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ABSTRACT

New demand for cleaner and low cost energy production are factors that have increased
interest in the Stirling engine as a plausible alternative to internal combustion engines. The
Stirling engine is based on the principles of having a machine work within a temperature
differential and internal thermal regeneration. The regenerator is a waste heat recovery
device that improves the thermal efficiency of the cycle. Theory shows that the Ideal
Stirling cycle efficiency is the same found for the Carnot cycle efficiency. However, the use of
Ideal cycle and First Order analysis methods tend to grossly over predict performance
parameters. This often comes as a result of inadequate assumptions and ignoring loss
terms in the system to make simplifications in the analysis. In practice, the design of Stirling
engines is difficult because of the complex thermal and mechanical processes that are
involved.

The Second Order method is found to be useful in engine design optimization, since the
analysis assumes that all of the energy losses are decoupled. The individual loss
mechanisms can be conveniently identified and quantified. This analysis allows the engine
performance to be estimated in a more realistic manner by subtracting the losses to the
idealized performance parameters in a simple and efficient approach. Such analysis model,
if implemented with enough accuracy, could properly evaluate design changes required for
developing technology to make the Stirling engine more reliable, sustainable and efficient.
More efficient heat transfer and adequate kinematic mechanisms for performing cycle work
are two major areas that can be improved. This research project considers the potential for
improving the thermodynamic efficiency of the Stirling engine by evaluating alternative
piston motions that substantially deviate from sinusoidal. The present study further
expands on previous work in this area by incorporating the Second Order losses. Following
in this effort, the studies are based on arbitrary functions that describe the piston motion
and parametric studies of the cylinder compartments. Unfavorable results were obtained in
the motion studies for the new arbitrary functions. The lower performance was related to
larger gas velocities that significantly increased the power losses. However, an optimal

configuration was found for cylinder compartment while maintaining the sinusoidal motion.
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ABSTRACTO

Nueva demanda de produccion de energia limpia y a bajo costo, son factores que han
aumentado el interés en el motor Stirling como una alternativa a los motores de
combustion interna. El motor Stirling se basa en los principios de operar un ciclo dentro de
un diferencial de temperatura y regeneracion termal interna. La teoria demuestra que para
el ciclo Stirling Ideal la eficiencia es igual a la eficiencia del ciclo de Carnot. Sin embargo, el
uso de los andlisis basados en el ciclo Ideal y métodos de primer orden tienden a
sobreestimar substancialmente los pardmetros de rendimiento. A menudo, esto se debe a
que las asunciones son inadecuadas y se ignoran términos que se atribuyen a pérdidas en el
sistema para simplificar el andlisis. En la practica, disefiar motores Stirling es dificil debido
a la complejidad de los procesos térmicos y mecanicos que estan involucrados.

El método de Segundo Orden es util para la optimizacion del disefio del motor, ya que el
analisis supone que todas las pérdidas de energia se desacoplan. Los mecanismos de las
pérdidas individuales pueden ser convenientemente identificados y cuantificados. Este
analisis permite que el rendimiento del motor se estime de una manera mas realista
restando las pérdidas a los parametros de rendimiento idealizados, usando un enfoque
sencillo y eficiente. Si el modelo de andlisis se aplica con suficiente exactitud, podrian
evaluarse adecuadamente los cambios de disefio necesarios para desarrollar tecnologia que
impulsen al motor Stirling a una mayor fiabilidad, sostenibilidad y eficiencia. Transferencia
de calor mas eficiente y disefios cineméaticos més adecuados para llevar a cabo el trabajo del
ciclo son areas que se pueden mejorar. Este proyecto investiga el potencial de mejorar la
eficiencia termodinamica del motor Stirling al evaluar movimientos alternativos para el
piston que se desvian del tipo senosoidal. Este estudio amplia el trabajo previo en esta area
mediante la incorporacion de pérdidas de Segundo Orden. A raiz de este esfuerzo, se
realizaron estudios que se basan en funciones arbitrarias que describen el movimiento del
pistdn y otros estudios paramétricos del compartimiento de los cilindros. Resultados
desfavorables fueron obtenidos en los estudios de movimiento para las funciones
arbitrarias. El bajo rendimiento obtenido se debi6 a altas velocidades del gas, aumentando
significativamente las pérdidas de potencia. Sin embargo, se encontré una configuraciéon

6ptima para el compartimiento en el cilindro manteniendo el movimiento senosoidal.
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NOMENCLATURE

Letter Symbols

3.

NC
NR
Nu
Porp

Heat transfer or wetted area [m?]

Heat Capacity [Kk] /K]

Constants used in Heywood equation for mean effective pressure (mep) loss
Specific heat general use [Kk]/kg-K]

Gas specific heat at constant volume [k] /kg-K]

Gas specific heat at constant pressure [k] /kg-K]
Hydraulic diameter [cm or mm)]

Matrix wire diameter [cm or mm]

Ordinary or exact differential

Thermal energy [K]]

Error

Fluid friction factor; Mechanical Friction Force [kN or N]
Engine operating frequency [Hz or 1/s]

Fanning friction factor

Mass flux [kg/s- m?]

Heat transfer convection coefficient [W/m2-K]

Fluid thermal conductivity [W/m-K]

Minor loss coefficient

Piston stroke length [cm or mm]

Mach number

Mass [kg]

Mass flow rate [kg/s]

Engine speed used in Heywood equation for mep loss [Rev/s]
Number of cylinders

Number of generators

Nusselt number

Pressure [bar, kPa or Pa]
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Pr Prandtl number
Q Heat [K] or]]
Q Heat per unit mass [k]/kg]
Q Heat rate [kW]
R Gas constant [k]/kg-K]
Re Reynolds number
Irc Compression ratio
S Entropy [k]/K]
Sc Schmidt number
T Temperature [K]
t Time [s]
U Internal energy [Kk]]; overall heat transfer coefficient [W/m?2-K]
VorV Volume [cc or m3]
v Volume flow rate [m3/s]
Vel Gas velocity [m/s]
Vp Average piston velocity [m/s]
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CHAPTER 1: INTRODUCTION

1.1 Introduction to Thesis Scope

Heat engines are an intrinsic part of our daily life, as they are widely used in the areas of
agriculture, transportation and electric power generation. The purpose of a heat engine is
the conversion of thermal heat energy to useful mechanical work. Thermal energy is
typically provided by the combustion of fossils fuels such as petroleum and natural gas;
although alternative sources such as nuclear, geothermal and solar energy can also be used
to provide thermal energy. The thermal energy is then transferred to a working fluid whose
energy and motion is later transformed to net power output by mechanical means (e.g.
reciprocating crank-piston, turbine, etc.). Engine or power systems are usually named and
described by a thermodynamic cycle. Some thermodynamic cycles that are more commonly
known in thermal-power applications are the Rankine, Brayton, Otto and Diesel cycles. The
thermodynamic cycle is said to be closed if it retains the same mass of working fluid at the
end of the cycle or open if the mass is renewed. The various types of heat engines can be
classified into internal combustion and external heat engines. For internal combustion
engines heat is added by means of fuel ignition inside the system boundary. In the case of
external heat engines, heat is supplied from any external source (combustion, nuclear,

geothermal, solar, etc.) outside the system boundary.

The Otto and Diesel are examples of two internal combustion cycles successfully used in
transportation vehicles due to their high specific power output. The Otto cycle, named after
German engineer Nikolaus Otto, was successfully developed into a practical engine in 1876.
Otto’s development was the first meaningful improvement in engine performance, relative
to the already existing power generation methods. Today, Otto engines (or petrol engines)
have usually an operating efficiency around 30% and are capable of achieving power
outputs in the range of 100 to 200 horsepower. Soon after Otto developed his engine cycle
(in 1893), Rudolf Diesel designed and produced an internal combustion engine that
employed a much higher compression ratio. This allowed the air to reach such elevated
pressure and temperature that by simply injecting a spray of fuel it would auto-ignite, thus

eliminating the need for a spark to ignite the fuel, as done by the Otto cycle engines. The



nature of this auto-ignited combustion in the Diesel engine makes it more efficient,
therefore, requiring a substantially lower amount of fuel to operate in contrast to the Otto
engine. Also the Diesel engine cycle is able to run on cruder fossils which are less expensive
to make. Typically Diesel engines are able to produce net power outputs that far exceed that
of an Otto engine and its thermal efficiency ranges between 40% and 50%. Today both the
Otto and Diesel cycles still possess commercial and industrial success. However, increased
prices for fossil fuels and the need of cleaner methods in obtaining energy, make them less

attractive for the future.

Technically, Rankine and Brayton power systems may be considered as external heat
engines because the heat source is located outside the system boundary. But these power
systems are composed of separate components and are much larger in scale to be
considered as engines. However, there exists an external heat engine that predates the
invention of the internal combustion engine and it is called the hot-air engine. The first
documented hot-air engine was invented by Sir George Cayley around 1807. This engine
substituted air for steam as the working fluid, requiring the use of gas furnaces instead of
boilers which were a safety concern at the time. Soon after this development, one of the
most ingenious inventions of the 18th century was conceived, a device commonly known as
the thermal regenerator. Regenerators are used to recover some of the waste heat from a
thermal cycle and reuse it, thus increasing the cycle efficiency. Robert Stirling was
responsible for this creation and his 1816 patent included a design of a hot-air engine as a
practical application for the use of the regenerator. Therefore the hot-air type engine
became to be known as the Stirling engine in honor of Robert Stirling. In contrast to Otto’s
and Diesel's inventions, the Stirling engine did not become a quick success in commercial
and industrial applications. Hence the study and the development of the Stirling engine
have been achieved slowly and in a much narrow scope of thermal applications. However,
the new demands for renewable heat sources and cleaner energy make this engine more
attractive for future development. Therefore, the opportunity for Stirling engines to
compete with internal combustion engines exist if innovative Stirling technology is made

available to make the engine more reliable, sustainable and efficient.

