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Abstract

Retention of students after completion of the sophomore year in Mechanical Engineering is a
problem. Students who remain often display low enthusiasm which is evident in class and on
school work. Our goal is to introduce an engineering project in the sophomore year that
generates a high level of student interest and aids student retention. To address similar issues,
MIT includes the assembly and analysis of a Stirling engine by their sophomore students. Our
challenge is to adapt the MIT Stirling engine project into the curriculum of a land grant
university with a different fee structure. The Idaho Engineering Works, a group of mechanical
engineering graduate students, modified the MIT Stirling engine to allow fabrication in the
department machine shop. We introduced the fabrication and assembly project into the
Sophomore Laboratory course and designed new laboratory exercises around the Stirling engine.
The first iteration of the Stirling engine project was in the spring of 2001. Student response was
very positive.

Introduction

The Mechanical Engineering Department at the University of Idaho is similar to other
departments in seeking ways to improve recruitment and retention as well as ideas that improve
the educational experience for our students. The premier issue of “Mechanical Engineering
Design” magazine included an article that described how MIT students fabricate and assemble a
miniature Stirling engine.! The article reviewed the educational objectives of the project. These
included assembly, designed in tolerances, concepts of power and energy transfer, analysis of
engine power output, and efficiency. Additionally, we reviewed nearly 300 student-developed
web pages on the project.> Our conclusion was that this project captured the interest and
imagination of the MIT students.

We decided to incorporate a similar experience into our curriculum. Figure 1 shows the present
UI Stirling engine design and Figure 2 displays a labeled cut-away solid model. The critical
dimensions of our design are equivalent to the MIT design. However, we made changes based
on material availability, manufacturability, and improved aesthetics.
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Figure 1. The University of Idaho Stirling Engine.
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Figure 2. Labeled cut-away solid model of the UI Stirling Engine.

For this project to be incorporated into our curriculum several obstacles needed to be overcome.
Obstacles included identifying and developing the educational objectives for this project,
reducing the Stirling engine cost to fit within the university’s fee structure, and identifying an
existing course in which to include this project.

We incorporated this project into our curriculum in our Sophomore Laboratory. This is the first
of a three-course laboratory sequence that culminates in a capstone laboratory project. Our
Sophomore Laboratory course focuses on hands-on experiments. Students manually take data
but reduce and analyze the data using a computer. To be appropriate for inclusion in this course,
we developed a number of post engine assembly experiments. The Stirling engine project
development proceeded by addressing the financial considerations, the fabrication experience,
and the analytical and laboratory course considerations.
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Financial Considerations

Financial considerations for many projects might not be mentioned at all or be only briefly
discussed. However, a good idea must be economically feasible. For the Stirling engine project,
we are constrained by the $50 fee that we assess our students for laboratory courses. If we make
fees too high, we discourage students from participation in our curriculum.

We began this project by contacting the MIT faculty who developed the project to find the
vendors who supply the basic Stirling engine kit and two castings, the engine base and the
flywheel, as well as a set of plans for the engine. We ordered a kit® for $110.00 to build our
prototype but decided to make the engine base from sheet aluminum and the flywheel from brass
round stock. The kit assembled easily, and the engine ran with only minor difficulties in the
engine timing. We explored several different materials and geometries to develop an engine
with aesthetics that would separate the Ul design from the MIT design. As well as the kit
worked mechanically, the economics would not work.

To meet the financial constraint, we modified the engine kit and established the price for the raw
materials. Our master machinist and the members of the Idaho Engineering Works (IEW)
fabricated the engine kits in the department machine shop. One of the responsibilities of this
group of graduate students is to assist the department in teaching the capstone design course to
our seniors. This requires that the IEW members be trained in machine shop procedures. One
way to gain mastery of these procedures is to fabricate components; in this case, components of
the Stirling engine kit. This simplified the cost concern to finding the lowest costs of raw
materials. Our total external cost of materials for a kit is $34.36 based upon the individual
component costs, Table 1. The complete UI Stirling Engine kit is shown in Figure 3.
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Figure 3. UI Stirling Engine kit.
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Table 1. Material Costs for one Stirling Engine.

