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Abstract:

The following report is a continuation of the research, analysis, fabrication, and testing of a previous semester’s group work.  Much of what was previously done has given us a broad understanding of the Stirling engine.  We would like to thank James Baker, Tyler Shaw, Todd Meyer II, and Chelsea Tabor of last semester’s team for their efforts and valuable information.  As they are the team that previously took on this project, their initial motivation is reciprocated.  For that reason, we will utilize their motivational ideas described in their introduction as our own, but with credit and thanks to them.  Modifications were made to the introduction, as revisions were necessary.  The reason for continuation of this project is the previous team did not achieve their goals of 500-1000 Watts, not to mention a running engine.  Their work has given us an excellent starting point in terms of research, materials, analysis, and fabrication.  It is our goal to address the problems unforeseen by the previous group and create a residential scale Stirling engine capable of outputting 500-1000 Watts. Our group is willing to provide the same level of commitment and is confident that we will make substantial headway towards the completion of this engine.
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Introduction:


Due to rising energy prices, poor world economy, and global warming: a newfound interest in renewable and green energy has become a rising trend. A significant amount of resources have been aimed towards solar energy conversion. In the past, the majority of the development and implementation of renewable energy generation has been mainly utilized on a commercial scale. Privately owned utility companies, much like here in San Diego, limit the range of practical applications of such on a residential scale. Until recent years, big structures requiring large parcels of land and inherently expensive technology, made any feasible implementation more difficult.



The market for residential solar energy systems is dominated by photovoltaic systems. Photovoltaic are an array of cells containing a material called photovoltaic, which converts solar radiation directly into electricity. PV’s are typically black in color, and can be found rooftops and small parcels of residential land. There are two different types of photovoltaic. The first and most common example are called “flat panel” (PV) photovoltaic. The second kind, typically only found in commercial applications, is “concentrated” photovoltaic or CPV for short. PV systems have many panels, and cover a large amount of surface area due to their geometry. 
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PV System (Figure 1)

There are inherent compromises associated with flat panel systems. Flat panel systems tend to have low efficiencies, generally in the 15-20% area [10]. In addition they require large amounts of surface area. Typical cost for PV systems is over $4/Watt to purchase and around $8.20/Watt installed [11]. 


On the other hand, CPV systems have greater efficiency, currently approaching 42% efficiency, and climbing [12].  The downsides to CPV are the implementation and operation costs. The increase in cost is attributed to the fact that CPV systems must utilize a solar-tracking platform, in order to constantly repositions the collector, maintaining an effective focal point and maximizing its efficiency. CPV systems also use a series lenses mirrors and panels which adds to the complexity and cost [15].
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CPV System (Figure 2)

Our team will attempt to overcome the challenges presented to us, while improving upon the shortcomings of PV and CPV systems. Our aim is to design a residential-scale solar energy generation platform. The performance targets for our system are therefore scaled down to suit the average household’s needs in terms of system cost, output power, and space necessary. A current benchmark for small-scale energy generation is $2 per Watt generated [1], so we set this as a rough target.  A Solar Stirling engine uses solar thermal energy, where heat is the end goal, while PV and CPV systems are considered to be solar electric. 

Solar:


The design of the Stirling engine is governed by the amount of heat flux available to the acrylic mirrored parabolic solar concentrator, which was donated by Dr. Duncan Earl of Sunlight Direct, Inc. The heat flux is defined as a flow of energy per unit of area per unit of time, W/m^2. The concentrator measures approximately 2 meters in diameter and has a reflectivity of 0.95. Reflectivity is the fraction of the incident radiation reflected by a surface.  The two components of radiation, which strike the concentrator, are beam and diffuse radiation. Beam radiation is the component of radiation received from the sun without having been scattered by the atmosphere. Diffuse radiation is the radiation received from the sun after it’s direction has been changed, by scattering by the atmosphere. These components of radiation make up what is called the total radiation. In order to determine the amount of flux available to the receiver, the losses associated with the system need to be considered.
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Diagram of Radiation Types (Figure 3)

The solar constant of radiation as adopted by The World Radiation Center (WRC) has a value of 1367 W/m^2.  The solar constant is the extraterrestrial radiation, or the amount of radiation that strikes the earth outside of the atmosphere.  This value however does not take into account losses. These losses include reflective losses, as well as weather, buildings, trees and so forth. A well-established approximation for solar irradiance incident on Earth’s surface is 1000 W/m^2. However this amount of radiation can only be expected on very sunny and clear days. Given the data collected at San Diego State University Real-time Environmental Monitoring and Observation Technology, a value of 750 W/m^2 is much more realistic. The surface area of the collector is 3.14 m^2 which gives us 2355 W/m^2 of total radiation on average. The diameter of the aperture is approximately 0.0762 m which gives us an area of 0.00456 m^2. An aperture is the opening through which the solar radiation enters the absorber. This means that the total amount of flux incident on the receiver is 0.516 MW/m^2.

