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Abstract

In order to satisfy the rising energy demawndglobal consumption, a new cleaner
and renewable power source needs to be explored, conceptualizeldvataped. Solar
energy is a freand clean energsesource which can be used to generategpy without
damage to humans or thecal ecosystems. To efficiently capture this solar energy as a
feasible power source, &tirling engine will be developed andill use sunlight as a
sourcevia a solar concentrator. This project intends to utilize methods of gathering solar
energy that have not yet been commercially implemented, and modifications to
traditional Stirling engines will bemadein order to maximize thn efficiency of solar
Stirling engines Thesemodified solarStirling enginescan produce power for a wide
variety of applications. The nature of the engine allows for both the scalability to create a
solar farm as well as use for producing power in reramtas and disaster relief.
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Introduction

Problem Statement

The political, economical, environmental concerns over traditional fossil fuel
power generation have led to an overwhelming amount of innovation and research into
cleaner renewable sources. Theitdd States of America currently gets 85% of our
energy through fossil fuels and legkan 2% from renewable energibystems,
Technology,2009) It i s in the nationds best intere
so thatwe could reap the benefits to the economy, environment, politics, and human
health.

Motivation

Of the existing sources of renewable energy, the most promising is the sun. It is
the most abundant source of energy on the planet and it is a phenomenabgtighte
and heat. Scientific American magazine sta
for 40 minutes is the equival ent(Systems,gl ob al
Technology, 2009)Therefore, it behooweengineers to design way of capturing this
incredible natural resource for use in power generation as an alternative to other methods
such as fossil fuels.

Justification

The United Nations hasdifficult time quantifying the exact number of lives that
are lost in nature disaster. Perhaps more surprising is not the amount of death that occur
from natural disasters, but the deaths that occur after disastei héslack of clean
water, food and electricity can sometime cause more deaths than the asasttals
event. Creating a technology that prowgmwer to such disastrous asezan provide
much needed clean water, and desperately needed electricity for life saving operations
such as medical equipment, communications, and food jptepar Remote @wer can
provide a real survival opportunity for disaster victims who have been left without a
home, food, water, or power.
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Disastrous Events and their Location Across the Globe

Earthquakes

An investigation was conducted into the location heaviest hédsafer natural
disasters to occur. The image shown below illustrates the earthquake density map for the
entire planet. The scale is based on the average number of earthquakes per year per
12,300 km”2 which are magnitude 5 of gredleterior, 2009) We can see that they
highest danger for earthquakes are for the eastern hemisphere of the world, with places
that border with the Indian Ocean and the North Pacific Ocean. However, as seen by
earthquakes that have hit Haiti and €@ahia, many other costal places are at danger.
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Figure 1. Earthquake Density Map of the Globe

Tsunamis

Tsunamis have become part of the collective conscience of current society due to
the horrific tsunami that hit part of Asia in 2004. Though tsunamis have been recorded to
occur in many tferent locations on the planet, the majority of its occurrences have taken
place in Pacific Ocean. The map below illustrates the location of the tsunami as well as
its magnitude and size. This map indicates over 2,000 tsunami events that date back from
1628 BC(Goverment, 2009)
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tracking hurricanes leading up to September 2005. This map below shows the areas
which are worse hit by these deadly storms and can serve as a roadmap to future
hurri canes @Distovec, 2004 on her e
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Figure 3. Hurricane Emergence around the Globe

16|Page



Ideal Locationsdr Solar Energy Power Generation

The irony of the tragedies experiedd®y the citizens of these locations that are in
the path of disaster is that they are also the most ideal source for solar energy power. The
world maps shown previously that illustratee places that are heaviest hit by natural
disasters such as earthquakes, tsunamis, and hurricanes. The same conditions that create a
breeding ground for natural disasters also provide a unique ability to generate solar
power. The world map shown beloverdonstrates the availability of solar power at
different locations on the globe. What we have discees that the places that would
most benefit from a solar Stirling engine system are the same places that the system
would be the most efficieriBeta, 2008)

Average annual
ground solar
energy (1983-2005)

75

7

3
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Source: NASA 2008

Figure 4. Average Annual Ground Solar Energy
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Literature Survey

Stirling engines are external combustion engiméséch can function by using a
wide variety of fuel soursesuch as a combustible gas, nuclear head, or solar energy. The
heat supplied to the engimsmausesthe working fluid to expandthereby moving a
displacerpiston. This piston then displaces therking fluid from the hot end into the
cold end of the engine where the working flisdompressdand the piston retractShe
displacer piston then aves the fluid into the hot end where it will once be expanded and
then displaced into the cold end where it will compress and this cycle will continue as
long the temperature difference exist$e Stirling cycle is a reversible cycle which
closely follows the Carnot principaimaking it ahighly efficient cycle.Stirling engines
are the simplest form of heat engine and arguably the most efficient enge
(Berchowitz, 1984)

History
The first patent containing &tirling engne was written in 1816 by the Rev'd Dr.
Robert Stirling. He patented an 6economi zerd whic

regenerator, used to increase the efficiency of the enginestirlieg engine did not gain
wide popularity compared to the steam engioe to the limits that currently available
materials offeredStirling engines went relatively unnoticed and not improved on until
the late 1930 when Philips select&tirling engines to power radios for remote areas. The
decision to us&tirling was baseé on its low audible and E&M noise and ability to run on
any heat sawe from heating oil to woo(Berchowitz, 1984)

Figure 5. The original Stirling Engine patent of 1816

In 1972 Ford Motor Copany teamed up with Philips to develop an automotive
Stirling engine, and gage its potential for automobiles. What was produagdfour
cylinder, 170 Horse Powestirling engines which used a swash plate to transfer the
power from theStirling engines mto torque that could be connected to a traditional
transmission [7]. The engine ended up having little potential for use in automobiles due
to the nature of external combustion engines inability to produce immediate power.
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There is however concepts tevive the automobilétirling engine for use in
hybrid electricvehicles because of its higher power to weight ratio and overall efficiency
(Nightingale, 1986)

External

ea
System

Cold Engine/Drive
System

Figure 6. Automotive Stirling Engine

Beginning in the 19706s NASAOGs Gl enn
development of high efficienc$tirling engines to be used in space applications. The
decision to usestirling engines was centered on their relative reliability compaoed t
other mechanical engines, simplicity, low noise (audible, E&M), essentially nonexistent
vibration (when convertors were paired), and most impoxtamntih power to weight
ratio. The Brayton Rotating Unit (BRU) Project aim at obtaining higher efficienayep
conversion system for isotope, reactor, and solar receiver hear sdueeediason,
2007)

Figure 7. Brayton Rotating Unit (BRU)
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NASA is now taking a serious interestSiirling engnesfor their potential use on
other planetary bodies. One of the most prominent possibilities is the usstioirey-
based Fission Surface Power System which can generate power of about 50kWe per unit.
This form of power generation is a viable solutitlm the monumental problem of
attempting a manned mission to the Lunar and Martian Sgrfacextended periods of
time. This type of system could be used to provide power for rovers, remote science
experiments, or as a utility power source for an outposiny of our celestial orbiting
bodies(Lee Mason, 2007)

Figure 8. Stirling based Fission Surface Power System
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Stirling Engine Configurations

Stirling engines are commonly found in three différeonfigurations; alpha, beta,
and gamma. There is also a variation of each one namegi$tea but due to its
complexity and high cost, it will not be discussed in details for this project. Each of the
three main configurations has unique advantagddeadvantages due their variation in
geometry and arrangement.