Part Name Material Cost Per Engine
Parts Manufactured In-House
Base with two-color anodizing Aluminum, 60617651 $ 6.80
Bearing Block Aluminum, 6061T651 $ 1.15
Flywheel Brass, C36000 $ 7.77
Crank Web Aluminum, 6061T651 $ 0.45
Power Piston Assembly Aluminum & 12L14 Steel $ 0.99
Power Cylinder Brass, C36000 $ 2.40
Cylinder Plate Brass, C36000 $ 2.99
Displacer Piston Assembly Brass, C36000 $ 1.66
Displacer Piston Guide Bushing Brass, C36000 $ 0.14
Heat Exchanger with anodizing Aluminum, 6061T651 $ 2.39
Displacer Cylinder Assembly Stainless Steel, 304 & 303 Se | $ 1.40
Alcohol Burner Cap Brass, C36000 $ 0.80
Shafts, Pins, Levers, and Varies by component $ 214
Linkages
Purchased Parts
Fasteners Steel, Stainless Steel $ 1.33
Flanged Bushing Oil Impregnated Bronze $ 0.68
16 mL specimen jar Soda Glass $ 0.64
Wick Cotton Canvas $ 0.63
Total Materials Costs: $ 31.08
Total Purchased Parts Costs: | $ 3.28
Total Engine Costs: $ 34.36

We continue to look for ways to reduce the overall cost of the engine. A redesign of the brass
flywheel reduces material cost by $3.46 per engine and decreases machining time. Another
example is the redesign of the power cylinder as a two-piece assembly to reduce cost and
machining time. Fabrication difficulties contributed to a decision to return to the more
expensive but significantly more robust original single-piece design.

Student Machine Shop Experience

Over a two-week or three-week period, students spend the regular laboratory session in the
department machine shop. This time is used to fabricate simple components, conclude
fabrication of more complex parts, perform fit and finish work on the engine components,
assemble, and test the completed engine. Many students perform additional fit and finish work
outside the normal laboratory times to enhance the appearance of their engines.

The machine shop time is also used to introduce the students to basic shop processes and
machine tools. These include manual milling machines, manual lathes, CNC mills, drill presses,
belt sanders, and metal band saws. A series of simple operations exposes each of the students to
these tools. A several jigs and fixtures facilitate mass-production of student manufactured parts
that have good dimensional accuracy and complete interchangeability. These fabrication tools
subtly introduce principles of jig and fixture design. Assembly methods are also introduced
through this project. These operations are described in the following paragraphs.
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Figure 4. Student cutting O-ring groove in alcohol burner cap on a manual lathe.

Manual Milling Machines — Because the manual milling machine is a common and versatile
machine tool, students perform several operations on this machine. Students conduct milling,
drilling and slot-cutting operations on the gudgeon block. Later, additional drilling and counter-
boring operations are performed under the supervision of the master machinist or a graduate
student mentor.

Manual Lathes — Four operations were performed exclusively on manual lathes and additional
cleanup and finish work was performed on a manual lathe and manual mini-lathe. Students use
the lathe for cutting chamfers, turning a diameter, cutting an O-ring groove, drilling, die-cutting
external threads, and assembling close-fit components. Figure 4 shows a sophomore cutting the
O-ring groove in his alcohol burner cap.

Drill Presses — Students use three drill presses to drill a total of twelve holes in six parts. Drill
jigs, designed to locate each hole on the component, simplified fabrication of each part. The
design of the jigs also required students to pay close attention to the cleanliness of the part and
the jig. A few small metal chips could interfere with a proper fit between the part and the jig,
thus causing a tolerance stack-up problem.