Conductive Losses:


A model of the Stirling engine using Solidworks Flow Simulation Computational Fluid Dynamics (CFD) software has begun. The accuracy of the model and its results are paramount from a design perspective and in achieving the highest system efficiency. Naturally, setting up such a model accurately requires a great deal of information in regards to boundary conditions, and a series of assumptions need to be made. 
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Mesh Analysis (Figure 4)

In order to be able to provide the CFD model with the most realistic conditions for the transient states, a series of calculations were conducted in order to closely model the losses due to conduction and convection in steady state. In order to determine the amount of heat that is transferred to the working fluid, we must first determine the amount of heat available for heat transfer. 

Beam Radiation:

As beam radiation hits the collector, it is focused into a single beam component incident to the receiver. This radiation then strikes the receiver, where it conducts heat through to the working fluid. In order to determine the amount of heat that the receiver is able to absorb, we must perform an energy balance. This balance consists of the flux coming in (Q”in), and the losses coming out. These losses are due to conduction (Q”cond) and natural or free convection (Q”conv). This energy balance of (Q”in – Q”cond – Q”) will allow is to determine the amount of heat available for heat transfer between the working fluid and the receiver itself.

Conduction:

The steady state calculations of the model begin with conduction analysis. Conduction is the transfer of thermal energy between neighboring molecules in matter due to a temperature gradient. The conduction analysis begins where the solar analysis left off, in the amount of beam radiation, which strikes the receiver. Manipulation of Fourier’s Law allows us to estimate the amount of flux the receiver will conduct to the working fluid side.
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Thermal conductivity is the material property, which indicates its ability to conduct heat.  Its unit of measurement is W/m*K. Copper has a thermal conductivity of around 380 W/m*K at its exposed temperatures. 

Stirling-Cycle Engine Theory:

A Stirling Engine is essentially a heat engine.  The purpose of a heat engine is to create work from heat.  Unlike the open cycle of an internal combustion engine, the Stirling cycle is a closed cycle.  The open cycle has heat introduction in the form of a fuel of a specific heating value and primarily expels heat by exhaustion of combusted fuels.  The fuels for a closed heat engine comes in the form of thermal energy which is converted to work and exhausted as thermal energy as well.  The sealing of the system allows us to manipulate its contents with heat in order to make it expand and contract to perform piston work.  Commonly used working fluids of a Stirling engine are air, hydrogen, and helium.  Helium will be used because it is not explosive like hydrogen and it heats and cools more readily than air.

Efficiency of the engine is determined from the amount of work-net the engine can produce from the available temperature differential.  As illustrated in Figure 1, the temperature difference comes from a hot reservoir and a cold reservoir.  In this design the copper plate is represented as the hot reservoir.  Although the copper plate is losing heat to the working fluid and decreasing in temperature on the inner surface, it can be idealized as a reservoir because it is constantly being regenerated by conduction from the hotter outer surface, which is heated by the sun.  The cold reservoir is the engine’s environment, ambient conditions.  The cold temperature (T_c) is ambient and will vary with climate.  Heat-in (Q_h) is transient as the convective heat transfer varies through the cycle based on temperature difference.  The working fluid is heated, but as its temperature increases the temperature difference and heat transfer decrease.  Heat-out (Q_c) comes mainly from the aluminum plate to environment interface.  The aluminum will vary in temperature as the inner working fluid does, continuously varying the rate of heat transfer.  Heat-out is occurring throughout the system as all heated and external parts lose heat to the cooler atmosphere.  
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 Basic Heat Engine Diagram (3) (Figure 5)
To sum up the heat engine concept, concentrated sunlight creates the systems heat source. It is used to heat a copper plate, heat and expand a working fluid, push a piston, and create shaft work.  Shaft work is net work, which is the difference in work-out and work-in.  Where work is boundary work done by the gas on the piston.  This is negative as the gas compresses and positive as it expands and pushes the piston, propelling the crankshaft.  We have heat coming in to the system from a solar flux, heat going out via convection, work input from piston compression and work output from piston expansion. For higher efficiency, a low heat-out and a high heat-in are optimal.  

The Stirling Cycle can be broken down into four thermodynamic phases:  Isochoric heating, Isothermal expansion, Isochoric heat rejection, and Isothermal compression.  
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 Pressure-Volume and Temperature-Entropy Stirling Cycle Diagrams (4) (Figure 6)
Phases:

1-2:  Isothermal compression

2-3:  Isochoric heating

3-4:  Isothermal expansion

4-1:  Isochoric heat rejection

* To avoid confusion, the following cycles are explained beginning with stage 2-3, since this is the most practical way to initiate the description of the cycles, by starting with the heating. *

Isochoric heating (heating under constant pressure) comes from a heat source.  Some systems use the burning or combustion of fuel, but this one uses concentrated sunlight.  It is oriented to heat a copper plate and the copper plate transfers heat to the working fluid of the displacer cylinder.  The heat transfer to the working fluid is done through convection.  We will be utilizing copper and helium for this exchange because their properties allow for high heat transfer.  This convective heat transfer fuels the engine as it causes the helium to decrease in density and increase the pressure on the power piston. The power piston will be at TDC (top dead center) during this stage.  