An Alpha Stirling engineis composed of two power pistons which are housed in
two separate cylinders where one cylinder is exposed to heat while the second is
subjected to cold and heat dssiion. Alpha Stirling engines will sometimes utilize a
regeneratoras part of its configuration. The regenerator function is to store heat as it
moves from the hot end to the cold one andugplying the fluid with heat as it returns
to the hot end.

Regenerator

Figure 9. Alpha Stirling Engine

A BetaStirling Engine configuration uses one cylinder which houses both the power and
displacement piston. The displacer piston purpose is to shuffle the air between the hot
end and the coldnel while not extracting any power from the expanding gas.
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Cood Cool
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Figure 10. Beta Stirling Engine
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Lastly, a Gamm&tirling engine is similar to a Beta configuration expect save for
the power piston which is housed in a saparylinder but still connected to the same
flywheel as the displacer piston.

Hot Cylinder

Cold Cylinder

Displacer

Figure 11. GammasStirling Engine

Solar Radiation

The sun can be considered a sphericahtioh source that is 1.39 ¥0° m in diameter

and at a distance of about 1.5006** m from the Earti{Frank P. Incropera, 2002pue

to Earthdés Ozone Layer, the radiation f el
different than the radiation felt on Ea surface as shown in Figurg2.

L]

;:! (1=
Earth
Atmosphere
S
L wrt

Figure 12. Directional Nature of Solar Radiation outside the Earth's Atmosphere

In fact, the solar radiation reaching Earth can be treated as a series of payallblat

would form an ang , the zenith angle with respect to the normal surface of any
horizontal surface outside our atmosphere. Therefore, the extraterrestrial solar irradiation
Gs,, is dependent on the global position of the object as well as the time of day and year.

Gso =S¢ * f * cosB

Equation 1. Extraterrestrial Solar Irradiation
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The solarconstant S., can be defined as the flux of solar energy incident on a
surface which is ori ent pothtinnmichrthe Earthh isatitshe s u
mean distance away. The solar constant is giverfas 1353W/mz and the correction

value for the eccentricity of fMarlt.h0d8s. or bi

0 0.5 1.0 1.5 20 25
Wavelength (um)

GURE 12.29 Spectral distribution of solar radiation.

Figure 13.Spectral Distribution of Solar Radiation

When sol ar radi ation passes through Earth
magnitude as well as spectrally and directional distributions. These changes can be
attributed to the absorption and seanhg of the radiation by the atmospheg&nce the

ozone is strong in the UV region, It prov
attenuation below 0.8 n{Frank P. Incropera, 2002)

Direct .
irect

Scattered

Scattered
(diffuse
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Figure 14. Directional Distribution of solar radiat ion at the Earth's surface
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The atmosphere acts on the solar rays by redirecting the rays using two kinds of
scattering, Rayleigh scattering of the gas molecules and Mie scattering of the dust and
aerosol particles. The cumulative effect of the Earth ginfog r e on sol ar
distributononEarths sur face is. shown in Figure 14

The emissive power aurfaceis giver by equatvan betovineéren e E ar
e the surface emissivity iand ¢ is the Stefani Boltzman Constant which is given

bys = 5.670x 1078 W/m2K4

E = eoT*

The spectral di stribution of atmospheric e
surface and can be gsated by using the equation below.

— 4
Gatm =0 Tsky

Solar Concentrator

A wide variety of solar concentrators are currently commercially available in
order to concentrate solar rays for the purpose of power generation. There are many
forms ofsolar concentrators, but the most common foanesthose which utilizeurved,
parabolic mirrors anthose whichuseFresnelenses.

Parabolic Trougharethe most widely used type of solar concentrator. It consists
of a linear parabolic reflector whictan concentrate sunlight onto a tube, commonly
filled with a working fluid such as molten salt, and posiidalong the focal length in
order to generate heat for power generation. This type of solar concentrator can be found
in Solar Energy GeneratingySSt ems ( SEGS) plants in Calif
Solar One, and Plataforma Solar de Almerias in Spdiaboratories, 2009)

Figure 15. Parabolic trough in Sandia

Figure 16. FresnelReflectors Ausra
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Concentrating LineaFresnellenses are defined as many thin mirror strips in the
place of parabolic mirrors to focus sunlight and heat on a given point. The advantage to
this method over parabolic mirrors is that fiairrors are much cheaper than parabolic
mirrors and that more reflectors can be used in the same amount of space which provides
more sunlighenergy at the focud his type of solar concentrator shown in FigliBavas
constructed a company called Augpausra, 2009)

SolarStirling Engine

Due toStiringengi neds wunique ability to produ
heat source, a wide variety of fuels canutiézed for the purpose of power generation
which includes SolaiUsing sunlight as a viable heat source $arling engines yields a
method of producing power without harmful emissions and without using manufacturing
methods which deplete the Earths of its precise natural resources.

Solar energy has been utilized tnef for power production in heat engines,
however, most of the previous applications were for steam turbines that would be only
practical for very large scale installatior&tirling engines provide a methodology for
generating power for use in a smallteys to drive an electrical generator.

The schematic below illustratessmall scale electric power from solar thermal
energy systemwhich utilizes solarStirling. In this system,the solar heat collector
provides heat for the soldBtirling engine which n turn provides AC power. The
electrical power can bieansferred to &attery charger, then to DC control unit which can
either go into a battery or into an inverter. Efficiencies for this type of small scééersys
can range from 18% to 23¢@ommunications)

Synchronous
Generator

&hr Hﬂt -@_“ : J" l‘.ll h |
Collector ./ AC
| Power

DC Control Battery
Unit Charger

Battery | Inverter [

| AC
Power

Small Scale Electric Power from Solar Thermal Energy

Figure 17. Solar Stirling Schematic

Solar Stirling has made a tremendous impact on alternative energy in the certain
years with companies lik8tirling Energy System§SES) leadinghe way. Thiscompany
in partnership with Sandia National Lab managetreak the world record for solto-
grid conversion efficiency at an amazing 31%5on January 31, 2008 SES Serial #3
was erected in May 2005 as part of the Solar Thermal Test Facility wiudhgad up to
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150kW of grid ready electrical power during the hours of sunligath dish consisted of
82 mirrors that can focus the light into an intense bgayatems, 2008)

e

Figure 18. Stirling Energy SystemsStirling Power Units

SES solar Stirling engine, named SunCatcher, was awdrdhe 2008
Breakthrough Award winner by Popular Mechanics for its role as one of the top 10
world-changing innovationsThe SunCatcher is a 25 kWe solarhdBtirling system
which uses a solar concentrator structure which supports an array of curved glass mirror
which are designed to follow the sun and collect the focused solar energy onto a power
conversion unit. The diagram below illustrates the workingdBfS6s SunCat cher

POWER
g/ CONVERSION UNIT

MIRROR
FACETS

BOOM

FACET
SUPPORT ;
STRUCTURE i

|

B
W
pepEsTAL——— &

Figure 19. Stirling Energy Systems SunCatcher
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Solar Tracking

Due the fluctuations of the sundés posi
position, a solar tracking device is often use to maximize the mnmadusunlight that
reaches the solar converter. For the solar Stirling engine, the feasibility, usability, and
effectiveness of this technology are directly dependant on the amount of sunlight that can
be focused on the hot end. For this reason, an exéeimvestigation in to the different
types of solar energy was conducted.