Band Saws — Several of the small components were cut either from rectangular bar stock or
small diameter rods. These cuts were made on a vertical band saw or a horizontal falling band
saw. This introduced students to these tools and required them to become familiar with marking
material lengths. It also introduced the concept of a saw kerf or cutting allowance.

Belt Sanders — Because a band saw does not leave a finished cut edge, a belt sander was used to
remove the rough ends of several of the linkage members. A sanding jig allowed students to
create a fixed radius on the ends of the links; thus smoothing the appearance of the linkage
members and removing potentially sharp burrs left by the cutting operation.
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Figure 5. CNC engraving a student’s engine base plate.

CNC Milling Machines — A CNC Milling Machine was used to shape several of the engine
components. Because the major components were made ahead of time, the students were not
able to observe most of the CNC milling operations. To demonstrate some of the machine’s
capabilities and to personalize each students’ engines, each student’s name and the line
“Mechanical Engineering 2001 was engraved on each engine base, Figure 5.

Assembly and Fastening — To demonstrate assembly methods other than threaded fasteners, two
sub-assemblies are made; one using a cold press fit, the other using a two-stage thermal press fit.
The students use a machine vise to cold press the power cylinder and power cylinder flange
together. To obtain the necessary clearance to assemble the parts, the displacer cylinder is
heated and displacer cylinder end plug is then pressed into the cylinder. The displacer exchanger
is also heated, and the displacer cylinder, with end plug, is pressed into it. Other components are
held in place by pin joints or threaded fasteners and tapped holes or hex nuts.

Fit and Finish — Throughout the laboratory periods, we encourage students to create an excellent
finish on the engine components. The students are also encouraged to obtain their own finishing
supplies and to do further finish work outside of class. With the exception of profiled surfaces,
the students receive the components in a mill finish condition. Although there is minimal scale
on brass and aluminum, these materials do form an oxide layer that must be removed to create a
highly polished surface. Dry sanding, wet sanding, and buffing are used to polish the unfinished
visible components. In some instances, the stainless steel surfaces are bead blasted to create an
attractive silver matte finish.
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Figure 6. Diagram of rolling wheel pendulum.

The Experimental Experience

The assembled Stirling engine provides a number of opportunities for learning. In the
Sophomore Laboratory course, our focus is on experimental and experiential learning. The
Stirling engine provides opportunities for the measurement of the polar mass moment of inertia
of the flywheel, roll down tests, spin up tests, fuel burn rate tests, and engine cool down tests.
The following sections present the background and experimental details for some of these tests.

Polar Mass Moment of Inertia

We begin our Stirling engine experiments with the measurement of the polar mass moment of
inertia of the flywheel. Our experimental method for measuring this is a variation of Galileo’s
test of rolling a cylinder down an inclined plane. This allowed Galileo to slow the free falling
motion sufficiently to allow for time measurements with the instruments of that period. Since
our experiment is conducted at the sophomore level and we seek student involvement during the
experiment, we employ Galileo’s approach to slow down the action so that the student can
participate in the experiment. Our approach follows a method described by Den Hartog® which
uses a rolling wheel pendulum, Figure 6. The goal of the analysis is a model to predict the
motion of the wheel rolling on an axle along a curve of fixed radius.

In Figure 6, a local cartesian coordinate system is defined to pass through the center of the
wheel. The x-axis is oriented tangent to the curve of radius R and the y-axis forms a right-hand
coordinate system with the x-axis. The force acting on the wheel is the weight, W. This can be
resolved into orthogonal components along the local cartesian coordinates. N is the normal force
acting in the positive y-direction, and F is the frictional force acting opposite to the direction of
the rolling motion. The wheel with a mass moment of inertia /; is carried on an axle of radius r.
The range of motion of the wheel is defined by the included angle 2@ @is measured positive to
the right of a vertical line. The angle a describes the rotation of the axle from the local x-axis at
the initial position.
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From considerations of continuity for angles, the following relationship is developed.
(R-r)=-r@ and d:——(R_r)Efb (1)

Similarly for translation,

x=(R-r)% and  i=(R-r)@ 2)