The power output occurs during the isothermal expansion (constant temperature expansion) stage.  This stage follows heating; as heating of the working fluid is required to create the pressure needed to drive the power piston from TDC to BDC (bottom dead center).  Work output is in the form of boundary work.  The formula for boundary work is P*dV, where P is the pressure and dV is the difference in volume or displacement.  In an internal combustion engine displacement is: (Area of piston)*(Length of stroke)*(Number of cylinders).  We will calculate displacement the same way and represent it as dV.  Increasing either the pressure of the displacement will linearly increase power output.  However, the displacement is limited by the expansion of the working fluid.  The helium must expand enough to push the piston from TDC to BDC and overcome mechanical losses due to friction.  


A spinning shaft is a common and fairly simple form of useable energy.  Our Stirling engine will transfer the reciprocating motion of the piston to shaft revolution by use of a crankshaft and connecting rods.  A balanced flywheel will be mounted on the shaft, as its momentum will drive the system through the cycles in between power strokes/cycles.  The shaft can be connected to a generator to create electricity or it can be used to supply mechanical work.  Although for this to happen, we must cycle through the other two stages.


After isothermal expansion is isochoric heat rejection.  Heat rejection is needed to cool the working fluid after expansion, increase density, and allow for compression in the next stage.  Heat rejection comes from convection from the metal to the ambient air.  Heat from the working fluid is transferred to the metal, through the metal by conduction, and then released by convection.  We need to equate heat out with work in, heat in, and work out.  Too much heat loss will prevent the system from heating to the proper operating temperature; while insufficient rejection of heat will keep the helium thermally expanded (at low density), inhibiting its ability to be compressed.  The efficiency equation tells us that lower heat rejection will create higher efficiency so minimizing this while allowing the working fluid to reach a critical low temperature is optimal.  As heat out is from convection and is a direct result of surface area, we can modify the heat transfer by changing shape or adding fins.  The material also comes into the equation and for heat rejection we want to utilize aluminum for its valuable properties.


The fourth stage in the thermodynamic Stirling cycle is isothermal compression.  During this stage the power piston moves from BDC to TDC.  Like in the power stroke, once again we have work equal to PdV.  Unlike the power stoke in isothermal expansion, the stroke in compression is not out, but in. The energy balance of the heat engine will represent this work as a negative.  By convention, the heat going in and the work going out represent the positives in a heat engine.  As mentioned before, this work must come from the flywheel.  The flywheel must be of the correct specifications for an inertia, which will carry the motor from the power stroke, through cooling, compression, heating, and back to expansion (power).  We need a flywheel with enough mass that the moving mass will supply the force to carry the motor through the non-power cycles, but not have so much that it inhibits movement or creates significant mechanical losses.

Previous Prototype Model:

[image: image9.png]Figure 6: Assembled prototype engine




(Figure 7)

New Design and Components: 
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Figure 3: Stirling Engine Schematic (Figure 8)
Energy Balance of Copper Receiver:


With a Stirling Engine being a closed system that relies on the expansion and contraction of helium, it is important to model the amount of incident solar energy on our copper receiver provided by the solar collector. But, before elaborating on the specifics of the system and to avoid confusion with terminology, the word collector refers to the total system, meaning the receiver and concentrator.  The receiver is the element in the system where the radiation is absorbed and converted into some other energy form; it includes the absorber, its associated covers, and insulation.  The concentrator is the part of the collector that directs radiation onto the receiver.  The aperture of the concentrator is the opening through which the solar radiation enters the receiver (pg. 325)[8].  Because this system’s design parameters are limited by the amount of solar gain delivered from the concentrator, it requires us know what types of losses our receiver might be experiencing.  

For the sake of modeling our receiver in the most accurate sense, we must realize that our system is not going to be perfectly efficient.  It is unrealistic to assume that whatever solar gain strikes the surface of our receiver is going to conduct through into the working fluid.  Only some fraction of this gain will actually be able to conduct through to the internal gas.  When dealing with any type of thermal surface energy balance, losses must be considered.  Because our heat/energy source comes from concentrated solar light, the temperatures that the engine will be exposed to are quite high.  Based on the information gathered from previous team, the maximum temperature on the copper absorber is about 750K.  This is an extremely high temperature, much higher than ambient temperatures.  To model this system for calculations, we are assuming ambient temperatures of 300K, which is typical of San Diego weather.  

With any situation where there is a thermal differential between any two objects, their natural process is to reach some state of equilibrium. Due to a temperature difference, the laws of nature dictate that they will attempt to reach a thermal equilibrium point; where their temperatures will become the same.  This system will never reach thermal equilibrium since the there will be a constant solar flux incident on the copper receiver.  Due to the temperature differential present at steady state conditions the system will experience convective losses to the ambient surroundings. Convective losses are expected on both the top and side of the copper absorber.  We will employ equations from chapter six of Solar Engineering of Thermal Processes by John Duffie and William Beckman, to calculate these top and side losses. 