In this chapter, topics such as the Stirling engine description, history, advantages and



range of applications are introduced. In addition, the research project objective is formally
stated at the end of this chapter. Chapter 2 will review the Ideal Stirling cycle, engine
mechanical configurations, existing analytical models and the design specifications for the
for the Ford-Phillips 4-215 double-acting (DA) engine. In Chapter 3, the mathematical
models using sinusoidal piston motions are explored. Here the different parameters that
affect Stirling engine performance are evaluated. In addition, the reliability of the methods
is compared as the complexity of the models increases for more realistic assumptions.
Finally, Chapter 3 concludes with the description of the proposed analysis studies and the
thermal model used in the analysis. The results and assessment of the proposed studies (for
optimum volume variation and engine configuration) is given in Chapter 4. Chapter 5

explains the conclusion of this thesis and future work recommendations.

1.2 Stirling Engine Description

Interest in the Stirling engine has increased in the past few years as it has been
considered as a plausible alternative to the current internal combustion engines and other
currently used power generating cycles. The Stirling Engine promises new advantages that
cannot be obtained with the current heat cycles used for producing power. Some of the

advantages of the engine are:

e It can work with almost any kind of external heat source, including solar,
geothermal and bio-mass.

e The engine can work at very small scales allowing for milli and micro
applications.

e It can run silently with minimal vibration.

e The engine operates on the basis of a reversible cycle which makes it a
perfect device for heat-pump and refrigeration applications.

e It can be used for combined heat and power (CHP) applications.

e The thermal efficiency for the Ideal theoretical limit is the same as the Carnot
cycle efficiency.

All these advantages assure that the potential of the Stirling Engine agrees with the goals of

clean, reliable and sustainable methods for obtaining energy. This creates an irony in the



traditional approach for the development of new technology. The reason is that the Stirling

Cycle is an old idea; in fact it was first conceived almost two centuries ago.

The Stirling cycle has been practically ignored from today’s conventional
thermodynamics courses and practically no universal knowledge on its development is
spread commercially in the industry. To understand this paradigm, it is important to study
the history of the Stirling Engine since its invention in 1816 [1, 2]. The hot air engine is
named after Robert Stirling, who re-designed it as a practical application for the thermal
regenerator. The regenerator is the actual invention (not the engine itself), stated in his
original patent claim in 1816 [1]. His motivation was to develop an alternative to the vapor
machines which at the time were unreliable and dangerous. The extremely high pressures
at which boilers had to be operated and the poor safety standards in their manufacture
resulted often in boiler explosions making the machine a hazard for a working environment.
The invention of Robert Stirling not only had the advantage that it operated at a lower
effective pressure but it was relatively simpler than the steam engine, thus requiring fewer

personnel to operate it [2].

Figure 1-1 shows a drawing from the conceptual sketches of Stirling’s original patent
[3]. Contrary to Nicolas Léonard Sadi Carnot's heat engine, Stirling's invention did not stay
in paper as a hypothetical concept. In 1818 a full-size machine designed on the basis of
Stirling’s patent was built to pump water from a quarry [2, 3]. The engine was rated at 2 hp
working at a maximum temperature of 400 °C as suggested by Organ [3]. But after this
successful attempt no further significant progress was made by Stirling on improving the
design of his invention. By the early 19t century, interest in the Stirling engine decreased
significantly due to the success of the Otto cycle engine incorporation in motor transport
and the introduction of boiler codes for the construction of safer steam engines [4].
Increases in oil and energy prices, as well as a greater concern for environmental
conservation, has given the Stirling engine a second chance to emerge as a possible solution
to these problems. An example of current Stirling technology that uses concentrated solar
power (CSP) as a heat source is the SES SunCatcher capable of generating 25 kW [5]. The

first to develop a free-piston Stirling engine to work with CSP was William Beale of



Sunpower Inc., a company that has created a range of Stirling power generators operating
from 35 W to 7.5 kW [6].
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Figure 1- 1: Drawing of the Original Patented Stirling Engine (Organ, [2007])

1.3 Stirling Engine Applications

1.3.1 Concentrated Solar Power

Solar energy can be an excellent heat source for the Stirling engine. Power from the sun
can be harnessed efficiently when solar concentrators are used to focus the solar radiation
of a larger area to a small concentrated surface or point. Then, the concentrated sunlight is
converted to thermal energy to finally be stored or used to produce work for driving a

generator to deliver electricity to the power grid.

There are various types of CSP (Concentrated Solar Power) systems that use this
renewable technology (Figure 1-2). However, as seen in Figure 1-3, the Solar Dish-Stirling
system can achieve a greater concentration of the sun radiation than any of the other CSP
systems. These three approaches are shown schematically and described in more detail
below. The CSP methods shown here are described in more detail in a CSP Technologies

Overview provided by Sandia National Laboratories (SNL) [7].
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Figure 1- 2: Common Concentrated Solar Power Systems (SNL, [2012])
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Figure 1- 3: Concentrating Solar Factor for Common CSP Systems

In the case of the solar parabolic dish CSPs, mirrors are used to reflect solar radiation to
a receiver. The receiver end then supplies the heat that drives the Stirling engine. The Dish
Stirling engine is capable of generating 25 kW of electric power at very high efficiencies,
which allows it to compete with photovoltaic panels and other solar renewable energy
systems. As shown in Figure 1-4, the Solar Dish Stirling (Fig. 1-5) ranks number 3 in world
CSP technologies for delivering electrical energy to power grids [8]. Some of the limitations
for the Solar Dish systems are the requirement of large land area, relative high maintenance

and typically involve higher initial investment.
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Figure 1- 4: World CSP Energy Production by System Technology (Renewable Energy Focus, [2009])

Figure 1- 5: Solar Dish-Stirling unit (SES, [2007])



1.3.2 Cryocoolers

One of the major advantages that Stirling engine cycle has over any other power cycles
is that its path can be reversed. Therefore, when a Stirling machine is supplied with a
power input, it can operate either as a heat pump cycle or a refrigeration cycle. Stirling
cryogenerators (or cryocoolers) are the most successful application of the Stirling cycle.
Most current systems are able to deliver temperatures ranging from -75 °C to -250 °C [9]

and may even achieve lower cooling temperatures.

The first Stirling-cycle cryocooler was developed at Philips in the 1950s and was
commercialized for the production of liquid nitrogen and for other liquefying gas
production plants. The Philips Company was very active in improving the design and
manufacturing of Stirling cryocoolers and cryogenic cooling systems [1]. This led to the
production of extremely efficient refrigeration systems for very low cooling temperature,
as required in cryogenic applications. Stirling cryocoolers are durable, highly reliable,
require little maintenance, have minimum vibration and noise, compact, lightweight, and
run on low input power. Some designs are able to run on less than 100 watts of power [6].

In Figure 1-6 the general design of a Stirling cryocooler is shown [10].

Heat absorber

Displacer

Regenerator

< Heat dissipater
— Cylinder

- Piston

- Motor

Figure 1- 6: Stirling Cryocooler Design and Schematic (Twinbird Corp, [2007])

1.3.3 Submarines and Underwater Vehicles
One of the not widely known uses for the Stirling engine is its function for powering
submarines and UWVs (Under Water Vehicles). The first successful application in this field

was reached by Kockums (a Swedish defense contractor) in 1988, when they fitted a
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Stirling engine into a section of the Royal Swedish Navy submarine HMS Nacken. The
purpose was to create an air-independent propulsion (AIP) system capable of increasing

the submerged endurance time of current power battery systems [11].

Kockums AIP systems incorporate a Stirling engine, Oxygen in liquid form (LOX) stored
in cryogenic tanks, and diesel as its fuel. The burning of LOX and diesel fuel in a pressurized
combustion chamber, allows the exhaust gases to be at higher pressure than the
surrounding seawater, thus eliminating the need of a compressor to discharge them [11].
Submerged endurance is primarily determined by the amount of stored LOX. Typically this
equipment allows the submarine to stay underwater 2-5 times longer than with a normal
battery system. Figure 1-7 illustrates a Kockums’ submarine displaying the section where
the AIP system is located (right) and how the section looks from the inside of the

submarine (left).

Figure 1- 7: Kockums Submarine with Stirling AIP Unit (Kockums, [2009])

More recently, the applicability of the Stirling engine for other manned underwater
vehicle (UV) and unmanned underwater vehicles (UUV) has been explored as well. Since
the Stirling engine can be designed by scaling, it may also outperform underwater vehicle

battery propulsion systems.

1.3.4 Cars and Motor Transport
In the 1970s and 1980s, automobile companies like General Motors and Ford evaluated
the possibility of implementing Stirling engines into motor vehicles [12, 13]. The main

motivation behind the effort was due to the first “world oil crisis”. This crisis did not only



provoke fossil fuel prices to sky-rocket; it also led to research for potential energy

alternatives that could achieve higher efficiencies and lower fuel consumption.

However, the proposed novel Stirling engine solution was not able to achieve the
expectations, and the research focus changed into optimizing the Otto and Diesel engines.
One of the main problems found using the Stirling cycle engine, was that for a constant
power setting it could achieve good performance, however, it could not respond sufficiently
fast for adjusting the power (acceleration). As a result, acceleration control typically

involved complex solutions [12, 13].

