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Study on Construction and Modification of a Stirling Engine
Abstract

In this study, a Stirling engine was constructed using oxygen as a working fluid. The engine was created primarily out of aluminum; however, various portions of it (such as the crankshaft, the connecting rods, and the cold reservoir) were made of non-aluminum materials. In addition, “Seal-All” brand sealant was used as an adhesive for all internal portions of the engine (the displacer and the displacer connecting rod). To seal the external areas of the engine (the connections between the fire box and the piston as well as the top portion of the piston to the bottom portion of the piston), “Anchor-Tite” brand epoxy was used. The engine constructed failed to work. An investigation was then conducted exploring the possibility that the adhesives used were unable to withstand the temperature environment necessary for the engine to operate. Five distinct epoxies and adhesives (including the “Seal-All” and “Anchor-Tite” which were originally used) were tested for durability in a temperature environment comparable to that of the engine. The results of the test revealed that both the “Seal-All” and “Anchor-Tite” adhesives respond poorly to high temperature environments, and thus, were a poor choice to use for the engine. The data suggests that the adhesives used on the original displacer melted and adhered to the piston walls which effectively locked the engine. The results of the adhesive investigation indicated that the “Xtreme Repair” and “Loctite Metal/Concrete” brand adhesives were the most resilient to the engine’s temperatures and should have been used in the construction of the original engine.

Introduction

The goal of this study is to construct a Stirling engine and ultimately increase the efficiencies of this engine to its maximum within a feasible design and setup. The Stirling engine was constructed from a base set of materials and “Seal-All” and “Anchor-Tite” brand adhesives. The originally constructed engine, however, failed to operate. Several minor adjustments on the engine were made but the engine did not operate. After 2-3 minutes the engine was observed to have locked up, that is the displacer would not freely move up or down in the piston. In light of this failure, a new study was formulated to investigate possible problems in the engine concerning the adhesives used and their resiliency to the high temperature present in the engine. Different epoxies and sealants were tested for durability to similar temperature environments comparable to those of the engine. The results were used to determine if the adhesive failed in the original engine, and if so, which adhesive would have been the best selection for enduring the engine’s intensive temperatures. 


The Stirling engine, invented by Robert Stirling in 1816, is a uniquely designed engine which utilizes pressure and thermodynamics to produce work (Hirata). The engine, in its simplest form, consists of two separate yet connected cylinders, one at a relatively high temperature and one at a relatively low temperature, which contain some sort of working fluid, usually a gas such as hydrogen or nitrogen (Halliday 1997). Pistons are also present in the engine and eventually move up and down to produce the engine’s work output (Halliday 1997). 

The engine produces work using four thermodynamic processes (Halliday 1997). First, the fluid (present in the high temperature cylinder) is heated isothermally causing the gas to expand and drive the piston downward. The depressed piston is then forced back up the cylinder in an isochoric or constant volume process which forces the fluid into the low temperature cylinder, thus forcing its piston downward. In this new low temperature environment, the fluid contracts (again isothermally) thus pulling the piston upward slightly. The piston is then forcibly moved upwards until all of the gas is forced back into the high temperature cylinder, and the process is repeated.


A Stirling engine can be effectively constructed using a variety of different materials and adhesives. For the original engine construction, aluminum was used to create the hot reservoir piston and the displacer (as well as the casing for the heat box). While PVC piping was used to create the cold reservoir, virtually every portion of the engine that came in contact with heat was aluminum. Aluminum was selected as the primary building material because of its easy accessibility, its ability to be easily manipulated (for example, bent), and for its ability to heat up and cool down quickly (its high thermal conductivity). This thermal resistance, or R-value, can be calculated using the equation 
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 where L is the broadness of the material and k is the thermal conductivity of the material (Halliday 1997). While the L-value will change from situation to situation, the k-value stays constant to the material. Aluminum has a k-value of 235 W/m ∙ K which is relatively high in comparison to other materials (the k-value of stainless steel is 14 W/m ∙ K) (Halliday 1997). What this means is that aluminum resists conduction poorly, and thus heats up and cools quickly.


