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Chapter 1 : Introduction

The current proliferation of electronic devices becoming ingrained into daily
life has created a demand for high energy-density power supplies. This demand has
been the driving force for the development of small-scale heat engines as a means to
provide this energy. This chapter will frame some of the major technical barriers
associated with small-scale heat engines and outline the scope of this thesis. This
thesis will focus on the development of a concept engine that is specifically intended
to address several of the barriers to micro-scale engines.

1.1: The need for micro‐scale power
The demand placed upon portable electronics has been increasing since their
inclusion into daily life. There is a demand for more powerful and smaller devices
that will operate for longer durations. Currently electro-chemical batteries are
employed to supply these devices, but with energy density of less than 1.0 kJ/g, they
cannot provide the operational durations required [1]. While a liquid hydrocarbon
source can in theory attain 36 kJ/g, present micro-scale engines are not efficient
enough to supplant batteries in microscale uses and suffer from other deficiencies that
limit their applications [1]. However with development, a micro-scale engine with an
effeciency of greater than 15 % could replace the electro-chemical cell as the supply
of choice for small devices if other shortcomings are resolved. Current power and
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energy requirements are outlined in Table 1.1 for several scales of device that could
benefit from increased energy density.
Table 1.1: Overview of power and energy requirements for sampled devices [1]

Application

Power
demand (W)

Current typical
duration

Desired
duration

Target specific
energy (kJ/g)

Artificial heart
Humanoid robot
Exoskeleton
Personal
transportation
Augmented reality

30
1000
200
1000

0.5h
15m
30m
1h

10h
5h
10h
10h

10.8
3.6
7.2
7.2

200

1h

10h

7.2

As shown in Tables 1.1 and 1.2 current battery technology limits on energy
density prevent many of these items from becoming viable since the operating
duration cannot be achieved without greatly increasing the mass allotted towards
energy storage, and increasing the mass for energy storage has the side effect in some
devices of increasing power demand or rendering the device unusable. Since current
battery technology cannot realize the target specific energies required for adequate
operational time for existing and future devices, an alternate power source must be
substituted. The most energy dense storage device available is fissionable material,
followed by combustible hydrocarbon fuel [2]. The energy density of several storage
schemes are outlined in Table 1.2.
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Table 1.2: Summary of selected energy storage densities [3]

Storage Method
Fission Fuel
Combustion Reactants
Electrochemical Cell
Heat Capacity
Latent Heat
Fuel Cell
Elastic Strain

Energy Density (J/L)
1.5x1012
3.5x107
2.1x106
8.4x105
1.0x105
6.5x103
6.4x103

Parameters
U235
Octane (Gasoline)
Li - aV2O5
Water, ΔT=20K
R-11
H2 – O2, 1 atm
Steel Spring

1.2: Limitations of current technologies
This section will outline the limitations of current technologies, both
electrochemical cells and the current state of micro-scale power systems.

1.2.1: Battery limitations
Current electrochemical battery technology has focused on lithium based cells
which have a predicted maximum limit of 250W-h/kg [4]. Part of this limitation is
that a battery must carry both reactants and that the reactions for rechargeable
batteries must also be reversible. In the drive for higher energy densities more
energetic reactants and more permissive electrolytes have begun to raise safety
concerns about the rate at which the reaction is allowed to progress. The use of
flammable electrolytes and highly oxidizing lithium metal (produced under large
current loads) has led to internal and external restraints both electronic and chemical
to ensure safety [4]. Electrochemical cells are also very sensitive to temperatures

4
from an environmental and internal energy release perspective [5]. The effect of
temperature causes changes in the reaction rates which can reduce power output; it
also increases internal losses and reduces energy storage capability [5].
Electrochemical cells placed under a constant current load show a steadily decreasing
voltage due to decreasing reactant densities which lowers reaction rate, and can cause
irreparable damage to the cells if discharged too quickly or beyond a minimum state
of charge [5, 6]. Even if energy is not being extracted from the cells they experience
a loss of energy of approximately 10% per month when left idle [6].

1.2.2: State of current technologies
Alternatives to using the electrochemical battery include: hydrogen fuel cells,
direct thermoelectric conversion, heat engines and biochemical power [1]. For the
purposes of this document the focus will be placed on the examination of heat engine
technologies. The ideal heat engine is known as the Carnot cycle and is used as a
benchmark for comparison of different cycles and actual devices. The Carnot cycle is
an idealized cycle which consists of: isothermal heat addition, isentropic expansion,
isothermal heat rejection and isentropic compression [7]. From the temperatures at
which the heat addition (TH) and the heat rejection (TL) take place a maximum
efficiency for work extraction has been developed as given by:

ηc = 1 −

TL
TH

(1.1)
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An inherent assumption is that there is no thermal resistance to the transfer
of heat from the high temperature reservoir to the working fluid such that the
processes are internally reversible and the fluid returns to its original state. In order
to operate at this maximum efficiency the heat transfer processes must occur very
slowly to operate in quasi-isentropic state which reduces power output to zero in the
limit [8]. The other extreme is to maximize the thermal transfer rate which greatly
reduces efficiency. Numerous authors have proposed techniques for balancing power
output and efficiency including the maximum efficient power method and maximum
power density method [8-10]. These techniques incorporate the losses incurred
during the transport of heat from the thermal reservoir to the working fluid and the
power output per volume of working fluid [9]. The efficiency at the maximum power
operating point is given by:

η mep = 1 −

TL
TH

(1.2)

Equations (1.1) and (1.2) are the common scales to which actual heat engines
are compared and for which theoretical cycles are analyzed. In the idealized case all
thermal energy expended from the reservoir is transferred into the working fluid, the
maximum efficiency power considers some effects of heat transfer to the working
fluid, but both models ignore the possible rejection of heat directly from the high
temperature to low temperature reservoirs. Peterson has produced models that
include a shunt term between the high temperature and low temperature reservoirs.
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These models can describe how factors such as transfer frequency, length scale of
the shunt path and material thermal conductivity affect engine efficiency [8, 11, 12].
This past work also shows that as length scale decreases the effect of thermal losses
on operating efficiency increases, and that as length scale decreases there is a higher
sensitivity to the thermal conductivity of the materials used in construction. A
schematic of one of these models is shown in Figure 1.1.

Figure 1.1: Schematic of a model to determine effects of length, shunt and thermal resistances,
temperature ratio and operating frequency on engine efficiency. [8]

Current heat engines with power outputs in the 50-100 W range have thermal
efficiencies of 5-12% [12]. Low operating efficiency has been attributed to the
thermal losses between operating reservoirs, difficulty in sealing small machinery,
increased relative friction losses, and incomplete combustion [1, 3, 8, 12].
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Commercially available two and four stroke internal combustion engines are
available in the 10 W and greater power output [1, 13]. The commercially available
engines suffer from very low efficiencies and produce a loud and noxious exhaust
discharges, the latter makes them unsuitable for use in confined environments, or
where a large noise signature is prohibited [1, 13].

The lack of a commercially available and viable unit to fill the demand for micro
power generation has spurred many development directions to create working
devices. Many of the efforts have focused on miniaturizing engine cycles that have
been proven effective in larger scale applications such as:

•

Turbine Brayton cycles [1,14-15]

•

Diesel cycle [16]

•

Wankel based Otto cycle [1,17-18]

All of the above engine designs produce shaft work which can be used directly if
needed or can be converted into electrical energy. Since one of the main goals for
such devices is to supplant batteries as the primary energy storage in electrical
devices there have been several novel devices design specifically to produce electrical
power. Some of these devices use a piezoelectric element that is subjected to strain
from a phase change in a fluid [19], free piston oscillators moving a magnet through a
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coil [20], and swing engine designs that rotationally oscillate a magnet past a coil to
generate electricity [21].

Wankel based engines have been developed by the University of California,
Berkeley and by University of Birmingham. These engines were selected due to the
relatively simple motion, lack of valve train and that they can be produced from 2-d
fabrication processes, allowing photolithography techniques [17-18]. Prototypes in
the sub 50 W range have been produced at both institutions. The University of
California, Berkeley engine has been successfully run on a hydrogen fuel, but
efficiency was less than 1%, citing thermal management and leakage problems [17].
The University of Birmingham engine has not been used as an internal combustion
engine as of writing, but has been used as an expander for cryogenic gasses. Their
approach has been to focus on the sealing aspects of the engine more than the specific
combustion aspects [18]. They anticipate a power output of 12 W at 17,000 RPM.

Miniature gas turbine engines are being developed at Massachusetts Institute
of Technology and the Catholic University of Leuven. The MIT micro turbine engine
is produced by stacking etched silicon carbide wafers to produce the structures. They
claim to have versions capable of 17 W of output power with larger units planned
[14]. The Catholic University of Leuven team has a device that was constructed from
plunge EDM machined stainless steel components. Their design is currently limited
to the turbine side and does not include compressors or combustion chambers [15].
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A piston based engine has been developed by D-Star Engineering. It operates
on a Diesel cycle that is connected to an electrical generator. Their module is a 5 inch
cube that weighs 2 kg full and can operate for 24 hours at 50 W output power [16].
The technology is similar to the commercially available engines with special attention
paid to lubrication and exhaust treatments to reduce noise and noxious emissions.

Problems common to these designs are the lack of separation of hot and cold
sections to either increase the temperature difference or to reduce the heat lost [22].
Leakage is another problem that plagues these smaller engines. In larger engines
where the characteristic dimension may be 100 mm or greater the clearance between
moving parts can already be on the micro scale which is a similar clearance that is
allowed on many of the micro scale engines [22]. Frictional losses have also been
cited by several sources as a major loss. The cause of this is suspected to be the
significantly higher frequency of operation of micro devices to achieve power
density. This means that to increase efficiency in a micro scale heat engine there
must be:
• Reduced leakage losses
o Very tight tolerances
o A design that is less sensitive to the effects of leakage
• Reduced thermal losses
o Separation of the hot and cold sections of the engine
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o Insulating materials to prevent heat loss
o Materials used that can withstand high operating temperatures
• Reduction of frictional losses
o Application of dry running, low friction surfaces
o More power per cycle
o Low friction bearings
• Improvement of combustion efficiency
o Hot combustion chambers
o Catalytic combustion

1.3.1: Scope of Work

This thesis will focus on the development of a concept micro engine for power
generation that addresses several of the issues that hamper performance of the other
engines in development. It will cover the cycle development, technologies to enhance
performance and the testing of the combustion chamber.
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Chapter 2 : Literature Review
The purpose of this section is to outline the work of others that have
contributed to the work presented later in the document. It will cover the following
topics: scaling issues with micro heat engines, previous development of micro scale
heat engines, technologies to enhance efficiency in macro scale engines and a brief
and selected review of catalytic combustion.

