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Direct Conversion of Solar Radiation to Mechanical
Power Using Thermostatic Bimetals and Linear

Fresnel Lenses

INTRODUCTION

The sun has been radiating huge quantities of energy since the

beginning of the solar system. With the exception of certain chemi-

cal and nuclear processes, all energy on earth is supplied by the sun,

and man has always used this energy to sustain his existence. Many

devices have been recorded in historical accounts describing efforts

to utilize solar energy. Of the many varieties of solar engines dev-.

eloped, most of these have used either a liquid or a gas for both

operating and solar energy collection media. The concentrated

energy was then extracted for some beneficial purpose.

Cherry (1973) stated that no major scientific breakthroughs are

needed to bring solar energy into economic competition with other energy

sources. Rather, what is required for the successful utilization of

solar energy are improvements in processes, materials and engineering.

However, successful solar devices do not always need to be ones of high

efficiency to be economically justifiable. If a device can be manu-

factured inexpensively, the efficiency of the machine is not as an im-

portant consideration as it normally would be (Proceedings of the New

Delhi Symposium, 1956). This is particularly true when considering the

inexhaustable supply of solar energy.

This investigation has been an attempt to create a method of con-

verting solar energy directly to mechanical motion. The device developed
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incorporates heating of a solid, rather than a liquid or gas, as a

method of converting solar radiation to mechanical energy. This re-

search project brought together the use of linear Fresnel lenses and

thermostatic bimetal helical coils, into a machine to produce rotary

shaft power. The theoretical possibility and technical feasibility

of employing thermostatic bimetals as an energy transfer medium in a

solar engine was the primary focus of this investigation. The specific

objective was: to design, construct and test a simple solar powered

apparatus that would develop torque or shaft power through the direct

conversion of solar energy.

The envisioned application of the solar motor was to power a simple

water pump for use in remote and developing areas. Because of the

rapidly developing world wide shortage of fossil fuels, solar energy must

be exploited. Energy consumption for water pumping has become a major

concern to expanding agriculture. Thus the development of solar powered

engines capable of supplying power for agricultural use has become an

important research consideration.
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LITERATURE REVIEW

A. Literature

The application of solar energy to fulfill mankind's needs has

had a dramatic history. An early recorded use of concentrated solar

energy was the burning of an invading Roman fleet by Archimedes in

212 B.C. Many highly polished shields were positioned such that the

reflected solar rays were directed toward warships attacking his home

city of Syracuse. The concentrated sunlight reflected from the

shields ignited many of the ships, which burned to the water line.

Because the validity of this incident has been widely debated, the

Greek Navy recently repeated the event to verify its possibility.

Polished brass reflectors similar to those believed used by Archmiedes

were positioned to focus on a wooden boat anchored in the harbor at

Syracuse. The boat was ignited and burned to the water line within

minutes.

The first recorded solar water pump was constructed in 1615 by a

French engineer, Salamon deCaus. During the years following this in-

vention a number of sun powered engines were developed and patented.

John Ericsson invented the first solar engine operating on an air

cycle, which was demonstrated in 1872 in New York City. Ericsson's engine

operated at a steady rate of 420 rpm when the sky was clear and the sun

was at its zenith (McVeigh, 1977).

Historically, most solar engines have collected radiation in a

liquid and used the heated fluid as an energy source. A comon example

is the solar steam engine which uses water as the collection medium.
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Various gases have also been used as energy collection media of which

the hot air engine built by John Ericsson in an example. Low tempera-

ture phase change liquids have also been employed. The Minto wheel

(Lindsley, 1976) vaporized liquid R-l2 or Propane gas which condensed

on the opposite side of a large wheel. The heavy liquid created torque

on a central shaft which induced rotation. The large wheel size re-

quired to develop a useful amount of torque has been a problem with

Minto's device. A 10-12 meter (33-39 ft) diameter was required to

develop approximately 8.5 horsepower.

Three component concepts were studied and brought together during

this research. They were the wheel shape expressed above, the use of

thermostatic bimetals as the recipient of energy, and finally, the use

of linear Fresnel lenses to concentrate the sun's energy and direct it

into the motor.

Helical thermostatic bimetals have been introduced to the field

of solar energy only recently. Their most successful solar use has

been as thermal heliotropes used to orient solar panels toward the sun.

When exposed to the sun, the bimetal coil expands, creating rotational

motion. As the heliotrope rotates, a shade turns with the solar panel.

When the feedback shade partially blocks the incoming radiation, the

bimetal spring ceases to rotate and the solar panel is oriented toward

the sun (Fairbanks and Morse, 1972). This device is illustrated in

Figure 1. The National Aeronautics and Space Administration has used

the devices with great success on orbiting spacecraft.
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Figure 1. Thermal heliotrope.



Several major manufacturers produce thermostatic bimetals; how-

ever, the only design manual currently being published is Thermostatic

Metals, Chace Design Highlights (chace, W.M., Co,l972), in which the basic

relationships and equations necessary to design bimetal elements are

presented. The design equations used by the investigator to select the

bimetals manufactured into the helical coils incorporated into this ex-

periment were from this manual.

In contrast to bimetallic helical coils, linear Fresnel lenses have

been used in solar energy projects for a significant length of time.

With the recent advent of plastic Fresnel lenses, this type of lens is

rapidly gaining in popularity. The plastic lenses are inexpensive to

manufacture and good optical quality is easier to obtain with them than

with the traditional glass Fresnel lenses. However, the plastic lenses

are less durable and have shorter operational lifetimes than glass

lenses.

Linear Fresnel lenses have been used for many types of applications.

Northrup and O'Neill (1975) reported linear Fresnel lens use in insulated

tracking collection systems to produce medium temperature heat. More

recently, such lenses have been used to provide heat for greenhouses by

concentrating sunlight onto heating pipes (Agricultural Research, 1978).

The lenses used in that greenhouse study were only 30 percent efficient,

but optics studies indicated that efficiencies of 70 percent could be

expected with some changes in materials and design (Science and Educa-

tion Administration News, 1978).

However, before a solar device will be widely accepted, it must be

economically justifiable. While the development costs of many solar
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devices have been high, some devices have been shown to provide power

at reasonable costs. A pump has been developed in Holland which

provides power produced at a rate of 5.8 i/kWh (Solar Energy in Agri-

culture, 1976). Not all solar pumps are this inexpensive to operate,

but further research and new ideas will reduce the cost of solar pow-

er. Also, as the supply of fossil fuel dwindles, solar energy sys-

tems will become more competitive. A considerable number of solar

pump designs was presented at the 1978 International Solar Energy Con-

gress in New Dehli (deWinter and Cox, 1978). Recent publications

indicate a growing interest in development of solar motors for agri-

cultural processes.

B. Theory

Thermostatic Metals

Thermostatic bimetal helical coils are the heart of the solar to

mechanical energy converter. These coils are composed of two metals

with differing rates of thermal expansion, which have been bonded to-

gether under high pressure. A variety of thicknesses of the bonded

metals are available from manufacturers, however, the thicker the

strips of metal, the less satisfactory the pressure bond between

them. Imperfections resulting from metallic crystallization between

the two layers during the bonding process limits the maximum practical

thickness of bimetal materials to 2.11 m (0.083 in.). The thickest

bimetal which retains good material strength characteristics for

repetitive loads is approximately 1.52 mm (0.060 in.) thick.

When dissimilar metals that have been bonded together are heated,



bending results due to differing expansion rates. Deflection per unit

length of metal depends on the combination of elements used to make

the material. Although there are numerous combinations of bimetals,

each of which exhibit individual characteristics, three factors gener-

ally determine their usefulness: a) rate of expansion, b) sensitivity

zones of thermal response, c) overall strength. Certain bimetal com-

binations are more sensitive to heat changes in particular temperature

ranges than over their entire useful temperature range. For this

research, a bimetal combination was chosen which had a moderate

rate of expansion over the wide range of temperatures from minus

73 C to 427 C (-100 F to 800 F).

The calculations used to design helical bimetal coils are based

on the following three equations (Chase, W. M., Co., Design High-

lights, 1972):

1. Thermal Deflection formula

KDCATLm
A=

2. Applied Load formula

I

KDCKPCEcrbt2 (1-rn)

3. Mechanical Spring Rate formula

A bt3

Lr



A = angular deflection in degrees

m = specific deflection

P = load or force in ounces

= temperature change in degrees Fahrenheit

L = active length of element in inches

b = width of element in inches

t = thickness of element in inches

KDC = coil deflection constant

Kpc = coil torque constant

r = radius to point of load application in inches

Figure 2 is an illustration of a helical coil with some of the above

factors detailed. The constants have not been developed for use with SI

units, thus the proper English factors must be applied (Chace, W. M. Co.,

Design Highlights, 1972). Tables of coil deflection and torque constants

are available in design manuals for many different bimetal combinations.

1Ai
P

Figure 2. Dimensions for thermostatic metal design equations

(Chace, W. M., Co., Design Highlights, 1972).

The specific deflection value m is,a relatively recent concept in

the mechanics of thermostatic metals. A quotation from the W. M. Chace

design catalog on thermostatic metals explains the use of this factor
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"In the past it has been the practice in the industry to treat
thermostatic metal problems involving combined force and de-
flection as if the total temperature change were somehow
split, part going to create force and part, the deflection.
Although conveniently simple for certain elementary, frequently
encountered problems, it may cloud our understanding of the
true mechanics of thermostatic metals.

Chace introduced the concept of specific deflection, the
ratio of the actual deflection, corresponding to a particular
force and temperature change, to a free deflection for the
same temperature change. This dimensionless ratio is repre-
sented by the symbol m. The specific deflection varies from
0.0 for the case of complete restraint to 1.0 for free de-
flection. The specific deflection m is thus numerically
equal to what was formerly termed the 'temperature split,'
or the ratio of temperature change required for thermal de-
flection to the total available temperature change."

Deflection versus temperature curves, available from the manufac-

turers for most bimetal combinations, illustrated in Figure 29,

Appendix A, allow direct comparison of changes in deflection for a

wide range of temperature values. The curves can be used in conjunction

with the bimetal design equations to gain a fuller understanding of the

response characteristics of bimetals.

Estimates of force and deflection represented in the design equa-

tions are accurate only if the bimetal object has undergone heat treat-

ment after forming. Thermostatic metal retains many residual stresses

after being worked. Thus, heat treating from one to three hours at

least 38 C (100 F) above the maximum expected operating temperature

of the bimetal is recommended. A detailed analysis of the calcula-

tions used for bimetal selection is presented in Appendix A.
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Solar Energy Concentrators--
Reflectors and Lenses

The solar to mechanical energy conversion device was essentially

a solar powered motor. For the solar motor to develop useable amounts

of energy, the incoming solar radiation had to be concentrated. Through

the years many devices have been used to concentrate sunlight. Typically,

these solar concentrators were either lenses which focused light passing

through them or reflectors which reflected and redirected the sunlight

onto a target.

Solar energy applications using reflectors for energy concentra-

tion are more common than lenses because reflectors are easier and less

expensive to construct. Reflectors and lenses vary widely in ability

to concentrate solar energy. In general, the concentration ability or

concentration ratio of reflectors and lenses is defined as being equal

to the heat flux on the absorber divided by the heat flux on the

reflective surface or lens (Gillette, 1960).

The ability of a reflector to focus sunlight also depends on the

shape and accuracy of construction of the device. For example, given a

particular concentration ratio, a parabolic trough reflector requires

a more accurate design than a paraboloidal concentrator, since the para-

boloid focuses to a point while the parabolic trough results in a line

focus (Duffie, Lappola, and Lof, 1957).

Optical and thermal losses of incident energy determine the

energy efficiency of a concentrator. When these losses are minimized,

the output of the solar device is highest when the receiver or target

absorbs the maximum amount of reflected energy possible (Lof, Lester,
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and Duffie, 1962). A surface coating that has high absorptivity of

solar radiation greatly enhances overall efficiency.

Target configuration also affects the ability of the receiver to

retain the energy it has absorbed. Cobble (1961) and Stineman (1959)

discussed methods of calculating the optimum target configuration for

a number of different solar reflectors. A particular reflector used

in a solar energy system can require a particular target arrangement

for maximum efficiency. Of course, the target must be large enough to

intercept all of the energy available or efficiency will be lowered.

However, Stineman (1959) remarked that in most practical applications,

the collection efficiency is not dependent on the absorber configura-

tion to any great extent.