One possibility is to design a hybrid electric car where a Stirling engine could give
enough power to run the car for long trips when the car is moving at almost constant
speed. And to use a battery system to give the instant acceleration necessary to drive an
automobile. This invention could make the car run silent and with lower carbon emissions.
Additionally the possibility of achieving high fuel savings with an electric-Stirling engine

combination may give it a shot in competing with current hybrid cars.

1.3.5 Micro Combined Heat and Power

Cogeneration technology is widely used in local power and production plants as means
of reducing energy cost by combining the generation of useful heat and electric power.
This technology is also known as combined heat and power (CHP) and there are two basic
concepts behind its approach to achieve an efficient energy process. The first concept is
that when electricity is produced locally, the energy losses through long transmission lines
are reduced substantially. The second concept is that the heat loss due to the inefficiencies
in the power generation process can be employed to heat homes, produce hot water or be

applied to any other process that requires heat in a production plant.

In Europe, especially in the United Kingdom (UK), traditional boiler systems are being
replaced by a technology that is complementary (smaller system scale) to CHP. The
innovative system is being developed for use in residential homes and commercial
buildings [14, 15]. The term micro combined heat and power (mCHP) has been given to
this technology due to the smaller scale of the application. The significant increases in the

cost of energy, as well as more legislation to reduce carbon emissions, which includes
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incentives to energy production methods that reduce carbon emissions, have made mCHP
as an alternative to replace traditional boilers for means of providing central heating, water

heating and electricity.

Generally in a mCHP device, natural gas is consumed by a Stirling engine for means of
providing electricity. However, not all the heat is supplied for power generation purposes;
around 70% to 80% of the gas energy that is converted into heat will be used for space
heating and hot water [14]. A general schematic for a residential home mCHP unit is shown
in Fig. 1-8. Usually this device produces much less carbon dioxide than other ways of
providing heat and power. In fact, if the capacity of CHP systems was increased to the
Government's target of 10,000 MW, the UK could meet one third of its international

commitment of carbon dioxide emissions reduction level [15].
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Figure 1- 8: Residential Home Schematic for mCHP unit (Harrison, [2012])

1.4 Thesis Objective

Stirling engine performance is not only tied to the internal processes involved
throughout the cycle, but also the types of mechanisms used are an integral part of the
power generation process. One of the problems of kinematic Stirling engines is that the
sinusoidal volume variations that are produced by typical crank mechanisms do not result
in optimum performance because these deviate considerably from the Ideal Stirling cycle

thermodynamic processes. Evidently there is a need to investigate which type of volume
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variations (in the compression and expansion spaces) would result in optimum engine

performance and which types of mechanisms are capable of achieving these variations.

In accordance with this need, the primary goal of this thesis is to improve the
thermodynamic efficiency of an Alpha Stirling engine configuration by performing studies
on different piston motions that are believed to be more adequate. This can be
accomplished by developing an accurate mathematical model of the cyclic behavior of the
five internal control volumes (compression space, cooler, regenerator, heater, and
expansion space) that is dependent on the piston swept dynamics. Then, the different
functions of the volume variation inside the compression and expansion cylinder spaces
can be evaluated with respect to the cycle performance they can achieve. The Stirling Cycle
analysis will be explored in detail (primarily using the sinusoidal variations) to assess the
precision of the models as assumptions become more complex. This will culminate when
the 1st and 2m Order method results are compared. The 2m Order model will be used to
perform a comprehensive comparison between the sinusoidal volume variations and
arbitrary function volume variations. The study will focus on the Alpha Stirling engine
configuration and the Ford-Phillips 4-215 engine will be considered for a case study
analysis. In addition, parametric studies will be conducted to evaluate the thermodynamic
and mechanical losses, in order to determine the sensitivity of the engine performance to
important design parameters (e. g. heat exchanger size, operating temperature ratio, etc.).
Emphasis will be given to swept volume ratio (SVR), clearance length ratio (CLR), and

phase angle using the 2r Order method in Chapter 4.

It has been found that there exists a considerable body of literature that focuses on
Stirling engine design. However, the progress that has been made using Stirling engine
machines seems limited to a narrow scope of applications (CSP [5-6], Cryocoolers [16],
Underwater Vehicles [11]) and overall commercial success has not been reached.
Considering the wide range of applications suitable for Stirling engines the possibility of
significantly improving and optimizing existing designs must be explored. Typically,
thermal system optimization has been traditionally performed separate from the
mechanical system optimization. Therefore, the model to be implemented must properly

describe thermodynamic relationships like the finite heat transfer effects and the gas
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dynamics of the system. This way, not only a better understanding of the already existing
mechanisms can be addressed, but also the effects of placing arbitrary piston motions in
the variable working spaces. Considering all of these factors will guide future studies into
finding a practical mechanism that is capable of achieving optimum volume variations. It is
also desired to provide the designer with an analysis model that is simple to implement and
at the same time accurate enough to properly evaluate design changes. If this set of tools is
more available to designers, development of high performance Stirling engines in the near

future may compete with today’s available commercial internal combustion engines.
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CHAPTER 2: LITERATURE REVIEW

2.1 Stirling Ideal Limit

The maximum theoretical thermal efficiency for the Stirling cycle results in the thermal
efficiency deduced for the Carnot cycle. The idealization for the theoretical case is based on
the assumption that at any given point in time the pressure and temperature are
homogenous within the volume containing the mass of the working gas. The gas is
considered to be a perfect gas in all the processes, thus the ideal gas equation of state can
be applied at any point of the cycle. The heater and cooler are considered isothermal heat
exchangers. The regenerator is assumed perfect, and the processes involving the decrease
and increase in temperature are considered isochoric (constant volume) [17]. Based on

these assumptions, the Stirling engine cycle consists of the following processes:

o Process 1-2: The working gas is compressed isothermally, while heat is
removed to the low temperature reservoir.

¢ Process 2-3: The working gas is preheated by gaining heat from the
regenerator at constant volume.

o Process 3-4: The working gas is expanded isothermally, while heat addition
occurs from the hot temperature reservoir.

¢ Process 4-1: The working gas is precooled by losing heat to the regenerator
at constant volume.

Each process described for the Ideal Stirling cycle is presented in the pressure-volume (P-V)

and temperature-entropy diagrams shown in Figure 2-1.

Each process can be evaluated using the first law of thermodynamics for a closed

system. The work-heat relationship for a stationary system using the first law is,

AE = AU = AQ — AW (2.1)
For the isothermal compression process 1-2 since there is no change in internal energy and

since only heat addition and expansion work occurs, the equation results in,

Qout = We (2.2)

Based on the perfect gas assumption, the compression work for an isothermal process is,
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The heat rejection and compression work as determined by Eq. 2.2 and 2.3, respectively, are
negative quantities consistent with the sign convention in thermodynamics. Similarly for

the isothermal process 3-4 the first law of thermodynamics results in,
Qin = Wg (2.4)

and the expression for the expansion work yields,

v
Wg = mRTyln (—4) (25)
V3

For the isochoric processes there is no expansion or compression work, however, there is a
change in the internal energy of the working fluid due to internal heat transfer from the
regenerator. For process 2-3 there is an increase in internal energy and for process 4-1

there is a decrease. Heat transferred in both processes is given by the following equation,

Qr = mCy(Ty — T¢) (2.6)

where Qr represents the regenerator heat exchange. Note that the regenerator supplies the
same amount of heat in process 2-3, that it receives from process 4-1. The available net

work of the cycle is given by,

Vs AP
Whet = WE + W = mR [THln (V_> + Tcln (V_>]

3 1

or
Whet = mRIn(re) [Ty — Tc] (2.7)
where r¢ is the compression ratio defined as follows,

Vi Y

I~ = =
C v, v,

Finally, the cycle thermal efficiency can be determined based on the ratio of the net output

worKk for the cycle and heat addition required during the cycle:
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By comparison, it is demonstrated that the Ideal thermal efficiency of the Stirling engine

cycle is the same as the Carnot cycle thermal efficiency [17].
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Figure 2-1: (a) Ideal P-V Diagram (b) Ideal T-s Diagram

2.2 Stirling Engine Configurations

There are three basic Stirling engine design configurations: the Alpha-Stirling, the Beta-
Stirling, and the Gamma-Stirling. The basic working principle of the three types of engine is
the same. The main difference between them is how the internal spaces are linked and their
use of piston or displacer mechanisms. A more complete specification of Stirling engine
mechanical configuration arrangements is provided by Thombare and Verma [17] and by W.
Stine [18]. Here only the details regarding the distinctive spaces (expansion space, heater,
regenerator, cooler, compression space) inside the internal volume of the Stirling engine is
discussed. Typically Stirling engine designs include some type of regenerator, but some do
not have an evident regenerator because they make use of the high surface area of the

displacer. This is the case for the Beta and Gamma configurations.

In the Alpha Stirling two separate pistons are used for the compression and the
expansion. Each has a separate cylinder space which is connected in series with a cooler,
regenerator and heater [17]. The compression piston is located at the cold end, while the

expansion piston is located at the hot end as shown in Figure 2-2. As the cycle progresses,
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the working gas is displaced between the five different spaces of the internal volume. To
model the Alpha configuration analytically, typically the compression space, cooler,
regenerator, heater and expansion spaces are divided into individual control volumes. The
Alpha Stirling engine typically has the highest specific work output [2, 17], for this reason it
is attractive for automotive [17] and CSP applications [19]. Another advantage of the Alpha
Stirling engine is its mechanical simplicity compared to the other configurations. But it has
two major disadvantages; one is that it needs special sliding seals to contain the working
gas. The other disadvantage is more difficult to solve because it involves reliability and
durability problems of the piston seals that arise as a result of the high temperatures in the
hot expansion space [2].