For an internal adhesive, “Seal-All” brand sealant was used because of its accessibility, quick drying capabilities, easy application methods, and ability to create air tight locks. This sealant eventually proved faulty, however, which gave rise to the second investigation regarding adhesives. In this adhesive investigation, five adhesives were tested: 1) “Xtreme Repair,” 2)”Seal-All,” 3) “Super Weld,” 4) “Loctite Metal/Concrete Epoxy,” and 5) “Anchor-Tite.” Different adhesives are designed for different purposes, and each has a corresponding temperature durability that is based mainly on the chemical contents of the sealant. While each adhesive does not reveal its chemical construction, they do show the estimated maximum temperature they can be exposed to before failing. These temperatures are as follows (all temperatures are in degrees Fahrenheit): 1) 400, 2) 160, 3) 250, 4) 120, and 5) 220. (Note: The number of adhesive corresponds to the above mentioned list of adhesives.) Since the “Xtreme Repair” adhesive has the highest maximum temperature durability, it is anticipated that it will endure the simulated temperature environment for the longest period of time. (Note: Because the maximum temperature resistances of the adhesives are known, it would appear an obvious choice to make; however, the provided temperature resistances are only estimates. Also, adhesives and their performances are often environment specific concerning performance under temperature, which means that empirical evidence can prove drastically different than theoretical indication.)  
 


With the results of this study, the implementation of acquired Stirling engine technology will be utilized at the Coffin Butte landfill with the purpose of converting landfill gas into energy. Currently, excess landfill gas produced by Coffin Butte is simply flared, or burned, off. This practice, appearing wasteful, is currently the only practical use of the excess gas. While former studies connected with the Coffin Butte landfill have attempted to convert the gas into energy through use of a fuel cell, this method has proved unsuccessful because hydrogen sulfide, present in the landfill gas, poisons and thus destroys fuel cells. While methods of reforming the gas into a useable fluid for the fuel cell have also been investigated, these too have rendered inconclusive results. Through the use of Stirling Engines, however, the landfill gas could be used to effectively create energy by combusting the gas as a source of heat for the high temperature cylinder of a Stirling engine. Heating the engine in such a way would provide the steady source of high temperatures needed to drive a Stirling engine, and thus keep it operational and energy productive. Using a Stirling engine in this fashion would thus be both feasible and practical.


A similar Stirling engine setup has been employed at the Corvallis Wastewater Treatment Plant in Corvallis Oregon (Hanthorn 2006). At this plant, a Stirling engine was installed to produce energy to power certain buildings on the plant site (Hanthorn 2006). To operate the engine, excess gas (produced from the wastewater) is externally combusted and used to increase the temperature of the high temperature portion of the Stirling engine. This heating effectively runs the engine, which is connected to a generator that converts the Stirling engine’s work into electrical power (Hanthorn 2006). The particular engine that the plant utilizes produces 55kWe (continuous duty) of electrical power and operates at 30% electric efficiency (STM Power 2006).


The Stirling engine has proved advantageous at the Corvallis Wastewater Treatment Plant for several reasons. First, the Stirling Engine is an external combustion engine which means the combustion required to operate the engine happens on the outside of the engine. What this means is that few problems occur with the burning or general use of unreformed gas (Hanthorn 2006). This combustion style also contributes to the fact that the Stirling engine is a low maintenance engine (Hanthorn 2006). Once the engine is installed, little tune up or repair is needed because, due to the simplicity of the engine design, little goes wrong with the engine once it is running (Hanthorn 2006).The Stirling engine is also quiet, producing 58 dBA at 7 meters (STM Power 2006). With all these factors, the Corvallis plant has effectively embraced and utilized the Stirling engine as a means by which to turn unreformed gas into power (Hanthorn 2006).


The Stirling engine is not without its drawbacks, however. Discovering an effective working fluid to use for the engine can often prove difficult. Possibly the best working fluid is hydrogen because it heats up and cools down quickly, and therefore operates favorably in the Stirling engine environment (Hanthorn 2006). Hydrogen molecules, however, are so small that it is difficult to contain them within the engine (Hanthorn 2006). Using hydrogen as a working fluid therefore means that a method of replenishing the engine’s hydrogen must also be employed. This replenishment adds further hassle, complication, and cost to the engine process. More practical and countable working fluids that can be used are nitrogen and regular air, but these fluids do not operate as well as hydrogen (Hanthorn 2006). Perhaps the biggest drawback to the utilization of the Stirling engine is cost. The Wastewater Treatment Plant’s Stirling Engine cost an estimated $55,000 and is thus somewhat expensive (Hanthorn 2006).

Methods


The experiment originated with designing and constructing a Stirling engine.  An extremely detailed parts list with design specifications can be found at 
http://www.geocities.com/therecentpast/Parts.html. A more general overview of the parts is listed below:

· 2 inch straight quilting pin

· 1” by .25” copper tube

· Washer with .25” hole

· Helium Balloon

· .75 inch PVC cap with 1.125 inch diameter 

· .125” by .25” copper tube

· .5” piece of square shaped steel

· 2 CD’s

· 2 Pennies

· Aluminum wire

· Aluminum cans

Note: It is always wise to have a plethora of aluminum cans when constructing this engine.  There are many components that incorporate aluminum cans and some parts require several.  