2.1: Scaling Studies

In 1959 Richard Feynman proposed that any mechanical device could be
made to infinitesimal scales (i.e. the molecular level) and that there was no inherent
physical laws why they could not exist [23]. He hypothesized that the limit was our
ability to move atoms and the size of the atoms themselves. He cited that lubrication
would be an issue due to the significantly smaller gaps increasing the effects of
viscosity, but that due to the increased heat dissipation rate of a micro scale
mechanism that frictional heat may not cause problems because it will be dissipated
more quickly than on larger devices. He further stated “rapid heat loss would prevent
the gasoline from exploding, so an internal combustion engine is impossible” in his
discussion of how to miniaturize an entire car. Most of this paper was focused on
concepts for how small we can actually build mechanisms used in the mechanical
computers of the time.
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The effect of miniaturizing a heat engine has been investigated by Peterson
using a scaling study based on a single length scale dimension [8,11-12]. The
purpose was to illustrate the effects of reducing the scale of an idealized heat engine
with the addition of some heat transfer effects. Since all heat engines can be modeled
as operating between two thermal reservoirs, this approach adds a thermal shunt
between two reservoirs to determine what effects both the material and the length
separating the reservoirs have on engine efficiency, see Figure 1.1 for a model
schematic. It was shown that as the material became more thermally diffusive or the
length scale was decreased that the efficiency was reduced, since more energy input is
required to maintain the temperature difference between the thermal reservoirs. In
the study it was determined that under some situations the device will move towards a
zero efficiency point meaning that essentially all heat moves through the shunt path
instead of through the heat engine.

Sher and Levinzon of Ben-Gurion University of Negev investigated the
method of heat release for a micro engine [24]. They determined that a traditional
spark ignition engine would be limited to volumes larger than 0.033 cc for propane
due to flame speed and heat losses preventing combustion below this size, but that
homogenous charge compression ignition (HCCI) is not as sensitive to volume as it
does not rely on an open flame front moving through reactants. Rather HCCI is a
compression ignition that ignites the fuel in many places simultaneously and as such
can more completely combust reactants in a small volume. Other problems cited
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were the relatively higher friction forces and mixing problems associated with
creating a homogenous charge in smaller length scales.

Fernandez-Pello of the University of California Berkeley has also investigated
the effect of miniaturization on the fluid and thermal aspects of micro heat engines
[25]. Presented is a scaling study of one dimensional models of energy, mass and
momentum each non-dimensionalized with a characteristic length scale. The areas of
concern were divided into: fluid, thermal and combustion regimes. Each is interrelated but affected differently by a reduction in length scale. It was concluded that
as the characteristic length of a combustor decreased, fluid friction increased and that
the flows will be mainly laminar so that species mixing for fuel addition must rely on
diffusion. The high viscous losses however can be capitalized upon in preventing
leakage of mass from the heat engine. Diffusive mixing is benefitted by the reduction
of scales; however the length required for complete mixing can become significantly
larger than the characteristic lengths. Thermal concerns are noted due to the
increased surface area-to-volume ratio and smaller thermal conduction lengths. The
thermal losses of combustion heat have a detrimental effect on micro engine
performance, but can be used to enhance certain devices such as condensers where
the higher thermal conductance can be employed. The higher thermal losses can
allow quenching or extinguishing of combustion near the walls where the temperature
is lowest inside the working volume. Several solutions were presented that include
the use of highly insulating materials for combustion chambers, the use of exhaust
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gasses to preheat incoming reactants and the reduction of residence time to only
what is required for completing combustion, and the use of catalysts to aid
combustion. The reduction of residence time means to extract energy from
combustion quickly enough that there is insufficient time for thermal conduction
away from the reacting gasses. The use of catalysts to enhance combustion is aided
by the higher surface area-to-volume ratio present in micro-scale applications. It is
suggested that plating the combustion chamber with a catalytic element will enhance
combustion in the near wall region that typically suffers from quenching.

2.2: Other Micro‐scale Heat Engines

The development of micro-scale heat engines has taken two broad approaches.
The first is to miniaturize and modify existing large scale engine designs. The second
is to develop novel engines that do not normally appear at macro scale dimensions.
Both of these approaches have challenges that were outlined in the scaling studies;
that of higher viscous losses, higher heat losses, increased frictional forces and
combustion issues.

Research at Massachusetts Institute of Technology has focused on developing
a miniaturized Brayton cycle gas turbine engine [14]. Figure 2.1 shows a crosssection of the engine built by the team. The engine had a target output power of 1020 Watts at speeds of 1.2 million RPM. The engine was designed to be fabricated by
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stacking photolithography etched SiC wafers. The manufacturing technique
permitted only 2d geometries to be constructed, but with very tight tolerances. Issues
that reduced efficiency were identified as conduction from the turbine to the
compressor through the shaft, and the maximum combustion temperatures limited by
material constraints. Similar work on miniaturizing a Brayton cycle is underway at
the Catholic University of Leuven [15]. There the turbine is made of a nickel alloy
that is cut with plunge EDM machining. The target output is 44 W with an efficiency
of 16%, for the turbine section alone.

Figure 2.1: Cross section of the MIT micro turbine engine [14].

Another large scale engine to be miniaturized is the Wankel rotary engine. A
research group at the University of California Berkeley has been working on
developing a micro-scale rotary engine [17]. Similar to the MIT micro turbine engine
the UC Berkeley engine is fabricated from SiC wafers and then assembled. The
engine design was chosen due to the valve-less nature and simple planar geometry.
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Sealing the tips of the rotor during motion and thermal losses were cited as reasons
for very low thermal efficiency, however the engine did operate on an H2-air mixture
and produce 2.7 W of positive output power. The engine was originally intended to
be spark ignition, though a catalytic glow plug system showed greater promise.
Similar work is being done at the University of Birmingham and at Ningbo Institute
of Technology [18,26]. All three Wankel engine concepts are fabricated in a similar
manner from SiC photolithography etched wafers that are stacked. The University of
Birmingham engine has also been developed to run from expanding a compressed
cryogenic gas such as nitrogen or carbon dioxide, but would have energy density of
near what a battery can achieve [18]. Currently the engine is being developed to
operate on cryogenic gasses to test sealing characteristics; an image of the rotor is
shown in Figure 2.2. The Ningbo Institute of Technology engine is larger than the
other two, but has made runs of approximately 70 minutes while providing an average
of 150 W of electrical power [26]. The efficiency was calculated to be 15.6% citing
leakage around the tips as a cause for low efficiency. Two smaller versions would
not run due to excessive leakage around the tips of the rotor.
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Figure 2.2: University of Birmingham Wankel engine rotor showing the stacked assembly
method [18].

In a joint project between the University of Birmingham and Harbin Institute
of Technology the development of a micro reciprocating Otto cycle is being pursued
[27]. The goal was to present a new fabrication method that would allow for the use
of alumina ceramics as an alternative to silicon carbide (SiC). Alumina ceramics
offer lower thermal expansion, lower thermal conductivity and higher operating
temperature range than silicon carbide. Using a molding technique they were able to
produce a square piston cylinder set to be using in an arrangement as shown in Figure
2.3. The experiment showed that higher temperature materials could be employed
with the same tolerances and aspect ratios of SiC fabrication. Such materials have
been shown in large scale engines to produce nearly adiabatic walls and could greatly
reduce the heat loss from micro-scale engines.
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Figure 2.3: Exploded view of the alumina reciprocating engine [27].

D-STAR Engineering Corporation has developed a small scale diesel cycle
engine that is designed as a unit with fuel tank to fit into a 5” (127mm) cube [16]. In
this configuration it weighs about 2 kg loaded with fuel and can provide 50 W for up
to 36 hours. Noise and noxious exhaust have been limited by the use of baffle
mufflers and catalytic exhaust treatment. Combined with rechargeable batteries and
used as a hybrid the unit has been demonstrated to provide 15 W for up to 5 days by
intermittent operation to charge the batteries.

Linear free piston engines have been investigated by several research groups.
Aerodyne Research group has produced a Micro Internal Combustion Engine
(MICE), which is a linear free piston self oscillating engine [28-29]. It is a free piston
which oscillates against a spring in the bottom of the cylinder. At the end of the
piston is a linear magnet and coil generator. The magnetic generator has been shown
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to be up to 94% efficient with a total thermal efficiency of up to 16% with an
output of 500 W [29]. A schematic of this engine is shown in Figure 2.4. Honeywell
Laboratories and the University of Minnesota have been working on a free piston
engine that is used to compress a gas charge which could then be expanded to
produce electrical power or directly as propulsion [30-32]. It is similar to the MICE
concept, except that in place of the spring and linear alternator is a linear air
compressor or bounce chamber. After combustion the piston moves downward and
compresses the gas trapped under the piston into a reservoir for storage. This can be
used to load level the engine to provide more continuous power output from such an
engine as shown in Figure 2.5. The thermal efficiency of an 8 mm diameter engine
was as high as 35%, but decrease quickly as operation speed decreases, citing larger
fractions of leakage and heat loss as operation slows. Work is being done on a 3 mm
bore version of this engine at the University of Minnesota where single shot HCCI
experiments to determine the effects of leakage and heat loss are being investigated
with respect to piston velocities [31-32].
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Figure 2.4: Schematic drawing from the US Patent for the MICE [28].

Figure 2.5: Schematic of the Honeywell Knock engine complete concept [30].
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At Tsinghua University, an engine similar to linear free piston devices is
under development [33]. The design is known as a free piston swing engine, in that
rather than a linear oscillation of the piston there is a rotational oscillation of a bowtie
shaped piston inside of a similarly shaped chamber. The engine is intended to operate
as a two stroke Otto cycle, with the piston dividing the volume into four chambers;
two used for combustion and the other two used for pre-compression and fuel mixing.
The operating cycle can be seen in Figure 2.6. The engine has several advantages
over a linear free piston engine in that it is a dynamically balanced structure, is
designed with all 2D planar geometry and requires only passive valves. The engine
does operate, but was evaluated for feasibility and not performance. A similar device
has been investigated at the University of Michigan [7].

Figure 2.6: The working cycle of the free-piston swing engine [33].
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At Washington State University there is research into a novel micro engine
concept called the P3 [19]. The concept is that energy is transferred from a reservoir
into the engine, where it is absorbed into a refrigerant based working fluid, this
refrigerant expands flexing a piezoelectric element, and then heat is rejected to the
environment. This device is outlined in Figure 2.7. The main benefit to this design is
there are no moving parts in the system, removing leakage and friction from
consideration. Since the engine uses external combustion it can be supplied from
many heat sources, not necessarily combustion, such that it may be used for micro
combined cycle power plants, or can be stacked so that the heat rejected from one P3
is the input heat for the next (increasing efficiency). It is designed to be fabricated
from silicon, which will limit the maximum operating temperature. Testing was
performed with an electric resistance heater as the input heat. With 1.45 W of input
heat, 0.8 microwatts of output power was achieved, the low efficiency can be
attributed to the very low operating temperature difference from the electrical heater.

23

Figure 2.7: P3 engine operating cycle [19].

