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THE USE OF A STIRLING HOT~AIR ENGINE IN
CONVERTING SOLAR ENERGY TO MECHANICAL POWER

INTRODUCTION AND BACKGROUND

Discounting nuclear energy, all of the earth's stored
and translent energy comes from one source, the sun (32:81).
Furthermore, the avallabllity of most of the stored and
transient energy sources has been established, and it is
seen that the demand for energy may someday surpass its
supply. For instance, present consumption figures on the
world's fuel reserves indicate that within a perliod of 50
to 90 years, fossil fuel supplies may be depleted (48:23),
Even with the advent of nuclear power and the further
development of hydro-power, the world will need other
sources of energy to supplement its wants. Progress 1n
the development of methods for utilizing radiation from the
sun as 1t is received on the surface of the earth indlcates
that this source of energy holds much promise as one of the
earth's auxiliary energy suppllies., For example, while it
has taken eons to produce the fossil fuels, 1t may beconme
possible to store solar energy for immediate use by the
process of photosynthesis (20:74).

Present-day utilization of solar energy is controlled
by economics. Even though solar radiation costs nothing,
it is expensive to collect. Therefore, solar mechanlisms

must compete with firmly established sources of power that

have proven economical. However, the installation costs




2

connected with some power plants, as well a3 the transpore
tation and storage costs of its fuel, are found to be Pro=
hibitive in some areas of the world. It 1s in these areas
where solar energy devices may compete economically with
other sources of power (23%:81).

Reglons that experience an abundance of sunshine lie
approximately between forty degrees north and south of the
equator and are the only places where solar energy devices
could have practical application (9:2). While many of
these regions have no economical source of powver, many
presently see applications of solar energy as an auxiliary
power source. Such a place is in the southern part of the
United States, where the heating of water by solar means is
commonplace, and the heating and air conditioning of resi=-
dences 1s not only feasible but economicel as well (13:5).

Remote and underdeveloped countries of the world can
and do use solar energy as a means of replacing other energy
sources which might otherwise be put to better use. Many
of the inhabltants of Indla, for example, use animal dung
for thelr cooking fires, The wide usage of some type of
solar cooker could be of benefit to that country. The
former fuel could then be used to fertilize the land. A
solar-powered water pump could also be employed in this and
similar countries to irrigate the land, thus improving the

people's standard of living by increasing their economlc




level.

Other applications of solar energy deserve meantion,
Important advances are belng made towards utilizing solar
energy &s a means of producing fresh water from the sea.
Processes are belng sought which will produce fresh water
in this way for less than one dollar per thousand gallons
(5:4). Solar energy 1s not destined to be used only on the
earth as an energy source, It 1s presently belng success=-
fully used in satellites to produce electricity from photo-
voltaic cells. Future space travel will undoubtedly
utilize solar energy in many ways.

Solar energy 1s not the most convenient source of
power. Its shortcomings have long been recognlzed., Per=-
haps 1ts greatest dlsadvantage 1s the form in whilch the
sun's radiation appears on the earth. For some applications,
the electro-magnetic waves, of which radlation consists,
must be converted to heat; a process not so easily accom=-
plished as the burning of fuel. Large recelving areas are
sometimes required for collecting solar radlation since its
intenslity is relatively small per unit area., If a contine-
uous source of power 1s desired, the intermittency of sune
light introduces the problem of storing energy for that
purpose (20:68)., However, some processes utilizing solar
energy can be interrupted with only a slight inconvenlence.

For instance, the sun is usually shining brightest when air




conditioning and refrigeration are needed most.

Continued research in the many fields connected with
solar radlation ylelds new and better ways to meet these
shortcomings. As in the past, the engineer is actively en=
gaged in working on the development of solar energy as a
power source. The meteorologist who has recorded and
attempted to predict the amounts of available solar radiation,
the research scientist who may be creating selective coat-
ings to be applied to solar radiation absorbing surfaces,
and the horticulturist who has attempted to correlate plant
growth with available solar radiation are also making sige
nificant contributions,

Most research investigations that utilize heat sources
created by solar radiation collecting devices involve either
very hlgh temperatures or comparatively low temperatures.
For instance, temperatures in the thousands of degrees can
be achleved by using a focusing collector to concentrate the
sun's rays onto a small absorbing area. On the other hand,
& heat source created by a flat-plate collector (one which
absorbs direct and diffuse radlation impinging on its cole
lecting surface) can only provide temperatures ranging from
100 to 400 F., However, many vapor and gas cycles can
utilize a heat source well above the temperature ranges ob-

tained with the flat-plate collectors and below the ranges

used in high temperature work associated with focusing




collectors. One example is the Stirling thermodynamic

cyele. An englne employlng this gas cycle can operate on
any heat source which provides temperatures between 500 and
1500 F.

It was the purpose of this project to design, construct,
and test an apparatus necessary to convert solar energy to
mechanlcal power. It was proposed to do this by operating
& Stirling hotealir engine with a heat source produced by a
solar radiation collector. The system which converted solar
energy in thls manner was instrumented so thatits perform-

ance and efflelency could be determined.




PREVIOUS AND FUTURE APPLICATIONS

A hot-alr engine was first used as a solar power plant
about a century ago. The first recorded applicatlion was
made by John Ericason, who in 1872 built a solar englne
which utilized a heat source created by a parabolic nmirror,
The engine, shown in Figure 1, was essentlally a Stirling
engine even though Ericsson called it the "Caloric" engine
(56:1356; 15:569).

About the same time, a new type of hot-air engine was
invented by A. K. Rider of Philadelphia (15:570). 1In 1908,
the Rider engine was used in a solar power plant which was
proposed for the City of Phoenix. However, the proposal
proved impractical because the collecting area of the re-
flecting mirrors was too small (56:1356). Figure 2 i1llus-
trates the power systen.,

Little work towards utilizing solar energy in this
manner was performed in the following years. The principal
disadvantage seemed to be the large collecting area re-
guired to operate the inefficient hot-alr engines. A more
efficient Stirling hot-air engine was developed by Phllips
Research Laboratories in Holland approximately 25 years
ago. The new design included a regenerator and featured
lightweight materials in its construction. A recent inves-

tigation of this modern Stirling engine as a solar power




Figure 1. Ericcson's Solar Engine. (15:567)

Flgure 2. Proposed Solar Power Plant for Phoenix. (56:1356)




plant was conducted by India's Natlonal Physlics Laboratory
(56:1356) .

Presently, the hot-alr engine is belng consldered for
future space applications (45:541). Needless to say, the
entire proposed system is better designed than 1ts pre-
decessors. The engine employs the Stirling cycle and uses
one of several gases for its working medlum. General Motors
Research Laboratories has developed the system and proposes
that an all-metal Fresnel reflector be used for the solar
radiation collector (29:219).

