an operating parameter affecting the combustion efficiency is going to have an
effect on the average temperature and vice versa.
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Figure 6-10:
Combustion efficiency versus average
temperature for all combustion efficiency tests conditions.

piezoelectric

The connection between the combustion efficiency and the average piezoelectric
temperature is further evidenced by the two numerical correlations shown below. The
dependencies of both the combustion efficiency and average piezoelectric temperature on
the four operating parameters are very similar.

ηcomb = 0.61*f 0.03DC0.37V-0.05φ 0.41

(6-5)

Tavg = 261*f 0.03DC0.64V0.04φ 0.54

(6-6)

The R2 values for these correlations are 0.76 and 0.73, respectively. Figures 6-11
and 6-12 show the results predicted by the correlations versus the experimentally
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determined results for both the combustion efficiency and the average piezoelectric
temperature.
From the correlations, the duty cycle and equivalence ratio have a significant
impact on the combustion efficiency. An increase in the duty cycle or equivalence ratio
produces an increase in combustion efficiency and average piezoelectric beam
temperature. The small exponents for the frequency and air flow rate indicate a small
impact from these two parameters on the combustion efficiency and average piezoelectric
beam temperature. Over the entire range of operating conditions, the maximum
combustion efficiency obtained was 66.5%, i.e, 33.5% of the hydrogen went through the
micro engine without reacting.

Figure 6-11: Results predicted by the numerical correlations versus the
experimentally determined results for combustion efficiency.
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Figure 6-12 Results predicted by the numerical correlations versus the
experimentally determined results for the average piezoelectric beam
temperature.

The duty cycle increases the proportion of time the fuel is ‘on’ causing the
average temperature of the piezoelectric beam and other engine components to increase
with duty cycle. As the catalyst surface temperature increases the surface reaction rates
increase, causing the combustion efficiency to increase. The effect of the duty cycle on
the combustion efficiency is shown in Figure 6-13 and its effect on the average
piezoelectric beam temperature is shown in Figure 6-14. Increasing the duty cycle from
8%-10% increases the combustion efficiency by as much as 7% and the average
piezoelectric temperature by as much as 12°C. The increase in the average piezoelectric
temperature for each set of operating conditions is greater than the experimental
uncertainty indicating the increases are significant. For the combustion efficiency,
several sets of the operating conditions do not produce significant changes (fluctuations
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that are less than the experimental uncertainty). However, the majority of the sets of
operating conditions do produce changes beyond the experimental uncertainty, signifying
a significant dependence on the duty cycle. These results indicate the combustion is
surface reaction limited. If the system was completely mass transport limited the duty
cycle would have virtually no effect on the combustion efficiency since a change in duty
cycle does not alter the rate of fuel reaching the catalyst surface.

Figure 6-13: Combustion efficiency versus duty cycle for frequencies of 2
Hz, 5 Hz, and 10 Hz, air flow rates of 4.5, 7.5, and 9.0 liters per minute and
an equivalence ratio of 1.1
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Figure 6-14: Average piezoelectric beam temperature versus duty cycle for
frequencies of 2 Hz, 5 Hz, and 10 Hz, air flow rates of 4.5 Lpm, 7.5 Lpm, and
9.0 Lpm and an equivalence ratio of 1.1

The increase in fuel concentration due to an increase in equivalence ratio
increases the rate of fuel reaching the catalyst surface. This increases the energy released
from combustion, which increases the average piezoelectric beam temperature for a given
frequency, duty cycle and air flow rate. The increased temperature, once again, increases
the surface reaction rates, further increasing the combustion efficiency. The figures
below are consistent with the correlations. Figure 6-15 through Figure 6-17 show the
combustion efficiency as a function of equivalence ratio for three different frequencies.
In all cases the combustion efficiencies increases with equivalence ratio. In all but one
case (Figure 6-15, 4.5 Lpm) the increase in the combustion efficiency over the range of
equivalence ratio is greater than the experimental uncertainty. As a result, the increases
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in the combustion efficiency with equivalence ratio can be considered significant.
Figures 6-18 through 6-20 show the average piezoelectric temperatures versus
equivalence ratio. Once again, the increases in the average piezoelectric temperature are
greater than the experimental uncertainty, indicating a significant trend. Over the range
of the equivalence ratios tested, the combustion efficiency and average piezoelectric
temperature increased by as much as 13% and 40°C, respectively.
The relationship between the combustion efficiency and the equivalence ratio
illustrates that the system is not completely surface reaction rate limited. If the system
was completely surface reaction rate limited, increasing the rate of fuel reaching the
surface would have no effect on the combustion efficiency since the surface would
already be converting all the fuel it could manage. Therefore, increasing the
concentration of fuel entering the engine would decrease the combustion efficiency since
the same quantity of fuel would react regardless of concentration.
Another noteworthy result is that the combustion efficiency continues to increase
as the equivalence ratio of the reactants entering the combustion side of the engine
becomes greater than 1.0. Typically one would expect the efficiency to peak at 1.0, when
there is a stoichiometric mixture of hydrogen and oxygen. However, since the air flow
below the beam is not sealed off from the hydrogen-air flow above the beam, the actual
fuel-air mixture flowing over the beam remains lean even as the mixture entering the
engine becomes rich. At some input equivalence ratio the mixture flowing over the
catalyst surface will become too rich and the combustion efficiency will begin to
decrease. Due to the temperature limitations of the experiment, the tests did not reach a
sufficient equivalence ratio where the combustion efficiency started to decrease. The
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‘leveling off seen in Figure 6-16 at an air flow rate of 7.5 Lpm could be an indication of
the mixture becoming rich but could also be a result of experimental uncertainty.