2.3: Regenerative Engines

In the investigation and development of micro engine technology, a common
theme of thermal management appears. This prompted a study into concepts utilized
in large-scale applications that increase efficiency by focusing on thermal
management. The main focus was examining regenerative engines which use a
matrix to store energy heat between engine cycles.
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In any thermodynamic cycle there is a certain amount of energy that cannot
be extracted and is rejected to the surroundings. In normal operation all of this
energy is not recovered hence it must be added again to the next cycle. If some
amount of this rejected energy could be transferred to the next cycle, then the total
amount of energy added per cycle would be reduced and overall efficiency would be
improved. Two devices exist for this type of operation, the first is a recuperator. A
recuperator is a counter-flow heat exchanger that is generally used in continuous
cycles such as a Brayton cycle and is schematically displayed in Figure 2.8. The key
characteristic of a recuperator operation is the separation of fluid flow in space with
no mixing of the flows. A regenerator is a device that stores heat between cycles
[34]. It generally consists of a matrix of high thermal capacity material that has a low
thermal conductivity. It is placed into an oscillating fluid flow. During heat rejection
the fluid transfers heat into the matrix and exits at a lower temperature. This energy
is transferred into the intake when the intake flow moves through the matrix, exiting
at a higher temperature. A schematic of a regenerator in operation is shown in Figure
2.9.
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Figure 2.8: Operation of a recuperator.

Figure 2.9: Operation of a regenerator [34].

The incorporation of regenerators into heat engines began with the Stirling
engine [35]. In a Stirling engine the regenerator is used to store heat as the fluid
moves between the two isothermal reservoirs. Incorporating heat exchanging into
other cycles was performed analytically by J.M. Clarke at Caterpillar Corporation
[35]. It was determined that with a regenerator included into an Otto, Atkinson or full
expansion cycle can achieve the same efficiency with lower compression pressures,
temperature ratios and volumes, or that with all operating variables remaining
constant a regenerated engine will achieve higher efficiency. Research at the
University of Witwaterstand developed a model of a regenerative engine based on
ideal cycles [36]. The analysis focused on the use of a regenerator to separate
compression and expansion processes using a regenerator, to more closely approach
isothermal processes. The effect was an increase in volumetric and thermal
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efficiency in the ideal cycles. A schematic of the engine can be seen in Figure
2.10, which shows one compressor feeding four pistons.

Figure 2.10: Schematic of the separate compression and expansion in a regenerative engine [36].

The Illinois Institute of Technology has developed models of regenerative
internal combustion engines based on an Otto cycle [37,38]. The model developed
showed that regeneration can nearly double thermal efficiency, but that the
regenerator may take larger volumes when compared to a Stirling cycle due to the
shorter regenerative duration available in the cycle. The larger volume given to the
regenerator has an impact on the available compression ratio which causes a
maximum in efficiency that then decreases with increasing compression ratio. The
pressure drop across the regenerator was shown to increase in a power law with the
engine speed which would limit maximum operating speed and that efficiency
declines with increasing operating speed. Concerns with emissions were cited due to
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unconsumed hydrocarbons remaining inside the regenerator and the higher
operating temperatures achievable producing increased nitrous oxide emissions.
From the model results on octane at stoichiometric conditions, the gas temperatures
exceeded 3500K which promotes nitrous oxide formation [37]. This prompted the
development of a newer model which included piston friction effects, more complex
combustion models and used a variation of parameters technique [38]. It was found
that engines with a thermal efficiency of >40% would be achievable without using a
bottoming cycle. The previous concerns of emissions could be avoided by running at
a lean stoichiometric ratio, as low as 0.4, which would limit combustion temperature.
The model showed that the engine is most sensitive to changes in geometric ratios of
compression, expansion and transfer volumes, stoichiometric ratio, and the phasing of
valves and pistons with respect to each other. It was found that the regenerator
material properties, other than operating temperature had smaller effects than the
other aspects. The proposed engine is shown in Figure 2.11.
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Figure 2.11: Proposed model for a split cycle regenerative internal combustion engine [38].

An investigation by researchers at the University of Ljubljana employed a
novel approach of not using a symmetric cycle on the expansion piston [39]. The
model used a four bar linkage to develop a dwell in the cycle at top dead center to
increase the amount of time for regeneration. The investigation found that for
relatively low compression ratios of 4 to 5 that thermal efficiency increases of up to
20% were realized versus an unregenerated Otto cycle of compression ratio of 9.
Lowering the effectiveness of the regenerator was found to always lower the cycle
efficiency, and similar to the other studies it was shown that increasing compression
ratio did not yield higher efficiencies beyond a certain limit. A prototype engine was
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constructed with a similar working volume to a production four stroke diesel
engine for comparison purposes, and is shown in Figure 2.12. It was found that the
engine contained 10% more components, and the linkage used to produce the
expansion piston path was more difficult to dynamically balance than a traditional
crank. The engine developed a power density of up to 250 kW/m3, which is greater
than the comparison engine. Fouling of the regenerator was solved by periodically
heating it with an electric resistance heater to burn off debris, and that temperature
monitoring in the regenerator was used to prevent combustion temperatures from
reaching the point of oxidizing the regenerator material. A table of comparative
criteria to a diesel cycle is shown in Table 2.1. The comparison was based on the
engine having a regenerator of 80% effectiveness and a void volume of 15% of the
compression cylinder which was determined to be the minimum regenerator in a
maximum of dead volume in the regenerated engine.
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Figure 2.12: Regenerative engine developed for comparison to a diesel engine [39].

Table 2.1: Results of comparison between a regenerated engine and a diesel engine [39].
Criteria
Fuel Sensitivity
Multifuel Capability
Usefulness of Ceramics
Engine Response
Specific Fuel Consumption
Fuel Consumption in Operation
Simplicity of Construction
Balancing of Mass
Specific Power as Mounted
Ease of Starting
Noise Emissions

Compared to Diesel
Favorable
Favorable
Favorable
Favorable
Favorable
Favorable
Not Favorable
Not Favorable
Favorable
Similar
Favorable

Comments
Less sensitive to fuel rate changes
Can operate on numerous fuels
Lower pressures and stresses
Compared to turbocharged diesel
Compared to turbocharged diesel
Compared to turbocharged diesel
Mechanism vibrations

Lower pressure exhaust
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Regenerative internal combustion engines have been the subject of several
United States patents [e.g. 40-43]. All of the cited patents are of a two piston
regenerative design with a common crankshaft with some degree of phasing. Also
each piston resides in its own cylinder with the regenerator situated between the
cylinders. All the engines feature relatively low compression ratio of 4:1 to 5:1. The
main differences are how the transfer is controlled; some having actuated valves
controlling the transfer [40-42], while the other uses cylinder porting and phasing to
control the transfer [43]. They also differ in the method of ignition and throttle
control. Patton’s design contains four valves for the control of the regeneration
transfer, to prevent unregulated flow from the expansion cylinder to the compression
cylinder and to isolate the regenerator from the combustion process [40]. A second
embodiment contains seven valves and is intended for internal exhaust gas
recirculation. The ignition method is by hot air contact and is controlled by
manipulating the valve timing and fuel air ratio to adjust the available power. A
schematic of Patton’s design is shown in Figure 2.13. Webber’s engine consists of a
two valve design with both valves being in the compression cylinder [41]. Engine
control schemes involve adding volume to the compression region by opening a
bypass valve or a moveable plunger and controlling the amount of fuel added to
maintain temperatures. The exact ignition method was not specified, but was noted
that the igniter is a spark or glow plug, and that the engine was intended to be
operated from multiple fuels. An engine schematic is shown in Figure 2.14. Thring
of the Southwest Research Institute designed an engine that was similar to Webber’s
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except the addition of an actuated exhaust valve between the regenerator and the
compression cylinder and the addition of a catalyst element in the cylinder head of the
expansion piston [42]. The additional valve was to enable regeneration without
allowing exhaust gas to enter the compression cylinder and limiting the volume of
combustion gas expanding against it. The catalytic element is augmented by a spark
or glow plug which was used to start the engine until the temperatures sustained
catalytic ignition [42]. The method of control was by controlling the fuel added as
catalytic ignition can operate on wider stoichiometric ratios. A schematic is shown in
Figure 2.15. Brucker developed a two stroke version which utilizes cylinder ports
and piston positioning to control the transfer of fluid through the regenerator, but
added two one-way valves in the crankcase [43]. The design incorporated each
cylinder in its own crankcase such that both piston down strokes are used to charge a
bypass chamber which is used to flush exhaust from the compression cylinder which
was also used to control exhaust through the regenerator. A second embodiment
utilized a mechanism to modify the compression piston from that of a typical slidercrank to improve the timing of port state changes. A third embodiment adds an
actuated valve that is used to direct exhaust gas out after regeneration rather than send
it through the compression cylinder. A schematic drawing is shown in Figure 2.16.
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Figure 2.13: Four valve version of Richard Patton’s engine [40].

Figure 2.14: Patent drawing of Webber’s engine design [41].
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Figure 2.15: Patent drawing of Thring’s engine design [42].

Figure 2.16: Patent drawing of the two-stroke regenerated engine by Brucker [43].

All of the engines presented in this section were developed to increase the
efficiency of macro scale heat engines. They incorporated no features for
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miniaturization. In a scaling study, Peterson investigated the effects of scaling on
regenerative engines [11]. In this study it was found that axial conduction along the
regenerator would become a larger effect as the regenerator length was decreased.
This was modeled as an ideal regenerator in parallel with a thermal shunt element to
account for heat conducted away from the high temperature thermal reservoir by the
presence of the regenerator. Materials used in construction begin to play a larger
effect as the length is decreased, with the conductance of the regenerator and its
housing being of primary importance. Regenerated engine cycles which incorporated
regeneration in a single cylinder arrangement are beyond the scope of this document,
but has been extensively reviewed by Yarger [53].

2.4: Catalytic Combustion

Catalytic combustion is the use of specific materials which in the presence of
a chemical reaction, said reaction is accelerated [44-46]. Promoting combustion in
this manner has several advantages over open flame combustion which include the
ability to combust low concentrations of fuels at lower temperatures than open flames
allow, it allows a more uniform combustion, and it is generally promotes a more
complete combustion with fewer nitrous oxides and carbon monoxide [44]. The
completeness of combustion and the ability of catalysts to reduce nitrous have
instigated their use extensively in macro-scale engines as exhaust treatment.
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Catalytic combustion is initiated when fuel and an oxidizer, in most cases oxygen
in the air, come into contact with a catalytic surface. During this contact the catalyst
acts to accelerate the reaction allowing higher rates than without the catalyst present,
resulting in lower ignition temperatures. The heat released is spread through the gas
and catalyst via conduction, convection and radiation modes to heat the entire system
and further increase reaction rates [44]. Catalytic combustors are subject to a
condition called blow-off which occurs if the mass flow rate of reactants increases to
the point where the heat released is insufficient to heat the incoming reactants in a
self sustaining manner [44,46]. Common metal catalysts are platinum and palladium,
but all group VIII and group IB metals exhibit some catalytic effect [44,45].
Platinum is of great interest due to its high melting point, oxidation resistance at
elevated temperatures and its high activity on C-H bonds found in hydrocarbon fuels.
Combustion efficiency is effected by the inlet flow velocity, the pressure,
temperature, the catalyst geometry and material, and stoichiometric ratio of the
reactants. The velocity effect is combined with geometry to create a residence time,
or the amount of time that a sample of gas could be in contact with the catalyst.
Increasing this time increases the efficiency of combustion, but can either limit the
mass flow rate or increase combustor size and pressure drop.
Catalytic combustion has been used in several micro-scale combustors with
the goal being micro-scale power generation. Research at Oregon State University
developed a steady flow platinum catalyst microcombustor that consumed a propaneair mixture [47]. The combustor was a coiled platinum wire at the end of a concentric
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tube arrangement, as shown in Figure 2.17. After combustion the exhaust was
circulated on the outside to preheat the incoming reactants. The total reaction volume
was less than 0.25 mm3 and was shown to operate on a wide stoichiometric ratio with
heat outputs of as low as 1 W. Problems with heat loss to the environment and the
sensitivity to convective currents were cited as areas for further research. A portion
of the Massachusetts Institute of Technology gas turbine engine research has been
conducted into replacing the combustion chamber and flame holder of the original
design, shown in Figures 2.1 and 2.18, with a metallic catalyst foam structure [48-49].
The metallic foam was chosen due to the high surface area to volume ratio which
would present a large surface for reactions to occur, while keeping pressure drop to a
minimum. To preheat the combustion chamber a radiant heater was employed as well
as using hydrogen as a starting gas. Once combustion was underway, propane was
introduced as hydrogen was withdrawn until the combustor was operating on a
propane-air mixture. Suggested design changes noted were the use of more durable
catalytic materials and supports, utilizing a higher surface area to volume structure,
and minimizing leakage paths around the catalyst [49].
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Figure 2.17: Oregon State University Micro Combustor Drawing [47].