The rated power output of the entire system, including
generators, 1s five kilowatts (6.7 hp), and its rated brake
thermal efficiency 1s 30,5 per cent when using dry hellum
as & working medium. The area required for the solar col-
lector is 283 square feet, meaning that a circular Fresnel
reflector 19 feet in dlameter must be used (45:557-558).

This system employing the Stirling cycle has been com-
pared with a mercury-vapor Rankine cycle. V¥hille 1t 1s
feasible to use the Rankine cycle for space applicatlons,
1t is estimated that the Rankine system would welgh 42.5
per cent more than the Stirling system, In addition, the
engine efficiency of the Stirling englne is supposed to be
approximately three times greater than that of the englne

utilizing the Rankine cycle (45:557). Therefore, from the




velght and efficiency standpoint, the Stirling system may
well become the first source of mechanical power in epeace.
Space use of the Stirling engine introduces new probe
lems that are continuously belng solved. Meanwhile, the
solution to some of these problems 1s slso enabling more
practical and economical application of the solar-powered

Stirling engine here on earth.
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AVAILABLE SOLAR ENERGY

Solar energy is essentlally the transfer of heat by
thermal radiation, that i1s, radiation which is emitted by
the sun solely due to its temperature; a temperature that
is approximately 10,000 F (35:177). It is transferred to
the earth by means of electro-magnetic waves which travel
at the speed of light through free space.

The earth recelves a more or less constant amount of
solar radiation, a constant that has been estimated and
observed by many people for over a century. The most re-
cent value to be substantiated has become a standard for
most people doing research work in the field of solar
energy. This new value 1s 2,00 cal per min-sq cm (7.38 Btu
per min-sq ft). (31:431). It must be remembered, however,
that this value has been established in free space outside
the earth's atmosphere. Furthermore, due to the earth's
elliptical orbit, this constant is based upon the earth's
mean distance from the sun.

The electro-magnetic waves that make up the solar
spectrum contain different amounts of energy. A spectral
distribution of the extraterrestrial solar energy 1s shown
in Figure 3. The fractlonal accumulated energy for the
spectrum is also shown. From this, 1t is seen that half

of the radiant energy received from the sun appears in a
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relatively narrow wave length region. For instance, the
energy in the ultraviolet and visible regions contains
approximately 50 per cent of the energy. Beyond 0.7 miecrons,
the infrared reglon contains the remaining amount (18:56).

Unfortunately, not all of the solar spectrum as it
appears at the edge of space 1s transmitted to the earth's
gsurface. In a clear atmosphere, about 80 per cent of the
radlation reaches the ground at sea level (41:2), Any one
of three things can happen to the energy, depending on the
nature of the atmosphere, the altitude angle of the sun,
and various radlation depleting factors. The energy can be
reflected back into space due to clouds, it can be scatter=-
ed and diffused by the constituents of the atmosphere, or
it can be completely absorbed by some of these same cone
stituents (51:135).

The United States Weather Bureau has an ever-increas-
ing number of weather stations all over the country observ-
ing and recording solar radiation. These data have been
used by many in research to correlate the amount of radia-
tion to such things as plant growth rates and weather
variations (2:3), Data have also been used to attempt to
establish a yearly distribution of solar energy in the United
States as shown in Figure 4, The distribution shown can

only represent large areas., ©Some stations in the same
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general area may vary &s much as 100 per cent; the chief
reason being thelr respective locations to their surround-
ing topography and industrial complexes. For instance,
atmoespheric pollution plays an important part in the sppare
ent radlation differences between an ares located near a
large industrisl city and one that is locsted in the open
country (25:75).

The instrument which has been adopted by the United
States Weather Bureau for most of its solar radiation
measurements is the Epply pyrheliometer. This instrument
consists of a sensing element which is enclosed in a glass
bulb and exposed in a horizontal position to the sky. The
element 1s composed of a disk coated with lamp black and a
concentric ring smoked with white magnesium oxide. Since
the black surface absorbs most of the impinging radiation
and the white oxlde coating has a high coefficlient of
reflection, a temperature difference results (28:101).
Platinum-rhodium and gold-palladium thermocouples are used
to measure the produced voltage which is very nearly pro-
portional to the intensity of the solar radiation (38:153).
Generally all of the pyrhellometers in use today have a
recording potentiometer to monlitor them.

From the present knowledge of solar radiation and the

atmosphere's effect upon 1t, good englneering approximations




can be made of the amount of solar energy striking the

earth (18:63). Perhaps in the future it will be a common
occurrence to be able to accurately calculate the amount of
solar radlation avallable at any given time of the year,
day, or hour at any location on earth. To this end, people
are working to correlate observed solar radiation data with
theoretical attempts to establish relations between the
amounts of diffuse, direct, and total solar radlation that

are present during all kinds of ambient conditions.
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COLLECTION CONSIDERATIONS

The higher temperatures obtained by the use of devices
which concentrate the sun's rays introduce problems assocl-
ated with thelr fabrication. For instance, focusing col=-
lectors used for solar furnaces must be made with high
optical precision. A much lower degree of optical precision
is adequate for the focusing collectors intended for use in
conjunction with relatively lower temperature heat sources
(9:4).

There are two basle types of focusing collectors in
general use., These are reflectors and lenses., A disad-
vantage faced by both types is their cumbersome size, for
large collecting areas are usually required for most solar
heat sources. Another disadvantage common to these types
of solar collectors is that they must be constantly posi-
tioned to face the sun 1f they are to effectively focus
the sun's rays. These disadvantages have been minimized
by constructing the colleeting units of lighter materials
and by making them collapsible.

Reflectors may be either circular or troughe-shaped.

A few basic forms are shown in Figure 5. In addition, due
to the ever present attempt to make solar mechanisms more
economical and portable, reflectors are made of materlials

ranging from plastics to foils (11:9). For instance, a
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material which has become avallable recently 1s a polyester
f1lm on which a thin coating of highly reflective aluminum

is deposited. This material has been successfully used 1n

several models of portable solar cookers (11:12).

The solar energy losses encountered with reflectors de-
pend on the reflector itself. For instance, since the sun's
rays have to pass through the glass of a back-surfaced mirror,
more radiation 1s lost than from front-surfaced reflectors.
However, the front-surfaced reflectors are more readlly sub-
ject to weather damage (56:1355).

Lenses are also used as focusing collectors. However,
most installations today which use lenses for solar radia-
tion collecting purposes are solar furnaces. Thls is due
prineipally to the limited size in which the lenses can be
made. However, with the development of thin transparent
plastics, it has become possible to make large, lnexpensive
Fresnel lenses (43:807). An 1llustration of the Fresnel
lens is shown in Figure 5.

While most solar collectors of the focusing type in
use today appear to be the reflectors, lenses also have
advantages. For instance, a Fresnel lens made of plastic
is inexpensive and portable. Also, a "sonvection shield"
can be made such that the focal point 1s entirely enclosed
and protected from heat-dissipating alr currents. This 1s
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impossible with the parabolic collector.