Figure 6-15:
Combustion efficiency versus equivalence ratios at a
frequency of 2 Hz, duty cycle of 8% and air flow rates of 4.5 Lpm, 7.5 Lpm,
and 9.0 Lpm.
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Figure 6-16: Combustion efficiency versus equivalence ratios at a frequency of 5 Hz,
duty cycle of 8% and air flow rates of 4.5 Lpm, 7.5 Lpm, and 9.0 Lpm.

Figure 6-17: Combustion efficiency versus equivalence ratios at a frequency of 10 Hz,
duty cycle of 8% and air flow rates of 4.5 Lpm, 7.5 Lpm, and 9.0 Lpm.
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Figure 6-18: Average piezoelectric beam temperature versus equivalence
ratio at a frequency of 2 Hz, a duty cycle of 10%, and air flow rates of 4.5
Lpm, 7.5 Lpm, and 9.0 Lpm.

Figure 6-19: Average piezoelectric beam temperature versus equivalence
ratio at a frequency of 5 Hz, a duty cycle of 10%, and air flow rates of 4.5 Lpm, 7.5
Lpm, and 9.0 Lpm.
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Figure 6-20: Average piezoelectric beam temperature versus equivalence
ratio at a frequency of 10 Hz, a duty cycle of 10%, and air flow rates of 4.5
Lpm, 7.5 Lpm, and 9.0 Lpm.

The correlations for the combustion efficiency and piezoelectric beam
temperature, however, do not completely represent the experimental results. The
shortfalls of the correlations are reflected in the R2 values of only 0.76 and 0.73,
respectively. The correlations reflect the experimental results as the combustion
efficiencies and average piezoelectric beam temperatures continue to increase with
equivalence ratio. However, the correlations indicate almost no impact from the
frequency or air flow rate which contrasts some of the results seen in Figures 6-21
through 6-25. In Figures 6-21 and 6-22 the air flow rate decreases the combustion
efficiency by as much as 7% and increases the average piezoelectric beam temperature by
more than 10°C. However, several operating conditions do not produce changes in the
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combustion efficiency greater than the experimental uncertainty. Therefore the
dependence of the combustion efficiency on the air flow rate may only be significant
under certain operating conditions. The changes in the average piezoelectric temperature
are beyond the experimental uncertainty, indicating a significant dependence on the air
flow rate. Figures 6-24 and 6-25 show the frequency both increasing and decreasing the
combustion efficiency by as much a 7% depending on the operating conditions and
producing changes in the average piezoelectric temperature by more than 10°C. Once
again several sets of operating conditions do not produce changes in the combustion
efficiency greater than the experimental uncertainty but the changes in the average
piezoelectric temperature are beyond the experimental uncertainty. Since the input
parameters produce different behaviors based on the other operating parameters and a
limited number of data points were recorded from the experiments it was not feasible to
develop a correlation refined enough to accurately represent this portion of the results and
truly incorporate the effects of the frequency and air flow rate.
The air flow rate contributes to increasing both the energy released from
combustion and the convective heat transfer. The larger air flow increases the mass flow
rate of fuel entering the engine and reaching the catalyst surface, increasing the amount
of energy released, which increases the heating rate. The larger air flow rate also
increases the flow velocity which increases the convective cooling, increasing the cooling
rate. When these two factors balance out each other out, the piezoelectric temperature
remains constant. Figure 6-21 shows changes in the average piezoelectric beam
temperature with changes in air flow. The increased velocity resulting from increased air
flow rate reduces the residence time but also increases the mass transport of fuel to the
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surface. Therefore the combustion efficiency’s dependence on air flow is limited.
However, certain operating conditions do produce significant changes in combustion
efficiency. Figure 6-22, the 2 Hz, 8% duty cycle operating condition shows a 7%
decrease in combustion efficiency when the air flow is doubled from 4.5 Lpm to 9.0
Lpm.

Figure 6-21: Average piezoelectric beam temperature versus air flow rate for
frequencies of 2 Hz, 5 Hz, and 10 Hz, duty cycle of 8% and 10%, and an equivalence
ratio of 1.1
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Figure 6-22: Combustion efficiency versus air flow rate for frequencies of 2
Hz, 5 Hz, and 10 Hz, duty cycle of 8% and 10%, and an equivalence ratio of 1.1

By definition, the frequency only affects the duration of each cycle. Therefore,
changing the frequency should not alter the proportion of heating time to cooling time,
the rate of fuel reaching the surface, the velocity of the reactants in the combustion
chamber, or the convective heat transfer. As a result, the combustion efficiency and
average piezoelectric beam temperature should be unaffected by frequency. The
correlations reinforce this reasoning. However, the correlations are unable to account for
the increase and decrease in combustion efficiency and average piezoelectric temperature
over the range of frequencies shown in Figures 6-23 through 6-25 since they are not
refined enough to capture such patterns. Some of these fluctuations can be attributed to
experimental uncertainty, as discussed previously, and are not significant trends produced
by increasing the frequency. These fluctuations are illustrated in Figure 6-23 which
includes error bars for the experimental uncertainty.