Compression

Expansion -
Piston

Piston

Heater Cooler

Regenerator

Expansion Compression
Cylinder Cylinder

Figure 2-2: Alpha-Stirling

For the Beta Stirling engine configuration (Fig. 2-3) only one piston is used for both the
compression and the expansion, and it is called the power piston. A displacer is used to
drive the working gas from the cold side to the hot side. The displacer should transport the
working gas close to constant volume [2]. In addition the displacer piston should be loose
fitted, although it can be mounted to the same shaft as the power piston [2, 17]. The
divisions of the internal volume spaces become more complicated in this design. The
reason is that there is only one cylinder that is shared by the power piston and gas displacer.
Thus, the definition of boundaries across the cylinder volume becomes less apparent than
for the Alpha configuration [20]. This makes modeling of the Beta Stirling engine more
complex and less flexible. The advantage of this engine is that the hot side is contained

within the displacer side, and no seals are required on the displacer [2]. The Beta type
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configuration with a slider-crank mechanism has been studied thoroughly (analytically and
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experimentally) by Karabulut et al. [21-23].
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Figure 2-3: Beta-Stirling

A Gamma Stirling engine configuration is similar to the Beta Stirling configuration in
that it has a displacer and a power piston. The difference is that the displacer and piston are
mounted in separate cylinders [17], as seen in Fig 2-4. This model allows for a more
convenient separation between the heat exchangers associated with the displacer cylinder
and the power piston cylinder [24]. Since the Beta configuration has only one cylinder, both
heat rejection and heat addition has to occur through the same cylinder. This configuration
has the same advantages of the Beta Stirling but produces a lower compression ratio
because of the larger dead space volume associated with the heat exchangers [24]. Most
applications that use Gamma configurations operate at a low temperature difference
between the low and high temperature reservoirs, thus requiring large heat exchangers.
Because of the low temperature differential (LTD) that Gamma Stirling engines operate on,

these engines are also classified as LTD Stirling engines [25-27].
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Figure 2-4: Gamma-Stirling
Many real practical Stirling machines have variations of the three basic configurations
implemented in their design. Fraser [19] describes the Rinia-Siemens arrangement as a
configuration that uses both the front and back face of the pistons (double- acting piston)
connected to each other as seen in Figure 2-5. Fraser also states that the Rinia- Siemens
arrangement significantly improves the engine efficiency compared to the common Alpha

configuration.

’ Expansion space

Heater
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Compression space [,
Rinia arrangement of al pha-type cylinders

Figure 2-5: Rinia-Siemens engine configuration (Fraser, [2008])

A radical variation of the Beta configuration was devised by William Beale, the free-
piston Stirling engine (Fig. 2-6), in which all the mechanical linkages of the power piston
and the displacer are eliminated [8]. The movement of the displacer is caused by the
variation of gas pressure inside the cylinder while the power piston movement is controlled
using a gas spring [4]. The power is extracted from the engine by attaching a magnet to the
piston which generates power through a linear alternator as it moves back and forth. Since
the engine has only two moving parts (power piston and displacer) low cost is achievable

due to its mechanical simplicity, low maintenance, reliability and durability [8].
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Figure 2-6: Beale free-piston engine configuration (Stine, [2007])
An interesting offshoot of the Gamma Stirling engine was developed for an underwater
propulsion vehicle [28]. The design consists of two parallel displacers (having each an

individual heater) connected to a double acting Bingham piston, as illustrated in Figure 2-7.

Regenerator Cooler

Heater

Displacer

Hot
End

Figure 2-7: Double acting Bingham engine configuration (Reader et al., [1998])

2.3 Stirling Engine Analysis Methods

There are various design methods and analysis approaches for Stirling engines found in
the literature. These are typically classified according to the level of complexity in the
model assumptions. All of them one way or another attempt to describe the processes
occurring in the cycle so that proper analysis can be performed in the design. Figure 2-8
shows how the individual processes for the basic components in a Stirling engine are linked
as suggested by Martini [29, 30]. Thus, appropriate mathematical modeling should attempt

to correctly describe the processes illustrated in the Flow Diagram shown in Figure 2-8.
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Figure 2-8: Design Block Diagram (Martini, [1983])

Chen and Griffin [31] classified and described the various mathematical models into
four major categories based on the degree of sophistication applied in the analysis
techniques. Martini [29] has also published a full technical report which describes and
categorizes the mathematical methods in a similar manner. The mathematical model

categories described by these investigators is listed as:

(1) First Order Methods (approximate)

(2) Second Order Methods (decoupled)

(3)  Third Order Methods (nodal)

(4)  Method of Characteristics
However, current Stirling engine literature describes a new classification that uses today’s
progress on Computational Fluid Dynamics (CFD) for Stirling engine analysis. Mathematical

models that use CFD techniques are classified as Fourth Order methods [32].

In First Order methods, analytical models can be used for rough estimates in evaluating
the Stirling engine performance. Calculations of net output work and engine efficiency may

start using the Ideal cycle analysis in which no losses are considered. However, practical
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engine considerations are commonly used by investigators in order to obtained useful
results. The approaches either apply correction factors that have been determined
experimentally (Schmidt or Beale Number), or apply simple and acceptable loss
considerations in the mathematical expressions, approximate relationships between

system parameters and idealized results can be established [31].

Analysis using Second Order methods use numerical procedures to solve a set of
ordinary differential equations derived from conservation laws and the mechanism
kinematics. Second Oder methods are found to be useful for simplistic engine design
optimization [29-31]. The reason is that although Second Order methods also begin with
simplified models (e.g. Isothermal, Adiabatic) the individual loss mechanism are identified
and quantified in a more realistic manner and then subtracted from the Idealized

performance parameters. Loss terms can be divided in two categories [29-30, 33]:

I. Power Losses:

1. Mechanical frictional losses
2. Gas leakage through imperfect seals
3. Pressure drop in the regenerator and heat exchangers
4. Hysteresis losses in compression and expansion cylinders
II. Heat Losses:
1. Wall heat conduction
Gas-solid heat transfer
Temperature swing (oscillation) in regenerator
Imperfect regeneration and thermal lag

SARE- SR

Shuttle loss (heat conduction in piston or displacer)

It is assumed that all of the energy losses are independent of one another (decoupled).
For the Second Order method, the net work output rate is equal to the Ideal net power
output minus the power losses, the heat input is the Ideal heat input plus the heat losses,
and finally the net cycle efficiency is the 2nd Order net output work divided by the 2nd Order
net heat input [29, 30]. Chen and Griffin [31] also sub-divide the 2nd Order category
according to the following simplified cycle analysis used in the variable volume working
spaces: isothermal, adiabatic and semi-adiabatic processes. Snyman et al. [20] tested the

Adiabatic and SIMPLE models developed by Urieli [4] for the Beta type engine developed by
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Heinrici [20]. A prototype of the Beta Stirling engine was constructed and tested
experimentally. Results between numerical predictions and experiments were in fairly good

agreement, when the loss mechanisms are incorporated into the analysis.

The premise of Third Order mathematical modeling is that the different processes, in
which the loss mechanisms are occurring, do in fact interact and considerably affect each
other. Therefore, Third Order design methods attempt to compute the complex processes
occurring in a Stirling engine without decoupling the energy losses from the cycle analysis
calculations. Discretization techniques are required for numerical calculation and solution
of the problem. The basic procedure is to divide the engine internal volume into discrete
control volumes, then the equation of state plus the differential equations of conservation
of mass, momentum and energy are applied to each control volume, and finally a system of
ordinary differential equations is solved by a numerical method. A recent study on the
performance characteristics of a Beta Stirling engine was done in 2006 by implementing
the finite difference approach with forward differentiation [23]. The engine was modeled
by dividing the internal volume in 103 cells and the equations for the kinematic relations
were shown. However, it is not clear how the losses were incorporated in the analysis. An
important result shown in this study is how the heating and cooling load is raised
drastically as the working gas mass is increased, as a result, an optimal mass for the
working fluid exists in a real engine. Third Order analysis is more rigorous, therefore,
requiring relatively larger computational resources than the Second and First Order
methods. However, with present computers, solutions can be achieved in significantly short
times. More exploration on previous implementations of Third order methods is required

to understand if results are significantly more accurate than 2nd Order methods [34].

The final method discussed here is the Method of Characteristic, which is less common
in Stirling engine analysis [31]. Only a few investigators have developed their analytical
studies using this approach. In mathematics, the method of characteristics is applied to a
system of nonlinear partial differential equations so the system of equations is transformed
into a system of ordinary differential equations which can be solved as an initial value
problem. This transformation is valid only along certain curves of the domain, which are

called the characteristic curves of the equation. This mathematical approach is commonly
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used in gas dynamics were the resulting partial differential equations are shown to be of
the hyperbolic type [35] and discontinuous wave propagation is present [34]. For unsteady
one dimensional flow, the characteristic curves are found in the position-time (x, t) plane
where time and position partial derivatives are discontinuous. After the conservation laws
are expressed as the total differential of fluid properties, a matrix system is obtained in
which the fluid properties are the dependent variables. Then, the solution of the
characteristic curves is obtained by setting the coefficient matrix to zero [31]. Researchers
in this area, claim that the discontinuous nature from the heat exchangers and the
oscillatory wave motion of the gas makes this method more appropriate for Stirling engine
analysis. Chen and Griffin have stated that this method has been successfully used by

investigators such as Organ [3] and Larson [35] in their Stirling engine models.