The second major type of concentrating device, the lens, was the

major energy concentrating component of the solar motor. Compared to

reflecting devices, lenses function based on more optically complex

relationships, which direct the solar energy by actually bending the

light beams asthey pass through the transparent lens material. Both

linear Fresnel lenses and parabolic trough reflectors are described in

more detail in the next two sections.

Parabolic Trough Reflectors

Hasson and El-Refair (1973) presented a study on efficiency of

parabolic trough reflectors and target shape required for maximum

efficiencies. The ability of the parabolic cylinder to concentrate

sunlight is highly dependent on the care taken in design and manufacture

of the reflector. Cobble (1961) states the maximum concentration ratio
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possible for a parabolic trough reflector with a cylindrical target is

68.3:1. Calculation of this maximum concentration ratio, based on the

assumption that an "ideal" mirror was available to reflect the incoming

energy, used the equation:

where:

A
mn

t

C = maximum concentration ratio

Amn = the normal area of the mirror perpendicular to the sun

At = the area of the target

The ratio of reflector diameter to focal length should be considered

when designing for efficient parabolic concentration. Maximum collection

efficiency for a round absorber tube is achieved when the optimum ratio

of aperture width (reflector diameter to focal length) is between three

to one and six to one (Stineman, 1959). The reflectors designed for this

experiment had an aperture width of eight to one which was close to the

optimum range.

Hassan and El-Rafair (1973) indicate that concentration efficiency

and concentration ratio are contradicting parameters in some cases.

When reflected energy is concentrated only on the side of the target fac-

ing the reflector, the two parameters can work against each other. As the

diameter of the collector increases in relationship to its focal length

the concentration ratio will increase (Cobble, 1961). Yet as the dia-

meter of the collector is increased, the concentration efficiency drops

(Stineman, 1959).
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The collector system designed for this experiment intercepts most

of the concentrated energy directly upon the portion of the spring fac-

ing the sun. Thus, optimization of the relationship between concen-

tration efficiency and concentration ratio was not significant.

Because optimum reflector configuration was not essential for solar

motor operation, further investigation into maximizing parabolic

trough reflector design was not pursued.

Fresnel Lenses

The solar powered apparatus required a method of concentrating

enough sunlight onto the bimetallic springs to create the force needed

to move the weights. Focusing systems involving flat mirrors, helio-

states, reflectors and lenses were considered; however, since a

linear Fresnel lens produces a line focus which appeared to be most

compatible with the bimetal springs this concentration system was

adopted.

A Fresnel lens is a collection of small prisms with each facet

cut at a different angle, thereby focusing light from a wide area onto

a single point or line (Figure 3). "Fresnel lenses combine the ad-

vantages of a multilens system within a single unit as each segment

is designed to concentrate the incident radiation onto a centrally

positioned receiver" (McVeigh, 1977). All lenses absorb and reflect

some radiation; however, a well designed Fresnel lens will transmit

approximately 70 percent of incident radiation. Both the top and

bottom surfaces reflect light, which is lost as it cannot be redirected

toward the receiver. Also, the lens material itself will absorb some
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of the energy passing through it (Cobsy, 1977).

+

Figure 3. Focusing characteristics of a Fresnel lens.

Lens Related Focusing Errors

Certain optical inaccuracies in focusing are peculiar to Fresriel

lenses. The precision with which the small lens elements are made is

primarily responsible for these inaccuracies rather than the bulk pro-

perties of the lens material (Meinel and Meinel, 1976). Four sources

of tolerance errors readily identifiable in Fresnel lenses are:

1) angle of the lens face; 2) rounding of the flat zone corners; 3) the

non-focusing side of each facet; and 4) rays oblique from the perpendicu-

lar may be lost if the collector is not wide enough to intercept them.



Figure 4 illustrates the areas of a Fresnel lens facet in which losses

occur. The first two errors are caused by limitations in design and

manufacture. The fourth error is caused by poor orientation of the con-

centrating lens toward the sun (Meinel and Meinel, 1976).

ACCEPTABLE
ZONE

ERROR
ZONE

INCOMING
ENERGY

I I

I I

I I

I
I

\....] I 4ERROR
\ I

ZONE

\ USEFUL
RAY

LOST N
RAY a1.1

Figure 4. Fresnel lens error zones (Meinel and Meinel, 1976;
Cosby, 1977).

The third form of energy loss occurs when the sun's rays pass

through the lens and strike the non-focusing face of a lens facet and

is different from the energy dissipated due to rounded edges and poor

facet angle. The sunlight that enters the lens and strikes the non-

focusing face is deflected through an angle as it leaves the plastic
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lens. The orientation of the non-focusing face is such that the light

beam is not directed toward the receiver and is lost for practical use.

The necessary shape of Fresnel lenses dictates that the energy losses

cannot be entirely eliminated.

Another energy loss occurs when one facet interferes with the light

beam of an adjacent facet. Part of the light focused by one facet may

strike the non-focusing face of a neighboring facet. This problem can

become severe near the outer edges of a lens where the angle of each

facet face can be quite large. Obviously the facet size and groove depth

are extremely important when considering interference losses (Cosby,

1977).

Fresnel lenses in general are constructed with two different orienta-

tions of the prisms or steps. The prisms can be located either on the

front of the lens facing the incoming radiation or cut into the backside

of the lens. The linear Fresnel lenses manufactured for solar energy

applications in the United States generally have the steps on the rear

of the lens. However, an Indian research team claims that the steps

should be on the front side of the lens facing the sun for maximum effi-

ciency (Garg, Mathur, and Verma, 1978). One possible objection to the

lens facets being cut into the front of the lens is that masking inter-

ference of one step by another could seriously reduce collection effi-

ciency. Yet, the Indian researchers claim that the efficiency of a lens

with steps on the back rapidly reduces to zero even with small step

angles as the size of the lens increases. The maximum effective width

of a Fresnel lens is equal to the focal length, and any additional width

adds facets to the outside edges of the lens which contribute very little



energy to the target. In this manner, the efficiency of the lens would

drop rapidly if a wider lens were used with no corresponding increase

in focal length. Resolution of the question on which side of a lens

the grooves should be fabricated was not attempted in this presentation.

Solar Related Focusing Errors

The errors in focusing are increased when the lens is not oriented

normally to the sun. Because the sun appears to rise in the sky during

the morning and fall during the afternoon, its altitude angle above a

horizontal plane changes hourly, reaching its zenith at noon. The

change in altitude angle and movement from east to west during the day

requires most concentrating collectors track the sun. A unique ad-

vantage of a linear Fresnel lens is that tracking the sun is not neces-

sary to achieve moderate collector efficiencies. During the portions of

a day when the sun is at high altitude angles (approximately 10:00 am

to 2:00 pm), a hot focus can be maintained if the collector is oriented

at the sun's zenith altitude angle (Spitzberg and Williams, 1975). Thus,

only one dimensional tracking to follow apparent seasonal movements of

the sun above the southern horizon is required. However, a concentrat-

ing collector with two dimensional tracking can exhibit dramatic in-

creases in overall efficiency for an entire solar day when compared to a

collector with one dimensional solar tracking. The complexity of such

tracking systems generally limits their use.

The errors caused by the apparent movement of the sun are at a

minimum during the 10:00 am to 2:00 pm solar time period (Nelson, Evans,

and Bansal, 1975). Yet even within this period, the focal point will
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change as the sun appears to move through the sky. Two types of image

movement are present in a single lens positioned with the facets running

east-west and the lens facing due south. Any particular lens has a

specific focal length which remains the same regardless of the hour

angle of the incoming light. Therefore, incoming radiation will be

focused horizontally the same distance behind the lens at all times.

Because the bimetal springs lie in a horizontal plane and the line of

focus would move along them, this type of image movement would not

seriously affect the solar motor.

The second type of focal line movement would be a transverse motion

caused by the hourly change in altitude angle of the sun during the day.

With the lens in a stationary position aimed at the maximum solar alti-

tude angle, the focus would travel transversely across the absorber.

Energy losses from this motion depend on the size of the hot patch of

light relative to the size of the absorber. Larger target widths are

required to intercept an acceptable fraction of the concentrated solar

energy (Cosby, 1977).

Energy losses due to transverse focus travel are readily apparent

in a concentrating system. Cosby (1977) states that the transverse

movement results in an asymmetry of the hot focal line for large track-

ing errors. A redistribution of the energy caused by the transverse

motion results in a fan of light developing on one side of the focal

line while the focus sharpens on the other side.

The optical performance of Fresnel lenses follows a linear rela-

tionship, as the focal length of the lenses are approximately equal

to the width of the entire lens. "The maximum mean radius attainable



20

for a given focal length is a straight line relationship. With

mean radius equal to half of the focal length." [sic] (Garg,

Mathur, and Verma, 1978). The lenses employed were optically

approaching minimum possible focal length for their 1.02 m

(40 in.) width.

In addition to positioning the lenses to obtain a long line focus,

the lenses can be combined to obtain a line focus of any desired length

(Figure 5). When two lenses are oriented with axes 90 degrees from the

other, the distance between lenses controls the length of the line of

focused energy. The energy lost in passing through a double lens system

is theoretically greater than the sum of the light energy lost by each

individual lens. This is due to increased reflection from the surface

of the second lens. Reflection increases because the sun's rays are

not striking the second lens perpendicularly.

Rice and Rhodes (1978) stated that aiming two acrylic lenses

together in a point focus resulted in a recorded temperature of greater

than 633 C (1170 F) during testing. The possibility of high tempera-

tures and the fact that these lenses efficiently concentrate direct sun-

light in a manner compatible with the solar motor were the reason the

Fresnel lenses were chosen for use in this research.
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APPARATUS

Operation of the solar engine centered around the concept of creat-

ing an imbalance within a series of weights arranged in a circular

pattern around a central shaft. Each weight was attached to the end of

a 0.36 m (14 in.) bimetallic spring mounted around a 12.7 mm (1/2 in.)

rod. Situated behind each spring was a parabolic aluminum reflector

to redirect incident sunlight onto the spring. The locus of rods,

springs, and reflectors were all held in place by a 0.61 m (2 ft.) al-

uminum disk on each end. The aluminum disks were attached to a 19 mm

(3/4 in.) central shaft and had a number of holes drilled through them.

These holes allowed different numbers and spacings of bimetal spring

assemblies to be installed and tested. The entire apparatus is illus-

trated in Figure 6.

The energy required to heat the springs and cause motion was con-

centrated and focused with two Fresnel lenses. The resulting tempera-

ture increase caused rotation of the helical springs. One end of each

spring was fixed, while the other end was free to move. As the spring

was heated, expansion of the bimetals caused the free end supporting

a weight attached to a lever arm to rotate. As the mass rotated, the

entire system of springs and weights became unbalanced inducing rota-

tion of the central shaft.

Bimetallic Springs

A high expansion material composed of 19 percent nickel, 2 1/2

percent chrome, 1/2 percent carbon, and the balance iron, was combined

with a low expansion material made of 39 percent nickel and the



Figure 6. Basic engine configuration.
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balance iron to make the bimetallic springs. This particular bimetal

combination is listed by the manufacturer as Chace #3950. Each major

manufacturer of bimetallic materials has their own identification sys-

tem. However, each is aware of competitive products which allows the

catalog of one manufacturer to be used to design bimetals purchased

from other manufacturers.

The basic material used to formulate the helical springs was of

bimetallic flat stock 25.4 mm wide, 2.03 m long and 1.52 mm thick

(1 in., 80 in., 0.060 in.). This thickness of bimetal was chosen

because it represented the strongest size available for repetitive

loads. The active length of each spring was 1.42 m (75.7 in.) which

allowed 25.4 mm (1 in.) of inactive length to fasten the spring

solidly at the fixed end and 88.0 mm (3 1/2 in.) for a lever arm on

the free end (Figure 7).

The springs were wound with a right-hand turn. Thus, when facing

the springs with the lever arm on the right, the spring would lift the

weight over the top of the supporting rod. Conversely, if the spring

were placed in the engine with the lever arm on the left-hand side, the

spring would pass the weight underneath the supporting rod (Figure 8 ).

The weights were situated on the lever arm so that they would not touch

the suspended end of the parabolic trough reflectors. Each spring was
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designed to move a 2.81 kg (6.2 lb.) mass through a 180 degree deflec-

tion at a 76 mm (3 in.) lever arm with 149 C (300F) change in tempera-

ture. The original design calculations used to determine the spring

size and movement are included in Appendix B.