Figure 2.18: MIT Catalytic Combustion Turbine Engine Cross Section [48].

Research at Pennsylvania State University has focused on the use of
intermittent catalytic combustion to create temperature oscillations as a type of power
generation scheme [50]. The combustor consisted of a palladium foil tube placed
inside of a series of hastelloy tubes that were arranged to have the fuel-air mix in the
outer region before entering the combustion zone in the center of the tube
arrangement, as shown in Figure 2.19. The premise is that if the fuel is only
intermittently added a rod in the center of the combustor will experience temperature
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expansion and contraction which can drive a piezo-electric element to produce
power. The fuel used was hydrogen, which can be ignited with room temperature
reactants on the catalyst [44,46,49,50]. By varying the duty cycle of the addition of
fuel and the frequency, they were able to produce temperature fluctuations of over
157 °C in steady oscillating conditions. Increasing the duty cycle or decreasing the
frequency resulted in smaller temperature fluctuations. The objective was to create a
large temperature fluctuation inside the combustion chamber and the project appeared
successful in accomplishing this.

Figure 2.19: Pulsed combustion test apparatus from Pennsylvania State University [50].
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Chapter 3 : The MACE Concept
This section will outline the development of the micro adiabatic combustion
engine or MACE. It will cover the cycle development from concept through
simulation.

3.1 Engine Concept

The MACE concept is based on a regenerative engine operating in an Ericsson
cycle with catalytic ignition and insulated expansion regions to produce adiabatic
conditions. The premise is to isolate the low temperature compression process from
the high temperature expansion process and retain energy in the system using a
regenerator. As previously shown a major loss of efficiency in micro-scale heat
engines has been the loss of heat from combustion and expansion regions due to the
small distances separating the two. In the MACE concept these two regions will be
separated in space, but connected by a regenerator. The first embodiments were
similar to the patent literature on regenerative engines. To simplify operation a single
rotary valve would connect the compression cylinder to the regenerator, and the
regenerator to the exhaust manifold. This is shown in Figure 3.1.
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Figure 3.1: The first embodiment of the MACE concept with a rotary valve.

In operation the compression piston would be moving from bottom dead
center, or BDC, to top dead center, or TDC, as the rotary valve is allowing flow from
the compression cylinder into the regenerator. While this is occurring the expansion
cylinder would be dwelling at TDC. Once the compression is complete the valve
would shut and the combustion and expansion would occur isolated from the
compression cylinder which would begin intake on the next air charge. When the
expansion is complete, the rotary valve connects the regenerator to the surroundings.
The exhaust is pushed from the expansion cylinder through the valve via the
regenerator to the surroundings. This process is outlined in Figure 3.2.
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Figure 3.2: The MACE cycle with rotary valve.

The complexities of a rotary valve prompted the development of a second
embodiment which used a single valve on the regenerator to open the regenerator to
exhaust. The addition of a second one-way valve between the compression cylinder
and the regenerator is used to isolate the expansion to the expansion cylinder and
regenerator. This concept is displayed in Figure 3.3.
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Figure 3.3: The second embodiment of the MACE concept with a single actuated valve.

In operation the compression piston would compress the charge through the
one-way valve into the regenerator while the expansion piston dwells at TDC. The
charge would combust and expansion would occur, while the compression piston
draws in a new charge. Once expansion is complete, the valve would open and the
exhaust would be sent through the regenerator to the surroundings. The expansion
piston would dwell at TDC until the compression cylinder reaches TDC again. The
process is outlined in Figure 3.4.
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Figure 3.4: The operating cycle for the second embodiment of the MACE concept.

In the effort to simplify the concept further the third embodiment uses piston
porting similar to a two-stroke Otto cycle engine to remove all actuated valves. The
positioning of the valves will be specified later in this chapter, but ports for intake and
exhaust are placed on the compression cylinder. A single one-way valve is placed in
the compression cylinder to act as an intake to prevent over expansion, as shown in
Figure 3.5.
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Figure 3.5: The third embodiment of the MACE concept with ported cylinders.

The operation of the cylinder ported concept starts with the compression
cylinder passing the upper port toward TDC to begin compression while the
expansion cylinder dwells at TDC. Once the compression cylinder reaches TDC,
combustion occurs as the expansion piston begins to move downward. The
compression piston during this phase is slowly moving toward uncovering the upper
port. As the expansion piston reaches BDC, the compression piston is just
uncovering the upper port which allows exhaust to escape. The compression piston
dwells in this position while the expansion cylinder moves from BDC to TDC forcing
exhaust through the regenerator, into the compression cylinder and then out into the
environment through the exhaust port. The expansion piston then dwells at TDC
while the compression cylinder moves to BDC, uncovering the intake port and
compressing the crankcase which forces a fresh charge into the cylinder, conversely
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an external blower could be used. The compression cylinder then begins to move
to TDC and the cycle repeats as shown in Figure 3.6.

Figure 3.6: The operating cycle for the third embodiment of the MACE cycle.

In all embodiments the expansion cylinder is driven by a dwelling mechanism
that holds the piston in position at top dead center, while the compression piston in all
but the third embodiment could be driven by a traditional slider-crank mechanism.

3.2: Regeneration

The MACE concept relies on a regenerator that is of high effectiveness, and
does not induce large pressure drops. Similar work on regenerated engines has seen
the use of stacked metallic screens, honeycomb metallic and ceramic structures and
metallic wool and foam structures for use as regenerators [34,38,39,42]. The
requirement of the matrix material is that it has a significantly higher heat capacity
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than the working fluid, which allows the regenerator to maintain a linear
temperature distribution within the matrix material [34]. The use of stacked screens
as opposed to a continuous feature also reduces axial conduction through the
regenerator and limits the heat transfer from the expansion to compression cylinders,
since there would be large contact resistances between screen elements and little
contact area. The regenerator housing which connects the two cylinders should be
manufactured from a material that is not sensitive to thermal shock, and has a
relatively low thermal conductance again to limit the heat losses. The regenerator,
aside from the thermodynamic benefits, will aid in the catalytic combustion by
preheating the incoming reactants prior to reaching the catalyst element.

3.3: Linkages in Internal Combustion Engines

The MACE concept utilizes specified piston motion to facilitate valves via
cylinder ports and to maximize compression effects. A traditional slider-crank
mechanism produces a modified sinusoid in which the only periods of piston dwell
are infinitesimal periods when changing direction at TDC and BDC. In all three
embodiments the expansion piston is meant to dwell at TDC while the compression
piston performs the compression work at a lower temperature. In the first two
embodiments of the MACE concept there are no specific requirements on the
compression piston motion since it is isolated by valves from the regenerator. The
third embodiment however has a specified motion of a dwell mid-cycle to hold the
exhaust valve open while keeping the inlet covered. Mechanisms to produce
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dwelling motions at TDC and BDC have been used in engines before either to
improve compression in a regenerated engine or produce a constant volume
combustion [39,51]. Fast return mechanisms have also been used in reciprocating
internal combustion engines to reduce the exposure of cylinder walls to high
temperature combustion gasses and lower the heat loss.

3.4: Linkages Specific to the MACE Concept
To develop the linkages in the MACE engine a general four-bar mechanism,
similar to what is shown in Figure 3.7, was investigated. Grashof developed a set of
criteria for four-bar linkages which describe the general motion of the linkage from
the respective lengths of the links [52]. A four-bar mechanism is a single degree of
freedom mechanism which can be fully defined by the four linkage lengths and a
single angle. For a four-bar mechanism to have a single link which can undergo a full
rotation, the Grashof criteria is shown in Equation (3.1), where s is the shortest link, l
is the longest link, and p and q are the other links. If this criterion is met, the shortest
link can rotate in a full circle and the other links will oscillate; this configuration is
known as a crank-rocker. Using the notation from Figure 3.7, if a is the shortest link
it is referred to as the crank, b is referred to as the coupler, c is referred to as the
rocker, and d is referred to as the grounding link.

p+q > s+l

(3.1)
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Figure 3.7: Generic four-bar linkage. Capital letters are points and lowercase are links.

If the coupler link is extended beyond point C to a new point E, as shown in
Figure 3.8, the kinematics of the four bar linkage remain the same. The new link CE
does not necessarily have to be coaxial with BC, but they are rigidly attached at point
C. Assuming that line CE is an extension of BC, but with the angle BCE defined as
ψ, this configuration would allow for the connection of one linkage to another linkage
and is still a single degree of freedom.

Figure 3.8: A modified coupler four-bar linkage.

If the modified coupler linkage were attached to a typical slider-crank at point
E, the slider being on a fixed axis G then the slider point F could be a piston in a
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cylinder as shown in Figure 3.9. This configuration with all link lengths specified
would still be a single degree of freedom system with the entire system defined by
any angle in the system. For the angular reference the input crank —BAD could be
used, however since the line AD may not be perpendicular to axis G which is used to
define the output, the angle of AB to a line intersecting A and perpendicular to G will
be used and defined as θ. In this configuration a is the input crank and F is the output
slider which would represent a piston, either the compression or expansion piston.

Figure 3.9: Linkage with modified coupler and slider crank attached.

The equations of motion for this system, to define the output F as a function of
input θ, can be written as functions of link lengths and the input angle as shown in
Equations (3.2a)-(3.6). This assumes that point A is the origin and G is parallel with
the y axis. The equations are expressed as X and Y values of the subscripted points,
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with link lengths as lower case letters. Angles with two points are measured with
respect to the X axis, while three point angles are included angles.