Convective loss off top

Qloss,top = hc,p-c1(Tp - Tc) + (T4p - T4c1) / (1/p + 1/c1 -1) (eq. 6.4.1)[8]
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Energy Balance Animation (Figure 9)
Illustration of Energy Balance

(This illustration does not show the coating on copper or the fused quartz cover)


Along with convective losses, it is safe to assume that because the engine is going to be exposed to such high temperatures, losses due to radiation must be considered.  To go about this calculation the absorptive and emissive properties of the material (copper) must be found.

                             Emittance of the copper absorber
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  (eq. 4.5.1)[8]
                                  Absortance of the copper absorber
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  (eq. 4.5.2)[8]
By using these equations the emissivity and absorptance can be found. Equation 4.5.1 shows monochromatic emission as a function of wavelength for a blackbody and for a real surface, both at the same surface temperature. The equation is illustrating the ratio of the energy emitted at a wavelength to what it would be if it were a blackbody.  Therefore, the total emittance is found by integrating over wavelengths from zero to infinity.  If the nature of the surface and its temperature are known, the emittance can be determined.  Since emittance is not dependent on any external factors, it is a property of the surface (pg. 183)[8].  However, in contrast to the emittance, which is specified by the nature of the surface and its temperature, absorptance depends on an external factor, the spectral distribution of the incident radiation.  In the context of solar energy we are usually interested in the absorptance for solar radiation.  For usual solar energy applications it is essential to specify that we are considering only absorptance for the terrestrial solar spectrum (pg. 184)[8].  

After the emittance of the copper absorber is calculated it is then pertinent to find the heat flux that is emitted by a real surface, (copper absorber) as it will be less than that of a blackbody at the same temperature.  The variables within this equation are such: sigma represents the Stefan Boltzman constant ( = 5.67 x 10-8 W/m2 -K4), and Ts represents the absolute surface temperature, and epsilon represents the emissivity of the copper.

E = Ts4 (pg. 9)[5]
The configuration of the solar receiver consists of a copper disk of thickness 1 inch, followed by a cover plate of stainless steel, and finally an aperture window of silica glass of diameter 3 inches.  This aperture window is a critical component when considering the convective losses of the system.  The quartz glass aperture has ideal properties to allow for maximum transmission of the incident solar gain. It also has low absorptive and reflective properties.  Physically, the quartz glass acts as a thermal insulator for our receiver by limiting convective losses. Quartz glass has a very low thermal conductivity, which is ideal for this system, and will not allow for much of the heat to conduct through the glass.  Natural convection exists between the glass cover and the copper absorber.  Because air has a low thermal conductivity, there is no efficient way for the heat to transfer to the glass cover from the absorber due to the air gap present.  Since the glass cover will have a low surface temperature relative to the temperature of the copper absorber, the temperature differential, which drives convection, will be minimal. The fused quartz glass acts as a thermal insulator also because it has very low absorptive properties and will not heat up like the copper receiver will.  So to optimize the system it makes sense to keep the exposed surface temperature as low as possible.  


For example, if there were no glass cover, the copper plate would lose a large portion of the solar gain due to the convection because its surface temperature will be around 750K.  Because the temperature differential between the copper and the surrounding air is about 450K, this would result in a very large and undesirable convective loss.  With the presence of a glass cover, the temperature differential between the cover and the ambient will be much lower, resulting in a much more acceptable convective loss.  

The next step in the process of performing the most accurate energy balance of the receiver system is to calculate the total solar energy absorbed the collector absorber.  The incident radiation on the surface has three different spatial distributions: beam radiation, diffuse radiation, and ground-reflected radiation.  Each must be treated separately (pg. 221)[8].  The absorbed radiation S can be determined by multiplying each term by its fitting transmittance-absorptance product. Following equation (pg. 221)[8]:

S = IbRb(b  +  Id(d(1 + cosgI(g(1 – cos(eq. 5.9.1)[8]
The (1 + cos term refers to the view factor from the collector to the sky and the (1 - costerm refers to the view factor from the collector to the ground.  Since our concentrator is going to be aimed directly at the sun, any sort of tilt angle does not need to be considered.  So for the sake of modeling this equation for this application, all the terms on the right side can be ignored except for the beam radiation and tau-alpha product. The Rb term refers to the ratio of tilted aperture area to the horizontal aperture area.  For this system this ratio goes to unity since the device/collector will be aimed directly at the sun, at all times.  The tau-alpha product term (refers to the solar radiation that passes through the glass cover and is incident on the absorbing surface.  Some of this incident radiation is reflected back to the glass cover and in turn reflected back to the plate.  Modeling the system in this fashion helps to find the most accurate figure for the total radiation that transmits to the absorber. 

To finally calculate the total useful energy output of the collector at steady state, we must find the difference between the absorbed solar radiation and the thermal losses.  To model this accurately a mean plate temperature must be found.  This is difficult since it is a function of the collector design, the incident solar radiation, and the entering fluid conditions (Duffie 239).  