Now considering Newton’s Law yields

> F, - Nitos(@)=m3i=0 (3)
M F. ~ W Gin(g)+F =m0 4)
DM - Flr=1, (5)

Using (1), (2), and (5), and assuming for small angles @that sing= ¢ the differential equation
for the motion of the rolling wheel pendulum is

r’ g
(IG +m@r2)[ﬂR—r

@+ )E¢o=0 (6)

The solution to this differential equation leads to the natural frequency

> b
_ m Ly
w_{(R—r)[ﬂIG +mDrZJ ™

Using this result, it is straightforward to develop an experiment to measure the polar mass
moment of inertia of the brass flywheel of the Stirling engine. Figure 7 shows the test fixture
developed for this experiment.

The two curved tracks of the fixture have a constant radius of R. A spacer with a dowel pin
pressed through it holds a constant spacing between the two curved tracks. The modular design
makes the fixture simple to fabricate. Multiple fixtures and bushings allow the effects of
flywheel radius and thickness, axle radius, and track radius to be explored. The flywheel and
axle are manually positioned near the top of the curve and then released. The period of the
motion, 1/f, is measured with a stopwatch, and the frequency, @) is calculated from
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Figure 7. Solid model of fixture to experimentally determine the polar mass moment of inertia.

w=2mn0 )

The results of this experiment can be compared to a calculation of the polar mass moment of
inertia using measured dimensions of the flywheel and handbook values of the density of brass.
Further experiments can be performed with flywheels of different radii and thickness to aid the
students’ understanding of mass moment of inertia.

Table 2. Results from Mass Moment of Inertia experiment.

Flywheel MMOI
assembly | Assembly Densitay MMOI (Pro/E)| (Experimental)
volume (in®) | Mass (Iby) |(Ibx/in®)|  (Iby-in®) (Iby-in®) % difference
2.28 0.719 [0.3154 1.0308 1.1118 7.86

Table 2 presents the necessary data to experimentally determine the polar mass moment of
inertia using Equation 7. The results indicate that this method provides a reasonable estimate of
the polar mass moment of inertia.

Engine Performance

The students take great pride in the workmanship that produces their engine. There is a great
“bragging right” corresponding to ownership of the fastest engine. To capitalize on the learning
opportunities that this competitive spirit presents, the experimental fixture shown in Figure 8 was
developed to quickly and simply measure engine speed, temperature, and fuel consumption. An
infrared temperature sensor, shown on the left, non-invasively senses the temperature on the hot-
end of the displacer cylinder and generates a voltage proportional to Fahrenheit temperature that
can be read on a hand-held digital multimeter. The infrared “eye” shown on the right counts the
passage of a mark on the flywheel, in this case a small patch of Velcro® glued to the flywheel
rim. The voltage signal is processed using a frequency counter, and the frequency is recorded
either by hand. This instrumentation allows each engine to be tested under similar conditions
and does not affect the appearance of the engine as affixing a thermocouple to the engine would.
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Figure 8. Apparatus for flywheel speed and displacer cylinder temperature measurements.
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Figure 9. Sample fuel burn test and engine cooling data.

Figure 9 shows typical data from a fuel burn test. The abscissa gives time in seconds. The left-
hand ordinate presents the displacer cylinder hot-end temperature in °F and the flywheel speed
in revolutions per minute. These quantities have the same order of magnitude, and separate
scales are not necessary. On the right-hand ordinate, the quantity of fuel remaining in the bottle
is given in mL.

The first region of Figure 9 is the engine warm-up period. Temperature data is recorded in 30
second intervals, and fuel consumption is recorded intermittently. When the displacer cylinder
hot-end reaches approximately 375 °F, the engine is hot enough to run, and the flywheel is given
a small initial velocity. This is the second section of the plot. After the engine is started,
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Figure 10. Coast down speed as a function of displacer cylinder hot-end temperature.

temperature and flywheel speed data is recorded in ten second intervals. The flywheel runs at an
almost constant speed. After a brief transient, the displacer cylinder temperature settles to about
300 °F. The flywheel speed has a slightly longer transient and reaches a constant speed of
approximately 540 rpm. The third region is very short — about 30 to 50 seconds. This is the time
between flame burnout and when the flywheel stops turning. The fourth region is the engine
cooling curve. Here, the displacer cylinder cools toward ambient temperature.