Recently, new investigations have been performed using CFD in Stirling engine analysis.
This development is now considered as another category (Fourth Order method) of Stirling
engine analysis methods in the present literature. The name, Fourth Order methods, is
perfectly suited for the category since it follows Third order methods chronologically and
also has an increased complexity of the formulation, since it involves the solution of the
Navier Stokes equations in 2D or 3D space with dynamic modeling. Since this approach is
relatively new in the field of Stirling engine analysis only a few articles and reports are
available. Dyson et al. [32, 33] gives a comprehensive overview on Stirling computational
methods and makes the case for the need of fourth order methods. Turbulence modeling,
transitional effects and the multidimensional characteristics of the velocity, temperature
and pressure fields especially in intermediate zones where components are connected
cannot be properly described with Third or lower order methods of analysis. Dyson et al.
[32, 33] provided simulations results for a dual opposed free Stirling convertor (a device
contemplated for NASA space missions using nuclear thermal energy). A project that
performed CFD simulations on a Stirling cryocooler using Fluent commercial software was
performed by Sahu [36]. The modeling process is presented in detail and temperature
contours with velocity vectors are shown in the results. In addition, cyclic temperature
variation of the cooler and cyclic pressure in the compression space is shown to have a

sinusoidal behavior as expected for a crank shaft mechanism. Fourth Order methods assure
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a more detailed and comprehensive view of the physics involved in the actual fluid flow and
heat transfer involved in Stirling engines. However, problems have been found in correctly
modeling the regenerator and incorporating a dynamically deforming mesh with cyclic

boundary conditions [32].

2.4 Case Study: The Ford-Philips 4-215 Stirling Engine

Engine parameters for the 1st and 2" Order analyses in chapter 3 are defined according
to the design of the Ford-Philips 4-215 engine. The Ford-Phillips 4-215 is a double acting
(DA) swashplate driven engine (based on the Rinia- Siemens arrangement), developed by
collaboration between Ford Motor Company and N.V. Phillips in early 1970’s [13, 37]. The
goal of the program was to investigate the capability of using Stirling engines in automotive
applications [37]. The idea was to design, manufacture and test a Stirling engine for a Ford
Torino. The final product was a 127 kW (170 hp) power rated engine, running at speeds of
600-4500 RPM (Torino transmission was unchanged) without requiring major modification
to the chassis [13, 37]. Phillips decision to use a DA swashplate design was based on the
previous Philips 4-65 experimental configuration that delivered high specific power and
compactness. The 4-65 was the first DA swashplate experimental engine developed by
Philips and test data showed excellent improvements in comparison with contemporary
Stirling technology at the time [13]. A photo of the actual Ford-Philips 4-215 engine is

shown in Fig. 2-9 (a) and the corresponding engine cross-section in Fig. 2-9 (b).

Figure 2-9: (a) Ford-Philips 4-215 Engine (Organ, [2001]) (b) Ford-Philips 4-215 Engine Cross-Section (Van Giessel et al., [1977])
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2.4.1 Piston and Cylinders

The general engine configuration and operational parameters are displayed in Table
2-1. Four cylinders are used in the Ford-Philips 4-215 engine design, expansion and
compression spaces are divided by the pistons. Each piston in the DA swashplate machine
does expansion work on the hot side of the cylinder and compression work on the cold side
of the cylinder. In other words the pistons generate power at one cylinder while displacing
the gas in the adjacent cylinder. The total internal engine volume is 2680 cc, of which 870.6
cc is used for swept volume, 214.2 is for cylinder clearance and the rest is for heat exchange.
Note that the swept volume and clearance volume are the same for either expansion or

compression space.

Table 2-1: Ford-Philips 4-215 General Operating Parameters (Urieli, [1984])

Parameter Data
Working gas Hydrogen (H>)
Gas mass 16.3x10-3 kg
Mean pressure 150 bar
Bore diameter 73 mm
Stroke length 53 mm
Number of cylinders 4

Total clearance volume 214.2 cc
Total swept volume 870.6 cc
Phase angle 90°

Heater temperature 1023 K
Cooler temperature 337K

The material selected for the engine cylinder housing was the low-nickel carbon steel
CRM-6D developed by Chrysler in 1963 [13]. This material in particular satisfies the
following requirements: (1) chemically inert and impermeable to hydrogen at high
temperatures and pressures; (2) structurally stable at temperatures of 1023 K; (3) resistant
to oxidation; (4) compatible with the brazing process of the engine head assembly. The
cylinders are fabricated by precision investment casting, followed by machining of the

internal surface [13, 37].
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Materials and construction for the piston consist of a base made from chrome-nickel
steel (which contains the clamp mechanism for securing the piston to the piston-rod) and a
heat resistant hollow dome made of cast CRM-6D [13]. Rulon, a Teflon material reinforced
with glass-fiber, is used for dry running of the piston rings [13, 37]. Due to the phase shift
of 90° there are pressure fluctuations on the piston faces. This will cause undesirable effects
on the pistons rings. This is avoided by using two piston rings in each piston and keeping
the pressure between them at minimum cycle pressure [37]. To maintain wear resistance
and high fatigue strength requirements, piston rods are made of nitride steel (BS 970), case
hardened to 66 Rc. The 4-215 DA engine swashplate is made from nodular cast iron and has
a slightly conical shape to establish a hydrodynamic oil film against the flat face of the
sliders [37]. The swashplate has a 17° angle (angle between plate and the plane
perpendicular to axis of rotation) and is screwed to the main shaft so that axial adjustment

of the assembly can be made [13, 37]. Figure 2-10 shows the piston-swashplate system.

S

Figure 2-10: Piston-Swashplate Drive System (Van Giessel et al., [1977])

2.4.2 Heating System

External heat is provided by means of continuous ignition of fuel. The combustion
process occurs on a simple combustion chamber assembly that is composed of a conical
burner can, a fuel nozzle and an igniter. A 40mm ceramic disk rotating at 8 RPM is used as
regenerative pre-heater in a heat recovery system. The regeneration from the pre-heater

allows for approximately 45% of fuel economy [29]. Both a uniform flow pattern and
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recirculation are achieved by the combination of a 48-blade swirler and the conical shape of
the burner can [13]. In concept the Ford-Philips 4-215 burner functions similarly to those
found in gas engines. However, the ignited gas-mix (or flue) is separate from the gas that
does work on the engine. Therefore, the external heat of combustion must be transferred to

the working gas (hydrogen) by means of a heat exchanger (heater).

The actual Ford-Philips 4-215 engine heater head arrangement and connection of
heater tubes to the cylinder heads is shown in Figure 2-11. Since the four engine cylinders
are grouped around a central axis, the heater tubes are clustered in a symmetric cylindrical
cage to allow a single burner to serve all four cylinders [29] as observed in Fig. 2-11 (a).
Each cylinder has a set of 22 heater tube, each tube having 4 mm in internal diameter and
462 mm in length. The heater parameters are summarized in Table 2-2. The helical
configuration of the tubes makes the heater cage flexible so intermittent operation does not
give rise to fatigue failure. Giessel et al. [37] point out that from experience rigid cages are
avoided on Stirling engines, since the stiffness is a critical parameter in determining the life

of the heater tubes because of the intermittent loads.

Figure 2-11: (a) Ford-Philips 4-215 Heater Head Design (Van Giessel et al., [1977]) (b) General View of Heater Tubes
mounted in Cylinder (Nightingale, [1986]) (c) General Heater Cross-Section (Nightingale, [1986])
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Table 2-2: Heater Specifications for Ford-Philips 4-215 Engine (Urieli, [1984])

Parameter Data
Total volume 510.9 cc
No. of tubes per cylinder 22

Tube ID 4 mm
Tube length 462 mm
Free flow area per tube 12.7 mm?
Wetted area per tube 58.1 cm?
Heater temperature 1023 K

The heater must satisfy similar requirements to the ones mentioned for the cylinder
housings. However, the material used for the heater must withstand temperatures
approaching 1073 K [13]. For this reason the heater tubing is made from a solid-solution-
hardened alloy steel designated N-155 or Multimet. The second row of tube (or second

pass) is covered in fins made from AISI 310 stainless steel [13, 38].

2.4.3 Regenerator and Cooler

Two regenerator-cooler units per cylinder are used in the Ford-Philips 4-215 engine
configuration. The regenerator is a porous device used for heat storage at hot side of the
cycle, while the cooler is a heat exchanger used for rejecting heat at the cold side of the

cycle [29]. The regenerator cooling units of the actual engine are shown in Fig. 2-12 (a).

The regenerators are made from layers of standard disk wire gauzes stacked tightly
together. Gauze material has to be free of oxidation in order to maintain the high
effectiveness during the life of the engine. General regenerator design specs can be found
on Table 2-3. The regenerator casings uses the same CRM-6D material that the engine
cylinders, as indicated by Hargreaves (1991) [13]. It is believed that the regenerator
matrix material is a type of stainless steel alloy compatible for brazing with CRM-6D;

however, the available sources do not specify the material used for the regenerator gauzes.

Cooler tubes are constructed of stainless steel, measuring 1.8 mm outer diameter and
0.45 mm in wall thickness. The tubes are brazed into end plates of 3.0 mm thickness [13,

37]. Each cooler unit consists of 371 tubes, as seen in Fig 2-12 the regenerator outer casing
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extends to the cooler. Basically the external cooler configuration is a two pass Shell & Tube
heat exchanger (Fig. 2-12 (d)). Coolant water flows at 337 K across the cooler tubes with a
lateral partition to provide flow separation between the first and second passes [29]. The

important cooler specifications are given in Table 2-4.