Disadvantages may also be cited. Since the sun's rays
have to pass through the material of the lens, certaln wave
lengths of the socler spectrum mey be sbsorved. In additlon,
the lene' surface acts as a reflector, a factor of which
focusing reflectors take advantage. Finally, the slze
limitation placed upon the lenses serves &s perhaps thelr
biggest disadvantage.

¥hile many focusing collecters can effectlvely con=-
centrate the sun's rays, a great deal depends cn the &b-
sorber at the focus of the collector which converts the
concentrated radiation into usable heat. The future econom-
ical utilization of solar energy wlll perhaps lle with the
development of good radiation absorbers having poor radia-
tion emitting characteristics, especlally 1f high temper-
atures are sought. As the temperature of an absorber
increases, more and more energy i1s lost slmply because iis
temperature gradient allows it to become a thermal radliator.
A selective coating applied to an absorbing surface has the
effect of virtually absorbing all wave lengths of solar
radiation while emitting very little radlation of the infra-
red wave lengths (24:24),

Flat-plate collectors face the same prcblem, but not

of equal magnitude as focusing collectors. They operate at
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a much lower temperature and are subject to much longer
infrared radlation., Thus, choosing an appropriate selec-
tive coating, other than one that has 2 high solar radia-
tion absorptivity, for the flat-plate collesctor i1s not too
important. Thls type of solar collector usually employs a
glass cover which transmits solar radiation but does not
ellecw longer (infrared) radiation emitted by the flat-plate
absorber to escape from the collecting unit. This phenome
enon 1s commonly called the greenhouse effect, l.e., glass
permits solar radlation to pass, but ie opague te radiation
emitied by the interior of the greenhouse (35:177). The
game princlple has been applied to long parabelic trough
reflectors where glass tubing surrounds a water-filled
copper plpe located at the focal length (56:1355),

thile many people engaged 1n the development of selec=
tlve coatlngs have made some noteworthy discoveries, most
of these coatings are rather complicated and costly to
apply to the surfaces of radiation absorbers. Economical
coatings need 1o be developed i widecproad usage is to
be expected. Coatings that can be applied by a novice
might Le those that come in the famillar pressurized cans,

It appears that the most effective selective coatings
to date are those that are oxldes deposlted onto brightly
polished metals., 3elective coatings of cobalt-oxide de-

posits and chrome-nlckel-vanadium deposits on pelished
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copper and nickel have produced absorptivities of 0.93 and
0.94 and infrared emissivities of 0.24 and 0.40 respec=-
tively (24:24)., Other selective surfaces have been devel=-
oped by depositing manganese oxide on stalnless steel and
molybdenum oxide compounds on aluminum. Special coatings
have been developed that involve electroplating copper,
cobalt, and other suitable metals on polished metallic
surfaces (34:19).



THE STIRLING THERMODYNAMIC CYCLE

The thermodynamic cycle of the Stirling engine is one
which consists of four distinct processes. Figure 6 illus-
trateh the pressure-volume and temperature-entropy diagrams
for the 1deal cycle.

"The first process of the Stirling cycle 18 an iso=-
thermal compression from point 1 to 2. Next, heat is added
during a constant volume process from 2 to 3. The iso=-
thermal expansion or power stroke then takes place from
3 to 4, and the cycle is completed by the constant cooling
process from 4 to 1." (16:666),

As seen from the temperature-entropy diagram, heat is
also added and rejlected during the respective constant
volume processes. However, a regenerator included in the
cycle improves the thermal efficliency. The regenerator
serves the purpose of storing the heat removed during the
cooling process and returning 1t again to the working
medium during the heating process. Thus, less heat crosses
the cycle boundaries and, theoretically, the cycle approach-
es that of a Carnot cycle (44:265; 45:544),

Engines that employ the Stirling thermodynamic cycle
require the use of two separate plstons. One provides
povwer and compression during the respective parts of the
cycle, The other acts only to displace the working fluid
from the hot to the cool spaces of the engine for the
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respective constant temperature processes.

Figure 7 shows a common arrangement of the plstons
for one design of the Stirling engine; a design which em-
ploys a regenerator between the engine's heater and cooler.
A pressure-volume dlagram for the ideal cycle is included
with a dlagram 1llustrating the relative positions of the
two pistons during the cycle., During no process does elther
of the pistons remain fixed while the other moves. For
example, the process from 1 to 2 involves an isothermal
compression of the gas by the power piston. However, the
displacer piston cannot remain fixed at the top of 1its
stroke but must rise from some lower position to provide
cooling equivalent to the work of compression performed by
the power piston (16:673).

The drive mechanism for an engine utilizing the Stir-
ling cycle requires that the pistons continuously move with
respect to one another. For the actual cycle, shown by the
pressure-volume diagram in Figure 8, only the expansion and
compression strokes remain similar to the ideal cyecle
(16:673) .

The Stirling engines developed by FPhillps and General
Motors employ designs which produce actual cycles as the
one described. Noteworthy improvements have been made by

both organizetions., General Motors has found that com-

pressed helium produced an englne efficlency 20 per cent
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greater than that produced when alr was used as the working
medium. Hydrogen produced even better results; however,
1ts use was discontinued because it diffused through metal
too readily (45:550). Philips developed a regenerator com=
posed of fine wire that could change 1ts temperature from
about 200 to 1000 F in one one-~hundredth of a second and
had a reported "efficiency’as high as 95 per cent (46:572).
The heat transfer problems encountered in a Stirling
engine have perhaps limited its use in the present day and
age. The internal combustion engine overcomes one of the
main dieadvantages of the Stirling englne. This is in
reference to the manner in which heat is transferred to the
working fluids of the two englnes, For 1instance, a Stirling
engine utilizes some type of external heat source. As a
result, the transfer of heat to the Stirling engine's work-
ing fluid depends solely on a convection process between
the hot parts of the engine and the gas itself. The speed
of the Stirling engine seems to be limited for this reason.
On the other hand, heat is instantaneously supplied to the
working medium of an internal combustlon engine by the
ignition of a mixture of fuel and alr in its combustlion
chamber. In addition, the metal containing the combustion
process of an internal combustion engine can be externally

alr or water cooled. It is impossible to cool the Stirling

engine in the same way.
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Mechanically speaking, the Stirling engine is far
simpler than a conventional internal combustion engine or
an engine employing a vapor cycle. It has no valves, ex-
periences no sudden pressure changes, requires no spark
ignition, does not exhaust; nor, properly designed, does
it vibrate or shake (45:544). All these factors indicate
silent operation and little maintenance for a Stirling
engine. Since the engine incorporates a closed cycle, it
can operate on any heat source of sufficlient temperature.
This is perhaps its greatest advantage. 1Its operating
temperatures and power output are only subject to metallur-
glcal limitations and the lubrication problems encountered
at high temperatures (32:95). However, advance technology
is extending the temperature ranges in thls respect and

will continue to do so.
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SYSTEM DESIGN

A solar energy conversion system which intends to
utilize a heat source above 500 F to produce mechanical
power conslists of three things. First, solar radiation must
be collected by a focusing collector. Next, an absorber
serves the purpose of converting the concentrated radiation
into usable heat. Finally, some type of heat engine is
used to produce work from the heat source (24:24), The
solar radlation collector employed in the final design of
the conversion system used in this investigation was a
24 in, diameter parabolic mirror with a focal length of
9 11/16 in. The mirror's collecting area was kept normal
to the sun's rays by the equatorial mounting shown in
Figure 9. 1Its solar azimuth angle was changed by rotating
the whole unit about its perpendicular axis. Its solar
altitude angle was changed by the lever arrangement shown
in the 1llustration, A description of the solar angles 1s
included in Figure 10.