The parts list above is then used to create three main components of the Stirling engine.  The Displacer, the Pressure Vessel, and the Firebox.  The detailed instructions for construction of these components can be found at http://www.geocities.com/therecentpast/Parts.html, and http://www.geocities.com/therecentpast/instructions.html. 


Displacer – An aluminum drink can with top and bottom cut off leaving a 1.25” tall cylinder. Both top and bottom have been replaced with a bottom of an aluminum can.  The final diameter of the displacer is 95% the original diameter of a 65mm diameter can.  The two-inch quilting pin is then glued to the top of the displacer.
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Note:  All images obtained from http://www.geocities.com/therecentpast unless otherwise stated (sketches, however are original).


Pressure Vessel – An aluminum can with the top cut off with 2.5” remaining on the can.  Glued where the top was is the bottom of another can (known as the pressure vessel top), 1” tall with a .125” hole in the center.  On the inside of the pressure vessel top, a .125” by .25” copper tube is glued so it encases the hole. The .5” piece of square steel is then punched to create a hole approximately the diameter of the quilting pin and glued to the top of the copper tube on the pressure vessel top.
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The displacer is inside the pressure vessel, and the attached quilting pin should be able to slide through the copper-tube-steel-square apparatus with ease allowing the displacer to move in a piston fashion in the pressure vessel.  On the side of the pressure vessel, a .25” hole is punched and the .25” washer and 1” by .25” copper tube is glued on. Glued on the other end of the copper tube is the PVC cap via a .25” hole on the side of the PVC cap.  At the top of the cap is a piece of the helium balloon sealed air tight.




Firebox- An aluminum can with the top cut off leaving it 3.5” tall, and a 1.5” x 1.5” square is cut in the side of the can near the bottom.  The bottom of the inside of the can must be flattened using any method.


Essentially, these three essential parts were glued together with a crankshaft attached to the quilting pin at the top of the engine and a candle inserted into the firebox through the square hole. 


The first construction of the Stirling engine did not prove to be fruitful.  The engine simply did not work, and after a few sessions of troubleshooting it was decided that the engine be reconstructed from scratch after a thorough investigation of different aspects which could have caused of the engine’s failure.  During various testing trials of the engine, it became apparent that the adhesive used to construct the engine did not possess the heat tolerance to sustain the type of operation the engine needed. Thus, the investigation evolved into a search for the perfect epoxy/adhesive.

Materials:

· Six aluminum cans

· Four .25oz (.007kg) washers

· 1 ft long red candle

· Xtreme Repair adhesive (-50F – 400F)

· Seal All adhesive (0F-160F)

· Super Weld adhesive (0F-250F)

· Loctite Metal/Concrete epoxy (0F-120F)

· Anchor-Tite epoxy (0F-160F)

Procedure:

1. Cut off the bottoms of four of the aluminum cans leaving each one 1” in height.
2. Glue one washer to each of the can bottoms.  Use a different adhesive for each bottom. DO NOT MIX AND MATCH GLUES AND BOTTOMS.
3. Construct a firebox out of one of the aluminum cans (instructions for constructing a firebox are above).
4. Construct a pressure vessel bottom out of one of the aluminum cans (instructions for constructing a pressure vessel bottom are above).
5. Attach the pressure vessel on top of the firebox as in the original Stirling engine configuration.



6. Affix one of the bottoms of an aluminum can (with the washer attached on bottom) 11/16” from the bottom of the pressure vessel.

7. Insert lighted candle in the firebox so that the outer cone of the flame is touching the top of the firebox.

8. Time from the moment the flame touches metal to when the adhesive holding the washer looses its structural integrity and the washer falls (should make a distinct sound).

9. Repeat step eight for each bottom (each of different adhesives) three times.

Results

The three trials of each adhesive returned the following results:

	Epoxy/Adhesive
	Trial 1
	Trial 2
	Trial 3

	Seal All
	5 min

35 sec
	1 min

10 sec
	57 sec

	Xtreme Repair
	20+ min
	20+ min
	20+ min

	Super Weld
	5 min

12 sec 
	5 min 

30 sec
	6 min

15 sec

	Loctite Metal/Concrete Epoxy
	15 min

3 sec
	14 min

29 sec
	17 min

23 sec

	Anchor-Tite Epoxy
	27 sec
	33 sec
	49 sec


As depicted by the table, Seal All had the most drastic differences in time with three trials returning from 5:35 to only :57 in the end.  Xtreme Repair had the best results as each trial went over 20:00.  Super Weld was pretty consistent in its performance and held a steady 5:12 to 6:15 range of times.  Loctite Epoxy showed formidable results with times of 15:03, 14:29, and 17:23 almost matching the Xtreme Repair’s times. Anchor-Tite Epoxy was one of the primary glue’s in the Stirling engine constructed, and the trials clearly show why the engine failed with miniscule times of :27, :33, and :49.
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Discussion