Figure 2-12: (a) Ford-Philips 4-215 Regenerator-Cooler Unit (Van Giessel et al., [1977]) (b) General Regenerator Gauze Stack
(c) General Single Wire Gauze (d) General Cooler Shell & Tube Arrangement

Table 2-3: Regenerator Specifications for Ford-Philips 4-215 Engine (Urieli, [1984])

Parameter Data
Total volume 705.8 cc
No. of regenerators units per cylinder 2
Regenerator housing diameter 73 mm
Regenerator length 34 mm
Matrix wire diameter 36 pm
Screen porosity 0.62
Hydraulic diameter 58.7 um
Mesh size (#Screens) 200
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Table 2-4: Cooler Specifications for Ford-Philips 4-215 Engine (Urieli, [1984])

Parameter Data
Total volume 164.3 cc
No. of cooler units per cylinder 2

No. of tubes per cooler 371

Tube ID 0.9 mm
Tube length 87 mm
Free flow area per tube 0.64 mm?
Wetted area per tube 2.5 cm?
Cooler temperature 337K

2.5 Previous Work

It has been observed that the sinusoidal motion does not follow the intended Stirling
cycle processes appropriately. Previous work has been done in order to obtain a motion
that approximates the Ideal processes more closely. Here, two different studies of
alternative mechanisms that deviate from the typical sinusoidal volume variations are we
described. Both studies found in the literature, are based on the assumption that if the
volume variations followed the Ideal variation, which is linear, the PV diagram should result
in a larger area and therefore higher efficiency. However, no comprehensive thermal

analysis was done in these studies to back up their claims.

Dehelean et al. [38-40], studied the implementation of a slider/bar mechanism to dwell
(or damp) the compression piston during the expansion phase of the Alpha Stirling engine.
The studies are viewed from a mechanical analysis perspective. In Fig. 2-13 (a), the general
schematic of the four bar mechanism is displayed. The authors state that the mechanism
results in a dwell of the compression piston during the expansion process, as shown in Fig.
2-13 (b) for crank angles between 200° and 300°. Intuitively, the dwell of the compression
piston suggests that the area of the P-V diagram should increase. Since the compression
volume is kept close to the minimum, the expansion process occurs mostly in the expansion
cylinder, therefore, improving the efficiency; although no thermodynamic results are

presented, qualitatively this is true from the perspective of the Ideal Stirling cycle theory.
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Figure 2-13: (a) Four Bar Dwell Mechanism (b) Resulting Piston Dwell Displacement (Dehelean and Coupe, [2009])

The second mechanism alternative (for Alpha Stirling Engines) proposed in the
literature comes from Fang et al. [41]. In this study, the authors evaluate the potential for an
elliptic drive mechanism to follow the linear motion of the Ideal Stirling cycle. Different
drive schemes were compared using a simple computer model of a Rider-type engine. As
mentioned earlier, the sinusoidal volume variations are inadequate in terms of the Ideal
process, since they deviate largely from the Ideal motion. The work done by Fang et al,,
showed that a motion derived from an elliptical drive results in a closer approximation to
the Ideal motion (Fig. 2-14 (a)). The general design of the drive capable of this elliptic
volume variation is shown in Fig. 2-14 (b). It is stated [41] that the motion design can be
made possible by the use of elliptic gears. More information can be found regarding the
elliptical gear design in US patent #5557934, granted on Sept 24, 1996 [42], which is
related to Fang’'s work. The P-V diagram presented by Fang et al. [41] that resulted from
the elliptic drive motion seems to be promising result. Nevertheless, the Adiabatic analysis
was used in the thermodynamic model and the only numerical result compared to the
sinusoidal motion is the peak pressure, which resulted in a 16% increase for the elliptic

drive.
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Figure 2-14: (a) Sinusoidal, Elliptic Drive, and Ideal Motions (b) Elliptical Drive General Design (Fang et al., [2009])

The present study will further expand on the work performed by Fang et al, by
incorporating the power and thermal losses of the 2nd Order method and providing a

comprehensive comparison between the sinusoidal and elliptic drive motions.
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CHAPTER 3: STIRLING CYCLE ANALYSIS & STUDIES

3.1 Ideal Cycle Analysis

3.1.1 Ideal Stirling Cycle Example Problem

To start exploring the Ideal Stirling cycle, the example devised by Martini [29] is
reviewed here and further developed. In Martini’s example only hydrogen was used as the
working gas and the problem is formulated on a mole basis. Here the problem is performed
on a mass basis and considers air, helium and hydrogen as working gases. The following

assumptions are made:

e The cold heat sink temperature is 300 K

e The hot temperature of the heat source is 900 K
e Minimum volume (un-swept volume) is 50 cm3
e Maximum volume (swept volume) is 100 cm3

e The starting pressure (minimum pressure) is 10 MPa

When applying the ideal gas equation of state to the four processes occurring in the
Ideal Stirling Cycle (see Fig. 1-2 (a)) we find that the state variables for the cycle are a

function of the starting pressure, the compression ratio, and the temperature ratio:

P1 = Pmin (3.1)
P2 = Pmin " Tc (3.2)
P3 = Pmin"Tc" T (3.3)
P4 = Pmin " T (3.4)
where
T, = Vmax ;T = T—H
Vinin Ty,

are the compression volume ratio and operating temperature ratio, respectively. This
implies that after the minimum cycle pressure has been established the Ideal cycle
pressures pz, p3, and ps will be dependent on the volume and temperature ratios.
Furthermore the path followed by the pressure and volume is independent of gas
properties. With equations 3.1 to 3.4 and the assumed data for the hypothetical case given

by Martini; air, helium and hydrogen P-V diagrams are interposed in Figure 3-1.

34



< 10° Pressure-Volume Diagram

5 l l

Pressure (Pa)

| | | | | |
50 60 70 80 90 100
Volume (cc)

Figure 3-1: Ideal Cycle P-V Diagram for Gases at the Same Starting Pressure

Although the pressure relations established for the Ideal Stirling cycle will not depend
on gas properties, the minimum pressure (also known as starting or charge pressure) will
depend on the gas constant, the amount of mass, the cold sink temperature and the
maximum volume. Therefore the equation of state will require higher mass quantities of
helium and air for the starting pressures to be equal to the hydrogen minimum pressure,
since both air and helium have lower gas constants than hydrogen. The ideal gas equation
of state and equations 2.4 to 2.8 where used to determine the required gas mass and

performance parameter values that are summarized in Table 3-1.

It is important to highlight that although the analysis for the Ideal cycle pressures, have
a degree of independence from gas properties, the heat transfer from the regenerator to the
working gas in fact does depend on the fluid properties. The regenerator, generally, is a
matrix composed of metal wire gauzes stacked together to form an internal porous heat
exchanger. Regeneration heat is the heat either supplied or received by the working gas in
process 2-3 and 4-1, respectively. The results in Table 3-1 show that the regenerator heat
for air and hydrogen is about the same, while the regenerator heat for helium is less. By

means of a T-AS diagram this result can be better understood. As shown in Figure 3-2, the

35



change of the total entropy for the two isochoric processes is less for helium than that for

air and hydrogen. Recalling Eq. 2.5 from Chapter 2, the basic representation of the isochoric

heat exchange between the gas and the regenerator, is seen by the slope (mCy) of processes

2-3 and 4-1 in Figure 3-2. Thus for comparison of the heat transfer needed (in the

regenerator) for different gases, either the T-AS diagram or the constant volume heat

capacity (mCy) will reflect the amount of heat exchange in the heat regeneration process.

Table 3-1: Ideal Perfomance Summary for Different Gases at the Same Starting Pressure

Working Gas Air Helium Hydrogen
Mass (kg) 0.0119 0.0016 0.0008
Heat Input (kJ) 2.0794 2.0794 2.0794
Net Work (kJ) 1.3863 1.3863 1.3863
Regenerator Heat (kJ) 5.5817 3.8615 5.2366
Thermal Efficiency (%) 66.7 66.7 66.7
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Figure 3-2: Ideal Cycle T-AS Diagram
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To explore the effects of fixing the mass of the working gas instead of the initial cycle

pressure, a mass of 0.0016 kg was selected for all gases. The new P-V diagram is shown in

Figure 3-3 and the results are summarized in Table 3-2. Two obvious observations can be
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made from the results; one is that the starting (or charge) pressure is highest for hydrogen
since it has the larger gas constant of the three gases and air has the lowest charge pressure
since it has the lowest gas constant. The other observation is that the cycle mean pressure
is affected in the same manner. Therefore the pressure at the following states increases
proportionally due to the magnitude of the gas constant. The overall outcome is a greater
area enclosing the cycle for hydrogen meaning it produces more net work for a same

amount of mass than either helium or air.