Tracker Mount Types

Polar

Polar is a type of solar tracker that uses a one axis alignment which is near parallel to the
axis of the Earthoés r ot atsiThis methodoofltracking he n
sunlight is most useful in technology that is not the main source of power. An example of
polar tracking is at Nellis Air Force Base in Neva(force, 2007) where the
photovol tai c 0edinpealesunnmessunligit tolstipply poveer to additional

power needed to run the AC units. In this configuration, the polar axis faces north with

the angle between the axis and the horizontal equal to the latitude of the locations at
hand.

The angle of dclination is one that can be alter either manually or automated in order to
angle the solar collection further

north in the summer and furthe
south in winter. Another option is to&
have the solar collector angled a
zero degrees with it position bein
pempendicular to the polar axis
which is where the mean path of t
sun is found. This method can b
even more improved with occasional
shifts in the angle of declination tg=
compensate for changes in season.™

Figure 20. Nellis Air Force-Single Axis SunPower T20 tracker

Horizontal Axle

For the horizontal axle tracking device, a tube is place on the-sauth place. This tube

is then attached to the solar collector and it will rotate on its axis to track the sun through
the day.This method is best for locations near the equator as is less effective at higher
latitudes. However, the robustness of the structure and the simplicity of the mechanism
makes it a popular option. When active mechanisms are used to track the sun, a single
control and motor is used to actuate multiple rows of panels.
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Vertical Axle
This solar tracker used a single axis that
pivots about the vertical axis. This method is

best used for high altitudes where the sp@=
path is not as high as equatorial places.

Altitude - Azimuth

This is a twedirectional tracker which allow:
the solar collector to rotate about t
horizontal (altitude) and the vertica

(azimuth). This method is more complex dt Figure 21. Rotating house with tracking solar
its need to a computer to control tk_  panelsthat operate independently
movements.

Two z Axis Mount

This method uses active trackers to move the solar collector iate®One axis has a
vertical pivot (horizontal ring mount) which let the solar collector move to a compass
point. The second axis is a
horizontal elevation pivot located
in the vertical pld#orm. The
combination of these two axes
allow the device to hone in on any
upward hemispherical location.
This method is computer
controlled or may use sensors to
control the motor that orient the
solar collectors toward the sun.
This method is popular fo
parabolic mirror and Stirling

Figure 22. Point Focus parabolic dish with Stirling Engine ~ €Ngine.

Multi -Mirror Reflective Unit

This device compiles multiple mirrors on a horizontal plane that will concentrate the
sunlight upward to a high temperature device. This method is suited for use in flat
surfaces as wedls for lower latitudes.

28|Page



Drive Trackers

Active Trackers

Active trackers use motors and gear trains to move the tracker via a controller which
responds to the solar directions. Two axis adiigekerssometimes use heliostats which

are mirrors that can ave as thg reflect the sunlight toward the collector. Each heliostat

is controlled through a computer program in which gives the opportunity for the system
to be shut down if need be.

Light-sensing trackers are also commonly used in active trackeranéthi®d uses photo
sensors which can output a null when they get the identical light flux. These light sensors
are oriented at 90 degrees apart such that the steepness of the cosine transfer function will
be balanced and will therefore create maximum seitgit

Passive Tracker

There are two types of passive tracking that are commonly used. One type uses a
compressed gas which has a low boiling point. This causes the gas fluid to move via the
solar heat raising gas pressure which in turn moves the sdiectool These devices use
viscous dampers in order to reduce the wind gusts and also use reflector to shine sunlight
on the collector.

The second type of passive tracker is the use of hologram. When sunlight passes through
the transparent side of the soleollector, it is reflect back to the collector via the
hologram. This allows for sunlight to shine on both sides of the collector and therefore
increases efficiencies.

Chronological Tracker

A chronological tracker works by counteractive the sun rotatpmobating the solar
collector at nearly the same rate but in opposite direction. This works best with Polar
mount configuration and can utilize a gear motor that can rotate at any average of 15
degrees an hour.

Discussion

After an indepth assessment afircent technologies in solar tracking, a decision
was made an implemented for our solar Stirling engine. For disaster relief, the most
simple and efficient configuration is preferred. For this reason, chronological tracker is
the most appropriate. It woulalow for maximum absorption of the sun without huge
energy loses for the mechanism that is conducting the tracking and would also eliminate
the necessarily for correction of errors that occur with photovoltaics.
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Project Formulation

Overview
The overall goal of this project is taconceptualize, design, and build adtfied
solar Sirling enginewith aFresnel lens as themlar concentrator

Project Objectives

This solar Stirling engine usesa beta configuration This project will be
consideredh success the following objectives are mefirstly, a design is to be made of
abetaStirling enginewhich uses &ost dfective means of producing the most electricity
This engine should have a large margin of positive net energy and net power to be
consideeda feasibleapplication.

Second, a proedf-concept of this configuration should be demonstrated by the
creation of a small scale prototype. Lastly, this design should prove itself to be flexible
and scalableto fit the needs of varying applications such wse in remote areas and
disaster relief.

Design Specifications

In order to meet the objectives of this project, certain specifications need to be
ascertainedDue to the nature dbtirling engines, the maximum efficiency is achieved
when the temperaturdifference between the hot end and the cold enslificiently
large. Therefore, the design specificatifmsused orachieving this goal.

The solar concentrator used in this project is to be sufficiently powerful to
concentrate sunlight on the surface tbé engine without noticeable losses due to
refraction, mediumandgeometry.

The material used for the cylinders, pistons, and flywheel should be able to
withstand thermal cyclic loading at the high operating temperature without causing the
material toweaken, undergo chemical changes, or fail.

The extended surfaces used in the cold end of the engine to didsgadtehould
be of such geometry and material that heat transfer would be maxirbeteveen the
engine and the ambient fluid.
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Constraints and Other Considerations

The major constraimf Stirling enginess the ability to generate enough heat on the
hot end while cooling the cold end in orderto produce the necessachange in
temperatureso thatpower generation in feasible. Therefore, thenmanstraintof this
design is its abilityo concentrate enough sunlight on the hot ede chilling the cold
end.

The amount of sunlight that can be concentrated is dependent orfacterg some
of which can be controlled by the design and some bichv are outside of the
engineering design scope. Such factors that are outside of our control are the position of
the engine relative to the Earth and the climate of that redttwwever, these
environmental factors can be improved by ensuring that there aerial coverage near
theenginesuch as tres and buildings so that the solar concentrator can optimize the solar
rays in that regiorDue to the constraints of the sunlight in the operating region, the most
important consideration when conceptuagithe engine is the optimization of the solar
concentrator.

In the event of low solar heat throughout the day, season, or location, the efficiency of
the engine could be optimized by the following factors which work to counteract the loss
due to the avéability of the sun.