158

Figure 6-23: Combustion efficiency versus frequency for duty cycles of 8%
and 10%, air flow rates of 4.5, 7.5, and 9.0 liters per minute and an
equivalence ratio of 1.1 Error bars of ±2.4% have been added to show the
experimental uncertainty.

On the other hand, some fluctuations are beyond the experimental uncertainty. One
example, shown in Figure 6-25, is the 10°C increase at an 8% duty cycle and an air flow
rate of 7.5 Lpm when the frequency is increased from 2 Hz to 5 Hz. One possible
explanation for this increase is the two millisecond open and close time for the valve
regulating fuel flow. This time period essentially lengthens the ‘fuel on’ time by nearly 2
ms. At 2 Hz this change is minimal, with an increase in heating time of less than 4%.
However, at 5 Hz and 10 Hz, the heating period increase starts to become significant,
with changes in heating time approaching 10% for 5 Hz and 20% for 10 Hz. This effect
essentially increases the duty cycle, producing a greater ratio of heating to cooling. In
addition, the extended duty cycle produces a lower average equivalence ratio during the
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pulse. As a result, changes in frequency impact the combustion efficiency and average
piezoelectric beam temperature. This characteristic also weakens the correlations since
the input parameters are not completely independent of one another.

Figure 6-24: Combustion efficiency versus frequency for duty cycles of 8%
and 10%, air flow rates of 4.5 Lpm, 7.5 Lpm, and 9.0 Lpm and an
equivalence ratio of 1.1
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Figure 6-25: Average piezoelectric beam temperature versus frequency for
duty cycles of 8% and 10%, air flow rates of 4.5 Lpm, 7.5 Lpm, and 9.0 Lpm
and an equivalence ratio of 1.1.

Power Output

In order to examine the impact of the operating parameters on the power output, it
is necessary to consider the factors that increase the power output of the piezoelectric
cantilever beam. The power output of the piezoelectric cantilever beam is based on the
change in stress on the piezoelectric material per unit time. The change in stress is
produced by the deflection of the beam. Therefore the rate of deflection, not the total
deflection, is the determining factor for the power output. The faster the deflection
occurs the larger the power output. If the deflection occurs too slowly, no power output
will be produced [9]. This was confirmed by the results of the high speed camera

161

experiments, which are shown in Figures 6-26 and 6-27. Figure 6-26 shows the power
output versus deflection. The total deflection distances at a frequency of 5 Hz are less
than the distances at a frequency of 2 Hz but similar power outputs are produced.
Figure 6-27 shows the power output versus deflection rate. Both the 2 Hz and 5 Hz
operating frequencies produce nearly equivalent power outputs for a given deflection
rate.

Figure 6-26: Power output of the piezoelectric beam versus the beam
deflection for frequencies of 2 Hz and 5 Hz.
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Figure 6-27: Power output of the piezoelectric beam versus the beam
deflection rate for frequencies of 2 Hz and 5 Hz.

As mentioned previously, the deflection of the piezoelectric beam is determined
by the deflection of the bimetallic actuator. This deflection is due to the mismatched
thermal properties of the two metallic layers of the actuator. An increase in temperature
causes one layer to expand more than the other, forcing the actuator to bend. Therefore,
the deflection of the piezoelectric beam is directly related to the temperature fluctuation
of the bimetallic actuator. As a result, the operating parameters that strongly affect the
temperature fluctuation have the most influence on the power output.
Increasing the equivalence ratio increases the temperature fluctuation by
increasing both the heating and cooling rate of the bimetallic actuator. The heating rate is
increased due to a larger amount of fuel being combusted during the fuel ‘on’ period.
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The increased reactions also raise the average temperature of the bimetallic actuator. As
a result, the temperature difference between the incoming air and the bimetallic actuator
is greater, producing an increase in the convective cooling. The increased heating and
cooling rates increase the temperature fluctuation of the bimetallic actuator, resulting in
an increased power output.
Increasing the air flow rate works in a similar fashion. The increased air flow
increases the mass flow rate of fuel entering the engine (for a given equivalence ratio),
resulting in more fuel reaching the catalyst surface and reacting. This produces an
increase in the heating rate. The increased temperature difference between the actuator
and the incoming air and the increased velocity produced from the increase flow rate help
to increase the cooling rate. Once again, the increased heating and cooling rates lead to a
higher power output.
Increasing the duty cycle increases the heating period of the cycle. This increases
the bimetallic actuator temperature which, again, leads to an increase in the cooling rate.
The heating rate is increased as a result of an improved combustion efficiency, which has
been shown to increase with duty cycle.
By definition, the frequency has no inherent effect on the cooling or heating rates,
it only shortens the length of time to heat and cool the actuator. Therefore, an increased
frequency should not increase the rate of the bimetallic actuator temperature fluctuations
or the deflection rates of the piezoelectric remain the same, only the magnitudes of the
temperature fluctuation and the deflection should be reduced. As a result, the frequency
should not have an impact on the power output. However, as previously mentioned, the
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two millisecond open and close time of the fuel valve can have an impact on the duty
cycle and equivalence ratio, causing the frequency to impact the power output.
The maximum power output produced over the entire set of operating conditions
was 3.5 µW. The correlation relating the power output to the four operating parameters is
shown below.