Qu = Ac[S – UL(Tpm – Ta)] (eq. 6.2.1)[8]
The variables within the equation are as follows: Ac is the collector area, S is the total absorbed radiation, UL is the overall loss coefficient of the system, Tpm represents the mean plate temperature, and Ta refers to the ambient temperature of the surroundings. This equation will give will provide the useful energy gain in watts for our system.  This number when calculated will govern all other dimensions and parameters of our system.  While it is only one step in the overall process of designing process, it is equally one of the most important when beginning to understand the governing limitations the engine design must follow. 

Black Coating on Copper:


To optimize the absorptive and emissive properties of the copper absorbing plate the implementation of a blackened surface coating is being considered.  There are several ways to go about this process.  Anodization is one way to improve some of the thermal properties of the copper’s surface.  Unfortunately, anodization cannot withstand very high temperatures.  Since the engine will be exposed to temperature exceeding 700K, a high temperature coating is the only option.  The viable solution for the conditions present on the surface of the copper absorber is Pyromark series 1200 paint.  This is a high temperature coating that can withstand up to 1200 degrees Fahrenheit, and comes in several color options.  Some of its applications: infrared space heaters, boilers, furnaces, solar absorbers, or any other metal surfaces. It is a silicone-based coating that provides a long lasting protection against oxidation and corrosion. For this engine a black finish will be suitable since it has the highest absorptivity around 0.96.  This high absorption makes the coating almost a perfect black box absorber.  It is essential that this coating allow for the maximum absorption of the incident solar radiation.  This coating will improve the heat transfer in infrared heating applications due to the high emissivity properties.  The implementation of this coating will improve the overall thermal properties of our receiver and should increase the potential useable energy after radiative and thermal losses are considered.

Fabrication:


The solar concentrator represents one of the most important components for this system, because if there were no dish to provide a solar gain, the Stirling engine would be useless since there is no heat source.  The previous senior project group provided the dish that we will be implementing into the system.  The dish is approximately six feet in diameter and is constructed of a highly reflective but brittle material.  Because the integrity of the dish is vital to the performance and operation of the engine, a tubular supportive structure had to be fabricated in order to protect its longevity.  The manufacturer of the dish is no longer in business and since the panels are irreplaceable, we cannot afford to have any tears or fractures due to accidents or manufacturer design flaws.  The geometry of the dish is considered to be a parabolic concentrator.  It is comprised of 6 plastic panels, which help to keep the overall weight of the dish at a minimum.  Since the dish is designed to concentrate and focus solar radiation, the material properties must be suitable for the application.  This dictates that the dish exhibit highly reflective properties as well as an extremely low absorptivity.  If these design properties are met the dish will allow for as much as 90-95% reflectance of the incident solar radiation.  While this is a loss for the overall system gain, it is minimal to the system when compared to other constraints and losses.


Do the flimsy nature of the plastic dish; a more ridged structure was added to account for the potentially destructive elements it will be exposed to, such as wind. To construct the supporting frame for the dish, some design considerations had to be accounted for.  Firstly, the frame had to support the dish while not interfering with the incoming light.  Secondly, the frame needed to be as light and strong as possible, as the system is going to be made to track the sun’s movement across the sky.  Lastly, the esthetic of the frame is important if this system is to ever make it to the consumer market.  After considering many ideas, the basic layout for the supporting frame was decided.  

Before any fabrication process, a template should to be made to assure that the design parameters are followed exactly during the fabrication process.  The dish has a circular geometry and ideally, one would want a perfectly circular bend. Such a bend warrants the use of a mandrel bender, but due to constraints in available tools, a series of 24, 15-degree bends had to be made with a hydraulic haussfeld bender.  This is no easy feat since the finished frame must remain completely horizontal; all bends had to be in the same plane with each respective bend.  Once the primary tubular ring was bent and tack welded into place, the securing tabs were welded.  These tabs bolt to the junction of each panel around the outside perimeter.  While this single “hoop” secured the panels into place, it did not take any of the load bearing pressures off of the panels.  Strut bars were cut and bent and welded from the outside tube.  There are three struts evenly placed around the perimeter of the circular support tube.  The struts finally completed the frame network once they were fastened to the aluminum center hub.  With the finished frame the panels are now safe from flexing and any other foreign object that could potentially cause a fracture.
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Picture of Fabrication Done, Center Hub Struts (Figure 10)
Heat Transfer into the fluid:

In order to model the heat transfer into the fluid, the assumption of constant surface temperature was made. This was done with the use of an arbitrary material transferring heat into helium as the working fluid. This assumption takes out the variable of material selection for the time being and makes the analysis much easier to model. The governing parameters of this equation for this case were: were assumed inlet and exit temperatures of the working fluid, the surface temperature of the material, a calculated heat transfer coefficient, the diameter of the hole the fluid is passing through and the mass flow rate along with the specific heat capacity of helium. 
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(eq. 8.66)[5]