The efficiency of the engine can be improved significantly by selecting effective
extended finned surfasdo assist in the heat dissipation from the cold. éffds will
causethe cold end temperature to be significantly lower thanhiat on the hot end and
increase the change in temperature. Another way to increase efficiency is toaselect
working fluid within the cylinder which can adequately transfed.
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Discussion

This senior design project will conceptualize, design, modify a solarStirling
engine for powegeneration for remote areas and/or disaster relief.

The Stirling engine willbea betaconfiguration with a power capaciggual to the
amount the solar collector harveatspeakhours of the dayThis power capaty will be
achieved via the use of a solar concentrator large enough to supply the hot end with
sufficient heatand by generating a cold end which can efficiently dissipate heat into the
atmosphere or working fluid in order to produce the needed changenperature to
create the volume changes in the cylindére efficiencyof the engine can be maximized
by selecting appropriate fins and extended surfaces as well as accurately focusing
sunlight on the hot end.

Other important consideration when designia solarStirling engine is to take
into account the locations of where the engine will be placed, since the suedighing
the engine is dependent on its location on the globe. Along the samealioéing
adequate space withocverage from treeandbuilding so that the sunlight reaching the
engine is noblocked

One of the largest areas that need improvement in heat engines is the thermal
losses of the engine to the surroundirfgsnnovative wayin which thisproblem carbe
addresseds thoraugh the implementation of Aerogels. This lightight material
currently holds the world title for the lowest density solid in history, measuring in%at
mg/cn?! Aerogels are extremely porous material and can be as much as 99.8% air. Its
mesoporousitys an invaluable ally against heat loss due to convection, conduction, and
radiation. The use of Aerogels as a higmperature, lowveight alternative to traditional
insulation will yield an engine that has less heat loss due to heat transfer as well as
maintaining the low weight necessary needed for the Kilding applications.

This project will be submitted to industry leader working both in government and
the private sector. Due to our teams6 affi
the knowedge gained from those experiences wiliftegratednto this project to refine
our design. NASA Glenn Research Center is the leading research te&tirlg
engines for space nuclear power. Our overall general design will be assessed and
critiqued bya team ofStirling engine experts. In addition, NASA Kennedy Space Center
has a long history of conducting risk analysis which also includes feasibility, reliability,
and maintainability. They, too, will look over our conclusion on risk and the stated
factors and will provide comments on our sdhirling project.
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Design Alternatives

Overview of Conceptual Designs Developed

Three trade studies performed in order to justify the decision made for the design
of the solarStirling engine. The first trade .y compares the different methods of
generating power through the use of solar energy which includes photovoltaics, and heat
engines such as Brayton aftirling. The second tradgudy comparethe different types
of Stirling engine, alpha, beta, andngaa, to justify the selection for use aur design
configuration. Lastly, the third trade study compares the different methods of
concentating sunlight which are traditional glass lenses, glass mirrors,Feeshel
plastic lenses.

Eachtrade studieshat was conducted wasranked based ora desirability scale.
This scale consists &bur criteria, Cost,igenuity,Ability , and Reliability.Each ranking
is based om 1 through 5 score on tdesirability ofthe concept beingnplemented.

A basic cost analys was preformed for each optionwhich the expected cost of
each design was analyzégbr the cost portion, a 1 corresponds to high cost which is not
desirable, and a 5 correlates to low cost which is desirable.

Each alternative was given a ranking fogenuity Ingenuity is defined as the
implementations relative degree of current implementaton thelngenuityportion, a 1
corresponds to high degree of current implementation which is not desirable, and a 5
correlates to lovdegree of current impleemtationwhich is desirable.

Each alternative was given a ranking for Abilitgbility is defined as the
particular concepts abilitto perform the intended rol@he expectation of th8tirling
engine i25 kW of net energyroduction For the Ability pation, a 1 corresponds to low
degree of concept not being able to perform intended role which is not desirable, and a 5
correlates to a high degree of concept being able to perform intended role which is
desirable.

Each alternative was given a ranking Reliability. Reliability is defined as the
ability of the concept to perform its intended role with the minimal amount of
maintenance or failures:or the Reliability portion, a 1 corresponds to a low expected
reliability which is not desirable, and a Sragates to high reliability which is desirable.
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Solar Stirling Trade Studies

Types of Solar Energy Conversion

Throughoutthe history, there have been many methods explored on gathering
sunlight for power generatddome of the most successful methodisiging solar energy
in order to produce poweare Photovoltaics, Brayton Cycle Steam Engines, 8tiding
Engines

Photovoltais are an array of cells which contain a special material that can
convert solar radiation into electrical curréRtaceholderl)Photovoltaicsankeda 1 on
our scalefor costdue its currenpricewhich isabout 8/W (Solarbuzz, 2009)incesolar
panels have been around since the beginning of the space racelirmthee #9500 s,
ingenuity was ranked a 1 even though there have been several advances in their
efficiencies in the past few years. Photovoltaics ranked a 4 in ability because of their
continuous ability to produce an electrical current whenever it issexpto sunlight.
Becausephotovoltaicshave no moving parts, it makes the system extremely reliable and
operates with minimal maintenance. It is also worthy to note tlzatyncurreit solar
panels use silicon as the main material in the cells. Thoughdhermany advantages to
using photovoltaic, the depletion of silicon from soil and the use of rare earth metals lead
to solar panels not being the best solution to our power generation problem
(Placeholder2)For the reaons stated above, photovoltaics ranked a total of 11 out of 20
on the desirability scale.

Brayton Cycleis a type ofthermodynamic cycle used imeat engine that uses
steamas theworking fluid in order to produce powdéBandfot, 1962) It ranked a 3 on
the cost scale due to itsse of rare metals and it cdstnefit analysis is mostly good for
very large scale applicatiofit would not make sense for smaller engines. The Brayton
cycle, or steam engine, also ranked a 3 oenngy since ihas existed for many decades
but has only recently been applied in solar systdBnayton cycle was ranked a 5 in
ability since it can effectively use a solar concentrator to heat a reservoir of water to
create steam which then turns a tneb However, since it is comprised of moving parts,
its reliability cannot be a 5 since its maintenance may cause a problem wittedong
applicationg Sandfort, 1962)

Stirling engine is a type of heat engine that genergeser through the
compression and expansion of the working gas in its cylinder via a hot end and cold end
(Berchowitz, 1984) This engine was given a 4 on the cost scale due to its relative
inexpensiveness. The materials usadthe engines are neither exotic nor rare therefore
making the parts list more cost effective than other megs. solarStirling engine
ranked a 5 in ingenuity because though$tiding engine has been around for over 100
years, it adaptation to ugjnsolar for the hot end as oppds® nuclear is new and
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innovative. It also ranked a 5 in ability becausestaling engine will continue to
compress and expand a gas as long the temperature difference is present therefore making
it a very viable optiondr power generation with respect to other heat engines. However,
like steam engines which use the Brayton CySleling engines also have moving parts

and though the ability to generate power is very reliable, its long term maintenance plan
forces it rak as 4 for reliabilityBerchowitz, 1984)

Table 1. Types of Solar Energy Conversion Ranked

Cost | Ingenuity| Ability | Reliability | Total
Photovoltaic 1 1 4 5 11
BraytonCycle 3 3 5 4 15
Stirling Engine 4 5 5 4 18

Conclusion
The conclusion of the trade studies is that we will use a Stirling engine for the
conversion of solar energy into electrical energy.