The development of the equations of motion is performed using trigonometry
in which the position of one point is determined from another using the relationships
being developed. To use this method one point must be predefined; in this case point
A is the known point. Starting from the top of the equation block, from point A,
calculate the position of B using the length of a and the input angle θ using Equations
(3.2a-b). Point D is a fixed point and the X and Y positions are known from the
length and angle of line d. Using the triangle BCD and the law of cosines, the angle
from B to C can be determined from Equations (3.3a-c). The length b can be added
to the position of B to determine point C using Equations (3.4a-b). Point E is
determined using the angle of B to C and adding any deflection angle ψ to the length
e which is added to point C using Equations (3.5a-b). The slider-crank position F is
determined by creating a triangle using the X component of EG, the length of f which
is the hypotenuse and the Y component of F compared to E which is the unknown, as
shown in Equation (3.6).
X B = a *cos (θ )

(3.2a)

YB = a *sin (θ )

(3.2b)

∠BC = ∠BD + ∠CBD

(3.3a)
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(3.3c)

X C = X B + b *cos ( ∠BC )

(3.4a)

YC = YB + b *sin ( ∠BC )

(3.4b)

YE = YC + e *sin ( ∠BC + ψ )

(3.5a)

X E = X C + e *sin ( ∠BC + ψ )

(3.5b)

YF = YE +

f 2 − ( XG − X E )

2

(3.6)

The above equations of motion produce two outputs since Equation (3.3c) can
produce two angles which can satisfy the inverse cosine. Depending upon the linkage
inversion, which is when the rocker link c is flipped to a new position which still
satisfies the closed loop four bar linkage criteria, either solution of Equation (3.3c) is
mathematically correct. An example of inversion is shown in Figure 3.10. The first
result is used for the compression cylinder calculations and the linkage appears as
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shown in Figure 3.9. The second result is used for the calculation of the expansion
cylinder.

Figure 3.10: Linkage inversion from the equations of motion calculations showing positive and
negative inversions of a four bar linkage.

Creating a target output, an error function and placing constraints on the link
lengths can be used to develop a linkage that produces a specific path. The target
output is a discretized position of the piston which represents the desired piston
position as a function of input angle. This output is offset by the minimum piston
position to describe from BDC to TDC. The constraints used were:
1. The linkage must meet the Grashof criteria
a. p+q>s+l
2. The input a must be able to undergo full rotation.
a. Link a must be the shortest link.
3. Manufacturing concerns
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a. To keep the links near the same scale, the longest link
divided by the shortest link less than 4, with the exception of
the connecting rod f.
4. Maximum stroke
a. The piston cannot exceed the maximum stroke of the target
function.
5. Piston loading
a. The axis G must lie between the maxima of the positions of X5
to minimize side loads on the piston.

The error function used is the sum-squared difference of the linkage output at
a particular input and the target function at the same output, as shown in Equation
(3.7). A phase angle component was added to the target function since the angle
required to produce a condition, such as BDC, is not of importance. The goal is to
develop a linkage which produces a change in output for a change in input. The
phase angle allows a linkage to be solved which may have a different positioning, but
produces the desired changes.

SSE =

θ =359

⎡ Y (θ )
∑
⎢⎣( (
θ
= 0,1

)

2
⎤
min
Y
Target
θ
−
−
(
)
(
)
)
6
6
⎥⎦

(3.7)

Minimizing the error function while meeting the constraints is accomplished
using a discrete derivative solver which calculates what parameter change would
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cause the largest reduction in the error function and will perform the change until
either a constraint is encountered, or another parameter can cause a larger influence.
Shown in Figure 3.11 are the target function and an input linkage which satisfies
constraints, but that has not been solved using the error function. After solving the
linkage output more closely matched to the target function as shown in Figure 3.12.
The target function used was: a start at BDC, a rapid movement to TDC after 60°.
When the crank reaches 140°, a rapid move to the dwell position and dwell for a
specified duration.

Figure 3.11: Output of linkage with a target function before solving. SSE=6.97.
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Figure 3.12: Output of the linkage in 3.10 after solving to the target function. SSE=5.45.

It should be noted that during the solution process the stroke changed from
0.46 to 0.298 units. The linkage is scalable such that the dwell target scales with the
stroke magnitude during solving to lie at 30% above bottom dead center. If the
solved linkage in Figure 3.11 were to require a 60 mm stroke, then the links would
need to be scaled so that an output of 0.298 link units is a stroke of 60 mm. Using
this example the scaled and unscaled lengths are shown in Table 3.1.
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Table 3.1: Solved linkage values for the linkage shown in Figure 3.10, with scaling example to
a 60mm stroke.

Link
a
b
c
d
e
f

Unscaled
0.23
0.73
0.29
0.78
0.70
1.50

Scaled
23.0 mm
72.5 mm
29.0 mm
77.5 mm
70.0 mm
150.0 mm

Axis
G

1.35

135.0 mm

Characteristics
Stroke
Dwell Position

0.60
0.18

60 mm
18 mm

A similar procedure was used to solve the linkage for producing the dwell at
top dead center in the expansion cylinder. The negative inversion was used for the
solution of the expansion piston linkage. The solved linkage motion is shown in
Figure 3.13. The target function was to start at BDC, rise to TDC in 130°, dwell at
TDC for 100°, and return to BDC in 130°.
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Figure 3.13: Expansion piston motion solved to a target function. SSE=0.067.

Again it was not necessary to fix the stroke requirement since a planar fourbar linkage is fully scalable. The expander linkage has the coupler link b below the
rocker center D, as opposed to the compression linkage which has b above point D.
Scaling the linkage to the same 60 mm stroke the results in the linkage lengths are
shown in Table 3.2.
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Table 3.2: Solved linkage values for the linkage shown in Figure 3.13, scaled to a 60mm
stroke.

Link
a
b
c
d
e
f

Unscaled
0.13
0.49
0.26
0.55
0.46
1.22

Scaled
34.5 mm
130.0 mm
69.0 mm
145.7 mm
122.1 mm
323.9 mm

Axis
G

0.9

238.9 mm

Characteristics
Stroke

0.23

60 mm

3.5: Cycle Modeling

Using the linkage parameters from the previous section a model of the engine
cycle was developed. The model assumes the following:

1. The compression is isothermal at temperature TL.
2. The expansion is isothermal at temperature TH.
3. The regenerator is 100% efficient and induces no pressure drop, such that the
temperature in the regenerator is a linear distribution between TH and TL.
4. The working fluid behaves as an ideal gas.
5. There are no pressure differences between the regions.
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The volumes of the compression and expansion sections are controlled by
their respective linkage outputs, and the regenerator is a fixed volume expressed as a
fraction of the compression cylinder volume. Only 70% of the compression cylinder
can actually compress fluid due to the exhaust port which opens the engine to the
environment when uncovered. A schematic of the model used is shown in Figure
3.14.

Figure 3.14: Schematic of the model used to model the thermodynamics of the MACE concept
with cylinder porting.

In order to compute the pressure inside the engine, the relative piston motions
must be determined. Computation is started when the compression cylinder covers
the exhaust port on the stroke to top dead center. At this point, the pressure in the
engine is 101 kPa. The mass at this point is noted for use in further calculations.
Using a forward time stepping method the new volumes are computed. The mass per
pressure is determined from the new volumes and the isothermal temperatures using a
modified ideal gas law shown in Equation (3.8). The sum of all regions’ masses per
pressures is divided by the stored mass calculated at the valve closing and the result is
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the pressure in all three regions using Equation (3.9). This is used until the exhaust
port is opened by the motion of the compression linkage when the pressure in all
cylinders is then 101 kPa.
mi
V
= i
P RTi

(3.8)

i =3

P=

∑m
i =1

i

M stored

(3.9)

The theoretical work output per unit compression volume is determined by
performing a numerical integration of the general work Equation (3.10). The average
pressure between time steps is multiplied by the change in volume between the time
steps; the product is summed over an entire cycle using Equation (3.11). A negative
work value indicates a net output of energy from the system. The magnitude of this
work value is an indicator of the work per volume of compression volume.

W = − ∫ PdV
θ =360

W =−∑
θ =0

P (θ ) + P (θ + 1)
* (V (θ + 1) − V (θ ) )
2

(3.10)
(3.11)

The relative linkage positions are determined by a phase angle between their
relative crank pins. This angle and other parameters such as the temperature ratio
between the isothermal bodies, the volume ratio of the cylinders, the volume of the
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regenerator and the cylinder dead volume determine the work output. An initial
model that had a negligible regenerator and cylinder dead volume was used. In this
model the cylinder volume ratio and the phase angle were swept to determine where
the maximum work output occurred. The model parameters are outlined in Table 3.3.
The volume ratio is based upon the actual compression volume of the compression
cylinder, and not the total volume since the region below the exhaust valve is lost.

Table 3.3: Model parameters for the initial model.

Parameter
Volume Ratio
Phase Angle
Temperature Ratio
Regenerator Volume
Dead Volume
Exhaust Valve Position
Atmospheric Pressure

Value
1-4 by 1
0-180° by 5°
4, 300K compression, 1200K expansion
0.1% of Compression
0.1% of Cylinder
0.34 of Compression
101 kPa

Using this model the maximum work output resulted when the linkage driving
the expansion cylinder linkage leads the respective component in the compression
piston 65° and a volume ratio of 2. The pressure-volume (P-V) diagram of the cycle
is shown in Figure 3.15. The maximum pressure was almost 1,600 kPa which would
result in a pressure ratio of approximately 16:1. From the research into regenerative
engines, the nominal pressure ratio is between 4:1 and 5:1 [40-43]. To determine the
effect of the regenerator volume, it was swept from 1-20% of the compression
volume. The volume ratio was fixed to 2, and the angle was swept as before. The
model showed that as the regenerator volume increased, the expansion linkage phase
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angle had to be increased to obtain maximum work output, and the work output is
greatly reduced as regenerator volume increased. A change of regenerator volume
from 1% to 20% caused a 45% reduction in the work output. The specific work
output is shown in Figure 3.16 as a function of regenerator volume. The effect on
phase angle is displayed in Figure 3.17. The effect of the regenerator volume on the
pressure-volume curve is displayed in Figure 3.18.

Figure 3.15: Initial model P-V diagram. Parameters from Table 3.3, Vr=2, phase=65°.
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Figure 3.16: Model results from the sweep of regenerator volume. Parameters from Table 3.3,
Vr=2.

Figure 3.17: Phase of maximum work versus regenerator volume. Parameters from Table 3.3,
Vr-2.
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Figure 3.18: P-V change from altering the regenerator volume.