One end of the displacer piston's cylinder acted as
the solar radlation absorber for the system. No attempt
was made to apply any of the selective coatings described
in a previous section. However, acetylene was smoked onto
the end of the displacer cylinder for one of the test runs.

The heat engine used in the conversion system was the




Filgure 9. The Equatorial Mounting of the Mirror.
& = solar altitude angle

A4 = solar azimuth angle

|3

Figure 10. Solar Angles.
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model Stirling hot-air engine shown in Figure ll, Figure
12 1llustrates the relative positions of the displacer and
power pistons during one cycle. The cyclic process occurs
in the same sequence as the one illustrated in Flgure 8.
Clearance was provided for the displacer plston so that alr
could pass between it and the eylinder wall, The power
pleston required a tight fit since 1t experienced the pres-
sure differential which provided work to the flywheel via
the connecting rod. The average cycle pressure of this
engine was suspected to be only slightly above atmospheric
pressure since leakage occurred where the connecting rod
of the displacer piston passed through its bushing.

Combining the engine with the mirror was accomplished
by mounting it directly over the parabolic reflector. The
engine's displacer cylinder was placed so that it could be
adjusted along the mirror's axis. The combination is shown
in Figure 13. Even though this arrangement allowed the
englne to cast a shadow on the mirror, 1t proved satis-
factory. The shadow obscured less than 10 per cent of the
mirror's total area.

To keep the convection losses from the heated dls-
placer eylinder to a minimum, a "convection shield" was
constructed from cardboard. The shield is shown in place

in Figure 14,
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Figure 11. Model Stirling Hot-Alr Engine.
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Figure 13. Engine Mounting.

Figure 14. Testing Site for the System.
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The entire system and testing equipment were placed
on the top of Covell Hall on the Oregon State University
campus. This site, while somewhat inconvenlient, was ex-
poéed to sunlight the entire day and provided a restricted

testing area.
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INSTRUMENTATION

The performance test on the solar energy conversion
system involved the measurement of several ltems. For in-
stance, instrumentation was provided to record the amount
of solar radiation available on the testing days. Instru-
ments were also designed and constructed which determined
the mechanical power the engine developed. In addition,

a separate test setup was provided so that the performance
of the solar-powered engine would be compared with that
obtained when the engine utilized a different heat source.

The parabolic mirror could only utilize direct solar
radiation normal to its collecting area. Since the normal
direct radiation was not measured, it was found by divid-
ing the sine of the sun's altitude angle into the amount
of direct solar radiation received on a horizontal surface
(37:19). In addition, the direct radlation received on a
horizontal surface was found by subtracting the diffuse
(sky) radiation from the total radiation received on a
horizontal surface. Fortunately, the Epply pyrhellometer
deseribed in a previous section was capable of recording
the diffuse radiation simply by shielding its sensing ele-
ment from the direct rays of the sun while at the same time,
permitting as much of the sky as possible to be exposed to

the element.
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An Epply pyrhelicmeter and recording potentiometer
were set up in the prescribed manner. A view of a pyr=
heliometer installatlion is shown in Figure 15.

Previous performance tests on the model Stirling hot-
alr engine measured the power output by using a prony brake
arrangement in conjunction with its flywheel (22:13; 47:9).
The engine 1tself was not adaptable to any other convenient
torque measuring device. For instance, the presence of the
crank on both ends of the flywheel shaft prevented the use
of some type of pump or generator mechanism as the means of
varylng the load on the engine,

Since the power produced by the engine proved to be
very small in former performance tests, the prony brake had
to be desligned so that minimum drag was encountered for
small engine loads. A lightweight prony brake with small
contact area between it and engine's flywheel would meet
this criterion. Also, since the engine's prony brake would
produce small torques, the design had to provide a brake
whose lever arm was as short as possible so that greateru
brake forces could be produced. Thus, more accurate force
measurements could be made. The brake design adopted by
thlis investigation 1s shown in Figure 17. Figure 16 shows
the prony brake installed on the flywheel of the engine.

Slnce the engine would assume many positions, it was
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Figure 15. Pyrheliometer Installation.

Figure 16. Power Measuring Apparatus.
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paramdunt that the device which measured the force produced
by the prony brake be capable of meeting this requirement.
It was therefore declded to use the cantilever beam arrange-
ment shown in Figure 16, The force, applied to the end of
the beam, was measured by means of a straln gage attached
to the surface of the beam. Figure 18 indlcates the posie
tion at which the gage was fastened to the beam. A strain
gage could be used satisfactorily in thls manner since the
strain at the outer surface of the beam was directly pro-
portional to the force applied at its end. An Ellls bridge
amplifier and meter was used to measure the resulting
strain.

Measurement of a small englne's speed is perhaps most
readily accomplished by using a stroboscope., However, this
method proved unsuccessful for the solar-powered Stirling
engine because the intensity of the sunlight on the moving
parts of the engine was greater than the intensity of the
stroboscope's light. Other methods were investigated, but
the one that proved most accurate and easiest to use in-
volved a Tektronix oscilloscope to measure the period of
the engine revolutions.,

By installing a thin leaf switch such that 1t came
lightly into contact with the engine's crank during each
fevolution. it was possible to complete an electrical cir-

cuit which triggered the calibrated sweep of the
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oscilloscope. Thus, it was possible to determine the time
interval between engine revolutions. The effect of the
friction between the leaf switch's contact point and the
engine was negligible, The leaf switch can be seen mounted
on the engine in Figure 16. The dliagram for the triggering
circuit 18 shown in Figure 19.

The temperatures achleved by the end of the displacer
¢ylinder were determined by the installation of two thermo-
couples, DBoth were attached to the cylinder with silver
solder. One of the thermocouples was fixed on the center
of the cylinder's end. The other was attached on the slde
of the cylinder 3/4 in. from its end. Figure 20 shows the
placement of the thermocouples on the displacer cylinder.