Types ofStirling EngineConfigurations

Due tothe increasin@f price for energy gathered from fdskiels as well as the
harmful consequences thhky haveon the environment, a new way of generating power
that is both clean and efficient needs to be explor& prominent candidate for power
generation which uses natural resour@s Stirling engines due to their unique
functionality which allows for use of different types of fuels including solar heat. Below
are listed the most common configurations foiStrling Engine; Alpha, Beta, and
Gamma.

Alpha Stirling Engines ranked a 3 in cost due to ladkdurability in the seals

which always pose a technical problem. Commercially, alpha configurations require an
insulating head in order to move the seals aWway the high temperature exposure in
the hotend Though this fixes the seal problem, it alsllledead space so it was assigned

a 3 on ability and reliability.

BetaStirling Engines do not have the seal problem that alpha configurations have
and are therefore ranked a 4 in cost and ability respectively. The beta engine is also
extremely reliable rad was therefore given a 5 on reliability.

GammasStirling Engines provides a lower compression ratio but it much simpler
mechanically; this earns gamma a 4 in cost. Also, gamma offers a unique ability to be
used in multdcylinder Stirling engines and thefeo r e get s t wo 506s fc
reliability (Wheeler, 2007)
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Table 2. Types of Stirling Engine

Cost Ingenuity | Ability Reliability | Total
Alpha Stirling 3 4 3 3 13
BetaStirling 4 4 4 5 17
GammasStirling | 4 4 5 5 18
Conclusion

The trade studies for the differe@tirling Engines configuration showed that for
the inten@édapplication and purpose of our project, the best ty@&tidfng engine to use
in the Beta configuration.

Types of Solar Concerators
Choosing the right type of solar concentrator for use in our Saiiding engines

will greatly influence the efficiency of the engine and therefore is deserving of special

attention.A wide variety of solar concentrators are currently commercaibilable in

order to concentrate solar rays for the purpose of power generation. There are many
forms of solar concentrators, but the most common forms are the use of curved, parabolic

mirrors and the use éfresnelenses.

Parabolic mirrors ranked adh our cost scale due the expense of manufacturing
curved mirrors. It is one the most common forms of solar concentration and therefore
ranks a 2 in ingenuity. However, its popularity is well placed since it is extremely able to

perform its task with a nmeable amount of reliability which has earned parabolic
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rrors

The Fresnellens ranked a 5 on cost since it is significantly more cost effective
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than the parabolic mirror. This is due to is compositiomahy flat mirrors instead of

curved. It also ranked a 5 on ingenuity since it is a fairly new form of concentrating

sunlight. ThoughFresnellensis not as efficient at concentrating sunligtiiey gather
more sunlight over the same amount of aned argherefore ranked a 4 and 5 for ability
and reliability respectively.

Table 3. Types of Solar Concentrators

Cost Ingenuity | Ability | Reliability | Total
Parabolic Mirrors 3 2 5 5 15
FresnelPlastic lens 5 5 4 5 19
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Figure23illustrates the daily generated energy per unit area versus the sun daily
energy per unit area f&tirling solar dish, central receiver, parabolic trough, and tracking
photovoltaic (Systems, Technology, 2009This image demonstratebat using Solar
Stirling instead of photovoltaics and other heat engines yields a higher estimated annual
energy and would therefore be more beneficial as a method of solar energy conversion.

3.0| Estimated Annual Energy
g Stirling Solar Dish 629 kWh/m2 Stirfing ;
P 2.5| Central Receiver 327 kWh/m2 Solar Dish
5 Parabolic Trough 260 kKWh/m2
S Tracking Photovoltaic 217 kWh/m2
@ = 20p-reeeeeeceneereeeieeiaeeana. Central
= ;_ Receiver
§ £ 15 Parabolic

s Trough

iz Y] N :
% Tracking
3 Photovoltaic
5 0.5
o)
a

0.0

0 6 8 10 12
Sun Daily Energy Per Unit Area
(kW hr/sq m)

Source: Southern Calfornia Edison & Sandia National Laboratories

Figure 23. Power Generation per Sqare Methods for Different Methods

Conclusion

The trade studies for the Types of Solar Concentrators showed that for the
intenced application and purpose of our project, the best type of solar concentrator to use
is theFresnelens.
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Conceptual Design
Based on thdrade studies conducted during extensegearch, it watound that
solar Stirling would be the best option for remote power generation. Stidimgnes
provide a huge advantage over other heat engines based on their power outputs and this
solar convertor can be considergeeenerthanphotovoltaicsdue their life cycle impact
on their environment.

Fresnel lenses provide the highest amount of energy from sunlight per unit area
and are therefore ideal for use for disaster relief, where higigyedensity can make a
noticeabledifference Due to the relativeljjow expected temperaturdifferences, the
Stirling engine was chosen to be of beta configuration. In order to improve efficiencies of
the engine, the temperature difference needs to denaiximum. It is for this reason that
the cold end of the engine would be submerged in water to increase the heat transfer rate
and heat dissipation from the engine.

For Stirling engines, friction is their biggest enemy, especially with low
temperature dierence engines. Due to the engii®sbmergence in water to compensate
for low temperature differences, some of the componese¢sied to be interhzed for
the liquid submergenceto take place. For this reason, the engines flywheel was
internalizedandplace within the displacer pistomhis allows for the solar energy to get
converted to thermal energy, therechanical energy, which imally convertedo useful
electrical energy. Due to the multitude of conversion in the system, any and all steps to
increase efficiencies will be taken.

In addition to the engines submergence in water and the internalization of the
flywheel, theStirling engine will also be design to minimize all possible dead volume.
This is the biggest enemyithin Stirling and it something that needs to be closely
monitored.For this reasonthe displacer piston and the power piston were desigmed
reduce as much dead volume as possible with very small tolerances.

Figure 24. Conceptual Design
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Feasibility Assessment

This project is feasible because similar technologies have been prashrtied
Sandia National Lab paired with SES created a huge Salding farm using parabolic
mirrors. The method afenerating power viaolar Stirling, though still atts infancy, is
very reliable and efficient.

Our design differsn several ways. iFst, our design includes a Fresnel lens as the
solar collector instead of parabolic mirrors. Perhaps most unique about this configuration
is our heat dissipation system andr internalization of the components. The most
famous sola6tirling applicationuses a water pump to cool the engines. Since waaon
want toloseany power, the stream froaireadyexisting water will cool the engine. This
type of cooling technologysicommonly used with nuclear power plants so it has been
proven successful.

The most interesting feature of our Stirling engine tha haver been done
beforeis the internalizing of the components. This method will be tested and if proven
successful,will have many positive applicationfor heat engines working in harsh
environments.

The Carnot efficiency for our engine is 69%; this is based on a 975K hot end
temperature and a 300K cold end temperature.
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Proposed Design

The proposed design will consisf a solar concentrator, a Stirling engine and a
cooling reservoirThe Solar collector is the most importantrgmn of the design as it
dictatesthe power requirements for all other components.

Collector
Based on th@nposed constraints of the enginetf t i ng wi t hin a 306Xx:
the size of the col | e ddbleddemoussates dnevergiewo | t i p

possible sizes based on 36X306 panel s.