Increasing the regenerator volume does lead to a tertiary benefit of lowering
the exhaust pressure, and lower operating pressures. The lower operating pressure
means that component stresses will be lower and that lighter and/or thinner materials
may be employed. The lower exhaust pressure will result in a reduction of engine
noise, at the cost of reduced power output per volume. In Table 3.3, the assumption
of the cylinder dead volume of 0.1% is likely unachievable in any realistic device. A
more reasonable assumption would be 5% of the cylinder volume must be left unswept by the piston to allow for manufacturing tolerances and clearance spaces.
Increasing the dead volume causes a similar phase shift as increasing the regenerator
volume, with the maximum work output occurring at increased phase angles, and a
similar reduction in specific work output. The reduction of specific power is not as
sensitive to regenerator volume as when the dead volume was assumed to be
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negligible. The effect of the dead volume on specific work output is shown in
Figure 3.19. The pressure-volume diagram for the case of 20% regenerator volume
and 5% dead volume is shown in Figure 3.20. In this situation the pressure ratio in
the engine is similar to what was found in the preliminary research into similar
regenerative engines. The effect of temperature ratio was determined by sweeping
the temperature ratio from 1 to 4 by 1. As expected, when the temperature ratio was
unity, there was zero work output, as the ratio was increased, the work output and
phase angle increased. The pressure-volume diagram for the case of the temperature
ratio equal to 2 is displayed in Figure 3.21.

Figure 3.19: The effect of dead volume and regenerator volume on specific work output.
Parameters from Table 3.3, Vr=2.
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Figure 3.20: Pressure-Volume diagram for the case of 20% regenerator volume, 5% dead
volume, Vr=2.

Figure 3.21: Pressure-Volume diagram for Tr=2, Vr=2, 20% regenerator volume, 5% dead
volume.
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3.6: Summary

The MACE concept was outlined and developed through the use of a simple
isothermal model. The simplifications taken in order to solve the model may need
further refinement as development continues. Further development of the model
should include pressure losses in the regenerator and cylinder ports, real gas models
for air, a model for a non-ideal regenerator and replacing the isothermal bodies with a
pressure or mass flow direction dependent temperature.
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Chapter 4 : Experimental Methods
The purpose of this chapter is to outline the testing progression leading from
steady state combustion experiments to a simulated engine environment. It will
outline the test setup, testing parameters, and the methodology used in data collection
and processing.

4.1: Test Equipment and Calibration

The MACE concept relies on an oscillatory flow with a catalytic ignition
system to maintain an isothermal body as outlined in the previous chapter. In order to
ensure that a catalytic ignition system is feasible in this flow environment a simulated
engine combustion chamber was developed for testing. This section will outline the
instrumentation used in the combustion experiments, the devices used for data
collection and the calibration of the equipment.

4.1.1: Flow Control

There are two aspects to the flow control, the first is to supply known amounts
of air and fuel to the system, the second is to produce an oscillatory flow to simulate
conditions in the engine. Flow control is achieved by using MKS mass flow
controllers. The controller operates by comparing the flow reading from a hot wire
anemometer to a control, the difference is used to adjust a plunger valve to minimize
the difference. There are two mass flow meters used in the test assembly, one for air,
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the other for fuel. The fuel selected was propane (C3H8) supplied at 99.99% purity
from a pressurized cylinder. The stoichiometric ratio for propane-air combustion is
shown below in Equation (4.1). This shows that the propane will be completely
consumed when burned with 23.8 moles of air per mole of propane. Since they will
be at the same temperature and pressure, room temperature and atmospheric pressure,
when entering the combustion chamber, a volume rate is equivalent to a molar rate.
The equivalence ratio is defined as the actual ratio of fuel to air divided by the
stoichiometric ratio, and is shown in Equation (4.2). In this case when there is not
enough fuel to use all available oxygen, the equivalence ratio is less than one, and the
mixture is called a lean mix. Conversely, if there is more fuel than oxygen available,
the equivalence ratio will be greater than one, some unburned or partially oxidized
fuel will remain in the mixture and this is called a rich mixture.

C3 H 8 + 23.8 ( 0.79 N 2 + 0.21O2 ) → 3CO2 + 4 H 2O + 18.8 N 2

⎛ Fuel ⎞
⎜
⎟
⎝ Air ⎠ Actual
λ=
⎛ Fuel ⎞
⎜
⎟
⎝ Air ⎠ Stoichiometric

(4.1)

(4.2)

The mass flow controller for air is rated to 2000 SCCM of flow, and the
controller for the propane is rated for 79.8 SCCM. The flow meters were calibrated
using a bubble flow meter which is a graduated cylinder that allows the gas to be
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introduced in the bottom below a liquid film. The gas displaces the liquid film,
which rises in the cylinder. Measuring the time required to displace a certain volume
can be used to calibrate the flow controller. This method was employed using sizes
of graduated cylinders that would allow for measurement times of greater than 30
seconds. Several flow rates within the range were measured with six samples per
flow rate and volume being recorded. This resulted in the flow rate of air being
known within ±7.7 SCCM and propane within ±0.22 SCCM of the flow rate set on
the control interface, within the operating region of the flow controllers. The
complete results of the calibration are shown in Tables 4.1 and 4.2. At the highest
flow rates both controllers displayed the largest error, the largest error being a 1.78%
deviation from the set point in high flow rate propane case.

Table 4.1: Mass flow meter calibration results for the 2000 SCCM air controller. *-12 data
points, six at two different volume amounts.

Flow Rate Set
200
500*
1000*
1500*
2000
Average

Average
Measured
199.05
499.9
999.4
1494.9
1998.9
-

Standard
Deviation
1.70
2.18
2.31
2.73
7.42
2.95

Percent
Deviation
-0.47%
-0.02%
-0.06%
-0.33%
-0.01%
-0.16%

Range
4.80
6.19
6.07
7.08
18.03
7.70
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Table 4.2: Mass flow meter calibration results for the 78 SCCM propane controller. *-12 data
points, six at two different volume amounts.

Flow Rate Set
10
20*
40*
60*
72*
Average

Average
Measured
10.08
20.27
40.20
60.68
73.28
-

Standard
Deviation
0.027
0.051
0.059
0.117
0.141
0.085

Percent
Deviation
0.88%
1.36%
0.50%
1.14%
1.78%
1.16%

Range
0.074
0.145
0.150
0.297
0.360
0.22

To determine the sensitivity of the mass flow controllers to oscillating flow, a
piston cylinder arrangement was placed downstream of the flow meter as shown in
Figure 4.1. This is required since the MACE concept employs an intermittent flow
through the regenerator to operate.
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Figure 4.1: Schematic of the method used to determine flow controller sensitivity to downstream
oscillations.

The air mass flow controller was tested at a fixed rate of 1000 SCCM while
the variable crank mechanism was adjusted to alter magnitude and frequency of the
oscillations. The setup of the variable crank mechanism is shown in Figure 4.2. It
consists of a housing which holds a piston cylinder set, and a rotor. The rotor was
designed such that it allows for the discrete adjustment of crank pin positions as
shown in Figure 4.3. The piston-cylinder set is an Airpot series 2K95 which was
modified by replacing the normal ball joint with a sleeve bearing to connect to the
rotor. The setup consists of a graphite piston which slides in a borosilicate cylinder.
There are no piston rings as this design; this piston relies on a clearance fit for
sealing.
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Figure 4.2: Variable crank mechanism solid model.

Figure 4.3: Dimensions of the rotor crank pin positions. Units are inches, [mm].
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With the oscillating piston-cylinder assembly integrated into the steady state
mass flow calibration setup, the bubble flow meters were used to record average time
rate values as before. The oscillating flow calibration data falls inside a similar range
and variance as the steady flow calibration, however there appears to be a bias error
that resulted in slightly higher flow rates than the steady flow. With the set point at
1000 SCCM, the steady flow testing showed 999.4±2.33 SCCM, with the highest
oscillating calibration showing 1007±2.23 SCCM. These values, shown in Table 4.3,
display a similar variation in the flow, with the oscillation resulting in a 0.7% increase
in flow volume.

Table 4.3: Oscillating mass flow calibration, rate was 1000 SCCM, crank position was 0.3”
(7.62mm).

Frequency
(RPM)
300
500
1000

Average
Measured
1005
1006
1007

Standard
Deviation
0.34
1.43
2.23

Percent
Deviation
0.51%
0.62%
0.73%

Range
0.85
3.55
6.25

4.1.2: Temperature Measurement Calibration

Temperature measurement was achieved using a thermocouple placed in an
alumina tube which was surrounded by the catalyst material. To record the
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temperature a 5 V input module was employed along with a thermocouple
linearization circuit. This circuit consists of an Analog Devices AD595, which
provides cold junction compensation and linearization of the thermocouple input to
an output of 10 mV/°C, and a voltage divider made of low deviation resistors. A
schematic of the circuit is shown in Figure 4.4. Without the voltage divider circuit
the input module would only allow temperatures of up to 500 °C to be measured, with
the additional circuit the measurement system reads up to 1250 °C, which is the
operational limit of the AD595. To calibrate, two type K thermocouples were
connected to a brass block which was placed in a variety of conditions. One
thermocouple was connected to the input circuit and voltage divider to the input
module on a computer, the other was connected to a Tektronix DTM920
thermocouple thermometer. The input voltage at the computer was read to create a
correlation to the temperature being read by the thermocouples. For each situation
the thermocouples and the brass block were allowed sufficient time to reach steady
conditions before measurements were taken. The results are shown in Table 4.4. A
linear fit with an R2 value of 0.9998 from the data shown in Table 4.4 is given by:

T (V ) = V *316.5 + 1.2

(4.1)
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Figure 4.4: Thermocouple linearization, cold junction compensation and voltage divider circuit
schematic.

Table 4.4: Calibration data for the thermocouple module.

Situation
Ice Brine 1
Ice Brine 2
Boiling Water
Boiling Water
Heat Gun Low
Heat Gun High
Oven
Oven
Oven

Calibration TC Reading Voltage Divider Reading
(°C)
(V)
-0.8
0.00488
-0.1
0.00532
101.8
0.31979
102.1
0.31982
216.9
0.67481
345.4
1.05720
613
1.93604
871
2.74902
903
2.85889

4.2: Test Setups

This section will outline the test assemblies and procedures used in each of the
three combustion tests; steady state combustion, inline oscillatory combustion, and
purely oscillatory combustion.
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4.2.1: Steady State Combustion

The first test assembly was used to record data on the catalytic combustor
under steady flow conditions. A schematic of the test assembly is shown in Figure
4.5. The purpose of this test was to determine the effect of the flow rate and
equivalence ratio on the combustion temperature. The apparatus consists of the mass
flow controllers, thermocouple linearization device, a computer data recorder, a
current limiting power supply to preheat the combustor, and the combustor itself.
The latter component is a 4 mm ID quartz tube with an Omega FRX-164116 four
hole alumina tube inside. The alumina tube has three of four holes dedicated to Ni-Cr
heater wire, with the fourth being used for the thermocouple. The heater is wrapped
around the outside of the alumina tube, and three 8 mm x 8 mm 100 mesh platinum
gauze strips are wrapped around the heater assembly. The platinum gauze is the
catalytic element in the combustor. To measure the temperature, the thermocouple
was placed inside the alumina tube such that the junction was 1 mm downstream of
the leading edge of the platinum screen. A detailed schematic of the combustor is
shown in Figure 4.6.
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Figure 4.5: Steady state flow combustion test apparatus schematic.