Poutput = 1.42E-7*f -0.24DC0.33V1.69φ1.34

(6-7)

The R2 value for the correlation is 0.79. Figure 6-28 shows a graph of the correlation
results versus the experimental results.

Figure 6-28: Results predicted by the numerical correlations versus the
experimentally determined results for engine power output.
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As shown in the correlation, the air flow rate and equivalence ratio have the
largest impact on the power output. An increase in either parameter increases the power
output. An increased duty cycle also increases the power output but does not have as
large of an impact as the equivalence ratio and air flow rate. Increasing the frequency has
a negative impact on the power output.
The dependence of the power output on the air flow rate shown in the correlation
is supported by Figures 6-29 through 6-31. In all but one case the power output
continually increases with air flow rate (beyond the experimental uncertainty). In
Figure 6-29, the operating condition at a frequency of 2 Hz, a duty cycle of 8%, and an
equivalence ratio of 1.1 shows the power output decreases slightly as the air flow rate is
increased from 7.5 Lpm to 9.0 Lpm. However, when the equivalence ratio is increased to
1.2, the power output continually increases over the entire range of air flow rates. Error
bars have been included in Figures 6-29 and 6-30 to help illustrate that the changes in
power output (as function of air flow rate) is beyond the experimental uncertainty.
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Figure 6-29: Engine power output versus air flow rate at an equivalence
ratio of 1.1, a duty cycle of 8%, and a frequency of 2 Hz, 5 Hz, and 10 Hz.
Error bars of ±0.1µW have been added to show the experimental uncertainty.

Figure 6-30: Engine power output versus air flow rate at an equivalence
ratio of 1.1, a duty cycle of 10%, and a frequency of 2 Hz, 5 Hz, and 10 Hz.
Error bars of ±0.1µW have been added to show the experimental uncertainty.
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Figure 6-31: Engine power output versus air flow rate at an equivalence ratio of 0.9,
a duty cycle of 12%, and a frequency of 2 Hz, 5 Hz, and 10 Hz.

Figures 6-32 through 6-34 illustrate the dependence of the power output on the
equivalence ratio. In all cases, there is a significant increase (greater than the
experimental uncertainty) in the power output with increasing equivalence ratio until an
equivalence ratio of 1.2 is reached. Figures 6-33 and 6-34 show several instances in
which the power output begins to decline. This decrease in power output is greater than
the experimental uncertainty, indicating a significant trend. The decline in power output
could be attributed to the increased temperature of the engine components. As the
average piezoelectric beam temperature increased beyond approximately 70°C, the
increased deflection of the bimetallic rates causes the convective heat transfer to
decrease. The expanding flow channel caused by the increased deflection reduces the
velocity and the heat transfer coefficient. When the convective cooling decreases, the
temperature fluctuation becomes less, resulting in a decreased power output. In
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Figures 6-32 through 6-34, the points in red indicate when the average piezoelectric beam
temperature exceeded 70°C. At 2 Hz, the piezoelectric temperature never exceeded
70°C. More data points could make these abrupt drops in power outputs at higher
equivalence ratios appear more gradual than what is shown in the figures.

Figure 6-32: Engine power output versus equivalence ratio at duty cycles
of 8% and 10%, a frequency 2 Hz, and air flow rates of 4.5 Lpm, 6.0 Lpm, 7.5
Lpm, and 9.0 Lpm.
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Figure 6-33: Engine power output versus equivalence ratio at duty cycles
of 8% and 10%, a frequency 5 Hz, and air flow rates of 4.5 Lpm, 6.0 Lpm, 7.5
Lpm, and 9.0 Lpm.

Figure 6-34: Engine power output versus equivalence ratio at duty cycles
of 8% and 10%, a frequency 10 Hz, and air flow rates of 4.5 Lpm, 6.0 Lpm,
7.5 Lpm, and 9.0 Lpm.
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Figures 6-35 thru 6-37 show the dependence of the power output on the
frequency. For duty cycles of 10% and 12%, the behavior is in agreement with the
correlation, where increasing the frequency produces a decrease in the power output.
However, at an 8% duty cycle and air flow rates of 7.5 Lpm and 9.0 Lpm, the significant
increases (greater than the experimental uncertainty) in the power output are produced
when the frequency is increased from 2 Hz to 5 Hz. The power output then decreases
from 5 Hz to 10 Hz. Similar to the combustion efficiency and piezoelectric temperature,
the dependency of the power output on the frequency could be a result of the time needed
for the fuel valve to open and close. Once again, this results in an extended duty cycle
and decreased average equivalence ratio during the fuel on period at higher frequencies.
Therefore the impact of the frequency on the duty cycle and equivalence ratio results in a
change in the power output.
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Figure 6-35: Engine power output versus frequency at a duty cycle of 8%,
an equivalence ratio of 1.1, and air flow rates of 4.5 Lpm, 6.0 Lpm, 7.5 Lpm,
and 9.0 Lpm.