Table 4. Cost Analysis of SolartConcentrator

Energy Electricity | Concentratol Engine | Total $W
Concentrateq Produced Cost Cost | Cost
36 X3
1.5 kW 0.3 kW $150 $250 | $400 | $1.33
(1 panel)
60 BO
6 kW 1.2 kW $200 $550 | $750 | $0.63
(4 panels)
96 6
13.5 kW 2.7 KW $350 $600 | $950 | $0.35
(9 panels)
126 X26
24 kKW 4.8 kW $900 $900 | $1,80| $0.38
(16 panels)

The 906x906 sol ar slhgbtly betterper kW costversustieel d e d

126x126 solar concentrator. T forets I@vérxpérd s o |
kW costtt he compl exity of fabricadadi Frgeshel olbee
wellas the | essened f oganthigher wingdttoleranca ppr ox i mat

The style of solar tracking selected was an Altitddénuth type with a
chronological tracking drive. This was selected because of its adaptability $dwaation
with little modification. The drive unit would only need time of day and latitude in order
to follow the sun. This is to be accomplished through the use of a worm gear for the
Azimuth portion of the tracking, controlled by a microproces3bie altitude tracking
would be accomplished by a scraliver. The power to run the tracking would be
supplied from the Stirling engine, and would be considered a parasitic loss of the engine.
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Figure 25. Desigred Solar Concentrator

A Fresnel lensvorks like a normal magnifying glass In thiatacus light on a
single mint based on the curvature of the surface. Howev€resnel lens only has the
surface of a traditional lens.h e Fr esnel | enses n eeEdratar
should have a focal length of 12ft. Fig@@&shows a cut away view of the centraesnel
lens.

Figure 26. Cutaway view of Fresnel lens
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Tracking Mechanism

The type of tracking selected for the design is a singles #orizontal
chronologicaltimer with a potentiometer as instrumentatidime timer integrated in a
single PLC will dictate the desired angle, measure by the potentiometer, and control the
motor accordingly.

The Solar collector needs to rotate at a rdt@53 per hour {Citation}, which
comes out to ©4« 10~° revolutions per minuteThe final mechanical connection to the
solar concentrator will be a worgear geaset in order to eliminate the need to
continuously overcome gravity to keep the solar eatrator in position, and reduce the
parasitic loss of the due to solar racking

The Solar collector is expected to weigh 60 pounds, at a moment arm of 10 foot.
This will result in a minimum torque of 600 fepbunds(7200 inlbs) to rotate the
collectorHowever through the instillations of
60 away from t he-torque siuaiontcanabe @achievedathromgé ithe
selection of bungee cords with a specific spring constant. The spring constant was found
to bel0 pounds/inch.

The solar trackingvill be achieved though rotating the concentrator one degree
every four minutesThis will lead to a maximum error of .6 inches, which will not
deviate more than 15% from the center of the hot end to the rim of thendoTlee
rotation of the collectowill be done through the implementation o6@:1 worm gear
reducer connected to a 50l compact DC gear mount withPLLC controller which
will also see as a clock/time with a simple one button input agigi8BLED display for
the time.

The gear motor selected draws 0.12 Amps at 12 Volts, which is 1.44 watts. The
motor is expected to ruor 17 seconds every 4 minutes. Converting the power draw into
a constant time draw, we get a constant 0.104 We.

Collector Paradit Loss

Thepower draw of the PLC 8.01WE,and the time constant power draw of the
DC gear motor is 0.104 We. Adding the two losgiess (s a total parasitic loss of 0.114
We, which is 0.004% of the maximum power outdutis small of a loss can be
negkected in future power studies.
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Initial Engine Design

The initial design for the solar Stirling engine was a {getamma hybrid
configuration. This was initially tried in order to reduce the amount on components which
are submerged under wat€his configiration is shown in the image below.

Figure 27. Initial Solar Stirling Configuration

This configuration was later abandoned because oifripeementation of finned
surfaced to achieve the same heat transfer characterstiogell as amultitude of
benefits that the full beta configuration offered. As you can see, the new design is much

more inticate and completd.he new engine is more compact which is desirable for ease
of transportation.
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Interim Engine Design

Below ae some CAD Images of the inte Sirling Engine Designthis design
had the general yaut of the final design, however did not incorperate the specefic
geometry daved from the anadiys. This was the design which the prototype is based
primaraly on The interm engine design used air as a workfhgd for its abundance,
ease toworking with, abiliy to find in remote locations (relatite other gasses), and
costeffectivness

The use of air was changed when the Stirling cycle computer analysisdshow
major problems with its use. The first, the thermal capacity of air was too low, resulting
in an extremely high operating frequency of the engine in aod&ansfer the heat from
hot end. Secondly, the low gas constant resulted in operating ggdsiow atmospheric
for our intended heat inputs.

Helium was subsuquently used as the working fluid, however mixtures of air and
helium were tried but eventually abanoned since it would require expensive gas mixture
analysis instrumentation.

3
=
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E

Figure 28. Interim Design of 2.7 kWe Stirling Engine
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Final Engine Design

The engine power output will be matched to the eotrated energy input. For
our cesign, this calls for a 2.7kWe Stirling engifidne interiorvolume for eaclportion
of the Stirling wasased off the GPA3 rhombic drive Stirling engine, a 7.4 kW design
developed for automobiles by NASA. Since the original design was developed to produce
2.7 times as much power, it was used as a starting point for the optomiaathe engine

needed for our purposes.

Table 5. 2.7kW Stirling Engine Volume Allocations

Engine Volumes

Compression Clearance Volume (Vclc) | 31cc
Expansion Clearance Volum¥dle)) 3lcc
Compression Sweep Volumeégwc) 32cc
Expansion Sweep Volumégwe) 32cc
Cooler VolumeYk) 15cc
Regenerator Volume/f) 50 cc
Heater Volume\(h) 75 cc

For reference, Figureédzshows the volume allocation for the desig&idling
engine.In this design, the sides of the displacergrsuill be thermally conductive in

order to classify it as a regenerator.

[ HeATeR voLUME
[ ]expansion voLUME

, [ REGENERATOR VOLUME
POWER PISTON | Il compressiON VOLUME

[ ]cooLervoLume

Figure 29. Area Breakdown of Designed Stirling Engine.
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Geometry of Heater Volume

The overall volume for thbeater is prescribed to be @0bic centimetes, about
4.3 cubic inchesThe inside diameter of the body of the engine is 4.75 inch, giving us 1/4
inch height before we surpass our volume allocation. Through the use of 33% volume
ratio wire mesh we can increase the overall height of the heater |laaswecrease the
surface area for heat transfer. Implementing the 33% volume mesh the heater height
comes to 3/8 inches.

Geometry of Expansion Volume

The overall expansion volume for the engine is prescribed t&3Jeubic
centimeters, abow.9 cubicinches. The inside diameter of the body of the engine is 4.75
inch, giving us X4 inch height before we surpass our volume allocation.

Geometry of Regenerator Volume

The overall regenerator volume fdnet engine is prescribed to be Blibic
centimetersabout 3.1 cubic inches. The inside diameter of the body of the engine is 4.75
inch, and the height of the regenerator2isnches (based on minimum crankshaft
clearances). This leaves the outside diameter of the displacer piston/ regenerator to vary.
The autside diameter of the displacer piston/ regenerator can be 4.61 inchestbhefore
volume allocations surpassed

Geometry of Cooler Volume

The overall expansion volume for the engine is prescribed td3eubic
centmeters, about 0.8ubic inches. Thénside diameter of the cold end of the engine is
2.25 inch, giving ud/4inch height before we surpass our volume allocatioorder to
increase the length of the cooler, a foam cone will be inserted with varying diameter. The
diameter will begin at 22inch and end at 1 inch. This results in a 1 inch cooler volume.