Figure 4.6: Detailed cross-section of the steady state combustor.
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To determine the effects of flow rate and equivalence ratio on the combustion
temperature, a steady air flow rate was supplied and the propane rate was varied to
alter the equivalence ratio. This was performed at equivalence ratios from 0.5 to 1.5
at fixed air flow rates of: 500, 750, 1000, 1250 and 1500 SCCM. Each time either the
air flow rate or equivalence ratio was changed, the assembly was given time to reach
a steady temperature before data was collected; this was typically two to three
minutes. To start the combustion, the heater, air and propane were turned on until the
catalyst screen was visibly ignited, at which point the heater was turned off and the
test assembly was provided with sufficient time to reach a steady state situation. The
flow rate of propane in SCCM was determined from the equivalence ratio and the
fixed air rate in SCCM using:

V * λ
Vpropane = air
23.8

(4.2)

4.2.2: Inline Oscillatory Flow

This section will outline the testing of the combustor in a case where the flow
is oscillating. The oscillations are produced by the variable crank mechanism as
shown in Figures 4.2 and 4.3. The apparatus is arranged as shown in Figure 4.7. This
test apparatus is identical to that used in steady state flow testing, with the addition of
a piston-cylinder set inline with the flow going to the combustor. The purpose of this
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test apparatus is to determine the effects of flow oscillation and reversal on the
combustion temperature. To determine the magnitude of the flow oscillation
produced by the variable crank mechanism the equations of motion for a slider crank
were analyzed. Using the nomenclature r for the crank radius, θ for the angular
position from top dead center, l for the length from the crank to piston joints, and ω
as the angular velocity of the crank, the velocity of the piston is given by:
⎛
r 2 sin θ cos θ ⎞
x ' = ω ⎜ −r sin θ −
⎟
l 2 − r 2 sin 2 θ ⎠
⎝

(4.3)

Equation (4.3) describes the velocity of the piston, this velocity multiplied by
the bore area becomes a periodic flow rate that is superimposed upon the steady flow
generated at the set rate by the mass flow controllers.

82

Figure 4.7: Inline oscillatory flow combustor test apparatus schematic.

The maximum flow velocity occurs at an angle before 90° due to the
connecting rod. The maximum and average flow velocities for the finite crank points
and dimensions used in the variable crank mechanism are shown in Table 4.5. The
connecting rod length is 2” (50.4 mm), and the piston bore is 0.366” (9.3 mm). To
calculate the average piston velocity, the motion was discretized to 1° increments and
averaged over half a cycle from 0° to 180°, since an entire cycle would result in a
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zero average. The flow produced by the piston mechanism is overlaid with the
inlet flow to produce the actual flow rate through the combustor. An example of this
is shown in Figure 4.8. To help describe the magnitude of the oscillation a
normalized oscillation R’ was developed as shown by:

Vmin flow
Vsteady − Vmax oscillation
= 1−
R ' = 1−
+ V
V
V
max flow

steady

(4.4)

max oscillation

For the case displayed in Figure 4.7, R’ is zero when the crank mechanism is
not spinning. For operating crank conditions when the oscillations do not produce a
flow reversal R’ is less than 1 as in the case of the crank rotating at 500 RPM and R’
is calculated to be 0.808. At 1000 RPM, the flow has started to reverse direction for a
small portion of the cycle, in this case the minimum flow is negative, so R’ takes a
value of greater than one. If the flow were to reach zero velocity at the minimum
rate, R’ would have a value of one. Notice that R’ does depend upon the steady state
flow rate in that it is used to determine the maximum and minimum flow rates from
the oscillation values.
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Table 4.5: Variable crank mechanism calculations for piston velocity and flow rate.

Crank Radius
(mm)
3.18
4.65
5.08
6.35
6.97
7.62

Maximum
velocity
mm/radian
3.18
4.67
5.10
6.40
7.05
7.70

Average
velocity
mm/radian
1.99
2.92
3.19
3.99
4.39
4.78

Maximum
flow rate
SCC/radian
0.216
0.317
0.347
0.434
0.479
0.523

Average flow
rate
SCC/radian
0.135
0.198
0.216
0.271
0.298
0.324

Figure 4.8: Example of the flow through the inline oscillating combustor with a fixed flow rate of
1000 SCCM of air, 3.18 mm crank radius at various rotation speeds.

In the experiments reported in this thesis, the crank speed was adjusted
between two settings of 600 and 1200 RPM at a single inlet flow rate of 750 SCCM.
The flow variable R’ was changed by altering the crank position and/or the crank
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velocity between the allowed positions. The combinations produce values of R’
from 1.040 to 1.678, each of which is tested at equivalence ratios from 0.5 to 1.125.
The variable crank mechanism and the motor used to drive it were limiting factors in
the ability to test a larger range. The assembly could not attain a rotational rate above
1800 RPM, and the rotation rate was not stable below 500 RPM. This limited the
potential fixed flow rates and R’ values which could be used in testing the combustor
in the inline oscillatory flow case. The discrete positions of the crank mechanism
also limited the number of R’ values which the mechanism could produce for a
particular fixed flow rate and the limitations from the driving motor.

4.2.3: Purely Oscillatory Flow

The final stage of testing involved only an oscillatory flow being pulled by the
variable crank mechanism through the combustor. In this case, the variable crank
mechanism was used to a draw fuel-air mixture through a combustor section located
in a side tube in a cross-flow manner. Exhaust was then passed back into the crossflow on the upstroke of the variable crank mechanism. The schematic is shown in
Figure 4.9. The combustor in this case was made from a 4 mm ID quartz cross. The
cross had one end connected to the fuel-air mixture from the flow controllers, one end
connected to the variable crank mechanism, one end capped off and the last end open
to the atmosphere. The capped off end was used to feed the heater and thermocouple
wires into the combustor. The variable crank mechanism was modified from the
previous version to include a stainless steel piston crown on top of the graphite
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piston. This was used to help insulate the piston from the hot exhaust gasses from
the combustion. The combustor was modified by reducing the platinum screen length
from 8 mm to 4 mm and the addition of a stacked stainless steel screen regenerator.
The position of the thermocouple was unchanged. The regenerator was produced
from twenty annularly punched 150 mesh stainless steel screens that were stacked
along the alumina tube in the center of the combustor. The screens are intended to act
as a regenerator absorbing heat from the combustion products during the upstroke and
desorbing the heat into the reactants on the downstroke. Details of the combustor are
displayed in Figure 4.10.
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Figure 4.9: Purely oscillatory combustor test schematic.
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Figure 4.10: Detailed cross-section of purely oscillatory combustor.

Similar to the inline oscillating flow, flow variables were produced to describe
the flow conditions through the combustor. The first is a normalized flow rate R.
This variable normalizes the averaged oscillatory flow rate through the combustor to
the steady cross stream flow rate generated by the flow controller. All tests were
performed with the cross stream air flow rate set at 1500 SCCM. The average flow
rates are shown in Table 4.5 as a function of the rotational velocity, this information
is used to generate the flow variable R given as:

•

R=

V average ( S , ω )
•

V air

(4.5)
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The volume variable S is a normalized value of the square cylinder, which
has a bore equal to the stroke. It denotes the approximate volume that is drawn into
the combustor at the rate of R. It should be noted that R is a function of S, but that S
is not dependent upon R. The value of S is given by:

S=

Abore * crank crank
=
Abore* Dbore
Dbore

(4.6)

The calculation of S relies on the assumption that all the fluid moved by the
piston stroke is drawn through the combustion chamber. By assuming that there is no
temperature change and no pressure losses, the volume of gas drawn by the piston
into or past the catalyst screen can be determined. Using the dimensions and
characteristics of the materials it is possible to estimate the free volume that exists in
the regenerator and in the section of the cross which fluid would be drawn into, but
would not encounter the catalyst. To accomplish this, the volume was integrated
from the edge of the cross intersection to the beginning of the catalyst to determine
how much volume was occupied by gas. The first element to consider is the alumina
tube which was considered to be a cylinder of 2.1 mm diameter with the NiCr heater
wrapped on the outside. To estimate the free volume in the regenerator, the material
was measured for thickness, and the manufacturer’s value of open area was used.
The volume was calculated using an annular ring of the thickness of the screens
multiplied by the percentage of area each one had open. Additionally the volume
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between the top regenerator screen and the crossflow was estimated as an annular
ring of 4 mm OD and 2.1 mm ID. The sum of these volumes is the amount of
reactants that, given the previous assumptions, will not encounter the catalyst and as
such will not combust. The results for the percentage of volume occupying or moved

Percentage of flow
entering catalyst

beyond the catalyst, as a function of crank radius are shown in Figure 4.11.
100
95
90
85
80
75
70
65
60
2

3

4

5

6

7

8

Crank Radius (mm)
Figure 4.11: Percentage of volume entering the catalyst as a function of crank radius.

For testing, R was set to: 0.75, 1.0, 1.5, and 2.0, for each value of R, S was
fixed by the crank position as one of: 0.683, 1.000, 1.366, 1.502, or 1.640. At each
combination the equivalence ratio was set to: 0.7, 0.8, 1.0, or 1.1. Not all
combinations could be tested since the motor used to drive the variable crank
mechanism was speed limited to below 1800 RPM, and could not maintain at a
constant rotational speed below about 500 RPM. The combinations tested are
outlined in Table 4.6.
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Table 4.6: All combinations tested for purely oscillating flow.
Crank Set
3.18
3.18
3.18
3.18
3.18
3.18
3.18
3.18
4.65
4.65
4.65
4.65
4.65
4.65
4.65
4.65
4.65
4.65
4.65
4.65
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.35
6.99
6.99
6.99
6.99

R
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.00
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.00
1.50
1.50
1.50
1.50
0.75
0.75
0.75
0.75
1.00
1.00
1.00
1.00
1.50
1.50
1.50
1.50
2.00
2.00
2.00
2.00
0.75
0.75
0.75
0.75

RPM Equivalence Ratio
1325
0.7
1325
0.8
1325
1.0
1325
1.1
1765
0.7
1765
0.8
1765
1.0
1765
1.1
905
0.7
905
0.8
905
1.0
905
1.1
1205
0.7
1205
0.8
1205
1.0
1205
1.1
1805
0.7
1805
0.8
1805
1.0
1805
1.1
660
0.7
660
0.8
660
1.0
660
1.1
880
0.7
880
0.8
880
1.0
880
1.1
1320
0.7
1320
0.8
1320
1.0
1320
1.1
1765
0.7
1765
0.8
1765
1.0
1765
1.1
600
0.7
600
0.8
600
1.0
600
1.1

S'
0.68
0.68
0.68
0.68
0.68
0.68
0.68
0.68
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.37
1.50
1.50
1.50
1.50
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6.99
6.99
6.99
6.99
6.99
6.99
6.99
6.99
6.99
6.99
6.99
6.99
7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62
7.62

1.00
1.00
1.00
1.00
1.50
1.50
1.50
1.50
2.00
2.00
2.00
2.00
1.00
1.00
1.00
1.00
2.00
2.00
2.00
2.00
1.50
1.50
1.50
1.50

805
805
805
805
1205
1205
1205
1205
1605
1605
1605
1605
735
735
735
735
1470
1470
1470
1470
1105
1105
1105
1105

0.7
0.8
1.0
1.1
0.7
0.8
1.0
1.1
0.7
0.8
1.0
1.1
0.7
0.8
1.0
1.1
0.7
0.8
1.0
1.1
1.1
1.0
0.8
0.7

1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64
1.64

4.2.4: Ignition Testing

In the purely oscillatory cross-flow arrangement, ignition characteristics
where tested by making a time history of temperature for two comparative cases. In
the first case, the heater was on and only air was turned on. In the second case,
propane was added to the air flow to form a combustible mixture. The test was
performed at an equivalence ratio of 1.0, an R of unity and an S of 1.64. The test was
repeated after allowing the combustor to cool to room temperature. In both cases the

93
heater had to be shut off before the time series had finished due to the potential of
damaging the heater.
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Chapter 5 : Experimental Results
This chapter will outline the analysis and results of the combustion
experiments performed on the catalytic combustors assemblies. The general
trends discovered and the effects of the inlet mixture ratio, flow rate, flow
oscillations and combustible volumes will be presented.