< 10° Pressure-Volume Diagram
[ [ [

Pressure {Pa)

50 60 70 80 90 100

Figure 3-3: Ideal Cycle P-V Diagram for Gases with the Same Cycle Mass

Here as in the previous case a T-AS diagram is needed to better understand the Ideal
heat transfer occurring in the regenerator. The large value for helium and hydrogen imply
more per unit mass heat transfer required in the regenerator. Therefore, optimal
regenerator designs may be required in Stirling engines that use hydrogen or helium, than
for one using air. Also note that the cycle efficiency is still determined by the temperature
ratio and even though hydrogen is capable of producing more work than air or helium,

more heat input is also required.
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Table 3-2: Ideal Perfromance Summary for Different Gases with the Same Mass

Working Gas Air Helium Hydrogen
Mass (kg) 0.0016 0.0016 0.0016
Heat Input (kJ) 0.2802 2.0196 4.0192
Net Work (kJ) 0.1868 1.3464 2.6795
Regenerator Heat (kJ) 0.7520 3.7504 10.122
Thermal Efficiency (%) 66.7 66.7 66.7
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Figure 3-4: Ideal Cycle T-AS Diagram for Gases with the Same Mass

3.1.2 Preliminary Parametric Studies

The relations for regenerator heat, net output work and efficiency specified in Chapter 2

are presented here again to verify the effect of temperature ratio and compression volume

ratio on cycle performance. The formulas are:

e Regeneration Heat transfer

e Net work

Qr = mCy(Ty — Tc) = mCyTe(r — 1)

Whet = Wy + Wy = mRT:(t — 1)In(r,)
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e Cycle efficiency

Wnet L Tc 1— (/D) (3.7)
= = —_——= — T .
" 0 Ty

Using Martini’s example as a base for the parametric analysis, Figure 3—5 to Figure 3—9

were generated. Figure 3-5 shows the linear dependence of the regenerator specific heat
transfer required for the Ideal cycle as a function of the operating temperature ratio. From
the graph it can be observed that the high slope for hydrogen corresponds to its large
specific heat value, which is about 13 times greater than the specific heat of air. In the case

of helium, its specific heat is only about 5 times larger than air.
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Figure 3-5: Regenerator Specific Heat Transfer as a Function of Temperature Ratio

The specific net work output does not only depend on temperature ratio and the fluid

properties, but it also depends on the compression (or swept) volume ratio. Figure 3-6

illustrates the logarithmic dependence on the volume ratio. Curves were plotted for air,

helium and hydrogen and considering the operating temperature ratio 900 K : 300 K given

in Martini’s example. The increased specific net work for higher compression volume ratios
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for hydrogen is substantially larger than that of air; and helium also exhibits a considerable

increase when comparing it to air.
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Figure 3-6: Specific Net Work as a Function of Compression Volume Ratio

In Figure 3-7 the specific net output work is plotted as a function of the operating
temperature ratio for the value of volume ratio equal to 2, which is the one for Martini’s
example. The curves in Figure 3-7 are similar to those of Figure 3-5 (regenerator specific
heat transfer). The difference here is that the high value of the hydrogen gas constant is
what accounts for the large slope behavior, instead of the specific heat. Hydrogen has a gas
constant 14 times larger than that of air, and the helium gas constant is about seven times
larger. Figure 3-8 shows surface plots of the specific net work for air; helium and hydrogen,
as functions of volume and temperature ratios. As expected, the net work output increases
for both increasing compression volume and temperature ratios. Finally, cycle thermal

efficiency is plotted against the temperature ratio in Figure 3-9. This is the same as the
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Carnot thermal efficiency since the Ideal Stirling cycle yields the same equation for thermal

efficiency.

W vs T

net
3000 |

2500 -

2000

1500

Specific Work (kJ/kg)

1000 -

500

0 — | | | |
1 15 2 25 3 35 1

Temperature Ratio (T = THITC)

Figure 3-7: Specific Engine Work as a Function of Temperature Ratio
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3.1.2 Working Gas Selection

The analysis shown until now compares air, helium and hydrogen as the working gas
alternative for the Stirling engine. In general, hydrogen and helium are chosen over air
because of the higher specific output they provide for the same operating conditions.
However, it has been claimed that an engine using hydrogen or helium can be scaled, based

on similarity, to produce the same performance with air.

This can be better understood by means of Figure 3-10 where a diagram illustrates
simulated Stirling engine efficiency as function of specific horsepower output per liter of
swept volume for air, helium (He) and hydrogen (Hz). It is evident that the engine can be
scaled to have the same efficiency; however, the same cannot be said about output power.
Hydrogen will always have a higher capacity to do work per unit mass as what is observed
from Figure 3—6 to Figure 3—8. From Figure 3-10, it can also be observed that the curve of
helium and hydrogen approach each other as the engine becomes more efficient (low
specific power output).
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Figure 3-10: Computer Simulated Effect of Working Fluid on the Thermal Efficiency (Organ & Finkelstein, [2001])

Although the concept of similarity is very useful when an existing engine design has to

be modified for the use of another other working gas. The diagram does not support the
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argument that air can be scaled to achieve the same performance of helium or hydrogen
since for the same efficiency He and H;have larger outputs and for the same outputs He
and H:operate at higher efficiencies. Therefore there is in fact superiority of the lighter
gases over the use of air, which contrasts with the conclusions of Finkelstein et al. [1]. For
this reason the majority of engines in general use either He or H;as the working gas. The
Ford-Philips engine used in the case study contains H; as the working gas, and the following

sections will focus on the results using hydrogen as the working gas.

3.1.3 Imperfect Regeneration

Now the effects of having imperfect regeneration are evaluated. Today high efficiency
regenerators are available; however, the regenerator heat transfer ineffectiveness can lead
to major cycle inefficiencies [29]. It is important to study the regenerator effectiveness in
the Stirling engine in order to predict loss in performance. To achieve this, the methodology
presented by Martini [29] was implemented. The regenerator effectiveness as the gas
moves from the cold side to the hot side of the engine is defined as:

_Tr—=T¢
Ty —Te

€ (3.8)

This means that an additional heat input term must be accounted for, then

Qin = Qu + Qrog = MRTy In(r,) + mCy (Ty — Tg)
Note that when Ty = Ty perfect regeneration occurs (¢ = 1) and the additional term in the

heat input decreases to zero. However, for imperfect regeneration:

T, <Tx <Ty

and the efficiency of the cycle is now determined by:

p=— Tl il (39)
- () (Beys) - G2 (Beyd) |

Substituting the temperature ratio, specific heat ratio in Eq. 3.8, the following expression

for the thermal efficiency is obtained,

n = r =DE=Din(r) (3.10)
y=Drln () -(e-D(E-1)
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where 7 is the ratio of specific heats.

Cp
s
In contrast to the Ideal case, where the efficiency only depends on the operating
temperature ratio of the cycle (Eq. 3.7), Equation 3.10 shows that the thermal efficiency for
the cycle depends on fluid properties, compression volume ratio, temperature ratio and the
effectiveness of the regenerator. However, imperfect regeneration will approach the Stirling

Ideal limit as e—>1. In Figure 3—11 to Figure 3—14 the effect of regenerator effectiveness, in

combination with different compression ratios and temperature ratios is explored.

Figure 3-11 shows how the efficiency is affected from the Ideal case to the scenario
where no regeneration is achieved (no regenerator exists). The values presented are for the
initial example, in which the volume and temperature ratio are 2 and 3, respectively. The
efficiency drops from 67.7% (Ideal) to just below 20% for zero regenerator effectiveness,
meaning that the cycle will be able to achieve some work at the expense of large amount of
heat input. It is also observed that for an effectiveness of 0.6 the efficiency drops to about
half of its Ideal value. Therefore, small deviations from the Ideal regeneration effectiveness
affect the cycle thermal efficiency significantly. Typical high performance Stirling engines

used regenerators with effectiveness of about 0.9 and even higher.
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Figure 3-11: Cycle Efficiency vs Regenerator Effectiveness
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In Figure 3-12 various curves are plotted to verify the effect of temperature ratio on
regenerator effectiveness and cycle efficiency, at a constant volume ratio. From either the
Ideal Stirling thermal efficiency (or Carnot’s) it is concluded that it is not possible to
operate the engine with reservoirs having the same temperature [43]. Therefore zero
efficiency would always occur and the regenerator heat transfer is irrelevant. For this
reason, Figure 3-12 starts with an operating temperature ratio of 1.5. When t is 1.5, the
efficiency drops to about 15% when having no regenerator but it is able to achieve a
maximum efficiency of only about 33% in the Ideal regeneration. As the temperature ratio
increases, the effect that the effectiveness has on the efficiency is decreased. Furthermore
when t—o00, the thermal efficiency for the Ideal cycle with regeneration tends to an
asymptotic limit. Based on present day material capabilities maximum operating

temperature ratios should be between 4 and 5 times ambient temperatures (absolute scale).
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Figure 3-12: Cycle Efficiency as a Function of Regenerator Effectiveness and Temperature Ratio

For Figure 3-13 various curves are traced to illustrate the effect that the compression

volume ratio and the regenerator effectiveness have on the cycle thermal efficiency, at a
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constant temperature ratio. Based on common sense there must be swept volume (r.>1)
for the gas displacement to produce work. Otherwise, no work could be produced yielding
zero efficiency independently of regeneration effectiveness. Therefore we also start here
with a value of 1.5 in the volume ratio parameter, which yields close to 12% cycle efficiency
when having no regenerator and reaches 67.7% in Ideal regeneration. As the volume ratio
increases a significant improvement in thermal efficiency is seen for the case of zero
regenerator effectiveness. To acknowledge this fact, we can come to the conclusion that in
practice, the working spaces themselves account for some regeneration (however small it
may be). Therefore larger swept volumes will have the capacity to have better engine
performance at low or no regeneration capacity and smaller swept volume will performed
poorly at low or no regeneration capacity. As in the case of increasing temperature ratios,
increasing volume ratios also decreases the effect that regenerator effectiveness has on the
thermal efficiency. The final relevant observation from Figure 3-14 is that all curves
converged to a single point when ¢—1. In this limit, the cycle efficiency only depends on

temperature ratio (which is precisely the Ideal Stirling cycle thermal efficiency).
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Figure 3-13: Cycle Efficiency as a Function of Regenerator Effectiveness and Compression Volume Ratio
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Similarly as for the Ideal specific work for different working gases (Figure 3-8), Figure
3-14 displays the behavior of cycle thermal efficiency having imperfect regeneration as a
simultaneous function of compression volume and temperature ratios. The different
contour surfaces display the effect of regenerator effectiveness as it increases from 0 to the
Ideal limit. Note that in the Ideal regeneration limit the thermal efficiency surface collapses
to a curve with dependence on 7 only (again this is the Ideal Stirling cycle efficiency).
However, both the zero regeneration and the Ideal regeneration surfaces form an envelope

that encloses the thermal efficiency of the actual engine according to the size of the swept

volume spaces and difference in operating temperatures for the heat source and heat sink.
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Figure 3-14: Cycle Efficiency vs Regenerator Effectiveness Surface Contours