Linear Fresnel Lenses

Two types of Fresnel lenses were donated by Hallmark Cards, Inc.

for this research. One, made of an acrylic, has a focal length of 1.22 m

(48 in.) and the other made of polycarbonate material has a focal length

of 0.99 m (39 in.). Each lens has a concentration ratio of approximately

40:1 and was designed to be oriented with the grooved sides away from

the sun (Rice and Rhodes, 1978). Both lens materials are currently un-

dergoing scientific development at Hallmark Cards, Inc. and are not

presently commercially available.

Four 0.51 m x 0.51 m (20 in. x 20 in.) pieces of each lens material

were received. The material had been cut for ease of shipping. Because

the manufacturing process creates only half a lens at a time, two

halves must be fitted together to provide a complete lens approximately

1 m2 in size. Four pieces of each type of plastic were fitted together

which resulted in two complete square lenses.

Individual pieces of each lens were held together by a light

aluminum frame constructed on 9.5 mm x 6.4 m (3/8 in. x 1/4 in.)

extruded aluminum channel and specially designed connectors for corners

and cross-bracings. A heavier steel stand was constructed with two trays

to hold each of the aluminum lens frames and lenses. The steel frame was

adjustable which allowed tracking the sun as its altitude angle changed
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during experimentation. Figure 9 illustrates the steel frame with the

two lenses in place.

The distance between lens trays was adjustable to allow formation

of different lengths of focused light when both lenses were used.

Appendix C details calculation of the distance needed between the two

lenses to result in a 0.36 m (14 in.) line of hot light at the focus.

The line of light characteristic was compatible with the solar motor

as the horizontal focal line could be aimed directly onto the horizontal

bimetal springs of the motor.

The ability of the Fresnel lens material to transmit light indicated

in the theory of Fresnel lenses is dependent on both material and con-

figuration. Transmission losses due to just the material alone were ob-

tained from Mobay Chemical Co. and the Plastics Engineering Handbook

(1976). Mobay Chemical Co. (1979) stated that the polycarbonate plastic

used in the polycarbonate lens, with an ultraviolet degradation inhibitor

included, has a light transmittance from approximately 86 to 89 percent

with an average light transmittance of about 87 percent. This range

depends on the degree of care taken during manufacture. The acrylic

lens plastic was determined to have a transmittance of nearly 92 percent

by the Society of the Plastics Industry (1976). However, this figure

may not include the loss caused by an ultraviolet inhibitor, An experi-

ment described later accounts for energy losses due to the Fresnel con-

figuration.

Parabolic Trough Reflectors

The absorber used in the solar motor was a helical spring shaped
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Figure 9. Fresnel lens support mechanism.
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approximately like a horizontal cylinder. To increase the collection

efficiency of the system, parabolic trough reflectors were positioned

behind each spring. These reflectors were used to redirect most of the

concentrated light which would miss the target spring prior to and

after the motor rotated the spring into the focus of the lenses. The

reflectors also distributed the concentrated light over both front and

back of the spring and were particularly helpful when the motor did

not stop with a bimetal spring centered in the focus of the light beam.

The parabolic trough reflectors behind each spring were made of

polished aluminum designated as Aiclad, 2024-13. This particular sheet

aluminum was chosen for its ability to evenly reflect sunlight. Mackie

(1963) tested the reflectivity of this material and found approximately

78 percent of any incident solar radiation would be reflected.

The reflectors were cut from flat sheets of aluminum. The two ex-

tenor edges of the reflector parallel to the spring were bent to form

a web increasing the rigidity of the entire reflector. The reflectors

were then heat treated at approximately 413 C (775 F) to help the al-

uminum retain the desired parabolic shape. End plates designed to

hold the reflectors in place were made from heavier sheet aluminum and

attached to the parabolic portion with pop rivets. One end of each

reflector was held solidly in place, while the other end

was free to move. The reflectors were fabricated with a focal length

of 19.1 mm (3/4 in.) and a maximum width of 0.15 m (6 in.). The basic

parabola design is illustrated in Figure 10.

The relative aperture of the reflector, which is based on focal

length and width, was approximately eight. This fairly large relative
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Figure 10. Parabola design.
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aperture was needed because of the size of the spring which was to fit

within the reflector. In a parabola of a given width, a larger focal

length results in a smaller relative aperture and a flatter reflector

profile, which would direct fewer light beams from non-normal incidence

angles to the receiver. On the other hand, a larger relative aperture,

caused by a shorter focal length, would have resulted in a reflector

which fit too tightly around the bimetal spring. The narrowness of the

parabola would have forced the 50.2 nun (2 in..) diameter spring to be

positioned further from the back of the reflector, where the focal

point of the parabola would not have been on the spring.

Several scale drawings were used to determine the angles of re-

flector orientation through which indicent light would be focused on

the spring. The 19.1 mm (2/4 in.) focal length reflectors would target

non-normal light waves through an angle of approximately 45 degrees

each side of a line passing directly through the spring and normal to

the center of the back of the reflector. The reflector was situated

so that the focal point of the parabola was on the rear of the spring.

The light beams not aimed directly normal to the parabola would be

reflected and focused somewhere on the side or back of the spring.

Figure 10 demonstrates the relationship between incoming radiation and

reflections from the parabola to the spring. The method of calculating

the angles of reflection are detailed in Appendix D.

Solar Radiation Measurements

The radiation monitoring equipment used during this experiment to
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record the amount of solar radiation available in the vicinity of the

solar motor was an Eppley Pyrheliometer mounted on top of a two-story

building. Because only direct solar radiation is focused by a concen-

trating collector, total radiation was not measured during this study.

However, the pyrheliometer readings include slightly more solar energy

than just direct radiation. The normal incidence pyrheliometer views

the sun with an aperture of 5.72 degrees. This angle is significantly

greater than the angle the actual sun's disk subtends at the earth's

surface. The amount of additional radiation intercepted by the pyrhelio-

meter depends on the degree to which the solar beam is scattered passing

through the atmosphere (Jeys and Vant-Hull, 1975). However, this addi-

tional energy is generally ignored and the pyrheliometer reading is

accepted as the direct solar output.

The intensity of the direct insolation varies throughout the year

due to apparent changes in the air mass absorbing the radiation. This

apparent difference in air mass is the result of changes in the sun's

declination during the year. Figure 11 depicts the altitude angle at

solar noon throughout the year. In the equation indicated on the graph

"1" represents the latitude of the site and "d" stands for the declina-

tion of the sun which changes from day to day. If the solar altitude

angle is desired for daylight hours other than solar noon, the local

hour angle of the sun must be known for that particular time. Combin-

ing this fact with the solar declination the altitude angle can be

found at any time.

Solar altitude and declination were also valuable in calculating

the atmospheric transmission coefficient at a particular time. The
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pyreheliometer was used to determine the amount of solar radiation reach-

ing the ground. This information was inserted into a series of equa-

tions from which the transmission coefficient was obtained. Appendix

E contains the basic equations for these calculations. For example, on

March 7, 1979, the direct radiation was 900 W/m2. Using the calcula-

tion procedure in Appendix E, an atmospheric transmission coefficient

of 0.77 was found. Therefore, of the energy available outside the

earth's atmosphere 77 percent was transmitted to the surface. These

figures apply only at solar noon and latitude 44°30'. At other loca-

tions, a different latitude may be necessary to complete the calcula-

tions.
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EXPERIMENTAL PROCEDURE

Development of a solar powered apparatus that would create rotation-

al shaft power through the alternate heating and cooling of bimetallic

helical coils evolved from the desire to pump small quantities of water

from shallow wells in remote areas. The preliminary theoretical Carnot

Efficiency evaluation of the basic concept required assumed high and low

operating temperatures. In order to create an operable system, tempera-

tures greater than those attainable from a non-concentrated solar source

were required. A thorough review of potential energy concentrating

schemes and devices indicated that a linear Fresnel lens system would

best meet the requirements of the proposed apparatus. Review of current

research revealed that low cost plastic linear Fresnel lenses were being

developed by Hallmark Cards, Inc. Although these lenses were still in

the evaluation and modification stages of Hallmark's research program,

two test specimens were secured and incorporated into the solar motor

system. Experimentation revealed that the high temperatures assumed for

the original Carnot efficiency calculations were attainable with the

Fresnel lenses and operation of the solar motor was theoretically

possible.

After the fundamentals of thermostatic bimetal design were employed

as an aid in selecting the metals used to form the helical coils, the

solar to mechanical energy converter was constructed in two primary

sections. Assembly of Fresnel lenses and their supporting frames was

one major component while the fabrication and assembly of the energy

conversion device that included bimetal springs, parabolic reflectors,



37

and their supporting frames was the second.

Fresnel Lens Assembi

Because each Fresnel lens arrived from the manufacturer in four

pieces, a framework of extruded aluminum was built to secure the lens'

pieces and allow assembly of both lenses. A steel frame with two move-

able trays, into which the lenses fit, was constructed of angle iron.

These trays were adjustable to allow changes in the length of the line

of sunlight focused by the lenses. Figure 9 illustrates how the four

pieces of plastic lens material were held in position within the larger

steel frame. In addition, the trays rotated on pins in the top of the

pipe stand. In this manner the change in altitude angle of the sun

could be followed by the lenses throughout the day. The pipe stand had

telescoping legs which allowed vertical adjustment of the line of focus

once the lenses were properly oriented toward the sun.

The lenses and their aluminum frames were positioned in the steel

frame with the polycarbonate lens facing the sun. The acrylic lens was

then placed 0.224 m (8.9 in) behind the polycarbonate lens to obtain a

0.36 m (14 in.) line of focus. The polycarbonate lens was required to

be positioned nearest the sun because of its shorter focal length, while

the acrylic lens was behind it on the lower tray. With this arrangement

sunlight was concentrated on the bimetal springs.

Solar Motor Fabrication and Assembly

All major components of the solar motor, except the bimetallic

coils, were fabricated from stock materials in the departmental shop.



The frame supporting the central shaft was made from pieces of angle

iron and welded together. The bearings attaching the shaft to the frame

were leveled and adjusted to insure trueness of shaft rotation. The two

large aluminum discs mounted on the central shaft were milled from large

sheets of aluminum and drilled with several radii of holes to facilitate

installation of various numbers of spring assemblies.

A series of analytical calculations were completed to determine the

closest arrangement possible of the springs and their individual reflec-

tors. The springs had to be located far enough apart so that the re-

flectors could be installed around them without interfering with nearby

reflectors. Also, enough spacing was required to allow free movement of

both sizes of weights, so that neighboring weights did not interfere

with each other.

Steel weights of 0.91 kg (2 lb.) and lead weights of 2.8 kg (6.2

lb.) were used to provide the mass to be moved by the bimetal springs.

The 2.8 kg weights had overall dimensions of 5.72 cm2 (2 1/4 in.2) and

7.62 cm (3.0 in.) in height, while the 0.91 kg weights measured 3.81 cm

(1.5 in.) by 5.08 cm (2.0 in.) by 5.87 cm (2.31 in.). This particular

size and configuration was selected as it facilitated attachment to the

lever arm of each spring and would not interfere with the action of

other weights on the machine.

The bimetal springs were sprayed with barbeque flat black paint.

The emissivity and absorptivity of this paint were assumed to be approxi-

mately 0.95. A number of other black coatings are available which could

have increased the absorptivity slightly. One of the best flat-black

heat resistant paints on the market is Nextel black paint. It has an
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emissivity and absorptivity of 0.967 (McVeigh, 1977). Black chrome

electroplating would have also provided a very high absorptivity. How-

ever, the small increase in performance gained as a result of the

application of any of these methods, would not have been worth their

expense. Ordinary flat-black paint results in absorptivities by the

bimetal springs quite comparable with some of the most expensive selec-

tive coatings.

Ordinarily, the painted springs were mounted on 0.045 m (1 7/8 in.)

tubes. The fixed end of the spring was attached to the tube with a bolt

and the various loops of the spring rested on the tube. This method was

not entirely satisfactory because as the spring moved there was consider-

able friction between the spring and the tube on several of the end

loops. The mass at the end of the spring also caused a slight twisting

of the lever arm and this increased the amount of friction between the

spring and the tube.