The original construction of the Stirling engine was unsuccessful due to the fact that the engine failed to successfully operate. While minor adjustments to the engine were made in hopes of restoring operation, the engine’s flaw (or flaws) proved to be major and thus beyond the realm of minor repair. Because of time limitations surrounding the investigation, it was unfeasible to reconstruct another engine, so the focus of the investigation shifted to identifying the error or errors in the original engine. It was believed that the original engine was constructed correctly, and thus the engine’s inability to operate appeared to stem from a material flaw or error. The researchers then focused on the epoxy used on the engine (especially in the internal regions of the engine) and discovering if this was indeed a problem that prevented the engine from running.


In the epoxy investigation, it was hypothesized that the “Xtreme Repair” adhesive would exhibit the highest durability time when exposed to a temperature environment similar to that of the original Stirling engine. The data revealed that this was indeed the case, as the “Xtreme Repair’s” durability never failed (it was the only epoxy not to break its bond) even when present in the temperature environment for prolonged periods of time (twenty minutes and longer). The hypothesis was thus correct.


The data suggests that the “Seal-All” adhesive used on all internal portions of the engine can not withstand the high temperatures necessary to operate the engine and thus (in the original engine) melted in the piston shaft. The reason the “Seal-All” could not endure the high temperatures is due to the fact that it’s main chemical components are methyl ethyl ketone and acetone. While both chemicals are common in a variety of adhesives, they are not specially tuned to heat resistance. The boiling point of methyl ethyl ketone is 176 degrees Fahrenheit (Methyl Ethyl Ketone, 1998) and the boiling point of acetone is 132.8 degrees Fahrenheit (Acetone, 1994). Both these boiling points are nearly half the approximate 250 degree temperature of the internal Stirling engine environment. Such inadequate heat resistance explains the fact that the “Seal-All” melted relatively quickly in all three of the temperature trials.


The data also suggests that the “Xtreme Repair” has the highest heat durability of all tested epoxies. As with the “Seal-All,” “Xtreme Repair’s” tremendous heat enduring capabilities can be accredited to its chemical makeup. Unlike the “Seal-All,” however, the manufactures of “Xtreme Repair” do not disclose the contents of their adhesive, and it is thus uncertain what exactly makes it so heat resistant. One possibility, however, is that it contains the chemical Bisphenol A. Known to be present in some high-temperature epoxies, Bisphenol A has a relatively high boiling point of approximately 482 degrees Fahrenheit (Bisphenol A, 1994). Such a boiling point is nearly double the 250 degrees Fahrenheit generated in the temperature environment. In addition, the fact that Bisphenol A’s boiling point is so similar to the advertised maximum temperature range of the “Xtreme Repair” (482 degrees Fahrenheit versus 400 degrees Fahrenheit) suggests that Bisphenol A is indeed present in the “Xtreme Repair” adhesive.


Given the data, it can be logically concluded that “Seal-All” was a poor sealant choice for the internals of the original Stirling engine. The data also suggests that the “Seal-All” melted to the walls of the piston, thus locking the displacer and rendering the engine immobile. It can also be concluded that “Xtreme Repair” adhesive would have been the most logical choice for epoxies, and if used, would have prevented the implied adhesive troubles that were encountered in the original engine’s testing. This conclusion is due to the fact that “Xtreme Repair” was the only adhesive to endure the temperature testing intact.


While the construction of the Stirling engine can be improved upon in numerous ways, the second investigation conducted by the researchers conclude that a more heat resistant sealant (such as “Xtreme Repair”) should be used so as to eliminate the engine locking experienced in the early stages of this investigation. For the epoxy testing portion of the investigation, more epoxies and adhesives could be tested because an even more durable adhesive may exist that was simply not tested in this investigation (this investigation tested five distinct types; however, there exist a large number of others that could be tested).


The next step in this investigation is to reconstruct the original Stirling engine from scratch, changing nothing from the original design with the exception of replacing “Seal-All” adhesive with “Xtreme Repair” adhesive. By reconstructing the engine in such a fashion, it can be determined whether or not the adhesive was the only flaw in the design and execution of the originally constructed engine. If such adhesive substitution still does not render the engine to work, more investigations should be conducted concerning other possible errors in the engine’s design and material composition. If the use of a more heat durable sealant does cause the engine to operate, however, experiments should be conducted to better increase the engine’s efficiency and work output. The ultimate goal, of course, is to implement a Stirling engine at the Coffin Butte landfill with the effect of utilizing the heat of flared gas; however, such execution is far in the future as the current engine has grievous flaws.
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