5.1: Steady State Combustion

The steady state combustor setup was used to determine the effects of flow
rate and stoichiometric ratio on the combustor temperature. In this condition the flow
rate of propane and air are controlled at steady rates through the combustor assembly,
the setup is detailed in Chapter 4.2.1. A nichrome heater wire was used to preheat the
combustor until evidence of combustion, usually a dramatic temperature increase,
was detected, at which point the heater power was discontinued and the combustor
was given time to reach a steady temperature. Temperature was recorded for a 60
second interval at 100 Hz to determine the temperature stability and variation.

The testing showed that as flow rate was increased, there was an increase in
the temperature reached inside the combustion chamber. The highest temperature
was achieved when the flow as set to an equivalence ratio of unity. The results are
shown in Figure 5.1.
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Figure 5.1: Steady state combustion chamber test results.

Only in the case of 1000 SCCM would combustion reach a steady state at an
equivalence ratio of 0.4, all others would not remain stable, or self sustaining below
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0.5 with this combustor design. The wider error bars in the lowest equivalence
ratio is in indication that the time series data was more variable. The higher
occurrence and magnitude of oscillation would tend to suggest that the flammability
limits at these flow rates and with this combustor design is near an equivalence ratio
of 0.5. As the equivalence ratio is increased the magnitude and frequency of
oscillations decreased, indicating a more stable combustion.

The increasing temperature with increasing flow rate suggests that the quartz
tube does not offer sufficient thermal resistance to heat loss to the surroundings. If
the combustor was adiabatic, the temperature should only depend upon the
equivalence ratio since all energy released would be used to heat the exhaust and the
exhaust products and combustor would reach an equilibrium temperature irrespective
of the flow rate. Since there is a marked increase in temperature with an increase in
flow rate it suggests this design is poorly insulated.

The equivalence ratio has a significantly larger effect on temperature in the
region of less than unity compared to greater than unity. When fuel is reduced the
combustion begins to become unstable, then can no longer self sustain around an
equivalence ratio of 0.5. A similar condition did not exist, within the abilities of the
equipment to produce, with an equivalence ratio that when increased would result in
instability and combustion extinguishing. The only situation in which this occurred
was at flow rates of less than 250 SCCM which would not self sustain at an
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equivalence ratio of unity. The large temperature change with equivalence ratio
change could be used as a throttling mechanism for control of the MACE engine.

5.2: Inline Oscillatory Flow

The inline oscillatory flow combustion tests were performed in a similar
manner to that of the steady state combustion experiments. The inlet flow is
controlled by the mass flow controllers, and the same combustor was employed. The
main difference is the addition of the variable crank mechanism to the flow path
upstream from the combustor assembly; the details of the setup are outlined in
Chapter 4.2.2. Similar to the steady state experiments, a nichrome heater was used to
preheat the combustor which was being supplied with a propane-air mixture until
evidence of combustion was noted. At which point the heater power was terminated
and the combustor was allowed to reach a steady operating condition. Temperature
data was recorded for a 60 second interval at 100 Hz to determine stability. Since the
highest rotational speed was 1200 RPM (20 Hz) the sampling frequency meets
Nyquist criteria to distinguish intra-cycle from inter-cycle variation.

Testing revealed that the flow variable R’ had little effect on the temperature
the combustor achieved. There was evidence that under oscillatory conditions with a
net through flow that the result was not dependent upon the magnitude of the
oscillation, but only on the fixed flow rate and the equivalence ratio. The results for
the inline oscillatory flow test cases are shown in Figure 5.2. Included is the R’=0
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case which is the steady state flow. The steady state flows for all cases except an
equivalence ratio of 0.5 conform to the inline oscillatory results. A possible reason
for the deviation in this case is the slight flow rate increase that was noticed during
the calibration of the flow controllers when an upstream oscillation was introduced.
During steady state testing an equivalence ratio of 0.5 was found to be less stable and
operation below that point was limited to a flow rate of 1000 SCCM; similarly there
was more deviation observed in the data at the lowest equivalence ratio suggesting
possible combustion instability. Examination of the time series showed this
instability occurred at a frequency significantly different from the oscillation
frequency, and was not likely induced by the oscillatory flow.
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Figure 5.2: Inline oscillatory test results, all data for fixed air at 750 SCCM.

5.3: Purely Oscillatory Flow

The purely oscillatory flow condition was used to simulate the periodic
combustion nature employed by the MACE. To produce the oscillatory flow nature a
premixed propane-air mixture was supplied which was periodically drawn through
the combustor assembly by a variable crank mechanism. Similar to the prior flow
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experiments, data was collected over a 60 second interval at 100 Hz after the
combustor was allowed to reach a steady operating condition. The details of the
combustor and crank mechanism are described in Chapter 4.2.3.

To isolate the effect of equivalence ratio a normalized temperature T’ was
developed. This normalized temperature requires that the recorded temperatures be
converted from Celsius to Kelvin, then T’ can be defined by:

T ' ( λ , R, S ) =

T ( λ , R, S ) − T ( λ = 1, R, S )
T ( λ = 1, R, S )

(5.1)

This essentially describes a percentage reduction in the combustion
temperature caused by changing the equivalence ratio. All T’ of equivalence ratio
unity have a value of zero, and all changes of equivalence ratio from unity result in a
temperature reduction. The purpose of this was to determine if the resulting
temperature drop was related to either R or S, by decomposing the equivalence ratio
effect. The result is shown in Figure 5.3, with each point representing the average of
all combinations of R and S for the respective equivalence ratio. The result is similar
to that seen in the prior flow conditions in that a change towards a leaner mixture
causes a larger change in temperature than a change towards a richer mixture.
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Figure 5.3: T’ decomposition of purely oscillatory data.

By examining the case of an equivalence ratio of unity, the effects of R and S
on operating temperature can be determined. By sorting into groupings of similar R
then plotting the resulting groups as temperature as a function of S, as shown in
Figure 5.4, the trend is that for an increase in S there is an increase in temperature.
The series are stratified into layers of R groupings clearly separated, and all following
similar patterns with increasing flow volume. For two cases at R=0.75 and 1.0 and
S=1.502 there is a temperature reduction with increasing S. This may be caused by
the longer cycle time required to produce the lower average flow rates (R) with larger
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flow volumes (S). This longer cycle may have increased the effect of heat
transfer from the combustor assembly on the combustor temperature since the time
between combustion events was increased. The test equipment did not permit the
production of a flow with R=0.75 at an S of 1.639 due to instability of the variable
crank mechanism rotational speed.
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Figure 5.4: Temperature Vs S by R for an equivalence ratio of unity.

Alternatively, groupings of S can be presented as temperature as a function of
R, as shown by Figure 5.5.
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Figure 5.5: Temperature Vs R by S for an equivalence ratio of unity.

In this grouping there is a less clear stratification of the flow volume variable
(S) with the exception of S=0.683. For the smallest flow volume there is a large
temperature reduction, where the other flow volumes are more closely grouped. This
could be caused by the smaller fraction of combustible mixture which reaches the
catalyst at this flow volume, as well as less mixture available to combust. For the
other flow volumes, there is no stratification of the groupings implying that the rate
increase has a larger impact on combustor temperature than the flow volume once a
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threshold S of between 0.683, and 1.0 is passed.

The combustor in operation is

shown in Figure 5.5.

Figure 5.6: Purely oscillatory flow combustor operating.

5.4: Ignition Characteristics

The ignition characteristics were determined using the technique described in
detail in Chapter 4.2.4. To determine the ignition characteristics two time series were
compared. In both cases the variable crank mechanism was set to produce a flow of
R=1.0 and S=1.639. In the first case the equivalence ratio is zero, meaning there is
no propane mixed in the flow. The time series shows the effect of just the heater on
the combustor temperature. Once the combustor had reached room temperature the
test was repeated at an equivalence ratio of one. In this situation the heater was
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warming a propane-air mixture that was drawn into the combustor. When the
propane begins to combust there is a marked change in the time series of temperature
which indicates that a significant amount of energy is being released from fuel
combustion. The results are shown in Figure 5.7. The sharp increase in slope at
approximately 450 °C indicates that combustion has begun to release a significant
amount of energy. The heater had to be turned off to prevent damage as the
temperature passed 750 °C.

Heater turned off

Ignition Point

Figure 5.7: Ignition test results for R=1.0, S=1.639, λ=1.0
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Chapter 6 : Conclusions
One of the key assumptions in the MACE concept simulation was an
isothermal process for the expansion, with a temperature ratio of approximately 4:1.
Experimental results from the purely oscillatory flow condition showed that a
combustor similar to what the MACE concept has specified can operate at a
temperature ratio of just less than 4:1, assuming 300 K inlet air, and that higher
temperature ratios may be attainable, but that the equipment available could not
accommodate. The effect of heat loss and measures to reduce its effect were not
investigated in this thesis, however from review of prior work the issue remains
significant. There was evidence that heat loss was an important aspect in the
combustion experiments as evidenced by the increase in combustor temperature with
increasing flow rates. The low friction cylinder-piston assembly has been shown to
operate for extended durations with a slotted cylinder by Yarger [53]. This same
style cylinder-piston set was modified, by the addition of a stainless steel crown, to
operate in contact with combustion gasses in the purely oscillatory flow condition
experiments. While the operating duration never exceeded 30 min continuously, it
has been demonstrated to survive multiple operating cycles at these conditions. The
use of equivalence ratio to control the temperature of the combustion from ratios of
0.5 to 1.0 would allow equivalence ratio to be used as a control mechanism for the
MACE engine. The information gathered from experimentation and simulation
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shows that the MACE concept has the potential to fill the niche for micro-scale
power generation.
The combustion characteristics for propane-air over a platinum screen show
the potential for the use of such a system in micro-scale engines. It is capable of
combusting mixtures over a wide equivalence ratio range resulting in predictable
temperatures. This could enable a control system which varies the temperature ratio
of the engine to change power output to match load conditions while optimizing
efficiency.
Future work should involve a study of the regenerator construction and
efficiency at this scale, and include the effects of pressure drop (caused by the
regenerator) has on engine cycle power output. The incorporation of additional
thermocouples into the current combustor, or a similar combustor, could be used to
gauge the effectiveness of the regenerator which was beyond the scope of this thesis.
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