The tubes were replaced by 12.7 mm (1/2 in.) steel rods in an

attempt to reduce the internal friction in the device. An example of one

of these spring support rods is illustrated in Figure 12. One end of the

rod had a washer with a small piece of angle iron extending from the

outer edge of the washer. The angle iron had been tapped and threaded

to accept the small bolt which held the fixed end of the spring. The

washer's function was to squeeze one end of a reflector endplate between

itself and the large aluminum disk. In this manner, both the reflector

and spring could be held securely.

On the other end of the rod, a 12.7 mm (1/2 in.) bearing was

slipped onto the rod and pressed inside a 50.8 mm (2 in.) diameter
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Figure 12. Spring rod with teflon block and bearing.
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teflon block. The teflon blocks had nominal dimensions of 25.4 mm

(1 in.) inside diameter and 50.8 mm (2 in.) outside diameter. Each

block was turned on a lathe to ensure that the bearing would fit tightly

inside the spring. The bearing and teflon block were held into position

by two bushings. This arrangement allowed the spring to rotate about

the shaft and move axially with minimum friction.

Researchers should exercise extreme caution when working with tef-

ion. Heating some grades of teflon above 177 C (350 F) causes it to

break down chemically and release deadly phosgene gas. The teflon

blocks used in this study were listed in the manufacturer's catalog as

being safe to 260 C (500 F). A small piece of material was heated to

232 C (450 F) with no obvious fumes or melting.

Energy Transmission of Lenses

A test to determine the energy transmittance of the lens system was

made using a pyrheliometer. Readings of direct solar intensity were

first taken with the pyrheliometer. The instrument was then detached

from its tracking device and handheld behind the second lens to measure

and record total transmittance. The output from the pryheliometer was

recorded on a continuous graph strip chart recorder. Appendix F includes

the data collected during this experiment and the calculations used to

make transmission comparisons between the lenses.

Intensity measurements were recorded in five places across the back

of the second lens. This series of readings was repeated three times at

the following locations: the top of the rear lens, halfway between the

top and the center of the rear lens, and along the center of the rear
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lens. The intensity of the light along these rows was then averaged

over the quarter lens tested to obtain a percentage of the direct in-

solation which passed through both lenses. Transmission readings were

also taken for each individual lens separately and in the same manner

as for the two lenses. The results of these tests were then compared

to the overall transmittance of the combined lenses as a check.

Operational Tests

A variety of tests were conducted to determine the working charac-

teristics of the solar motor. Information was gathered on the operat-

ing speed, in revolutions per minute, the motor could attain with differ-

ent number of spring units installed. Spring temperature patterns were

recorded during a simulation of actual engine operation. The overall

efficiency of the solar motor was determined and compared to the maxi-

mum efficiency attainable, based on the energy requirements of the

spring. In addition, an attempt was made to determine where the energy

gathered by the collection system was being dissipated. These calcula-.

tions involved conduction, radiation, and convection heat transfer equa-

tions and methods.

Testing of the motor apparatus was a relatively simple procedure,

Combinations of four, six, eight and ten springs were inserted into the

device. The springs were oriented so that as a spring approached the

hot beam of light, its weight would be in a nearly horizontal position.

As the spring heated, the weight was lifted through an arc of 90 degrees.

When the weight reached a position vertically above the support rod, it

would momentarily balance over the top of the spring and then fall
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forward down the other side.

While the machine was operating, readings were taken of the heating

time needed to move the weight and the number of revolutions per minute

the device could attain. Direct solar insolation was recorded with a

pyrheliometer at the same time. Thus, the work being done by the machine

could be compared to the energy available from the sun.

A variation on the use of eight springs was also tested. A large

frame was constructed which would support two individual groups of four

springs each. Figure 13 is an illustration of the double drum arrange-

ment. This device was built to determine if a smoother and more uniform

rotary motion could be achieved by off-setting two groups of springs. A

flywheel was also attached to this device to contribute to dampening of

the power pulses caused by the falling weights.

Stagnation Temperature Tests

The stagnation experiments were conducted to obtain information

about the places and manner in which heat energy was escaping from the

spring-reflector system in addition to determining the maximum attain-

able temperatures. The temperatures of various points on the reflector

and spring were recorded during the stagnation experiments and used as

the basis for the heat transfer calculations detailed in Appendix G.

Standard methods were used in determination of the convection coeffi-

cients for the spring and reflector. However, some rather substantial

assumptions were made in simplifying the shape of the spring and re-

flector to facilitate solution of the standard convection equations.

Copper-Constantan thermocouples were used to measure spring stagnation



Figure 13. Dual motor system.
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temperatures. Temperature data were collected from springs both with

and without a glass convection shield. During these tests, temperatures

of the rear collector lens, front and back of the aluminum reflector,

and inside and outside of the glass shield were recorded.

Simulation Tests

A series of tests were conducted to simulate the actual operating

temperatures of the springs: Copper-Constantan thermocouples of Brown

and Sharp 24 gage (0.39 mm) thermocouple wire were soldered to several

areas of the spring. A number of recordings of the spring temperatures

were made while heating a single spring in a method that simulated

actual operation. Temperature recordings were made with an Esterline-

Angus multipoint data measurement and recording system.

Actual operation of the test was quite simple. The spring and re-

flector were rotated into a position where the concentrated sunlight

was focused on the spring. After heating the spring for an arbitrary

time period of ten to twenty seconds, the spring was rotated away from

the concentrated light. Cooling time varied from one to two minutes.

This interval was selected as it approximated the time required for an

eight spring device to complete one revolution.

In an effort to gain higher operating temperatures and investigate

the effects of convective heat transfer, a glass convection shield was

attached across the opening of one reflector. The spring assembly was

thus enclosed in the chamber formed by the glass and the reflector. The

only opening was the hole in the suspended end of the reflector, through

which the end of the spring protruded. Spring and reflector temperatures

were recorded under simulated operation conditions with the glass shield

in place.
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RESULTS OF EXPERIMENTAL INVESTIGATION

The results of the tests described above are reported in the follow-

ing pages, including solar motor operating speeds, helical coil tempera-

ture patterns, motor efficiencies, and amounts of energy lost from the

springs. Also, the sites and methods of heat transfer from individual

portions of the solar motor were determined. Most of the methods used

to reduce the data to useable form are recorded in the appendices.

Experimentation indicated that the springs should swing the weights

over the top of the support rods for best operation (Figure 8). This ob-

servation was substantiated by calculations showing that the amount of

torque developed by the motor when the springs lifted the weights over

the rods was four times the torque developed when the weights were swung

underneath the rod. The difference in torque developed by these two sys-

tems was attributed to the positions of the cooling weights.

As the springs were cooling during the greater portion of any revo-

lution, they returned the weights to their original position. When the

weights were rotated over the top of the support rod, the cooling

springs and weights were in positions which produce more torque than if

the weights had been moved underneath the rod. Also, the temperatures

needed to cause motion near the end of the spring deflection were exces-

sively high when the springs were situated to turn the weights under-

neath the support rods. To achieve this temperature difference, energy

had to be focused on the spring for a period of 30 to 60 seconds. If

the spring was situated so that it turned the mass over the top of the

supporting rod, the energy stored in the spring, when the weight passed
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top dead center and rotated downward, gave the entire device added ac-

celeration. This acceleration was not available when weights were ro-

tated beneath the support rods.

The solar motor operated with a stop-start motion. Heating one of

the springs would cause the respective weight to move far enough to un-

balance the entire system of weights. The imbalance would initiate mo-

tion and the motor would start to revolve. Enough energy was available

to move the next spring into focus before the rotational motion would

slow down. The motor would slow, then rock back and forth until it came

to rest, with the sunlight focused on the next spring. This cyclic pro-

cess would repeat itself indefinitely as long as the sun was focused by

the lens system onto the springs.

Most of the modifications made on the solar motor were attempts to

overcome the start-stop mode of operation and achieve continuous rota-

tion. The start-stop movement was never completely eliminated, however,

eventually the periods between motions were reduced to a few seconds.

This was accomplished by careful balancing of the system of springs and

adjusting the initial positions of the weights before heating.

The springs would warm as the motor operated until they reached a

thermodynamic balance. The initial setting of the weights could change

considerably from their cold positions to their operational positions.

Adjustment of the weights with the motor cold was quite critical, if the

weights were to be in a hot working position requiring a minimum of solar

energy to initiate rotary motion. Several adjustments were usually

necessary before the 0.91 kg (2 lb.) weights operated efficiently, Ad-

justment was more difficult when heavier weights were used on the springs.



The springs were placed at varying diameters around the central

shaft in an attempt to achieve continuous motion. The end disks were

drilled to accept four, six, eight or ten springs and reflectors. The

holes in the disks were positioned so that the springs would be situ-

ated as close as possible to each other without interference with neigh-

boring springs. When four springs were mounted in the positions at

which eight closely packed springs would normally be located, the back

and forth rocking motion proved to be quite severe. The closer the

springs were packed together, the smaller the amount of rocking experi-

enced when the motor stopped to heat another spring.

The fastest rotation of the motor was recorded when four springs

and reflectors were centered at 10.7 cm (4.2 in.) from the center of

the central shaft. Three revolutions per minute were achieved with this

arrangement, when incident radiant energy was approximately 900 W/m2.

When six springs were inserted in the motor, only about one RPM could

be obtained. Rotation periods of two minutes were comon with eight

springs, and ten springs took nearly three and one-half minutes per

revolution. Information about all the spring configurations tested is

recorded in Table 1. Some of these experiments were conducted both with

and without a flywheel attached to the output shaft.

Under the best conditions, the time required to heat one spring

and move its weight was about five seconds. This time period appeared

to be quite constant.

A number of alternatives were pursued in the attempt to obtain

continuous rotary motion from the solar motor, None of the combinations

of springs used succeeded in attaining this goal. The double set of
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Table 1. Solar motor operation speeds (using 0.91 kg weights).

No. of
Springs

Solar
Insolaion
(W/m)

Revolutions
without
flywheel

per minute
with

flywheel

4 895 3 rpm 1.33 rpm

6 810 1rpm **

8 907 0.67-0.50 **

10 870 0.50 0.29 rpm

Double set of 4 springs:

820 ** 0.29 rpm

** Data not obtained.

springs attached to a single output shaft, illustrated in Figure 13, did

not supply continuous motion. The theory behind this attempt was that

while one spring was moving with one motor, the alternate spring on the

second motor would be heating and vice versa.

Because the use of four springs brought the fastest motor operation,

the heavy lead weights were tried in the motor with four springs. The

result of this experiment was indecisive because the heavy weights caused

excessive axial deflection of the springs. Stretching of the springs

allowed the heavy weights to strike the end disk of the motor, inhibit-

ing movement. However, even with rough operation, no significant in-

crease in the length of heating time needed by the springs was noticed.

A better spring support design would have overcome the problem of axial

spring deflection and allowed full utilization of the heavier weights.

While the use of 2.8 kg (7.2 lb.) weights did not result in more revolu-

tions per minute of motor speed, they did increase the power output of

the motor by a factor of three. These weights created more torque and,

therefore, an increase in the overall efficiency of the motor.
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An attempt was made to increase maximum temperatures and thereby

achieve a larger operational temperature difference. Glass covers were

installed over the opening of the reflectors enclosing the springs. The

result of this development can be seen in Table 2. The glass covers de-

creased both the rates of heating and cooling, slowing the entire device.

The increase of maximum temperatures desired was achieved but the tempera-

ture differential during a cycle actually decreased. The data reported

in Table 2 was taken during the simulated operation tests.

The raw data taken during the simulation tests of the motor are

partially recorded in Figures 14 and 15. Figure 14 reports the res'ults of

the test without a glass convection cover over the reflectors, while Fig-

ure 15 details the spring temperature profile with a glass cover in place.

Three heating cycles from each trial were chosen to form the raw data for

the comparative tests and the curves described by both graphs are the

maximum temperatures reported on the spring at any one time. An infra-

red radiation meter confirmed the temperature range indicated by the

simulation test. With an absorptivity setting of a = 0.95, the tempera-

ture range of the spring was approximately 66 C to 93 C (150 to 200 F).

The energy absorbed by the spring while the concentrated sunlight

was focused on it was used to change the temperature of the spring mate-

rial and lift the mass at the end of the spring's lever arm. The 0.91

kg (2 lb.) mass at the end of the spring was lifted 8.41 cm (3.31 in.)

and traveled through a 180° arc during heating. The weight was lifted

during the first 90° of rotation and then fell through the remain-

ing 90°. The energy input required to start the motor revolving

was the work needed to lift the weight. To move the 0.91 kg mass 8.41



Table 2. Temperature data during simulated motor operation.