Figure 6-36: Engine power output versus frequency at a duty cycle of 10%,
an equivalence ratio of 1.1, and air flow rates of 4.5 Lpm, 6.0 Lpm, 7.5 Lpm,
and 9.0 Lpm.
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Figure 6-37: Engine power output versus frequency at a duty cycle of 12%,
an equivalence ratio of 0.9, and air flow rates of 4.5 Lpm, 6.0 Lpm, 7.5 Lpm,
and 9.0 Lpm

Since the duty cycle only increases the percentage of fuel burned but does not
increase the rate of fuel delivered, its impact on the heating rate is not as significant as the
equivalence ratio and the air flow rate. Also, the increase in fuel burned is not as great as
with increasing the equivalence ratios and air flow rates. This causes the temperatures
within the engine to increase less with increases duty cycle, limiting the increase in the
convective cooling.. As a result, the impact of the duty cycle on the temperature
fluctuation and power output is not as significant as that of the equivalence ratio and air
flow rate. Figure 6-38 shows the dependence of the power output on the duty cycle. In
all but one case the power output increases or there is no significant change as the duty
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cycle increases from 8% to 10%. The one case at a frequency of 5 Hz and an air flow
rate of 7.5 Lpm, shows a decrease in power output with duty cycle. Since it is difficult to
discern the true pattern of the operating condition using only two points, it is possible that
this is an anomaly in the results.

Figure 6-38: Engine power output versus duty cycle at an equivalence ratio
of 1.1, air flow rates of 4.5 Lpm, 7.5 Lpm, and 9.0 Lpm and frequencies of 2 Hz, 5
Hz, and 10 Hz.

System Efficiency

The overall system efficiency is simply defined as the power output of the system
per chemical energy input. The efficiency is defined mathematically by:
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η system =

Poutput
m& H 2 (Δh) H 2

where ηsystem is the system efficiency, Poutput is the power output of the engine,

(6-8)

is the

mass flow rate of fuel and (Δh) H 2 is the heat of combustion for hydrogen. Since the

mass flow of fuel is dependent on the equivalence ratio and air flow rate, it is expected
that the behavior of the system efficiency is similar to the power output behavior with
less dependence on the equivalence ratio and air flow rate. This expectation is confirmed
by the correlation relating the system efficiency to the operating parameters shown
below.

ηsystem = 1.52E-9*f -0.28DC 0.36V 0.82*φ 0.76

(6-9)

The R2 value for the correlation is 0.70. Figure 6-39 shows the correlation results
versus the experimental results for the system efficiency. As shown in the figure, the
correlation is not accurate at low system efficiencies due to the form of the correlation
equation. Since a limited number of data points were recorded from the experiments it
was not feasible to develop a correlation refined enough to accurately represent the
system efficiency over the entire range of values.
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Figure 6-39: Results predicted by the numerical correlations versus the
experimentally determined results for the system efficiency.

Once again the air flow rate and the equivalence ratio play the largest roles.
Increasing either parameter increases the system efficiency. Increasing the duty cycle
increases the system efficiency but not as significantly as the equivalence ratio and air
flow rate. Since an increased frequency had a negative impact on the power output, the
impact on the system efficiency was expected. Once again the correlation cannot predict
the decreases in system efficiency at higher equivalence ratios. These decreases in
system efficiencies (which are greater than the experimental uncertainty) can be observed
in Figures 6-40 through 6-42. Referring back to Figures 6-32 through 6-34 this behavior
is expected. When the power output begins to level off or decrease but the fuel delivered
increases, the system efficiency is going to decrease.
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Figure 6-40: Engine system efficiency versus equivalence ratio at duty
cycles of 8% and 10%, a frequency 2 Hz, and air flow rates of 4.5 Lpm, 6.0
Lpm, 7.5 Lpm, and 9.0 Lpm.

Figure 6-41: Engine system efficiency versus equivalence ratio at duty
cycles of 8% and 10%, a frequency 5 Hz, and air flow rates of 4.5 Lpm, 6.0 Lpm,
7.5 Lpm, and 9.0 Lpm.
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Figure 6-42: Engine system efficiency versus equivalence ratio at duty
cycles of 8% and 10%, a frequency 10 Hz, and air flow rates of 4.5 Lpm, 6.0
Lpm, 7.5 Lpm, and 9.0 Lpm.

The optimum operating parameters for the engine are when the peak power output
coincides with the peak system efficiency. The three figures below show when this
occurs for each frequency. Figure 6-43 shows the optimum operating condition at 2 Hz is
a duty cycle of 10%, an equivalence ratio of 1.1 and an air flow rate of 9.0 Lpm.
Figure 6-44 shows the optimum operating condition at 5 Hz is a duty cycle of 8%, an
equivalence ratio of 1.3 and an air flow rate of 7.5 Lpm. Figure 6-45 shows the optimum
operating condition at 10 Hz is a duty cycle of 8%, an equivalence ratio of 1.3 and an air
flow rate of 9.0 Lpm.
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Figure 6-43: Power output and system efficiency versus equivalence ratio
at a frequency of 2 Hz, a duty cycle of 10%, and air flow rates of 7.5 Lpm
and 9.0 Lpm.
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Figure 6-44: Power output and system efficiency versus equivalence ratio
at a frequency of 5 Hz, a duty cycle of 8%, and air flow rates of 7.5 Lpm and
9.0 Lpm.

Figure 6-45: Power output and system efficiency versus equivalence ratio
at a frequency of 10 Hz, a duty cycle of 8%, and an air flow rates 9.0 Lpm.
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Engine Optimization

The system efficiency, unfortunately, is much lower than what a practical device
would require. Even though the energy density of hydrocarbon fuels can be up to fifty
times greater than that of a chemical battery, the efficiency of the device would have to
approach at least 2% to compete with traditional batteries.
There are several steps that could be taken to improve the efficiency of the
micro engine design. The most effective way to discuss potential improvements is to
break the overall system efficiency into four separate efficiencies: combustion efficiency,
heat transfer efficiency, thermal to mechanical conversion efficiency, and mechanical to
electrical conversion efficiency. The product of these four efficiencies equals the system
efficiency.