The separate performance test on the Stirling englne
involved placing the engine's displacer cylinder into a
small, well-insulated electrical resistance furnace. The
electric power supplied to the furnace was controlled by a
rheostat and Variac and was measured by a wattmeter. The
mechanical power produced by the engine was obtained in the
same manner as described previously with the exception that
the englne's speed was measured with a stroboscope. The
test setup is shown in Figure 21, The section of the fur-
nace shown in Figure 22 illustrates the positlon of the

displacer cylinder.
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Figure 21. Performance Test Setup with Electric Furnace.
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DISCUSSION OF TEST RESULTS

Preliminary test runs were made on the solar-powered
Stirling engine to determine the best position for its dise
placer cylinder along the mirror's axis. Tests performed
with the end of the cylinder submerged approximately 1/2,
1, and 1-1/2 in. past the mirror's focal point seemed to
indicate that the 1 in. setting produced the best perform-
ance results. Actually, with this setting, the dlsplacer
cylinder was exposed to concentrated light on its entire
end and approximately 3/4 in. along 1ts side. The manner
in which the light was concentrated on the end of the cyl=-
inder 1s shown by the picture in Figure 13.

Data that were chosen for the preparation of the final
performance results were based upon the best testing pro-
cedure devised for obtaining the necessary observatlons.
For instance, when it was found that the strain gage meter
refused to remain zeroed during a test run, 1t became neces-
sary to use one of two testing procedures. One method
required the removal of the force from the cantilever beam
while zeroing the meter. The resulting force was then
observed upon replacing the load on the beam. The second
method involved observing the metér before and after remove
ing the load from the beam. Thus, the difference was the

resulting torque force produced by the prony brake. A
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steady operating condition of the engine could be detected
more readlly when employing the latter method. Therefore,
the data taken by this latter method were used in the
preparation of the performance results.

It was found that a difference existed in the performe
ance of the Stirling engine each day the solar energy cone
version system was tested. Therefore, the power output was
represented by separate curves constructed for each day.
These curves as well as one which estimates the mean power
output are shown in Figure 23.

Since 1t was inconvenient to express the small power
produced by the engine in units of hp, it was declded to
use units of milli~hp instead. One milli-hp 1s equal to
0.001 hp., At full load, the maximum power produced by the
engine varied from approximately 0.50 to 0.65 milli~hp. A
value of 0.58 milli-hp (equivalent to 1.48 Btu per hr) was
chosen as the mean. A speed of 320 rpm accompanied the
maximum power output. The average maximum no-load speed
for the engine was 540 rpm,

The overall efficlency of the solar energy conversion
system followed the same general relation as the power pro=-
duced by the Stirling engine. Figure 24 shows the overall
efficlency of the system. 1Instead of constructing a curve

for each testing day, a range for all tests was used to




milli=hp

POVER,

45

STIRLING ENGINE
POWER OUTPUT
(SOLAR TEST)
OREGON STATE UNIVERSITY
Department of lMechanical Ingineering

0.70 Octe 9, }961 ‘ e Lo Doclme
L [n]o |
O.()O . (- / I o]
-~ o o
B/D el T;A\A %
/% s B
\
0e 50 ‘L?A“zg A1;::?~\‘\::
/
. // .
T
G
0.40 t- A Vﬁ‘—— — o
; i}y a |
— / —
1
0030} —|—A/
/4
TH— -
/ ‘
0e20b——f4g- b — b
W; \\
Y/ o mug. 28, 1961 \
i 4 Septe 6, 1961 \
//‘/ USep‘t. J.O’ 1961 \
0e10 /
/[ \
A \
/ |
0 / l L
0 100 200 300 400 500 600

ENGINE SPCED, rmm ‘

Figure 23. Power Produced by the Solar-Powered
Stirling Engine.




o
7

OVER ALL EFFICIENCY,

0e24

0620

0.16

0612

£
8

0o 04

Figure 24,

46

SOLAR ENERGY
CONVERSION SYSTEM
OVERALL EFFICIENCY

OREQON STATE UNIVIRSITY
Department of Mechanical Engineering
Octe 9, 1961 e Le Boehme

100 = 200 300 400 500 600

ENGINE SPEED, rmm ’

Overall Efficiency of the Solar Energy
Conversion System.




47

indicate the efficiency. However, a maximum mean efficlency
could be represented as being approximately 0.180 per cent.
In other words, the mechanical power produced by the englne
was less than one-fifth of one per cent of the available
solar energy impinging upon the mirror's collecting area.

Caleculations used in determining the performance of the
solar power plant are found in the appendix.

The direct solar radiation which was normal to the
mirror's collecting area was found by the previously de-
seribed method. For the days that testing was conducted
on the solar energy conversion system, the average normal
incident radiation was 294 Btu per hr-sq ft. Therefore,
§10 Btu per hr of solar energy was available to the effec-
tive collecting area of the 24 in. diameter parabolic
mirror. Although the radiation did not remaln constant
during the test runs, its variation was found to be only
from one to three per cent from the average. The results
of the radiation observations and calculations are shown
in the appendix.

The fact that the solar-povwered Stirling engine was
tested on separate days undoubtedly accounted for the dif-
ference existing in the performance results. Different

testing conditions were created for each test, for both the

engine and its testing equipment could not remaln set up
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overnight. Thus, the apparatus had to be dismantled be-
tween tests,

Irregularities in the performance were also noted dure
ing a single testing period, for a testing procedure was
adopted so that the eingine's performance could be compared
at one speed. For example, at 325 rpm, the engine's power
output verlied from 0.585 to 0,630 milli-hp, The operating
characteristics of the engine could have caused this variae-
tion. It was noted, for instance, that the engine's speed
would increase momentarily when its bearings were being
olled. On the other hand, an error in the instrumentation
could have caused the performance results to vary. An error
of the nearest division to which the scale of the strain
gage meter could be read would have accounted for the dif-
ference in power cited above.

The testing of the Stirling engine with its displacer
cylinder placed in the electric furnace made it possible to
compare its performance with the performance of the solar-
powered englne. Therefore, to achleve similar testing
results, the heat supplied to the small electric furnace was
controlled untlil the engine achieved the same no-load speed
that it had when it was used as part of the solar energy
conversion system. Testing followed the same procedure

as for the solar runs, except that the speed of the engine
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was measured with a stroboscope. The results of the elec-
tric furnace performance test are shown in Figure 25 and
Figure 26. The minimum speed which could be conveniently
determined with the stroboscope was approximately 200 rpm
and explains the lack of data below that point.

At full load, the maximum power developed by the engine
during the electric furnace performance test was 0,565 milli-
hp at a speed of 275 rpm. The no-load speed was 530 rpm.
The maximum brake thermal efficiency of the Stirling englne
during the electric furnace test was approximately 0.20 per
cent. These results are compared with the results of the
solar-powered Stirling engine in Figure 25 and Figure 26.

Installation of the thermocouples on the displacer
cylinder enabled its temperature to be observed. Unfor-
tunately, the thermocouple on the slde was of little value,
for its readings were very irregular. Actually, it was
installed in the wrong place, for the concentrated light on
the end of the c¢ylinder would sometimes strike the thermo-
couple when the mirror was not positioned correctly. At
best, 1ts temperature was estimated as being 40 to 50 F
below that of the thermocouple at the very end of the
eylinder, The temperature at the end of the cylinder in-
creased as the load on the engine was 1ncreased.