Starting Maximum Ending Heating Heating Cooling Cooling Heating Cooling
Temp. Temp. lemp. Time T Time T/t
(C) (C) (C) (C) (sec) (C) (sec) (C/sec) (C/sec)

Without glass convection cover:

31 58 37 27 10 21 75 2.70 0.280
37 59 35 22 20 24 175 1.10 0.137
35 63 40 28 15 23 130 1.87 0.177

Average: 1.89 0.198
3.40 0.356

(F/sec) (F/sec)

With glass convection cover:

62 79 66
66 78 65

65 93 71a

17 12 13

12 18 13

28 20 22

82
110

115

Average:

a
The value 71 C was an arbitrary point at the end of the final cooling curve.

1 .42

0.67
1.40

1.16
2.09

(F/sec)

0. 1 59

0.118
0.191

0.156
0.281

(F/sec)

01
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cm against gravity demanded that 0.749 Joules (7.10 x l0 Btu) of work

be done. Some additional work was required to overcome friction in the

system. However, the actual amount of friction was not measured.

A net torque was created once the weight was lifted and had corn-

pleted its 1800 arc. The torque was the result of moving 0.91 kg through

a distance of 16.8 cm (6.61 in.). The amount of work done was 1.50

Joules (1.42 x l0 Btu). These calculations and the efficiency of the

solar motor system are detailed in Appendix H.

Measurements from an actual operational test of the motor were used

in calculating the operational efficiencies of the system. The test

used was the one with four springs listed in Table 1. The engine speed

obtained was three rpm with a direct solar radiation contribution of 895

Watts (0.849 Btu/sec.). However, 25.8 percent of this energy was lost

during transmission through the lenses and another five percent of the

energy that was concentrated was not absorbed by the spring. The result

was that only 631 Watts were available to the spring for useful work.

An engine speed of three rpm requires that a spring be heated, the

weight turned, and the next spring rotated into position each five

seconds. The power required to lift the spring in five seconds was

0.150 Watts (1.421 x 10 Btu/sec.), and the power resulting from the

movement of the weight was 0.300 Watts (2.85 x l0 Btu/sec.). Details

of the calculations used to obtain these figures are reported in Appen-

dix H.

The efficiency of power use by the solar motor was 0.024 percent

when compared to the power required to lift the weight and the power

supplied to the spring. The overall efficiency of the mechanical system
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was 0.048 percent. This was calculated by comparing the power created

by the device to the power from the sun absorbed by the spring.

Within a heating time of five seconds, the spring material had time

to absorb only a certain amount of energy. The maximum, possible tempera-

ture differential for the four spring, three RPM, working motor was cal-

culated. This temperature differential was 11.3 C (20.3 F) and was the

temperature change which supplied the power causing the motor to rotate.

This differential was used to estimate the motor system's maximum effi-

ci ency.

The mass and heat capacity of a bimetal spring were used in corn-

bination with the maximum operational temperature difference of the four

spring motor to calculate the energy required to operate the system.

The power required by a spring to move a 0.91 kg weight in five seconds

was 630.6 Watts. This power requirement was practically identical to

the power available from the sun to do useful work. Consequently, the

maximum thermal efficiency of the device, 0.048 percent, indicated that

the solar motor was operating near its maximum capacity.

A detailed heat balance of the motor was performed to identify the

major sources of energy loss from the system. To accomplish this, a

spring was allowed to reach stagnation temperature, and the temperatures

of the spring, reflector and ambient environment were recorded. The

results of these tests were illustrated in Figures 16 to 19, and tabu-

lated in Table 3. Heat transfer calculations were made from the third

experiment. Power losses from the spring and reflector were calculated

using the three methods of heat transfer: conduction, convection and

radiation. The equations and methods from which these determinations
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Explanation sheet for Figure 16

Average direct insolation was about 700 W/m2.

1. Masking tape was attached to reflector to sMadow thermocouples from
direct radiation.

2. Motor position was adjusted to bring springs into hot focus.

3. Lens system was reoriented toward the sun.

4. Lens rotated out of focus, heating stopped.

5. Glass convection shield installed.

6. Lens focused on the spring, and heating resumed.

7. Attached masking tape to glass to provide shadow for thermocouples.
Thermocouple 1 temperatures exceeded the Fahrenheit scale of the
data recorder.

8. Solder melted and thermocouples 2 and 3 fell off the spring.

9. Thermocouples 2 and 3 were removed from the system. Data recorder
switched to millivolt readings on thermocouple 1.

10. Thermocouple 1 melted loose.

11. Thermocouple wedged between loops of the spring.

12. Thermocouple 1 readjusted for a more secure position.

13. Sunlight ended and heating stopped.

Note: Breaks in data are points where the capacity of the recorder
was exceeded.
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Explanation sheet for Figure 17

Average direct insolation was 875 W/m2.

1. Heating of solar motor was stopped.

2. Depression caused by change of reading data in Fahrenheit to
millivolts.

Note: Both Figures 17 and 18 were recorded at the same time.
Figure 17 included the heated portion of the spring, while
Figure 18 reports the reflector and exterior portion of
the spring temperature.
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Explanation sheet for Figure 19

Direct solar radiation was 779 W/m2.

1. Thermocouple 1 came loose from inside of the glass convection
shield.

2. Thermocouple 1 replaced on glass.

3. Thermocouple 1 repositioned to another point on the inside of
the glass.

4. Thermocouple 2 located on the bottom of the spring out of the
direct beam.

5. Thermocouple 1 moved unshielded into the hot beam of sunlight.

6. Thermocouple 1 removed from motor and placed on the rear lens
of the collector.

7. Thermocouple 3 removed from motor and placed to measure ambient
air temperature.

8. System heating was stopped and Thermocouple 1 was situated to
also measure ambient air temperature.

9. Thermocouple 1 placed on the outside surface of the glass
convection shield.

10. Thermocouple 2 came loose from the spring.

11. Thermocouple 2 reattached to spring.

12. Thermocouple 3 loose and reattached again.
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Table 3. Spring stagnation temperature test result.

Test No. Energy Input Temperature at Stagnation (C)
(W/m)

Without qiass convection shield:

Spring temperature:

1 760 Thermocouple 1: 135

Thermocouple 2: 99

Thermocouple 3: 93

Average spring temperature = 109 C (228°F)

2 637 Maximum spring temperature = 218 C (426°F)

Spring temperature:

3 875 Thermocouple 1: 204
Thermocouple 2: 167
Thermocouple 3: 114

Average spring temperature = 162 C (323°F)

Ambient air temperature = 6 C (42.5°F)

Rear lens of collector = 11 C (51.2°F)

Inside of reflector = 66 C (150°F)

Outside of reflector = 18 C ( 65°F)

Lever arm at steel weight = 32 C ( 90°F)

With class convection shield:

4 779 Maximum spring temperature = 177 C (350°F)

Inside of glass surface = 140 C (284°F)

Outside of glass surface = 91 C (195°F)

Ambient air = 10 C ( 50°F)

Rear lens of collector = 18 C ( 65°F)
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were made are demonstrated in Appendix G. The results of these calcula-

tions are summarized in Table 4.

Table 4. Suninary of power losses from a spring and reflector at stag-
nation conditions.

Description Loss, Watts

Energy available from the sun 875

Radiation from spring 82.2

Radiation from outside of reflector 1.1

Radiation from suspended end 0.2
Radiation from inside of reflector 2.7

Natural convection from spring 87.6
Natural convection from outside of reflector 2,6

Natural convection from suspended end 0.4

Natural convection from inside of reflector 11.8

Conduction along spring to exterior 0.02

Sum of radiation, convection and conduction 188.62

The spring temperature providing the driving energy for heat loss

during the stagnation experiment was 162 C (323 F) while the maximum

operational temperature of a spring in the working motor was much less.

Simulated operation of the solar engine revealed that the average

spring temperature during a heating cycle was 47.2 C (117 F). Because

of the smaller amount of heat energy contained in the operating spring,

heat transfer from the working motor was also less. The dissipation

of power described in Table 4 indicates that for lower temperatures only

two categories of heat loss were significant. These were direct radia-

tion and convection from the spring. All other sources of heat loss

from the spring or from the reflector were insignificant by comparison.

A summary of energy utilization in the solar motor was calculated
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using the data from a simulated motor operation test. The experiment

used was the one in which the reflectors were not covered with glass

plates, but left open. Heat losses were considered only from a spring

in the form of direct radiation and convection. Additional losses

caused by the lens system and the absorptivity of the paint used of the

spring were determined. Finally the energy absorbed by the spring dur-

ing the 15 seconds of heating time was included in the account. The

results are listed in Table 5 and the basic calculations are described

in Appendix H.

Considering the spring and reflector as a system, 95.1 percent of

the available solar power can be traced to a method of utilization or

dissipation. The power which was not accounted for was probably dissi-

pated primarily by convection. The models used to calculate some of

the convection and radiation losses have the possibility of introduc-

ing some error. These points are discussed in Appendix G and in the

following discussions of the entire system.



Table 5. Summary of power utilization during simulated motor operation.

Energy available from the sun

Radiation from spring
Convection from spring
Sum of radiation and convection

Power lost due to lens system
Power incident on the spring but not absorbed
Power needed to lift weight
Power absorbed by spring during heating

Percentage of available solar energy dissipated
by thermal losses

Percentage lost in lens system
Percentage unabsorbed by spring
Percentage needed to lift weight
Percentage absorbed by spring

Total power utilization explained

760 Watts

13.3 Watts
15.5 Watts
28.8 Watts

187.0 Watts
28.7 Watts
0.05 Watts

487.3 Watts

3.8 percent

24.6 percent
3.8 percent
0.01 percent

62.9 percent

95.1 percent
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ANALYSIS AND DISCUSSION

Converting sunlight directly to mechanical motion was a relatively

simple accomplishment. Providing enough shaft power for practical use

was a more difficult problem. While the solar motor rotated under its

own power, the energy output was quite small. Several methods of in-

creasing the output of the motor were investigated.

Simulated motor operation supplied several pieces of information

about the difficulty of increasing motor speed and smoothness. The

solar engine proved to be highly dependent on the temperature differ-

ential between the heating and cooling portion of the operating cycle.

The temperature differential obtained was less than originally antici-

paged. A series of tests conducted at stagnation temperature conditions

allowed analysis of the manner and locations from which energy was

leaving the spring. These studies provided data necessary to develop

an energy balance for the device.

Motor Operation

The most successful trial of the solar motor used four springs and

achieved a speed of three revolutions per minute, The time required to

heat one spring, move its weight, then rotate the next spring into

position, totaled approximately five seconds. Thus, it appeared that

the fewer springs with which the solar device could operate, the faster

the motor would revolve. For example, a motor with eight springs was

predicted to require at least 40 seconds per revolution while a four

spring motor actually required only 20 seconds.



Table 1 demonstrates that the time per revolution increases beyond

the limit described by assuming five seconds per spring when additional

springs are included in the motor. An example was the motor with eight

springs, which averaged one revolution every two minutes rather than

the 40 seconds predicted by just the five second heating time. A major

portion of this difference can be attributed to the stop and start mo-

tion of the motor. Even though the use of four springs resulted in the

fastest motor speed, the rocking motion was-not eliminated. Some time

was spent between heating of individual coils for the motor to slow and

stop. This time lag was increasingly severe as more springs were added

to the motor. One explanation was that with larger numbers of springs,

the entire motor's mass became more evenly distributed. Thus, the back

and forth rocking motion was harder to stop, and more time was required

for the next spring to pause in a heating position.

Several attempts were made to remedy the start and stop motion of

the solar motor. One of the first methods was the development of a

motor which had ten springs. The increased mass of the additional

springs and weights was intended to act as a motion damper to help

smooth out the power pulses caused by the weights. A flywheel was also

added to the central shaft of the motor. The additional mass was not

successful in overcoming the stop-start motion because of the inertial

effect of the weight. The motor was quite well balanced and would tend

to rotate past several springs before stopping to heat a spring. Even

then a period of five to fifteen seconds was required for the target

spring to absorb enough heat to move the weight.