The heat transfer coefficient is a function of the Nusselt’s number, the conductivity of the working fluid, and the diameter of the hole. Therefore, the Nusselt’s number (which is a function of Reynold’s number and Prandlt’s number) must be solved for, as the other two parameters were defined by the system. Due to the geometry of the material that the fluid passes through, this number was not easily found and more assumptions had to be made. Generally, basic assumptions about steady state or constant flow conditions govern a system and are usually modeled as a flat plate or a smooth tube, in which case the flow can be modeled as laminar or turbulent. But due to the abrupt changes in the flow direction and the internal mixing, the assumption of turbulent flow was fitting to the model and an approximated Nusselt’s number was found. 
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(eq. 8.43)[5]
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(eq. 8.44)[5]
With the heat transfer coefficient found for all the different geometries and diameter holes, the modified constant surface temperature equation could then be solved for. Due the nature of a closed cycle engine, the working fluid is essentially recycled through the heat source and heat sink every rotation of the engine. Upon first starting the engine, the average gas temperature is close to ambient, but as the engine runs through a few cycles, the average gas temperature will increase, as it is being heated and cooled. Every time the gas passes through the heating material, it will be hotter than the time before until finally, the hot and cold gas temperatures converge to what the system will allow. To perform such hand calculations would consist of guessing inlet and exit temperatures to solve for the log mean temperature ((Tlm), and use that number (in the equation for constants surface temperature) to solve for the exit temperatures through the heat source (hot side). The exit temperature from the heat source then becomes the inlet temperature for heat sink (cold side). The equation is solved again with the new log mean temperature as a function of the previous inlet and exit temperatures to find the new exit temperature from the heat sink (which becomes the new inlet temperature for the heat source). These calculations continue until the system’s hot and cold temperatures (Th and Tc) converge. These series of iterations would of take countless hours to solve and allow for more human error, so excel was used to do the iterations in solving for the working hot and cold temperatures of the system. These Th and Tc are the temperatures that get plugged into the thermodynamic cycle to evaluate the work output of the system.

Porting:
In a Stirling cycle, the pressure and volume of a state and the change of volume determine the available power output of the engine. 

W=P*V*Ln (V2/V1)

(P.64)[16]

Since the system obeys the perfect gas laws, it is also true that PV=MRT. Therefore,

W= M*R*T*Ln (V2/V1) 
(P.64)[16]

So the work into the system uses the low pressure (initial pressure of the system before compression) in conjunction with the cold temperature (Tc) to determine how much energy in Joules per cycle it takes to drive that state. The same is true for work output of the system, but instead, the hot temperature (Th) is used with the high pressure (pressure after compression) to find the work that the engine produces in Joules per cycle. So one can see the importance of getting the difference in Th and Tc to be as large as possible, because the net work is defined as the work in minus the work out.  

Wnet = Win - Wout 

(P. 65)[16]

The ability to get the difference in the effective hot and cold temperatures, (delta T) as high as possible, lies within the selected materials ability to transfer the energy into the fluid. This needs to happen as efficiently as possible, so material selection and geometry are extremely important. The previous model for the Stirling engine had internal fins incorporated to increase the surface area in which the fluid passes across. In an attempt to increase the heat transfer even further, the implementation of ported holes in both hot and cold heat sinks was incorporated. The horizontally drilled holes through the material are 3/8-inch diameter and are spaced evenly throughout the heat sink. These larger ports are supplied by smaller 1/16-inch holes drilled into the plate normally (perpendicular). The more 1/16-inch holes internally present, the better the heat transfer will be between the material and the working fluid. An ideal heat exchanging system would be honeycomb shaped heat exchanger at a constant surface temperature higher than that of the working fluid (if heat is being added to the fluid). The fluid will enter the heat source (heat exchanger) at a lower temperature, pass through the honeycomb inside the exchanger, and exit at a temperature near that of the source. Although that system is ideal for maximizing heat transfer between the source and the working fluid, we do not posses the means or machining experience to create such an intricate design. For this reason the implementation of a ported hole design is used as the alternative to a honeycomb design. Also, the gas will never reach the same temperature as the source. The system is going through many cycles per second, so the fluid is never exposed to the heat exchanging process for the adequate amount of time to reach the temperature of the source. 

Pressure Drop through Ports:


Careful attention had to be given to the potential pressure drop that that working fluid would experience when shuttling through the copper and aluminum ported plates.  While the ports offer a fantastic solution for optimal heat transfer, due to the increased surface area, forced convection, and turbulence; it is not the only factor to be considered.  Any time there is a change in diameter, the velocity and the pressure of the fluid will change.  This pressure drop, if significant, could affect the functionality of the engine in a negative way.  Because the Stirling engine has a closed cycle, the only way that power can be extracted through boundary work is by the increasing pressure from the expanding gas.  This pressure increase has to be large enough to depress the power piston and create shaft work.  Since this port design is being considered as a means to super heat the fluid temperature, the pressure drop through each port must be calculated.  The port design would only be accepted if the pressure drop though the plate was much smaller than the overall pressure increase of the system.  Essentially, if the pressure drop in the ports is small, then the losses can be considered minimal and an acceptable sacrifice for the superior heat transfer that will be attained.  