Results from one of the tests are shown in Figure 27,
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A maximum temperature around 8520 F occurred when the torque
produced by the engine was 0.170 lb-in. The minimum
temperature at the very end of the cylinder was approx-
imately 770 F and was achieved during the no-load run.

A solar test run was made with the end of the cylinder
coated with carbon deposited by an acetylene torch. Since
the carbon was black, the absorbing surface of the displacer
c¢ylinder should have both absorbed and reradiated more solar
radiation. However, no difference in the performence of
the engine could be detected. In fact, during the test run,
the carbon dlsappeared from the end of the cylinder where

the sun's rays had been concentrated on 1it.
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CONCLUSIONS

It was known at the outset of the project that the
model Stirling hot-alr engine incorporated in the soler
energy converseion system would operate simply by heating
the end of 1ts displacer cylinder by a bunsen burner. Yet,
since the temperatures obtainable in the neighborhood of
the parsbolic mirror's focal length were not known, it was
guestionable whether the heat created by the mirror with the
end of the displacer cylinder positioned inside its focus
would be great enough to power the engine. However, the
solar-powered enzine proved capable of performing in a
manner comparable with the preliminary experiment conducted
on it.

The engine used in the system proved to be very inef-
ficlent. Previous tests performed on the same englne
resulted in the same conclusion (22:24; 47:14). However,
the overall efficiency of this project's conversion system
was far better than that achieved by the previously men-
tioned performance tests. For instance, one of the tests
was performed with the displacer cylinder's end heated by
a bunsen burner (22:11). When the maximum brake thermal
efficiency of that test was compared with the maximum
efficlency of the solar energy conversion system, it was

found that the latter efficlency was three times greater.
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Due to the higher temperatures involved, the power pro-
duced by the Stirling engine during this previous test was
approximately three times greater than when the engine was
solar-powered (22:19).

Testing the 3tirling engine with its displacer cyl-
inder placed 1n the electric furnace made it possible to
compare its performance with the performance of the engine
when it was mounted over the parabolic collector. The
power produced by the engine compared very favorably as is
indicated in Figure 25, However, perhaps 1t 1s of more
interest to compare the engine's efficlency during the two
tests (Figure 26).

The efficiency of the solar-powered engine was actually
the efficliency at which the system converted the avallable
golar energy into usable mechanical power. On the other
hand, the engine's efficiency during the furnace test repre-
sented the efficlency at which the engine utilized the
electric power supplied to the furnace. Therefore, since
the solar tests differed from the furnace tests because of
the solar radiation collector, it would appear that some
idea of the solar radiation collection efficlency could be
obtained from the results of the two tests,

This collection efficiency would represent the effi-
eiency at which the mirror and absorbing surface of the

displacer cylinder converted the avallable solar energy to
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heat. The definition of the collection efficlency for this
case would be the ratio of the overall efficiency of the
solar energy conversion system to the brake thermal effi-
clency achleved by the hot-alr engine during the furnace
test. However, since the overall efficlency of the con=-
version system could only be represented by a range, no
attempt was made to establish a solar radlation collection
efficiency in this manner.

One of the energy losses encountered by the soler-
powered Stirling engline was the heat loss from the heated
end of the displacer cylinder. Becauge of its high temper-
ature, heat was lost by thermal radiation and convection
to the surroundings. Also, heat was lost because it was
conducted to other perts of the engine. The effect of this
loss on the efficiency of the engine was two-fold. First,
the heat was not utilized by the worklng fluid of the
engine, but instead was lost by radliation and convection
from the hot parts of the engine. Secondly, the transfer
of heat from the hot end of the displacer cylinder resulted
in raleing the cooling fin's temperature. When this
occurred, the temperature gradlent necessary for the con-
vection of heat from the engine's coollng space to its
cooling fins was lowered. Thus, the ideal (Carnot) effi-

clency for the cycle was reduced,
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The maximum power produced by the solar energy conver=-
sion system employed in this investigation indicated that a
solar radiation collecting area of 4750 sq ft would be re=
quired 1f a similar system was to produce one horsepower.
This does not compare very favorably with the 50 sq ft deemed
necessary by some investigators of solar power plants
(56:1356).

More research and development are needed before the
method used in this project will prove to be economical and
practical. Since the fuel (solar energy) costs nothlng,
1ts utilizatlion is not too dependent on the efficlency at
which 1t can be converted to usable sources of power. How=~
ever, the installation and maintenance costs connected with
a large solar collector as the one indicated above would
appear to be prohibitive.

The conversion of solar energy to mechanical power by
using a Stirling hot-alir engine does have possibilities for
providing an auxiliary power supply in the future and
definitely has possibllities for being utilized in space
applications. Perhaps the biggest advantage of such a
system 1s the engine itself, for it 1s simple to operate
and can run effectively on a heat source created by a
focusing solar collector. In addition, similar solar energy

conversion systems would prove to be valuable to those
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underdeveloped countries where sunshine is abundant and the

need of a small source of power apparent.




RECOMMENDATIONS

Undoubtedly, better results would have been achleved
if all the testing had been performed on the same day.
S8ince this is not always possible, it 1is suggested that
future testing of solar energy converslon systems be con-
ducted on consecutive clear days. Solar radlation obser=-
vations seemed to indicate that the best time to perform
tests was from a half hour before noon to a half hour after
noon., During this time, the solar altitude angle and the
normal incldent radiation experience little change. 1In
addition, it is suggested that the testing equipment remaln
set up. Perhaps some type of weather-resistant cover could
be employed for this purpose.

The deslgn of the force measuring device used 1n this
investigation could be improved. For instance, placement
of the strain gages on opposite sides of the cantllever
beam would have improved the force observations in two ways.
First, since the strain gage on top of the beam would be in
tension and the one on the bottom would be in compresslon,
the actual change in resistance created by a force applied to
the end of the beam would be doubled. Thus, more sensl-
tive forces could be determined., 3econdly, less chance of
error due to temperature changes of the active gage would

occur since the one gage serving as the temperature



compensating gage would certainly experience the same
temperature as the one installed just opposite it.

The prony brake design had two drawbacks. First, the
brake tended to grab during some of the higher speeds,
Second, too small an adjustment range was avallable with the
wing nut arrangement shown in Figure 17. Since it was bee-
lieved that a small contact area between the prony brake and
the flywheel of the engine would produce the best results,
the contect area was dlstributed in three places. However,
it 1s suggested that an improved design consist of the cone
tact area distributed continuously around the brake's peri-
phery. Perhaps 1ts tendency to grab would be eliminated.

A different placement of the passage that connects the
displacer cylinder to the power cylinder might improve the
performance of the engine., Changing the position of the
passage to the end of the displacer cylinder as shown by
the drawing in Figure 28 would allow the alr to pass through
the cold space 1n a manner similar to that illustrated in
Figure 8. The installation of some type of regenerator
sould also produce better results.