A second attempt to obtain smooth rotary motion was the development



of a motor that used two separate units of four springs each. The in-

dividual springs in one unit were offset 45 degrees on the central

shaft from the springs on the other unit. The intent being that while

one spring was turning, the corresponding spring in the neighboring

unit would be heating. Again, the fact that a minimum of five seconds

were required to heat the spring caused failure of this concept.

The two systems of springs working in tandem operated quite simi-

larly to the eight spring unit. A spring would heat on one unit and

then move the next spring on the alternate unit into position for heat-.

ing. In effect, eight springs were consecutively heated during one com-

plete revolution of the machine. As tested, the two unit machine rotat-

ed more slowly than the eight spring single unit, and was corresponding-

ly less efficient.

The heat capacity of the bimetal was determined to be the primary

reason for the length of time needed to heat the springs to operating

temperature. Data taken during actual motor operation revealed that

the engine operated with a spring temperature differential of only

11.3 C (20.3 F) when energy available to the spring was approximately

630 Watts (Joules/sec.). Therefore, approximately five seconds were

needed to supply the spring with enough energy to move its weight.

Two options appear to be available to shorten the heating time re-

quired to cause rotation of the motor. The first of these methods re-

quires an increase in the amount of energy concentrated on the spring.

The 1.02 m2 (1600 in.2) collection surface did not intercept enough en-

ergy to shorten the heating time to less than about five second. If

the collection area was considerably larger and all of the available
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energy was concentrated on the spring, smooth rotary motion possibly

could have resulted. This, of course, would have meant even lower effi-

ciencies than were encountered with the present system. Also, a larger

solar collector was not available for use during this experiment. The

lenses received from Hallmark Cards, Inc. were the largest available.

Also, concentrating light from several separate lens systems on the

springs would have required a major redesign of the entire system.

A second method of increasing the motor speed would be to change

the type of bimetal from which the springs were constructed. The

springs were originally designed to operate in a temperature range of

approximately 150 C to 350 C (320 F to 662 F). However, considering

the smaller temperature variation recorded in actual operation, springs

constructed from a more active bimetal such as Chace #6650 would per-

haps have been a better choice.

Several other bimetal combinations are available, which at 93 C

(200 F) deflect nearly 1.6 times as much for the same temperature dif-

ferential as the Chace #3950 metal. Figure 20 illustrates the compara-

tive deflections of two apparently better combinations, Chace #6650 and

#7500. Employing one of these combinations, a smaller change in tem-

perature would be needed to rotate the weight. The smaller required

temperature change indicates that a shorter heating time is possible,

assuming a specific heat of 0,502 kJ/kg°K (0.12 Btu/lb°F) for the vari-

ous bimetals, which is a common industrial assumption.

Another way to achieve a faster response from the spring is to

make the metal thinner. With less mass to heat, the spring would heat

more quickly. However, thinner springs would be capable of moving
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correspondingly less weight thus reducing the amount of total energy

developed by the system.

Maximum Sized Weights

More power could be created if the heaviest weights that the

spring was designed to handle were used in the system. The original

design calculations indicated that the spring should be able to move

a 2.8 kg (6.2 lb.) mass with a 167 C (300 F) temperature differential.

Weights of this mass were installed during one experiment in the

solar motor when it contained four springs.

The 2.8 kg (6.2 lb.) weights were moved by the springs in approxi-

mately 10 to 15 seconds. Using the method of calculating efficiency

outlined in Appendix H, the overall machine efficiency can be estimated

for these heavier lead weights. If the weights were moved and machine

rotation occurred with ten seconds of heating time, an overall machine

efficiency of 0.073 percent is possible with 631 Watts of energy avail-

able at the spring.

The heating time for both the 0.91 kg and 2.8 kg weights were

comparable. The springs could lift the heavy weights almost as

quickly as the light ones. Of course, the spring must develop about

three times as much force to lift the heavy weights, but this additional

energy requirement was minor compared to the quantity of energy needed

to heat the spring. Only a small portion of the approximately 630

Watts of energy absorbed by the springs was used to create the force re-

quired to lift the weight.



73

The experiment involving the 2.8 kg weights did not result in corn-

pletely successful operation of the solar motor. While the springs

would lift the weights easily, the aluminum end disk and other weights

sometimes interfei"red with the moving weight. Axial deflection of the

spring by the heavy weight was the primary cause of the interference. As

the spring heated, the heavy weights caused the lever arm to sag. The

weight scraped along the side of the aluminum end disk as the spring ro-

tated. The teflon support block was not sufficient to stop the axial

sagging. The interference problem was not corrected, because

the major objective was a smooth rotary motion, not necessarily increas-

ing the power output of the motor. Although heavier weights pro-

duced more rotational power, but they did not increase the engine speed.

With the four heavy lead weights in use, the action of the spring

once the weight fell over the top of the support rod slammed one corner

of the weight against the central shaft. Occasionally, the corner of

another weight would be struck by the moving weight and the force ex-

erted by the weight would stop the second weight from rotating freely.

The result of the moving weight striking the central shaft or another

weight did not appear to adversely affect operation of the motor. The

large size of the lead weights and the close positioning of the four

springs about the central shaft contributed to this interference problem.

Simulated Motor Operation

Simulated operation of the solar motor was accomplished both with

and without glass convection inhibiting shields. The 2.29 mm (0.090 in.)

thick glass shields created a greenhouse effect within the enclosure
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around each spring. The maximum spring temperature reached during a

ten to fifteen second heating period was nearly 28 C (50 F) degrees

higher than the maximum temperature without the glass.

The rates of both heating and cooling were slowed by the glass.

The heating rate was not as severely affected as the cooling rate since

the only factor to decrease heating were transmission losses through

the glass. The cooling rate on the other hand was highly dependent on

convective heat loss from the spring, and the glass greatly reduced

this loss. The path the energy was required to travel was more complex

with the glass shields than without them. Rather than being directly

lost to the surroundings by radiation and convection, the heat energy

was radiated to the glass cover and aluminum reflector, conducted

through these materials and then dissipated to the surrounding environ-

ment by convection and radiation.

System Efficiencies

The relatively small temperature differences recorded during simu-

lated operation indicated that the efficiency of the solar motor was

much less than the 30-33 percent maximum efficiencies originally antic-

ipated. An energy efficiency based on the minimum amount of energy

required by a spring indicated that the maximum efficiency was approxi-

mately 0.0476 percent. The heat capacity of the spring material, which

required large amounts of energy, was the cause of the low system

efficiency.

The specific heat of the binietal employed was 0.502 kJ/kg-K, which

is typical of metals with a high iron content. To produce force and
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deflection, the temperature of the bimetal must be increased by absorp-

tion of solar energy. Calculations using the two equations governing

the response of thermostatic bimetals showed that a 90 C (160 F) degree

temperature change was theoretically needed to produce the required 180

degree deflection of a 0.91 kg (2 lb.) mass. However, only 56 C (100 F)

degrees temperature difference was needed to move the weight. Approxi-

mately one-third more energy is theoretically required to create the

angular deflection than develop force within the system.

A discrepancy exists between the above theoretical temperature de-

mands and the actual 11.3 C differential with which the solar motor op-

erated. An explanation is available by considering the mechanical

spring rate formula (equation three) listed in the theory section of this

paper. Some mechanical energy was stored in the bimetal spring before

heating started. Gravitational forces acting on the weight caused in-

creased tension in the spring as the rotary motion of the motor lifted

the weight on the end of the lever arm. When the lever arm was approxi-

mately horizontal, the spring entered the focused sunlight and the bime-

tal started heating. The warming spring lifted the weight to a point

nearly vertical above the spring. Once the weight reached this position,

the mechanical energy stored in the spring was released, causing the

weight to flop through the remainder of its 180 degree arc without addi-

tional energy input. By adjusting the springs in the motor, the lever

arms and weights were positioned so very little energy was required to

move the weight to the point where the stored energy was released. Cock-

ing the spring in this manner, the solar motor was able to run on only a

11.3 C temperature differential.
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Stagnation Conditions

Moderately high temperatures were recorded when the spring system

was allowed to stagnate. The results of these stagnation experiments

are illustrated in Figures 16-19. Maximum temperatures in the range of

218 C (425 F) were commonly achieved. The 40-60 solder which held the

thermocouples to the spring confirmed these temperatures because of its

221 C (430 F) melting point. The data recorded in Figure 19 appears

somewhat choppy because the thermocouples melted loose from the spring.

Spot readings with an infrared thermometer indicated temperatures as high

as 288 C (550 F), which is well below the stagnation temperature of 638 C

(1172 F) reached by Hallmark Cards, Inc. by using two similar lenses to

develop a point focus.

System Energy Losses

The spring was assumed to be a horizontal cylinder for the purpose

of calculating the amount of convective heat transfer from it. This

assumption appeared to be a fairly good one; however, there was no method

to verify its accuracy. Slightly over one-half of the known energy leav-

ing the spring was dissipated by convection currents, and the majority of

the remaining energy was radiated to the surroundings. Any inaccuracies

in the horizontal cylinder assumption would likely result in an under

estimation of the total amount of convective heat transfer taking place.

The gaps between the coils of the springs could be one source of error,

because convection currents may carry heat from the interior of the

spring through these gaps. In spite of the possibility of error, the
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cylindrical model was used because a more complex model would have re-

quired extensive experimentation.

The convection coefficient for the suspended end of the reflector

was based on the assumption that this end of the reflector was a solid

piece of aluminum. Because the moving end of the spring projects

through a hole in the end plate, this assumption is obviously not com-

pletely accurate. The heat carried out through the end plate by the

spring and airflow down the center of the spring assembly was assumed

to be roughly approximate to the additional heat loss resulting from the

theorized flat end plate. The temperature of the end plate was not one

of the points monitored with thermocouples during the stagnation experi-

ments, so the recorded temperature of the exterior rear of the reflector

was used for this data point. Probably the actual temperature of the

end plate was somewhat higher than that of the reflector rear, because

of the convection currents passing out the opening in the plate.

The heat transfer model of the parabolic portion of the reflector

was composed of two different assumptions of the shape of the reflector;

one for the interior side facing the bimetal coil and one for the exterior

side. The exterior of the reflector was modeled as half of a horizontal

cylinder with the distance across the open mouth of the reflector sub-

stituting for the diameter of the cylinder. The convection coefficient

obtained from this calculation was 2.87 W/m2K, which was a moderately low

value. The small amount of energy transferred from the rear of the re-

flector to the environment was due to the fairly small, 12.5 C, temperature

difference during the convective heat transfer.



The temperature difference between the interior reflector surface

and the environment was considerably greater. The fact that a 50 C (90 F)

differential existed between the two sides of the thin aluminum sheet in-

dicated significant heat transfer was taking place from the interior side

of the reflector. The convection coefficients for this surface were deter-

mined by assuming the lower half of the parabolic reflector was horizontal

while the upper half of the reflector was vertical.

The heat loss from the lower portion was negligible according to the

calculations. This conclusion was reached because a horizontal surface as

thin as the aluminum reflector was not within the normal range of

significant dimensions needed for standard convection coefficient calcula-

tions. The convection coefficient for the vertical wing of the parabola

resulted in a significant heat transfer from that portion of the reflector.

The investigator was not entirely satisfied with the above model

for natural convection from the interior of the reflector. The assumption

of horizontal and vertical surfaces did not take into account the effect

of the nearness of the spring to the center of the reflector. The con-

vection currents generated by the spring may have acted to create increased

air flow between the spring and reflector. There may have been a slight

Venturi effect between the two objects, which could have enhanced the

convective heat transfer. However, a more complete determination of the

convection losses from the interior reflector surface was not within the

scope of this study.

The second principle method of heat transfer was radiation of energy

between two surfaces. The emissivity of the radiating surface and its

view of the surrounding environment are two important considerations in
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addition to the temperatures of the radiating surfaces and the surround-

ings. The equations and calculations used in determining the amount of

energy radiated by the spring and reflector are detailed in Appendix G.

Because the barbecue black paint covering the spring was assumed to

have an absorptivity of about 0.95, the emissivity of the bimetal spring

was also assumed to be 0.95. When a system is in thermal equilibrium

absorptivity equals the emissivity of a surface. The stagnation condi-

tions under which data were taken was an equilibrium situation.