Geometry of Compression Volume

The overallcompressionvolume for the engine is prescribed to 68 cubic
centimeters, abol8.9 cubic inches. The inside diameter of the cold end of thaneng
2.25 inch, giving us 1/2 inch height before we surghsstotal length of the cold end.
The rest of the volume2.1 cubic incheswill be allocated to the bottom inch of the
displacer piston

Design of Black Hole

The on top of the solar absorptignate will be a hemispherical structure
constructed of plastic rod and aluminum foil to reflect back all diffused radiation. The
expected view factor resulting from thgucture is expected to be 0.8
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Design of Crankshatft

The crankshaft was designedaocomplish the sweep distance for both the power
piston and the displacer piston. For both pistons, the sweep distance is Ykhach.
displacer piston had two rod connections to the crankshaft, equally spaced from the
central rod connection to the powestpn. The diameter of the crankshaft should be
capable of handling the expected loads transferred from the rods, which is expected to be
500 pounds from the power piston, and 1 pound from the displacer piston based on a zero
weight assumption. The crankdhis expected to rotate 860 RPM, based on literature
review of like engines (similar volume and power output).

Design of Rods

The rods wee designed to withstand the maximum loading expected in the
engine. For the power piston, this is the crossiaeat area multiplied the maximum
pressure of the engine, which comes to approxima#&dppounds.

Design of alternator
The alternator will be a commercial off the shelf part. The power output of the
alternator will be matched to the power output of$tiding engine, 2 kWe.

Operating pressure

The operating pressure of the Stirling engine was first assumed to match the
NASA Rhombic Drive GPB, and then optimized to the solar Stirling engines operating
temperatures and power input. The equationuset! to find the pressure is contained
within the engineering analysis portion of the report. The resulting pressBre Mpa
(500psi).

Working Fluid

The working fluid chosen for the Stirling enginehslium Helium was chosen
because of its cost, ndaxicity, andelimination for the need of environmentaintm|s
The use of compressbslium makesny recharging of the engine in remote locations or
disaster areas more feasible, and any implemented package would contain a recharge
bottle for infield recharging.

Mass of Working fluid
The mass of the working fluid was found through applying the ideal gas law to
the total engine volumat500psi, which yieldedL.4g.

Operating Temperatures

The expected operating temperatures were derived from a thamalsis,
contained within the engineering design section, and are expecte®16& for the hot
end, and 25 °Qor the cold end. The resulting regenerator temperatu2€2s°C based
on the LogMean Temperature.
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CAD Rendering of Engine
Figure 30shows the CAD rendering of the outside of the designed Stirling engine.

Figure 30. Designed Stirling Engine.

Kinematic Analysis and Animation

Figure 3 shows a cutaway view of the engine at three displacer piston positions,
exposng the cold end, mid (power) stroke, and exposing the hot end. These images were
taken from an animation of the engine used to verify that there were no unforeseen

internal volume conflicts or collisions of components.

Figure 31. Cutaway Views of Designed Stirling Engine.
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Cooling Reservoir

Theprimary idea of the cooling of the engine woblglto locate the engine on the
bank of a river, stream, or bay in which there is constantly moving water. In the event
that this is nopossible, a tarp for ehcreation of a cooling channel will be created.

The size of the cooling reservoir was chosen based on the seletted s
concentrator to dissipate0% of the cdlected solar energy $¢auming30% engine
efficiency) without going ove 120°F (40°C). Based on a sady state energy balance at
maximum input,

Energy Concentrated — Energy Converted = Energy Dissipated
13.5kW * 0.7 = hA(Tresivour — Tambient)
9,450W = (24)A(15)
A = 27m?

The heat transfer coefficiefitetween the water surface and the ambienisair
based on a slight bregaghich would result in a value bfof around24W/m”2 K.

A reservoir 3 meters by 10 meters should be capable of dissipating the heat
assaiming that there is some thermal capacitance of the reservoir to handle the period of
time for maximum heat inputigure 32shows a diagram of the cooling reservoir with
the relative placement of the solar concentrator amtingtengine.

Soloe (_ov\av\*"“\“'

Figure 32. Diagram of coolingReservoir

49|Page



Engineering Design and Analysis

Calculating Energy from Sunlight

In calculating the amount of sunlight that vidbdpe collected, a2 hour period
was selectedThe energy that can be obtained from ghtliis dependent on several
factors such as position on globe, suefac ar e a , and t hedaykaser t h 6 s
dependent on rotation whikeasons aren orbit. The energy from sunlight is a function
of time, area, and incident sunligiMazza)

J = (W/m? x (Area in m?) x (Time in sec)

The incident sunlight value that corresponds to having the sun directly overhead
and at high noon would be the equivalent to the solar constant whose valBg3is

W/m2 . Allowing the solar collector to have a surface area of a square meter and

exposing it to sunlight for 12 hours, the energy incident from a square meter solar
collector who is oriented perpendicular to the sun is given by the equation below.

(1353 W/m2> x (1 m?)x (43.2 * 103 sec) = 58.45 106 |

However, this value assumed that the sun is directly overhead for 12 hours, which
is a false assumption. The sun moves from the East to the West throughout the day and
from North to Soth over the course of the year. It is also known that the sun moves
23.5A above and below the equator over the
north of the equato#, is found by using the following equation:

6 = 23.5%sin [Z(dt/365.25)l

The value fordt is given by the number of days from the vernal equinox which is
April 21. This means tha will be negative for winter months. Using this correct value
for the sunbés position throughout the year

0y = (1353 W/mz) cos(l — ©)
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Analysis of Solar Collector

The solar collector chosen for this design was based on the requirement to fit

within a 3 foot square box, and to supply as much power as pog$sipkee 33 shows a
CAD rendering of the ctéctor above the cooling reservoir.

Figure 33. Designed Solar Concentrator
The plot showing this relationshipf power collected, dissipated and converted

with respect tdhour of sunlightis shown in Figure34. In order to detenine the size of
the cooling reservoir, an iterative approach was taken, altering the dimensions of the
cooling reservoir until a certain boundary condition, reservoir temperature, was reached.
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Figure 34. Power Flows for 2.7 kWStirling Engine
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Analysis of Cooling Reservoir Size

The Cooling reservoir should be of sufficient size to not allow the cold end of the
engine to go above 40°C.
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Figure 35. Heat Flows for Cooling Reservoir
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Figure 36. Temperatures of Ambient Air and Cooling Reservoir
The resulting dimensions to achieve the boundary condition are,

Table 6. Characteristics of CoolingReservoir
Width (m) 3.0
Length(m) 5.0
Depth(m) | 0.333
Cubic m 5.49
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Calculation of Time of Local Sunrise and Sunset for

Autonomous Tracking Capabilities

The solar tracking system will be capable of tracking the sun anywhere in the
world based on four inputs; Date, Time, Latitude, and Time Zone Offset. There aill be
Date/Time chip that will feed input data to the control PLC for the tracking system.