In order to achieve an 1dea of the collecticn effi-
ciency of the mirror, the use of a heat exchanger such as
shown in Figure 29 might be adopted. The design of the

heat exchanger conforms to the same shape of the dlsplacer
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eylinder and 1s intended to be placed in the focus of the
mirror in the same manner as the end of the cylinder was
placed. The heat exchanger can also be used to determine
the effectiveness of different selective surfaces applied
to 1t,

Since the performance of the Stirling engine used in
this investigation varied during the test runs, a method
for immediate cbservation of these variations would have
been welcome. Perhaps for future tests, it may be possible
to use some type of coordinate recorder for this purpose.
For example, with the absclissa recording the force measure=-
ments and the ordinate recording the engine's speed, "power
output diagrams" may be created by introducing the reguired

constants.
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FRESNEL LENS COLLECTOR

One design of the solar energy conversion system in-
volved the use of a Fresnel lens as the solar radlation col-
lector. The lens was made of acetate butyrate plastlc and
was 13 in. in dlameter with a focal length of 14 in. The
manner in which the lens was mounted is shown in Figure 30.

In order for the lens to be completely effective, it
had to be mbunted gso that its surface was absolutely flat.
However, when gluing the plastic lens onto its wooden frame,
its glued circumference would shrink. Thus, the thin plas-
tic developed wrinkles in its surface. The effect of the
wrinkles seemed to cause a distortion of the concentrated
light at the lens' foecal point.

A preliminary design of the conversion system 1included
a radiation absorber consisting of a liquid metal bath
located at the focal point of the lens. The Stirling englne
would have used the bath as its heat source. However,
after investigating the possibilities of melting several
metals with low melting points by this method, the 1dea was
discarded. The area of high temperature provided at the
lens' focal point was too small.

Additional disadvantages of this design were also evi-
dent. For example, high solar radiation reflection losses

would have occurred from the surface of the molten metal.
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Figure 30, Fresnel Lens Collector.

Stainless
Steel

Cone
Reflector

Figure 31. Truncated Cone Collector.
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Also, the transfer of heat to the working fluid of the engine
would have involved, first, a convection process from the
liquid metal to the end of the engine's dlsplacer cylinder,
then a conduction process through the walls of the cylinder,
and finally another convection process from the cylinder's
walls to the gas itself. Therefore, it was evident that

the heat transfer process from the absorbed radiation to the
working gas of the engine would have encountered high ther-
mal reslstances.

The observation above indicated that perhaps the best
manner in which to utilize the concentrated solar radlation
was to place the end of the engine's displacer cylinder at
the focal point. The surface of the cylinder then served
as the absorber for the concentrated radiation. Thus, the
previous liquid metal thermal resistance would be eliminated.

‘With the lens' focal length and diameter having close
to a one-to-one relation, the collected rays of the sun
struck the end of the displacer cylinder at a small angle
with respect to the cylinder's center line, This 1s illus-
trated in Figure 31. Another method of concentrating the
sun's rays on the end of the displacer c¢ylinder could have
been used. This method would have consisted of a truncated
cone reflector made of stainless steel installed on the end
of the displacer cylinder as illustrated in Figure 3l.

The englhe was not tested with the cone reflector used
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in this manner., However, without it, it was found that the
engine would barely run under a no-load condition. Reflec-
tion losses occurring with the stainless steel reflector
would have reduced the available solar radlation even fur-
ther.

The Fresnel lens solar collector was abandoned because
the results cited above indicated that the colleecting area

was not large enough.

OSCILLOSCOPE C RATION

The calibrated sweep of the osclilloscope was assumed
to be accurate and in adjustment for the tests performed
on the solar-powered Stirling engine. However, when this
instrument was checked with a stroboscope, 1t was found
that the oscllloscope measurements of speed were as much
as three per cent in error. Since the stroboscope could be
adjusted by means of a vibrating reed (controlled by the
60-cycle power supply), this instrument was used as a
standard by which the oscilloscope could be calibrated.

Ad justments were made at 900 on the stroboscope's low
range and at 3600 on its high range.

The middle of the stroboscope's low range was used to
determine the speed of the engine during the calibration

of the oscilloscope. This range had to be used because
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the speed of the engine was below that of the smallest
value on the scale. Thus, the moving parts of the engine
had to be viewed two or three times per revolution.

The calibration curve for the oscilloscope 1s included
in Figure 32, The oscilloscope was adjusted and used for
the last solar test. When checked against the stroboscope
for the second time, 1t was found to compare within one

per cent,
TEMPERATURE CORRECTIONS

A Hoskins Thermo-Electric Pyrometer with iron-con=-
stantan thermocouples was used to find the temperatures at
the end of the displacer cylinder. However, in order to
find the actual temperatures, it was necessary to calibrate
this instrument.

Calibration was carried out by observing the temper-
atures of lead, tin, and zinc as they were melted and again
while they were solidifying. The metal's latent heat of
fusion allowed its melting temperature to be observed 1in
this manner because the temperature remained steady durlng
the phase change. Corrections were applied to the pyrometer

readings eccording to the correction curve shown in Flgure

33
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SOLAR RADIATION OBSERVATIONS

The solar radiation values received from the pyr=
heliometer's recording potentiometer represented the total
(direct plus diffuse) radiation received on a horizontal
surface. The diffuse radliation was found by shading the
sensing element of the pyrheliometer every ten minutes for
a perlod of two minutes. During this period, the recording
potentiometer was able to record the resulting diffuse
radiation. For the days that the solar-powered Stirling
engine was tested, the diffuse radlation seemed to remain
constant. Thls accounts for the linear relation between
the direct and total radiation received on & horizontal surs
face shown in Figure 34, Although the observations were
made only during one of the days that testing was performed
on the engine, it was agssumed that the same results would
have occurred on other eimilar days of the season.

The solar altitude angles were found by using an al-
manac and a prepared table of altitude and azimuth angles,
The method of calculating the solar altitude angles is
presented in Example 1., Figure 35 illustrates the solar
altitude angles for the days testing was performed on the

solar powered Stirling engine.
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Given: The position of Corvallis, Oregon, is
123°18' W and 44°34' N.

Reqg'd: Find the solar altitude angle at 12 aM
(PST) on Sept. 6, 1961.

le Pacific Standard Time (PST) of 12 AM is equivalent to
2000 Greermwich Mean Time (@IT).

2¢ The (reemwich Hour #ngle ((Ha) for 2000 QT was 120°26!
and the Declination (Dec.) was 6°18' (52:175),

3e The Local Hour mngle (LHA) at Corvallis was found as
follows:

LHA = 123°18"' - QA
123°181 ~ 120°26!
2° 521

nunon

Le Tor a LHA of 2°52' and 2 Dec, of 6°18', the solar
altitude angle was epproximately 520° at the 44° latitude
and approximately 51.0° at the 45° latitude (53:108, 134).