Generally, the portions of the spring and reflector which were

radiating energy to the surroundings had an unhindered view of the en-

vironment. In most cases the view factor was considered to be 1.0. How-

ever, in the case of the inside surface of the reflector, the spring was

between the reflector and the surroundings. The view factor could not

be assumed to be unity, but had to be calculated. Hottel's Crossed

String method of calculating view factors was used (Siegel and Howell,

1972). The resulting view factor for the entire reflector interior was

0.78, which indicated that 78 percent of the energy emitted by the re-

flector was radiated to the environment. Hottel's Crossed String method

is illustrated in Appendix G.

The temperature of the environment absorbing the energy radiated

by the solar motor was assumed to be that of the ambient air. The ab-

sorptivity of the surrounding materials was 1.0, because all of the

emitted energy was assumed to be absorbed by the environment and not

reflected back to the springs. Using this information, the calcula-

tions in Appendix G revealed that the vast majority of the radiated

energy came directly from the spring.



The amount of heat energy the spring conducted away from the heated

area was calculated for the Chace #3950 bimetal. The thermal conductance

of this metal was determined from the overall electrical resistivity of

the metal using the Lorentz equation (Eckert and Drake, 1972). The bi-

metal was determined to be a rather poor heat conductor, as its thermal

conductivity was only 0.905 W/k-m. Because of the poor heat conductance

of the bimetal, the distribution of temperature about the spring is quite

slow. This slow distribution of energy was undoubtedly responsible for a

small part of the time needed for the springs to turn the weights.

An example of this slow conduction is illustrated in Figure 18.

Notice that seven minutes after heating of the spring was started, a

change was first recorded in the temperature of the lever arm at the point

where the steel weight was attached. Because heat conduction of the bi-

metal was quite poor, the loss of energy due to conduction through the

fixed end of the reflector was not considered. The fixed end of the re-

flector was solidly attached to one of the large aluminum disks.

In addition to the three basic methods of heat transfer, energy

was also lost in the lens system by focusing aberations, reflectance, and

absorption. Of the incident radiation, 25.8 percent was lost passing

through the lenses. Part of the concentrated solar energy passing

through the lens system was also lost at both ends of the spring. Some

of this light did not strike the spring but was scattered by the reflec-

tar end plates. Also, some of the energy reaching the spring passed

through the gaps in the coils and was lost for practical use. A calcula-

tion of the amount of heat energy lost through the spring and at the ends

was not attempted.
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The time required to heat a spring was reduced once the system of

springs warmed to an operational temperature. Those thermocouples ex-

posed to the incoming energy recorded wide variations in temperature while

the thermocouples which were on the sheltered side of the spring had

relatively small temperature differentials during a heating cycle. Be-

cause the front of the spring was considerably hotter than the rest, most

of the energy exchange during the operational cycle was occurring there.

Notice in Figures 16 and 17 that as the spring heated, it would twist and

a thermocouple that was positioned on the rear of the spring when heating

started, might reach a position on the front side of the spring by the

time the spring reached operating temperature. This phenomenon is

illustrated by tracing the action of thermocouple 2 in Figure 17. Thermo-

couple 2 was originally located on the front of the spring; however, after

heating started it was rotated to a rear position on the spring. The

overall temperature differential recorded by this thermocouple was smaller

than any of the other thermocouples on the spring.



SUMMARY AND CONCLUSIONS

Summary

The solar motor investigation was an attempt to develop shaft horse-

power utilizing concentrated sunlight and thermostatic bimetals. The

use of a solid material in an active sun operated system has not been

reported in any literature known to the author. Information of the use

of thermostatic bimetals in creating rotational motion was gained from

this study.

The investigation was a success in that bimetals used together

with linear Fresnel lenses can develop shaft horsepower. The solar

motor operated independently of any external power sources except

the sun. However, its efficiency in converting the available solar

energy into rotational motion was between 0.01 and 0.1 percent. For

most applications this efficiency would be too low for practical use.

Yet, low efficiencies may not be entirely unacceptable in areas where

conventional energy sources are not available.

The efficiency of the solar motor was not the primary concern of

this investigation Design, construction and testing of a simple,

operable sun powered device was the primary objective. Any improvements

to this basic concept were actually beyond the scope of the intended

research.

Ilc 4fflr

The following specific conclusions were drawn from this research:

1) Thermostatic bimetals and linear Fresnel lenses can be combined



in a simple sun powered motor to produce rotational shaft

power. While energy utilization efficienãy of the motor may

be low, some applications do not require high efficiencies

for a machine to operate successfully.

2) The successful operation of the solar motor centers around

the ability of the bimetal spring to absorb and quickly

dissipate energy. The more quickly heat transfer occurs,

the greater output the solar motor can attain.

3) A different binietal would have been chosen for use in the

system if the operational temperature range of the solar

motor had been known at the beginning of the experimentation.

The large useful range of metal number 3940 was not needed

and metal number 6650 would have been more active and re-

sulted in larger deflections for a given temperature differ-

ential.

4) A change in bimetals would have had a positive effect on the

amount of energy required to deflect the spring. A more

responsive metal would require a smaller temperature differ-

ential to move the spring, even though the specific heat of

the new bimetal would be similar to the old one.

5) The linear Fresnel lens material has a great many potential

applications in solar energy. This material, if produced

cheaply enough, could revolutionize the solar energy industry.

6) Thermostatic bimetals will probably never make superior

dynamic components in solar engines. However, as thermal

heliotropes in passive solar systems, they could be quite,



valuable. In applications where the speed of bimetal response

is not critical, the helical bimetal coils could have many

practical applications.

Recommendations for Future Research

The use of thermostatic bimetals and linear Fresnel lenses in a solar

motor requires more developmental research before the motor can be of

practical use. Several areas appear to invite further study and develop-

ment.

The main portion of the solar motor, which included springs, re-

flectors and aluminum end disks, could be attached to a one-way ratchet

connected to the central drive shaft. By including the ratchet, con-

tinuous motion around the central shaft would not be necessary. The

drive shaft, with a heavy flywheel attached could store power impulses

from the motor as they are available. Smooth rotary motion would be

much closer to successful realization with this method.

Several other developmental options are available which would lead

to the production of continuous shaft power. The concept of a double-

set of springs investigated previously could be tried again with the

addition of one-way ratchets between the aluminum end disks and the

central shaft. Multiple solar motors, each with its own concentrating

lens, would develop a continuous output when all were harnessed together.

The alternative to a large number of motors is to develop a larger con-

centrating collector. Continuous motion would be achieved by reducing

the heating time required by the spring because additional energy was

available. The object of both these suggestions is to capture more



energy for use by the motor.

However, none of the above suggestions will increase the efficiency

of the energy useage to any extent. Only two methods can be implemented

which will effectively increase motor efficiency. Changing the composi-

tion of the bimetal springs to a more responsive material would increase

system efficiency as would an increase in the rates of heat transfer to

and from the solar motor. The rate of heat transfer is the key to

dramatic increases in efficiency and speed of motor operation.

The sites from which the heated spring dissipates energy to the

surroundings need further investigation. Smoke streams could be used to

define the convection currents around the springs and reflectors, while

a hot wire anamometer measured the velocities of these currents. By

combining this information, a more accurate evaluation of the heat losses

from the springs and reflectors could be calculated.

Ideally the spring should be insulated during heating and then

allowed the most rapid cooling once the weight had been moved. Heat

transfer studies of the spring and reflector could aid in developing this

concept. A solar motor with a fixed reflector and concentrating sys-

tem could increase heat movement from the springs. The springs would

move into position successively and then be entirely exposed to the en-

vironment for cooling until they are to be heated again.

A small increase in system efficiency could be gained if the con-

centrated sunlight directed toward the spring was slightly out of focus

when it struck the spring. The speed with which the energy was absorbed

by the spring would be increased, by causing a wider light beam to strike

the reflector. This would result in a more even distribution of the



incoming energy about the spring. Because the spring would be absorbing

energy over most of its surface, the length of time required to heat the

spring and move the weight would decrease.

A final major improvement needed by the solar motor is an effective

tracking method. Without a good tracking system, the double lens con-

centrating system used in this experiment only focuses useful amounts

of energy when aimed directly at the sun. The concentrating system must

be redesigned and the Fresnel lenses made to track the sun before the

solar motor could be used for moderate portion of the day.
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APPENDIX A. Comparison of Various Bimetals

KDC Kp T bt2(l-m)

The equation, P , allows calculations of the
r

amount of force developed by a particular bimetal helical coil if the

thickness, width, radius, and temperature difference of the heated

spring are known. For a particular set of physical dimensions and

temperature range, the amount of load developed is dependent on the

parameters, K0c and Kpc, which vary with every bimetal combination.

Table 6 is the product of these factors which aided in selecting the

bimetal used for this research project.

The two factors, and Kp represent the response of bimetals

to a change in thermal conditions. Each bimetal has an individual range

of temperatures over which useful deflection is produced for a change in

temperature. The useful deflection range is greater than the temperature

range in which the bimetal is most active.

The sixteen metals listed in Table 6 had the highest KDC (Coil

deflection) Kpc (Torque) product of all the bimetals listed in the

Chace Design Highlights handbook. While #6650 has the highest product

of these constants, metal number 3950 has both a moderately high prod-

uct and a large useful deflection temperature range. This combination

of attributes was the reason metal number 3950 was chosen.

The following graph of Comparative Deflection versus Temperature

shows the differences in the activities of the various types of metals.

While metal number 3950 is not included on the graph, its response

curve would be quite close to metal combination number 3900,
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Table 6. Metal types with largest useful deflection.

Chace Metal No. Temperature Range (°F) (KDC)(Kpc)

6650 - 100 to 400 634.50
7000 - 100 to 400 558.09

3950 - 100 to 800 551.00
2400 - 100 to 700 551.00

6400 - 100 to 700 545.20
1100 - 100 to 600 539.40

6250 - 100 to 700 531.00
1050 - 100 to 600 518.70

6150 - 100 to 700 518.50
3650 - 100 to 800 489.70
2600 - 100 to 700 487.20
3600 - 100 to 800 472.00

2300 - 100 to 1000 460.20
2800 - 100 to 900 442.50
6100 - 100 to 700 433.10
4700 - 100 to 700 428.40
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APPENDIX B. Determination of Bimetal Coil Size

Chace Metal #3950

Calculations were accomplished by using the basic equations which

model bimetal behavior as outlined in the theory section of this paper.

Physical requirements:

A Deflection = 1800

t = thickness = 0.060 in.

r = radius of force P = 3 in.

b = width of metal = 1 in.

AT = working temperature differential = 300°F

m = specific deflection = variable

KDC Kpc AT b t2(l-m)

r

KDC = 0.0095

KPC = 580,000 at m = 0.5

(0.00095) (580,000) (300) (1) (0.06)2 (1-0.5)
P

3

= 99.18 oz.

= 6.20 lbs.

At
L_K Aim atm=0.5



180 (0.060)
L

(o.oö1J95) (300) (0.5)

= 75.79 in.

rn-factor force P

rn = 0.5 P = 6.20 lbs.
rn = 0.667 P = 4.13 lbs.
rn = 0.333 p = 8.265 lbs.

Active length L

L = 75.79 in.
L = 56.84 in.
L = 113.68 in.
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APPENDIX C. Focal Length Calculations for Two Lenses

The two lens materials available have different focal lengths.

Acrylic lens = 48 inch focal length

Polycarbonate lens = 40 inch focal length

If the polycarbonate lens is placed nearest the sun:

48 in.

1,3

40 inches

20in.H
polycarbonate lens

in.

L

acrylic lens

Figure 22. Determination of spacing between lenses.

Proportional Relationship

48 x Thus 48 (13 in.)
20

= 31.2 inches

The distance from the acrylic lens to the target is 31.2 inches. The

distance from the polycarbonate lens to the target is 40.0 inches. Thus,

the distance between the two lenses needed to give a 14 inch line of



focused light equals 8.80 inches.

Distance = 40.0 -.31.2

= 8.80 inches

It is interesting to note that if the two lenses were interchanged

in their order toward the sun, the result would be a point focus. The

lenses would be approximately 8 inches apart with the acrylic lens first

in order toward the sun.



APPENDIX D. Parabolic Trough Reflector Optics

Basic equation of a parabola:

y2 = 4cx

The basic equation of a parabola is used to define the relationship

between x and y for a particular value of C (the distance between the

focus and the vertex of the parabola).