Combustion Efficiency

The first component of the system efficiency is the combustion efficiency. As,
described previously, this is the amount of fuel burned per amount delivered to the
engine. In the original combustor, combustion efficiencies of up to 88% were achieved.
In the new engine design the maximum combustion efficiency dropped to 66.5%. The
most likely cause for this drop is the difference in combustor chamber height. In the
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previous combustor the highest combustion efficiency was achieved at a constant
chamber height of 0.5 mm. Due to the deflection of the bimetallic actuator when heated,
the combustion chamber height in the new design increased along the length of the
combustion chamber from 0.5 mm to 2.5 mm. When the combustor height increases the
fuel has farther to diffuse to reach the catalyst surface, reducing the combustion
efficiency. The increased combustion height reduces the flow velocity which increases
the residence time for the fuel to real the surface but also decreases the mass transport
rate. Figure 6-46 shows how the combustion height changes along the length of the
bimetallic actuator when it is heated.

Figure 6-46: Close up view of the engine chamber illustrating the change in combustor
height along the length of the bimetallic actuator. The average piezoelectric temperature
when this picture was taken 72°.
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There are two potential solutions for this deficiency. One method would be to
have a curved combustion chamber. If the top of the chamber was fabricated to have the
same curvature as the bimetallic actuator at a prescribed operating temperature, the
combustor chamber height would remain constant along the length of the actuator. One
problem with this approach is that the necessary curvature would change based on the
average operating temperature of the engine. Another problem is that it would make
fabrication more challenging, especially at a microscale level. The other solution would
be to have the combustion chamber deform with the bimetallic actuator. This solution
could be accomplished by assembling the actuators and piezoelectric beams in a stack as
illustrated in Figure 6-47. As the combustor heats up the actuators would bend uniformly
producing uniform combustor heights along the length of the actuators. The separation
between the beams could be optimized for improved combustion efficiency.

Figure 6-47: Schematic of an array of piezoelectric beams and bimetallic
actuators. (a) Position of the beams at room temperature prior to operation (b) Mean
position of the beams and actuators during engine operation.
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Heat Transfer Efficiency

The second component of the system efficiency is the heat transfer efficiency.
This is defined as the heat gained by the actuator per amount of energy released by
combustion. The heat transfer efficiency is expressed mathematically by

η H .T . =

( ρLwtC p ΔT ) actuator

[η

comb

]

(6-10)

m& H 2 (Δh) H 2 τ htg

where ρ is the density of the bimetallic actuator, L is the length of the actuator, w is the
width of the actuator, t is the thickness of the actuator, Cp is the specific heat of the
actuator, ΔT is the temperature fluctuation of the actuator, ηcomb is the combustion
efficiency,

is the mass flow rate of hydrogen entering the engine,

is the heat of

combustion for hydrogen and τhtg is the length of the heating period (equal to the duty
cycle divided by the frequency). Since the temperature fluctuation of actuator was not
measured, the exact heat transfer efficiency could not calculated. However, by
estimating the temperature change for a set of flow conditions allows for an estimate of
the heat transfer efficiency. An estimate of a 10°C temperature change for a frequency of
2 Hz, a duty cycle of 10%, an equivalence ratio of 1.2 and an air flow rate of 7.5 Lpm
results in a heat transfer efficiency of 15%.
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The heat transfer efficiency is reduced by the large quantities of heat transferred
out of the engine through the exhaust flow and by conduction through the walls. Instead
of the energy from the combustion reactions raising the temperature of the beam, the
energy is lost to the surroundings. The majority of the heat is lost through the exhaust
flow. One solution would be to utilize the heat in the exhaust flow to heat another
cantilever beam to produce another deflection. However the reduced heat in the exhaust
would reduce the heating rate of the second beam, limiting the potential power output.
Another method would be to improve the design of the actuator beam, such as adding
features to increase heat transfer. Another method, similar to the first idea, is to employ
arrays of beams similar to Figure 6-47 but in the horizontal direction as well. The flow
through each channel would then be used to heat beams above and below the flow, rather
than just one beam. Instead of the excess heat escaping via the exhaust or the walls of the
engine, it would heat the other beams in the engine.

Thermal to Mechanical Conversion Efficiency

The third component of the system efficiency is the thermal to mechanical energy
conversion efficiency, ηtherm-mech. This efficiency is defined as the mechanical work,
Wmech, performed per amount of thermal energy gained by the actuator and is shown in

Equation 6-11,
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η therm − mech =

Wmech
ρC p ( Lwt )ΔT

[

]

(6-11)

actuator

The mechanical work is defined as the force exerted on the piezoelectric beam by
the bimetallic actuator, Factuator, integrated over the deflection distance, δpiezo and is
expressed by

Wmech = ∫

δ piezo

0

Factuator dδ

(6-12)

The deflection of the piezoelectric beam can then be expressed in terms of the
force exerted by the actuator. The deflection of the cantilever beam is analogous to the
displacement of a spring. The force exerted on or by the spring is given by