Material Selection:

Another factor taken into account to maximize heat transfer is material selection of the heat exchangers. Many materials were considered as possible candidates due to their thermal diffusivity properties. In such a sensitive system, one would need a material, which transfers the most amount of heat as quickly as possible. Material with a high thermal diffusivity is best suited for this system. 

a = /rCp   [m2/s]  (pg. 72)[5]
Thermal diffusivity is a ratio of the thermal conductivity to the heat capacity of a material and “it measures the ability of a material to conduct thermal energy relative to its ability to store energy”[5]. So materials which posses a high diffusivity will respond more quickly to changes where as one with a smaller number will act more sluggishly. [5] Since materials act differently at different temperatures, it is important to choose materials based on the temperatures at which they are operating. The goal is to match two different materials that have the same diffusivity at the different operating temperatures. Since the heat source will be operating at temperatures close to 750 Kelvin and the heat sink at 350 Kelvin, the material properties at these temperatures need to be matched, as these are the temperatures in the cycle that govern the material selection.  Based on the governing temperatures of the system, copper was chosen for the heat supply to the engine, and aluminum for the heat rejection. Since this cycle is run from solar radiation, the mass and geometry of the chosen materials are important.  Making the copper an inch thick will provide enough thermal mass to keep the engine sustained (running) for some time if the heat supply to the copper should be cutoff. For example: if there were cloud cover for a brief time blocking the sunlight or if the dish was not pointed directly at the sun. As for the aluminum: it needs to have an appropriate amount of surface area to reject heat to the atmosphere efficiently. 
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                  COPPER PLATE                                                          ALUMINUM PLATE
(Figure 11)
Heat Rejection:

Any heat engine follows that there is work in, heat in, work out, and heat out. An energy balance for that cycle says what goes in as heat or work must come out as heat or work. In a regular combustion heat engine, the heat out is rejected through mass transfer emissions, where the exhaust heat is being dumped into the surrounding atmosphere. That is not the case for a closed cycle engine though. The Stirling cycle still has heat to reject, but the lost heat energy happens through a heat transfer from the fluid to the aluminum via conduction. As a result of natural convection, the ambient air-cools the aluminum.  This natural convection process is driven by the fundamental laws of nature attempting to reach a thermal equilibrium due to the temperature differential of the aluminum surface to the ambient surroundings.  This is the source heat rejection in this cycle. To do this efficiently, the aluminum would need a surface area great enough to reject all the unused heat in the cycle. The previous engine utilized a 3/8-inch thick stainless steel plate at the heat rejecter. Small internal fins were cut into the surface, increasing the surface area for the conduction from the fluid into the stainless steel, but not fins were added on the outside of the heat rejecter, which is equally as important in this system. With no fins to help expel the heat to the ambient surroundings, the plate had an inadequate amount of effective surface area to get rid of the heat in the stainless steel that was collected from the fluid. With that being the case, the plate temperature would rise making the steady state temperature higher than desired. Having a high heat rejecter temperature is a detriment to the Stirling cycle because delta T will be much lower and as a result, the efficiency of the system will drop or not work at all. 

As a solution to the problem, the material of the heat rejecter was changed from stainless to aluminum, which has a much higher diffusivity. This simple change will allow the rejecter to get rid of waste heat faster. Along with the material change, a number of changes were made to the geometry of the heat rejecter. It is no longer a thin flat plate that the rest of the system mounts to. It now is ported cylinder with a diameter about two inches larger than that of the copper receiver. It is approximately 2 inches thick and has eight ¾-inch fins that are machined around the parameter of the aluminum. These machined fins will increase the surface area exposed to the ambient air, hence increasing the heat transfer. It, like the copper, will be ported as well using the same technique in machining. The only difference between the copper ports and the aluminum ports is the 1/16-inch diameter connecting ports (drilled holes) will be approximately an inch longer due to the added thickness of the aluminum. These changes will provide the proper amount in heat/energy loss for the system to run as modeled.[5]

Displacing Piston Design:

The new system needs an efficient way of shuttling the fluid through the ports without adding friction to the system. The previous system used the displacer piston to shuttle the fluid from the copper to the stainless. The annulus between the cylinder walls and the displacing piston were extremely large about (6mm in diameter difference) allowing for a lot of blow by and an inefficient heat transfer into the fluid. The new model has tighter tolerances between the cylinder and the piston, approximately 1/100 of an inch. The other change made is a lesser thickness, measuring approximately ½ inch compared to the old 1 inch. This results in less mass, which makes it easier for the system to travel through the different states.