The following algorithm used to calculate the local sunrise or sunset is taken from
the Almanac for Computers, United States Naval Observatory, 1990. The algorithm
assunes that the calculations will be carried out in degréesefore a conversion factor
of("/180) should be multiplied to the argum

Calculation of Time of Local Sunrise
To begin, we calculate the Julian Date (N),

N1 = floor(275 * month /9)
N2 = floor((month + 9) /12)
N3 = (1 + floor((vear — 4 * floor(year / 4) + 2)/3))
N = N1 — (N2 * N3) + day — 30

Then we onvert the longitude tan hour valuein order toapproximatethe time (t) in

order to calculate the Sunds mean anomaly
longitude may need to be brought back into the range of 0 to 360 b adding or subtracting
360.

longitude
t =N+ ((6 —1—5)/24)

M = (0.9856 * t) — 3.289
L =M + (1916 * sin(M)) + (0.020 * sin(2 * M)) + 282.634

The Sun's right ascensigRA) and conversion into hours is as follows; again, the RA
may needo be brought back into the range of 0 to 360 b adding or subtracting 360.

RA = atan(0.91764 * tan(L))

RA + ((floor (9L—0)> " 90>—<<floor (%)) ] 90)

RA =
15
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The Sus declination(sinDec and cosDec) as well as the local hour angle (cosH) , and
conversion into hours (H) is calculated as follows,

sinDec = 0.39782 * sin(L)
cosDec = cos(asin(sinDec))
cosH = (cos(zenith) — (sinDec * sin(latitude))) / (cosDec * cos(latitude))

H = 360 acos(cosH)
B 15
Therefore théocal mean timégT) of the sumise is,
T =H+ RA— (0.06571 % t) — 6.622

And adjust back to UT@me, The UTC time may need to be brought back into the range
of 0 to 24 b adding or subtracting 24.

longitude

UT =T
15
Finally including the local time zone offset inder to find the local sunrise time,

localT = UT + localOffset

Calculation of Time of Local Sunset
To begin, we calculate the Julian Date (N),

N1 = floor(275 * month / 9)
N2 = floor((month + 9)/12)
N3 = (1 + floor((vear — 4 * floor(year /4) + 2)/3))
N = N1 — (N2 = N3) + day — 30

Then we onvert the longitude tan hour valuein order toapproximatethe time (t) in

order to calculate the Sunds meaSuns&aueomal y
longitude may need to be brought back into the range of 0 to 360 b adding or subtracting
360.

longitude
t =N+ ((18 —1—5)/24)
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M = (0.9856 * t) — 3.289
L =M+ (1916 = sin(M)) + (0.020 * sin(2 = M)) + 282.634

The Surs right ascensiofRA) and conversion into hours is as follows; again, the RA
may needo be brought back into the range of 0 to 360 b adding or subtracting 360.

RA = atan(0.91764 * tan(L))

RA + ((floor (%)) ‘ 90) - ( (floor (%)) ‘ 90)

RA =
15
The Sus declination(sinDec and cosDec) as well as the local hour angle (cosH) , and

conversion into hours (H) is calculated as follows,
0.39782 * sin(L)

sinDec =
cosDec = cos(asin(sinDec))
cosH = (cos(zenith) — (sinDec * sin(latitude))) / (cosDec * cos(latitude))
_acos(cosH)
15
Therefore théocal mean timégT) of the sunset is,
T=H+RA—-(0.06571 xt) — 6.622
And adjust back to UT@me, The UTCtime may need to be brought back into the range

of 0 to 24 b adding or subtracting 24.
UT =T longitude
B 15

Finally including the local time zone offset in order to find the local sunset time,

localT = UT + localOffset
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Engine Adiabatic Analysis

The model used to analyze the engine is a variable pressure, variable temperature,
and variable volume model. The equation set was developed by Berchowitz in 1984 and
leads to a system of six simultaneous differential equations asltite®n of the engine.

Nomenclature

Table 7. Nomenclature Used for Adiabatic Stirling Engine Analysis

Symbol Description Units
Tc Temperature of Working Gas within the compression space Kelvin
Tk Temperature of Working Gas withthe cooler Kelvin
Tr Temperature of Working Gas within the regenerator Kelvin
Th Temperature of Working Gas within the heater Kelvin
Te Temperature of Working Gas within the expansion Kelvin
p Pressure of the Working Gas Pa
Dp Change in Pressure Pak
M Total Mass of Working Gas kg

mc Mass of Working Gas within the compression space kg

mk Mass of Working Gas within the cooler kg

mr Mass of Working Gas within the regenerator kg

mh Working Gas Mass within the heating kg
me Working Gas Mass withithe expansion space kg
Dmc Change in mass of the compression space kg/s
Dmk Change in mass of the cooler kg/s
Dmr Change in mass of the regenerator kals
Dmh Change in mass of the heater kg/s
Dme Change in mass of the expansion space kg/s
gAck  Massflow ratefrom compression space to cooler kg/s
gAkr Massflow ratefrom cooler to regenerator kg/s
gArh Massflow ratefrom regenerator to heater kg/s
gAhe  Massflow ratefrom heater to expansion space kg/s
W Work Done by the engine J

Qk Energy flow ate from cooler to working Gas J

Qr Energy flow rate from regenerator to working Gas J

Qh Energy flow rate from heater to working Gas J

DW Change in work done by the engine Jis
DQk Change in Energy flow rate from cooler to working Gas Jis
DQr Changem Energy flow rate from regenerator to working Gas J/s

DQh Change in Energy flow rate from heater to working Gas Jis
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Background

In order to model the enginen adiabatic proceswas assumed, in which the
pressure and volume are not constant foreihigre cycle.Shown in Figure37 is a PV
plot, as well as volume and pressure plot versus crank angle.

220

W= ¢pdv
/= 3870 J

g

5

Pressure |baor)

w00

2200 2600 3000
Total volume (em?)

Heat in
0.=5172 )

Heat rejected
Q. <1501 )

i 0 % 180 70 360

Shaft angle (deg)

Figure 37. Adiabatic Cycle (Berchowitz, 1984)

A numerical approach was taken to solve the s&tgear ordinary differential
equations in which the model was solved aséah ni t i al Value Probl
operating characteristics were chosen within the engines expected range. The model is
actually a Boundary Condition problem; however throughnimmg the model through
successive engine cycles, a steady state condition should be reached. The steady state
condition will replace the initial values chosen for the operating chardicteres the
boundary conditionéBerchowtz, 1984)

The method chosen to sol Verder RuegKuttane ar s

This has a step error to the fourth power and is the most commonly and widely used
method for this type of analysiBerchowitz, 184).
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Development of Equation Set

Below is the equation set used for the adiabatic analysis of the Stirling cycle
developed by Berchowitz, 1984. The equation set is based on the model of the Stirling
cycle shown in Figure 36.

Compression Cooler Regenerator Heater Expansion
space ¢ 3 r h spoce e

Temperature

Figure 38. Stirling Engine Usedin Development of Equation Set(Berchowitz, 1984)
To begin the analysisgertainassumptionsnust be made

The mass of the working fluid remains constant

Use of Ideal Gas

The speed of the engiieconstant

Cyclic state

Kinetic and potential energy of the working fluid can be neglected

arwnE
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