3.2 First Order Methods

In Section 3.1, the four ideal gas processes (isothermal-compression, isochoric

heating, isothermal expansion and isochoric cooling) were viewed as separate independent
processes. Although the effects of gas properties (gas selection), volume compression ratio

(rc), temperature ratio (1), and regenerator effectiveness (€), are shown to affect the cycle

48



thermal efficiency. However, the Ideal cycle analysis is unable to predict how the piston
motion, which controls volume variations, affects the cycle. First Order methods are useful
in determining a more realistic cycle behavior and performance parameters than what can
be determined with an Ideal cycle analysis. One of the main reasons is that now the type of
motion used for the gas displacement will play an important role on the results. Also the
fact that the individual gas processes actually overlap [29], since the complete mass of the
working gas will be always divided in the five components of the engine (expansion space,
heater, regenerator, cooler, and compression space) during the whole cycle is also
considered in the analysis. In this section three methods of analysis are developed and

compared:

(1)  Isothermal Analysis

(2)  Adiabatic Analysis

(3) Finite Heat Transfer Analysis

Each method will be analyzed and discussed using the Ford-Phillips 4-215 engine as the

case study, the engine is described in Section 2.4. This chapter will only deal with the Alpha
Stirling engine configuration and purely sinusoidal volume variations. The sinusoidal
variation will be used later as our baseline for the engine optimization studies (Chapter 4).
After discussing the Isothermal, Adiabatic and Finite Heat Transfer analyses, Section 3.3

will deal with 2rd Order methods to account for pressure and mechanical losses.

3.2.1 Isothermal Analysis

The Isothermal analysis was the first theoretical thermodynamic analysis developed for
Stirling engines. Professor Gustav Schmidt was responsible for this mathematical study and
published it in 1871 [4]. Schmidt's mathematical model has become the classic ideal
standard for which Stirling engines are compared rather than Ideal cycle analysis. Schmidt
was able to develop a closed form solution for cycle work (Eq. 3.11) by assuming
isothermal working spaces, ideal heat exchangers (isothermal heat exchange), perfect
regeneration and integrating the sinusoidal volume variations through the complete cycle.

6=360°

%p(v) av = f pdVv = Sc P Vew (3.11)
6=0°
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In Eq. 3.11, Sc is the Schmidt number, p,» the mean cycle pressure and Vs is a constant
associated with the swept volume (see Appendix A.1 and A.2). Although the analytical
solution for the Isothermal analysis is available, a numerical solution may be required for
other types of motion that are non sinusoidal [4]. In addition, when analyzing non
sinusoidal mechanisms, different analytical expressions should arise from the closed form

integrand in Eq. 3.11.

Discretization:

The discretization of the analytical model for the engine will be configured as the five
space component model, in which the compression, cooler, regenerator, heater and
expansion spaces are considered as individual homogenous cells. Therefore, the working
gas at any point in time (in each cell) is represented by its instantaneous mass, temperature,
volume and pressure. Figure 3-15 depicts the temperature distribution in the five spaces
for the Isothermal model. The compression space and cooler are at the cold heat sink
temperature T, the expansion space and heater are at the hot source temperature Ty, and
the ideal regenerator has a linear temperature distribution. The thermodynamic analysis

assumptions are listed below.
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Figure 3-15: Five Component Model for Isothermal Analysis (Urieli, [2011])

Assumptions:

e The engine is operated at steady state cycles.

e Engine rotational speed is maintained constant.
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e The working gas (hydrogen) is considered as a perfect gas and the equation of state
is applied.

e No seal leakage, thus the hydrogen mass is constant over the complete cycle.

e Uniform pressure through all engine components.

¢ Kinetic and potential energy changes for the fluid are ignored.

Mathematical Model:

The first step taken here is to express the general equations used for the Isothermal
model and include the sinusoidal piston-crank mechanism equations for the net cycle work
integration. The Isothermal model equations are taken from Urieli [4]. His analytical model
is expressed in a different manner than what was obtained by Schmidt. A numerical
integration technique was used to verify the analytical expressions derived by Urieli. Both
the analytical equations and the numerical code (developed using the trapezoidal rule)

were found to give almost identical results.

The piston-crank mechanism used in the Ford-Phillips 4-215 engine allows sinusoidal
volume variation in the compression and expansion spaces. Therefore the volume

variations can be expressed by the following functions,
Ve =f(@) and V, = f(6 + a)

Where 0 is the crank angle and a is the phase angle (relative angle between the expansion
and the compression piston). It is assumed that when 0 is zero, corresponds to the
maximum volume in the compression space. Then, we can define the volume variations

with the expressions given in Table 3-3.

Table 3-3: Sinusoidal Volume Variations

Compression Space Function Ve="Vect %sz,c(l + cos ) (3.12)
Volume Motion Derivative % _ _%ng'c Ging G313)
Expansion Space Function Ve = Ve + %VSW,e(l + cos(6 + @) (3.14)
Volume Motion Derivative % = _%VSW,G sin(6 + a) (3.15)

To get an expression for net cycle work we need to solve the integral of pressure volume
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differential as functions of crank angle variation. The formOQulas for cycle performance are
summarized in Table 3-4. The complete steps to obtain the analytical solution are rather
extensive, for details refer to Appendix A of Urieli’'s “Stirling Cycle Engine Analysis” [4]. The
Appendix A.1 included in this thesis, is made for the sole purpose of defining the

simplifying terms (for example /and ¢) in the Isothermal analysis cycle equations.

Table 3-4: Summary of Thermal Cycle Equations for Isothermal Analysis

Instantaneous p= m-R
p (s B BT Ve Y (316)
ressure T T P+
Mean Cycle Pres- mR

= (3.17)

P =
sure " sy (1 —b?)

Heater Heat & Ex- 0p = W, = jgp <%> 1 = VawemR sin(B — a)( e 1) (3.18)

pansion Work cV1 —b?
Cooler Heat & Com- 00 =W, = 5£p <%> 46 = TVewemR smﬁ( 15— 1) (3.19)
pression Work ae cV1 — b2
Cycle Net Work Wier = W, + W, =TT Py {Veype Sin B — Ve sin(B — )} (3.20)
W, T,
Cycle Efficiency p=—"2Lo1-L (3.21)
Qn Th

Thermal Results:

Figure 3—-16 to Figure 3—18 show the sinusoidal volume variations, cycle pressure
variation, and the pressure-volume diagram for the Isothermal model. From Figure 3-17 it
can be implied that the cycle behavior depends on motion, since the variation in the
thermal results adopt the sinusoidal behavior from the mechanism. In Figure 3-16 the
sinusoidal variations of the compression and expansion space volume are shown along
with the combined dead space volume occupied by the heater, regenerator and cooler. As
shown in the figure the required space for heat exchange is considerable when compared
with the actual space used for work in the Ford-Phillips 4-215 engine. The space used for
heat exchange is called dead space volume because it is unusable in terms of work. The

amount of unused space adversely affects the capacity of the engine to produce work. The
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effect of dead space volume will be further explored in the following section.
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Figure 3-16: Sinusoidal Volume Variation

From Figure 3-17 it can be observed that the minimum and maximum pressure occurs
close to the crank angle of maximum and minimum volume, respectively. However, they do
not coincide exactly. The minimum and maximum volume occurs at crank angles of 135°
and 315° respectively. In the case of maximum and minimum pressures, these occur at
161.64° and 341.64° respectively. Therefore there is an approximated 27° degree lag for the
pressure relatively to the volume variation. This is reasonable since the mass is divided in

five components which are at different thermodynamic states at each point in time.
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Figure 3-17: Sinusoidal Pressure Variation over the Cycle for Isothermal Analysis
If Figure 3-16 and Figure 3—17 are combined in a single plot, the engine indicator
diagram (P-V diagram) in Figure 3-18 is obtained for the Isothermal model. The
integration of the enclosed P-V area is the net work of the cycle and should give the same
result as Eq. 3.20. The cycle performance parameters are summarized in Table 3-5. Finally,
Ideal vs. sinusoidal motion and P-V diagrams are shown (using Ford-Phillips 4-215 engine
data) in Figure 3—19 and Figure 3—20, respectively. Note that for creating the Ideal motion

in Fig. 3—19, it was assumed that each ideal process has the same duration in the cycle.
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Figure 3-18: P-V Diagram for Sinusoidal Volume Variation for Isothermal Analysis
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Table 3-5: Ford-Phillips 4-215 Engine Isothermal Analysis Performance

Parameter Name Symbol Value/Result
Swept Volume (m3) Vew 8.706 x 10™*
Phase Angle (deg) a 90°
Mass (kg) m 16.2 x 1073
Mean Pressure (bar) Pm 148.8
Heater Heat Input (kJ) Qn 5.725
Net Work (KJ) Whet 3.840
Efficiency (%) n 67.06

3.2.2 Further Parametric Studies

When the effect of a sinusoidal crank mechanism is implemented, it is possible to
determine how cycle behavior is affected by phase angle and dead space volume. These
parameters directly affect engine performance; however, it is not possible to examine them
from the Ideal cycle analysis. Consequently, the Isothermal model can be used f