Power Piston Design:

The dimensions for the power piston were tough to model. A large diameter piston with a long stroke will have a large volume change, which will result in a large power output for the system. The negative effect of increasing the size of the piston is an increase in friction due to more contact surface between the piston and cylinder walls. The power piston needs to seal perfectly if the system is to be efficient and hold pressure. Friction will cause a decrease in the RPM, as it will resist both the compression stage and expansion stage in the cycle, resulting in a lower power output. A compromise must be made in order to have a high power output and a low friction. Another driving factor is the availability of pistons and cylinder to utilize. The decision in modeling the piston size took into account all the discussed variables and a 94mm diameter piston was chosen because it is approximately the same size as the displacing piston, readily available, and donated from Major’s Performance Racing Motors. A custom-fitting cylinder will be machined there as well. This will allow for the cylinder to be more easily incorporation into the system, without retro fitting an existing cylinder.
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                                             Displacing Piston                         Power Piston
(Figure 12)
Conclusion:

The aim of this project was to make revisions to the existing Stirling model, find out why the system was unable to make power or sustain motion on its own. After collecting thoughts with the previous team members and taking into account their comments and suggestions, a new Stirling engine model was developed as a replacement.  A completely different arrangement of parts, material selections, and heat transfer theories were comprised.  This resulted in a new and more efficient design, which mathematically increases heat transfer into the working fluid and heat rejection to the atmosphere. These modifications will also aid the future progressions of this project. A new, more accurate, thermodynamic cycle (developed by/for NASA) was used to model the working cycle. From that, it was easy to see in the previous model, that the change in volume due to the compression cycle was completely incapable of making power; hence the larger piston diameter size implemented in the new model, which is approximately 2.5 times that of the previous. This should allow for a significant increase in power when compared to that of the prototype. Although changes were made, the attempted power output of 1000 Watts seems somewhat out of sight for this model (for the time being), but the goal will remain.  Ruling out such a goal would contradict the commitment and dedication provided by all parties involved. The ending goal of 1000 Watts still stands and will be strived for. 

Nomenclature:
( - Absorptivity at wavelength. 

Aperture - The opening through which the solar radiation enters the absorber.

Beam Radiation - Solar radiation received from the sun without having been scattered by the atmosphere. Beam radiation is often referred to as the direct solar radiation to avoid confusion between subscripts for direct and diffuse.

Cp – A measurable physical quantity that characterizes the amount of heat that is required to change a body's temperature by a given amount.
Cv – A thermodynamic process during the volume of the closed system ungergoing such process remains constant. 

Concentrator - acrylic mirrored parabolic solar concentrator.

Conduction - the transfer of thermal energy between neighboring molecules in matter due to a temperature gradient.

(TLM - The log mean temperature difference s used to determine the temperature driving force for heat transfer n flow systems, most notably in heat exchangers. 
Id - The solar radiation received from the sun after it’s direction has been changed, by scattering by the atmosphere. Diffuse radiation is referred to in some meteorological literature as sky radiation or solar sky radiation.

p - Plate emissivity.

c - Cover emissivity.

- emissivity at wavelength.

Emissivity - The relative ability of its surface to emit energy by radiation.
Flux - flow of energy per unit of area per unit of time, W/m^2

Hc,p-c1 - Heat transfer from absorbing plate to the cover.

Heat Transfer Coefficient (h) - the proportionality coefficient between the heat flux and the thermodynamic driving force for flow of heat.
I - Radiation at wavelength.

Irradiance - The rate at which radiation energy is incident on a surface per unit of surface area. 

Mass Flow Rate (m_dot) – The mass of substance, which passes through a given surface per unit time.
Nusselt number (Nu) – The ratio of conductive to convective heat transfer across a surface. 

Prandlts number (Pr) - A dimensionless number approximating the ratio of momentum diffusivity (kinematic viscocity) and thermal diffusivity.
UL - total loss coefficient.

Qu - Total usable energy after considering the thermal losses and total

absorbed radiation (S).
Qloss,top- Convection off top.

Reflectivity (- the fraction of the incident radiation reflected by a surface.

Reynolds number (Re) - A dimensionless number that gives a measure of the ratio of inertial to viscous forces and consequently quantifies the relative importance of these two types of forces for given flow conditions.
 - Stefan Boltzmans constant. The total energy radiated per unit surface area of a black body in unit time is proportional to the fourth power of the thermodynamic temperature. (5.67 x 10-8  W/m2 K4)
Ta - ambient temperature
Tpm - Mean plate temperature

Tsurface - surface temp

Tin - inlet gas temp

Tout - outlet gas temp

Tp - plate temp

Tc - cover temp

tau-alpha product (- Transmittance – absorptance product. 

Thermal conductivity (k)- is the material property, which indicates its ability to conduct heat.

Thermal diffusivity ( – The thermal conductivity divided by the volumetric heat capacity.

Total Solar Radiation (Ib) - The sum of the beam and diffuse solar radiation on a 
surface. 

Rb – The ratio of tilted area to that of a horizontal area.

S – The total solar radiation absorbed.
T_c – Cold reservoir/aluminum temperature.

T_h – Hot resvoir temperature/ copper plate.

Q_h – Heat into the system.
Q_c – Heat out of the system.
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