Fspring = kx

(6-13)

where Fspring is the force exerted on the spring, x is the displacement of the spring, and k
is the spring constant. The spring constant for a cantilever beam is expressed as

k beam =

Ewt 3
4 L3

(6-14)
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where L, is the length, w is the width, t is the thickness and E is the Youngs Modulus of
the piezoelectric beam. Therefore the deflection of the piezoelectric beam can be
expressed as

⎛ 4 L3 ⎞

⎟
δ piezo = ⎜⎜
Factuator
3 ⎟
⎝ Ewt ⎠ piezo

(6-15)

This equation comes from traditional beam theory for a cantilever beam [10]. Solving for
Factuator, substituting the expression into the Wmech integral and integrating gives

⎛ Ewt 3
Wmech = ⎜⎜
3
⎝ 8L

⎞
2
⎟⎟
δ piezo
⎠ piezo

(6-16)

Therefore, the expression for the thermal to mechanical efficiency becomes

η therm − mech

⎛ Ewt 3 ⎞
2
⎜⎜
⎟
δ piezo
3 ⎟
⎝ 8 L ⎠ piezo
=
ρC p ( Lwt )ΔT actuator

[

]

(6-17)

The thermal to mechanical conversion efficiency is the most limiting factor in the
micro engine design. The temperature fluctuation of the bimetallic actuator was not
measured so the exact thermal to mechanical efficiency cannot be calculated. However,
substituting in rough estimates for the temperature fluctuations of the bimetallic actuator
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10°C per 0.4 mm deflection of the piezoelectric beam the efficiency is approximately
0.002%. This number substantially reduces the overall efficiency of the system. Due to
the use of prefabricated pieces for both the piezoelectric beam and bimetallic actuator,
little could be done to improve the efficiency for the current engine set up. However, for
future designs, the thermal to mechanical conversion efficiency can be significantly
improved.
One way to improve the efficiency is select materials with more favorable
properties. This could be done for the bimetallic beam but for the piezoelectric beam the
choice of materials for fabrication is fairly limited. Therefore, the efficiency could only
be increased a limited amount through material optimization.
The other approach is to optimize the dimensions of the piezoelectric beam. First,
the dimensions can be optimized by simply examining their impact on the mechanical
work. Equations 6-15 and 6-16 show the dependence of the deflection, δpeizo, and the
mechanical work on the beam dimensions. Rearranging and cancelling terms, one can
see the relationship between the dimensions of the piezoelectric beam and the mechanical
work, expressed by

Wmech

⎛ L3 ⎞
∝ ⎜⎜ 3 ⎟⎟
⎝ wt ⎠ piezo

(6-18)

Increasing the length or decreasing the thickness has a large impact on the mechanical
work since both terms are cubed. If the length to thickness ratio is doubled the work
would increase by a factor of 8.
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Another way to increase the work done on the piezoelectric beam is to operate the
engine near the resonance frequency. In a harmonically oscillating system, as the
oscillations of the system begin to approach the resonance frequency of the system the
deflection becomes amplified. The actual amplitude of the deflection of the beam in
motion compared to the static deflection of the beam is called the magnification factor
[11]. The magnification factor can be calculated by

x

δ st

=

1
⎛ω
1 − ⎜⎜
⎝ ωn

⎞
⎟⎟
⎠

2

(6-19)

where X is the amplitude of displacement, δst is the static deflection of the beam due to
the applied force, ω is the frequency of the system and ωn is the natural frequency. For
an undamped system the resonance frequency and the natural frequency are equivalent.
The magnification factor as a function of ω/ωn is shown in Figure 6-48. At frequencies
well below the natural frequency, the magnification factor is approximately one. As the
system frequency increases and the ω/ωn ratio approaches one, magnification factor
increases rapidly. Therefore, oscillating the system near the natural frequency will
greatly increase the deflection of the beam and, in turn, increase the piezoelectric output.
Theoretically, when the ω/ωn ratio reaches unity, the magnification factor goes to infinity.
However, it can be shown that the amplitude of the beam deflection continually increases
with time when ω/ωn equals 1.
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Figure 6-48:
Magnification factor for an undamped system under a
harmonic force.

The natural frequency of an undamped oscillating system is expressed:

ωn =

1
2π

k

m

(6-20)

Where k is the spring constant of the system and m is the mass of the system. Once
again, for a cantilever beam, the spring constant, kbeam, is expressed

k beam =

Ewt 3
4L3

(6-21)

190

where E is the modulus of elasticity of the beam, w is the width of the beam, t is the
thickness of the beam and L is the length of the beam [10]. The mass of the beam, in
terms of its dimensions, is expressed

m = ρ (Lwt )

(6-22)

where ρ is the density of the beam, w is the width of the beam, t is the thickness of the
beam and L is the length of the beam. Combining equations, the natural frequency
becomes

ωn =

t
4πL2

E

ρ

(6-23)