5¢ The solar altitude angle was therefore estimated as
being 51.5° at Corvallis (44e5° latitude).

be Since 12 AM (PST) is based on the 120° meridian, the
time had to be changed accordinglye ILach degree of longi-
tude represents a time change of 4 min. Therefore, a cor-
rection of 12 min was subtracted since the time west of a
meridian is earlier than the time east of a meridian. High
noon at the 120° meridian corresponds to 11:48 AM in Cor—
vallis, Oregon (123° longitude).

7e Since the solar altitude angle changed very little at
high noon, the answer of 5l¢5° was still useds This was
not true for other times of the days Thus, a curve of the
solar altitude angles for the dgy of Sept. & was construct—
ed and the time scale changed the required 12 min.

EXAUPLE 1. Solar Altitude Angle Calculationse
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PERFORMANCE CALCULATIONS

The effect of the prony brake's unbalanced weight
(brake tare) on the force measurements had to be taken into
account. Since the engine was to assume various angles, the
brake tare would also vary. Example 2 illustrates how brake
tare was determined. The results of the calculations are
shown by the curve in Figure 36.

Example 3 1llustrates how the englne's speed was
determined from the oscllloscope readings. The performance
of the solar-powered Stirling engine was determined by
methods presented in Example 4.

Table I presents data that were taken during one of
the testing days. The results of the performance celcula-
tions are also ghown in Table I. Data from the electric
furnace test are included in Table II. The calculated
results are also included in Table II.
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Given: The unbalanced weight of the promy brake
(brake tare) was 8 gm when the engine was
in a horizontal positione
Req'd: Tind the effect of the brake tare on the
force measurementse

l. For convenience, the unbal-
anced weight of the brake was
assumed to be concentrated at
the point shown in the sketches,

2e At any solar altitude angle
(x), the measurcd force consisted
of the actual force produced by
the engine plus the brake tares

3e Therefofe, the brake tare
(1"b) was found by the relation:

Fp, = (8 m)(cos )

EXAPPLE 2. Brake Tare Calculations,

(tiven: The calibrzted sweep of thc osclllo:ecope
was tricrered at 3.7 ane The multiplier
was 50 milli-sccc per cme

Req'd: Find the soeed of the Stirling engine for
this obscrvation.

1. The period of cach revolution was found as follows:
Period = (scope reading)(mltinlier)

= (367 an)(50 milli-cec per cm)

= 185 milli-sec pcr rev

0elC5 sec per rcv

i

2e The speced of the engine was then determined from the
following relation:

(60 sec per min)

Q d =
vpec Period
= (60 Sec rev
( min® Q.1l85 sec
= 325 rm

EXA/PLE 3. Engine Speed Calculations
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Given: The lever arm (r) of the prony brake
used to measure the power of the
Stirling en~ine was 24125 ine

Heq'd: Determine the engine's performance from
the observed force and speed measurements
and the calculated values for the direct
normal solar radiation (R%omal)'

le The power (P) delivered by the engine was found by ap-
plyine the force (F) and speed (1) measurements and unit
equivalents to the following equation:

(r)(F) (W)
(26125 ine )(F gn)(N rmm)

(20125 in.) _J;AJL_ (7 ) L lb (v revy 2w rod

P

ine 454 ¢ nin® rev
_ Sy rwy £1=1b min
= 0400245 (F)(N) Z=LB (1 h -
45 ( )( ) - (1 hp) 33.000 FiE

= 74425 X 1078 (F)(N) hp
= 7,425 X 1072 (F)(N) milli-hp

2¢ The effective area (fe) of the mirror was found by
determining its effective diam and the area of the engine's
shadow on its c'uxuace. The effective diam = 23 5/8 in.

The shadow = 43 in?, Therefore, Ag = 396 1n2.

3 The total solar enerzy collected by the mirror (Et)
was found by applying the mirror's effective area (‘) and
unit equivalents to the relation:

Bt = (Mnporma1) (Ze)

2 2
= (morma Z=22) 3,69 T I (36 1n2) 0y

Buu mln hp—hr
1061 0
15 (U nnormal) (6 ) 254 bta

Il

239 (»nnomal milli-hp

o

Le The overall efficiency of the.conversion system (o)
was determined as follows:
— (100)
0
To = 1

B p
T 239 (fnnormal)

(100)

EXAMPLE 4o Performance Calculationse
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TABLE I
Solar-Powered Stirling Engine Test Data and Calculation Results

Time Solar Brake DBrake True Scope Engine True Total Direct Direct Power Overall
(PST) altitude force tare brake (ave.) speed speed radiation radiation radiation milli-hp efficiency

angle (avge) gm force rom rm (hor.) (hore)  (normal)

= " el e g
1:15 525 2848 LeS 2463 50 240 250 117 1.09 1637 0e4 50 Oel37
1:15 5265 3362 4od 2847 (o3 190 195 1,17 1,09 1le37 06415 06126
1825 5le5 352  Leh 3007 bel 185 190 1.15 1,07 137 0e435 06133
1:25 515 27e0 4o5 225 349 310 320 lel5 leC7 137 0e535 06163
1:30 510 2648  Le5 22:3 4l 290 300 1.14 1.06 136 0e495 00152
1:30 5140 1248  Le5 1he3  3a3 365 380 lel4 1,06 1436 06400 00123
1:35 5140 1962 540 1he2 3el 390 405 lel2 1.05 le35 0425 Oel32
1:35 51.0 1966 5.0 Lheb 2.9 415 430 lel2 105 35 0465 0e144

190 540 14,0 . 1e12 1l.05 1.35 Oedd5 0138
30e0 540 2540 111 le 04 1.36 00490 00151
3062 500 2562 1o11 104 1436 06495 .0e152

NO LOAD RUN 0697 0e&9 1426 NO LOAD RUN

(o0)
-
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TABLE II

Stirling Engine Test Data and Calculation Results
(Llectric Furnace) '

Brake Brake True Incine  Power Power Brake
force tare  brake speed  input milli-hp thermal
(avoe )t em force rpm watts ' efficiency
fm £m
R.0 8 2440 32 210 06555 06197
34e0 8 2640 290 210 04560 04198
23e2 8 1562 396 210 06445 06158
2440 8 1660 406 210 06480 06170
1946 8 11.6 4,56 210 04390 0.138
20e2 8 1262 453 210 06410 06145
1440 8 640 494 210 06220 0,078
1546 8 b 491 210 0275 04098
2044 8 12.4 bld, 210 0410 0145
20e4 8 1244 LA, 210 04410 0e145
2946 g 2140 342 210 06550 06195
2840 8 20,0 352 210 0. 520 0.185 |
3640 8 2840 206 210 0e 550 04195
3742 g 2942 204, 210 06575 00202
4068 8 3248 228 210 Oe555 0e197
40,8 8 3243 22 210 O« 540 06192
1844 8 1044 466 210 0360 0e127
1844 8 10e4 476 210 0e370 Oel31

NO LOAD RUN 530 NO LOMD RUN