The cause of the peak in the flywheel speed curve is not intuitively obvious from the remaining
fuel or temperature data. During the experiments, the flame characteristics shift dramatically.
Before the engine is running, the flame is typically quiescent. Then flame size grows
significantly. As the system progresses into steady-state operation and additional fuel is
consumed, the flame again becomes quiescent. The flame was extinguished with approximately
2 mL of alcohol remaining in the bottle to avoid end-effects on the wick performance. We ask
students to observe the flame as they are taking data and comment on the flame characteristics.
Students are also asked to suggest ways to determine the effects flame characteristics have on
fuel consumption, energy transfer to the displacer cylinder, and engine performance.

The fuel burn tests require a significant amount of time. A complete test may require up to 30
minutes for engine warm-up, transient run time, steady-state run time, coast down, and cool
down. This does not include experimental setup or troubleshooting nor does it include the time
necessary to resolve procedural errors. The logistics of performing such a lengthy experiment
with 60 to 70 students makes this experiment impractical.

An abbreviated version of this experiment can be performed in approximately 10 minutes,
including setup time. In the truncated experiment, the student preheats his or her engine to bring
it to operating temperature before placing the engine in the experimental apparatus shown in
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Figure 8. The alcohol bottle assembly is weighed to determine the mass of fuel at the beginning
of the experiment, and the engine is run long enough to obtain a steady-state speed and
temperature. The flame is extinguished, and coast down and cool down measurements are made.

Figure 10 presents engine speed as a function of displacer cylinder hot-end temperature. The
engine was allowed to reach steady-state operation, then the flame was extinguished and the
engine allowed to coast to a stop. The temperature values on the x-axis are displayed in reverse
order to present the intuitive direction of decreasing engine speed and order the temperature data
with the time axis. Data was taken at ten-second intervals, but for clarity, the time axis is not
displayed. Engine flywheel speed was plotted on the ordinate in units of revolutions per minute.

A comparison of Figures 9 and 10 shows students the importance of appropriate data collection
intervals and proper plot scaling. In Figure 9, there is such a quantity of data that the engine
coast down is obscured because of its brevity. Figure 10 reveals a very clear trend simply by
changing the presentation of the data. Run 5 in Figure 10 was extracted from the data presented
in Figure 9. Students are asked to generate similar plots with their own engine. They must
explain the regions of their plot and comment on differences between Figures 9 and 10 and their
own plots. The tight grouping and linearity of the five data sets in Figure 10 show that the
engine losses are linear. This indicates that frictional forces dominate the coast down cycle.

Conclusions

This project was first implemented at the University of Idaho in the Spring 2001 semester. The
student feedback on this project has been overwhelmingly positive — both from those students in
the class and from students who happen to observe the engine during fabrication or operation.
Although the initial cost of this project may seem daunting, we have shown that through creative
use of internally available resources, this project is economically feasible for institutions with
various fee structures. By fabricating the engine kits in-house, we generate an excellent machine
shop training context for graduate students who desire to improve their shop process skills.

This project captures the imagination of the students, while introducing them to many critical
mechanical engineering concepts and skills including design intent, fits and tolerances,
fabrication procedures, machine shop practices and processes, and systems analysis. Analytical
and experimental skills are developed through combined exercises in system and performance
analysis and data collection and interpretation. The Stirling engine provides a context where
learning is exciting and students explore the effects of design and fabrication changes. It also
serves as a framework to discuss fundamental engineering topics including thermodynamics,
mechanics of materials, material selection, machine dynamics, vibrations, and surface finish.
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