For the piezoelectric beam used in the current micro engine, the natural frequency
is 177 Hz. This frequency of operation would require heating and cooling rates for the
beam that are virtually impossible to achieve. However, measures could be taken to
produce a system that could operate near the natural frequency. The first measure is to
reduce the size of the system. By reducing the size, the mass of the bimetallic actuator is
reduced, reducing the time needed to heat and cool. This would allow for temperature
fluctuations to be produced at a higher frequency, increasing the frequency of the
piezoelectric beam deflections. The second measure would be to optimize the length to
thickness ratio of the beam. If the beam length to thickness ratio is doubled the natural
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frequency is reduced by a factor of four. For the current system, this would reduce the
natural frequency to 45 Hz, a more achievable value.
Operating the engine near the natural frequency could theoretically amplify the
piezoelectric beam deflections by a factor of twenty or more. Since the mechanical work
is proportional to the deflection squared, the work would be increased by orders of
magnitude. However, the beam is not capable of being deflected over twenty times
greater than what was already achieved. Therefore, to take advantage of the amplified
response, it would be necessary to also design the actuator to have an equivalent natural
frequency. The deflection of the actuator due to the temperature fluctuation would then
be amplified, which would amplify the force exerted by the actuator and increase the
deflection of the piezoelectric beam. If the piezoelectric beam has the same natural
frequency as the actuator only a tiny force would be needed to produce significant
deflection. In the end, a very small temperature increase in the actuator could produce
significant deflection of the piezoelectric beam, greatly increasing the efficiency of the
system.

Mechanical to Electrical Conversion

The mechanical to electrical conversion efficiency is defined as the amount of
electrical energy produced per amount of mechanical work done by the bimetallic
actuator. The conversion is a property of the piezoelectric material used. Selection of a
better piezoelectric material would improve the conversion. In the current experimental
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work a prefabricated beam was purchased, eliminating any chances to optimize the
material. In addition, the beam was designed for the opposite purpose, to produce
deflections upon voltage input rather than electrical output upon deflection. Future work,
where a piezoelectric cantilever beam would be microfabricated, could optimize the
piezoelectric material and improve the conversion efficiency. However, the current
maximum conversion efficiency for piezoelectric cantilever beams is about 16% [12].
Therefore, the conversion of mechanical work to electrical energy would still limit the
efficiency of the system.

Summary

Previous experiments with the micro combustor and the subsequent numerical
analysis led to a redesign of the micro engine. The design consists of two cantilever
beams within a sealed chamber. The first beam is bimetallic beam that deflects as a result
of temperature fluctuations. The second beam is a piezoelectric beam that is deflected by
the bimetallic beam. Upon deflection of the piezoelectric beam, an electrical output is
produced. In order to evaluate the new design, a micro engine experiment was developed
and over 200 different experiments were conducted.
The micro engine experiment achieved the primary objectives. It converted the
fuel, hydrogen, to an electrical output using pulsed catalytic combustion and piezoelectric
materials all incorporated into one device. The maximum power output produced was
3.5 µW. In addition, this was achieved using a geometry that is compatible with existing
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microfabrication methods. The frequency of the engine was also increased by a factor of
five. In the previous micro combustor, 2 Hz was the maximum operating frequency. In
the new design, power output was produced at a frequency of 10 Hz. Also, the engine
operated at significantly lower temperatures than the previous micro combustor. The
average operating temperature of the previous micro combustor exceeded 400°C while
the new engine never reached operating temperatures above 100°C.
The obvious drawback to experimental engine was the very low system
efficiency. These low efficiencies make the engine design a poor alternative for
traditional chemical batteries, which is a key objective for the development of micro
power devices. As described in the discussion, there are measures that can improve the
efficiency of the engine. However, obtaining a system efficiency that makes the engine
competitive with chemical batteries appears challenging.

Conclusion

A novel device for converting chemical energy to electrical energy was developed
but the efficiency of the device was far below what would be needed for a practical
device. The proposed refinements to the micro engine would help it approach a
reasonable efficiency. However, in order to sufficiently estimate the potential system
efficiency, an in depth design and analysis of a microfabricated cantilever beam micro
engine would need to be completed. This work would result in a refined design that
would incorporate the previously outlined improvements to the micro engine. The design
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and analysis would require a strong understanding of microfabrication processes and
techniques to determine obtainable geometries and practical materials, thermal science to
estimate temperature fluctuations within the engine, and engineering mechanics to
optimize the geometry and estimate deflections. Since it is uncommon to find a person
with a strong background in all three subject areas, the analysis would most likely require
multiple people or further training and education for an individual. In either case,
substantial time and/or funding would be needed for the study.
If the refined engine design shows potential for the efficiencies to approach a
practical level (~2%), other obstacles would need to be handled before fabrication would
be justified. First, the control of the fuel pulse would need to be changed. Operating
frequencies would likely reach more than 40 Hz, making the current fuel valve with the
2ms open and close time impractical. As a result, another fuel pulse controller would be
needed. The flow control would also need to be enhanced since the volumetric flows will
decrease dramatically at the reduced dimensions. Traditional rotometers, which were
used in this experiment, would not be capable of adequately controlling the flow. Since
temperature measurements would be essential in evaluating the new engine,
thermocouples would need to be integrated into the structure of the beams as to not
disturb the flow, the reaction chemistry, or the mechanical behavior of the beams.
In the end, the low system efficiencies achieved in the latest experiments make
committing additional resources discouraging. The in depth study to better predict the
potential efficiency of a refined micro engine could generate a brighter outlook for engine
and be helpful in obtaining the necessary funding for further development. However, the
study would require significant resources due to the competence needed in a range of
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subject areas to produce accurate results. This essentially produces a Catch 22 situation,
more resources are needed to determine the true potential of the engine design but the
resources will be difficult to obtain unless the engine design shows more potential.
Therefore, the recent experimental results make it very difficult to advance the micro
engine concept any further.
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