To find the slope of a line tangent to the parabola at any point,

first take the derivative of the basic equation:

__(y2) d(4cx)
dx dx

2y
= 4c

dx y

The equation of a tangent line is as follows: y y1 = f'(x1)(x - x1).

The angle formed by the intersection of the two lines is given by the

following equation:

m2
tan ci

(1 + m1m2)

"If £1 and are non-perpendicular lines with slopes m1 and

m2, respectively, and a is any angle from
l

to then,

m2 - m1

(Riddle, 1972)tan a
1 + m1m2



Using the relationship for the slope of a tangent line and the

equation for the angle a between two intersecting straight lines, the

path of light entering a parabolic reflector can be followed. During
S.'

the search for a good parabolic shape, differing values, of C were

plotted. These different parabolas were compared by using a point with

an abscissa value of 5.08 cm (2 in.) situated on the inner surface of

the parabola as the reflection point. These measurements assume the

vertex is at the origin of the parabola. Next the value of the ordinate

was found at this point. Refer to Figure 10 for a graphical presenta-

tion of this problem.

Using the value of y (the ordinate) at this point, calculate the

slope of the tangent line at this point. The equation = is used.

Of course, C depends upon the choice of the experimenter. Using this

value of slope, assume a slope for an incoming ray of light. Obviously

if the slope of the ray is zero, then the ray will pass through the

focus of the parabola. Using the equation for the angle between two

lines calculate the angle alpha. This is the half angle of the reflect-

ing light beam. The direction the light beam will take when it specu-

larly reflects is 900 cx from a perpendicular to the tangent line.

This angle will be on the opposite side of the perpendicular from the

incoming ray.

For example:

For a parabola with C = 0.75 in. at x = 2.0 in., y2 4cx

y2 = 4(O.75)(2)

= 6.00

y = ±2.45



Choose y = -2.45

Slope of tangent line:

dx y

2(0.75)

-2.45

IN3P

Assuming the slope of an incoming light beam is 1.0, then

= tan
(in2 m1)

(1 + m1m2)
m1 = 1.0, m2 = -0.612

-1 (-0.612 - 1.0)
= tan

(1 + (1.0)(-0.612)J

= -76.477°

This is the angle between the incoming light beam and the tangent

line. The negative sign indicates that the tangent line represented

by m2 is located counter clockwise from the incoming ray. The rays

drawn on Figure 10 were calculated and plotted using this technique.

m m
2

1 -0.612 -76.477°

0.6 -0.612 -62.4°

0.4 -0.612 -53.3°

0.2 -0.612 -42.8°

-0.2 -0.612 -20.2°
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APPENDIX E. Calculations for Determining the
Atmospheric Transmission Coefficient

The basic equations were taken from the Eons, Bruce, and McMasters

work, Tables for Estimating Direct Beam Solar Irradiatton of Slopes at

30° to 46° Latitude.

1) Sin A = cosd sin h cos + sin sin d

2) SinO = sin A cos a - cos A sin a sin (Z-B)

3) I = io
(i/sin A)

sin ®

I = direct beam radiation intercepted at the surface

lo = the solar constant (1353 W/m2)

p = atmospheric transmission coefficient

d = solar declination

h = the hour angle of the sun measured from 6:00 solar time

= latitude of the observation site

A = angular altitude of the sun from the horizontal

a = angle from the vertical to the normal to the inter-
cepting surface

Z = azimuth of the sun measured clockwise from the east
(East, 0°, while West, 180°)

B = aspect angle; the angle measured clockwise between
north and the projection of the normal to a horizontal
plane (Northfacing slope, 0°; Southfacing slope, 180°)

For a pyrheliometer, the collection surface is perpendicular to the

sunbeams.

Example problem:

March 6, 1979 at solar noon
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Solar declination, d = -6°

Local hour angle at solar noon, h = 900

Site latitude = 44°30'North

= (90° - A)

Z = 9Q

B = 180° (because the intercepting surface is directly
facing the sun)

Using these values calculate the sin A and the sin 0

Sin A = cos (-6°) sin (90) cos (44.50) + sin (44.50) sin (-6)

Sin A = 0.6361

A = Sin(0.636l)

A = 39.5000°

Sin 0 = 0.6361 cos (90 39.500) - cos 39.5000 sin (90 - 39.500)

sin (90 - 180)

= 1.000

On March 7, 1979, the direct beam radiation was approximately

900 W/m2. The solar constant is 1353 W/m2 or very close to that figure.

Using the following equation, the atmospheric transmission coefficient

is calculated.

I = lo
(l/sin A)

900 W/m2 = 1353 W/m2
0.636fl(1Q0)

0.6652 (l.S72l)
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1 (1.5721)
0.6652

1.5721 (1.5721)

p = 0.77

The atmosphere allowed 77 percent of the radiation available at the

outer edge of the atmosphere to reach the earth's surface at Corvallis.
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APPENDIX F. Lens Transmittance and Evaluation

Pos i -

tion Polycarbonate Lens

5 cm 732 W/m 712 W/m 677 W/m 803 W/m 815 W/m
15 cm 730 W/m2 715 W/m2 664 W/m2 778 W/m2 765 W/m2
25 cm 701 W/m2 704 W/m2 669 W/m2 796 W/m2 758 W/m2
35 cm 571 W/m2 561 W/m2 544 W/m2 597 W/m2 624 W/m2
45 cm 452 W/m 451 W/m 462 W/m 474 W/m 505 W/m

Lens Average 637 W/m2 629 W/m2 603 W/m2 690 W/m2 693 W/m2

Direct Solar 877 W/m2 846 W/m2 822 W/m2 943 W/m2 943 W/m2

Percent
Transmittance 72.6% 74.4% 73.4% 73.2% 73.5%

Average percent transmittance = 73.4%

Posi-

tion Acrylic Lens

5 cm 778 W/m 754 W/m 846 W/m
15 cm 825 W/m2 807 W/m2 857 W/m2
25 cm 769 W/m2 744 W/m2 799 W/m
35 cm 673 W/m2 646 W/m2 663 W/m2
45 cm 583 W/m 564 W/m 606 W/m

Lens Average 726 W/m2 705 W/m2 754 W/m2

Direct Solar 889 W/m2 871 W/m2 943 W/m2

Percent
Transmittance 81.7% 80.9% 80.0%

Average percent transmittance = 80.9%

Calculation of Percent Energy Transmittance

(Direct Solar Energy)(X) = Lens Average

Lens Avera
Direct Energy

Percent Transmittance = X(l00%)

(Lens Average)
(100%)

(Direct Solar)
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Both Lenses Together:

Position Top Mid-range Center

5 cm 492 W/m 771 W/m 900 W/m

15 cm 556 W/m2 846 W/m2 912 W/m2
25 cm 556 W/m2 779 W/m2 838 W/m2

35 cm 411 W/m2 619 W/m2 729 W/m2

45 cm 299 W/m 437 W/m 696 W/m

Average 467 W/m2 690 W/m2 81 5 W/m2

Direct Solar 883 W/m2 883 W/m2 883 W/m2

One quarter of the rear lens was scanned for energy output with the

following pattern. The average energy transmittance from this portion

was assumed to be the average for the whole lens.

Dark region--no light from the first
lens strikes here.

- Top

Mid-Range

Center

Figure 23. Pattern of pyrheliometer recordings.

Average Ener9y Transmittance

For area 1:
Energy

(467 690)
W/m2 = 578.5 W/m2

For area 2:
(690 + 815)

W/m2 = 752.5 W/m2Energy
2
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The average for the combined lenses:

Transmitted Energy
(752.5 W/m2

:
578.5 W/m2)

= 665.5 W/m2

Direct Solar Insolation = 883 W/m2

Percent Transmittance (Both Lenses)
665.5
883

(100%) = 75.4%

Calculation of combined lens transmission percentage based on the

percent transmission of the individual lenses.

8 in.

4 in.-

40 in.

Basic Lens Configuration

Polycarbonate Lens

F 2Oin.

Acrylic lens

Dark region

Figure 24. Concentration of energy between the two lenses.

The energy passing the first lens is concentrated upon a 32 inch

by 40 inch area of the second lens. Thus, the energy has been
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concentrated by the following factor:

(40 x 40)
= 1 25

(32 x 40)

Assume that the direct solar insolation is 900 W/m2

Energy passing first lens = 900 (0.734)

= 600.6 W/m2

Energy incident on second lens = 660.06 (1.25) W/m2

= 825.75 W/m2

Energy passing second lens = 825.75 (0.809)

= 668 W/m2

This is the amount of energy which should be transmitted through

the lens system.

Theoretical Percent Transmittance

668 W/m2
(100%)

900 W/m2

= 74.2%

The actual percentage of transmitted energy was 75.4 percent.

The theoretical value is approximately 1.2 percent less than the

actual value determined through experimentation.
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APPENDIX G. Heat Transfer Evaluation

Calculation of Convection Coefficients at Stacination Conditions

The Bimetal Springs

Each spring was treated as a horizontal cylinder for heat transfer

purposes. The simplified equation for natural convection in air, as

presented by Welty, Wicks and Wilson (1976), was used to calculate the

convection heat transfer coefficient:

h=c[] Equation A

Table 20.1, which lists the values of C, N and L to be used in air

(Welty, Wicks and Wilson, 1976), was used along with a surface tempera-

ture and ambient temperature of 435 K (323°F) and 279 K (42.5°F),

respectively. The temperatures were those recorded during the stagnation

temperature test illustrated in Figure 17. To use this equation, the

associated table values of h, AT, and L must be in English units of Btu/

(hr)(ft2)(°F), °F, and feet, respectively.

ings.

AT is the temperature difference between surface and the surround-

L is the significant length. For a horizontal cylinder the signifi-

cant length is the diameter.

L = 2.12 in. (The outside diameter of a spring)

= 0.1767 ft (0.0538 m)

The constants C and n are determined by the dimensionless Grashof-

Prandtl number. The Prandtl number is a tabulated property of the fluid



while the Grashof number must be determined from the fluid properties,

significant length and the difference between surface and ambient tern-

peratures.

Grashof number

2 3

Gr
g p (L) T

2
1J

Equation B

The fluid properties should be evaluated at the film temperature

defined by the following equation:

Therefore,

I +TOD
surfaceTf=

2

T
435K+ 279 K

f 2

= 357 K2

Equation C

Evaluating the fluid properties of air from tabulated values of

360 K indicated that:

Prandtl number

(Pr) = 0.695

and
gp

= 0.3238 x loll ( 1

2
p Km

The Grashof number thus becomes:

Gr = 0.3238 x (_i) (0.538 rn)3 (435 - 279) K

Km3

= 7.87 x io8



109

The Grashof-Prandtl number follows as:

Gr Pr = (7.87 x 108) (0.695)

= 5.47 x io8

Using this value of the Grashof-Prandtl number, the following table

values can be obtained:

C = 0.27

n = 1/4

Calculation of h, the convection coefficient, for the horizontal spring

using Equation A follows as:

(323 - 42.5°F)
0,25

h = 0.27 L 0.1767 ft 1

1.70 Btu/hr ft2 °F

= 9.68 W/m2 K

Suspended End-plate of the
Parabolic Reflector

The end of the reflector was treated as a solid plate whose tempera-

ture was similar to the outside of the reflector even though the heated

spring passed through an opening in the plate.

The temperature of the reflector surface was assumed to be 291 K

(65°F). Thus, Tsurface = 291 K (65°F) and T° = 279 K (42.5°F).

The same general equation for natural convection in air was used

to calculate the convection heat transfer coefficient of the plate.
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Again the values must be entered in the specific English units previously

mentioned in Equation A.

For a vertical surface, the significant length is the height of the

surface. An approximate height for the end plate was 0.152 m (0.5 ft).

The width of the end plate was about 0.089 m (0.292 ft).

Significant Length, L = 0.500 ft (0.152 m)

After calculating a film temperature equal to 285 K, the Grashof-

Prandtl number was calculated as:

GrPr = 3.03 x 10

Using this value of the Grashof-Prandtl number, the following constants

were obtained:

C = 0.19

n = 1/3

L= 1

The convection coefficient can now be calculated for the end plate with

Equation A as:

h = 0.19
(65 - 42.5 F)113

1

= 0536 Btu/hr ft2 °F

= 3.05 W/m2 K
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Exterior of the Aluminum Reflector

The exterior of the aluminum reflector was also treated as a hori-

zontal cylinder.

The temperature of the rear of the reflector was 291 K (65°F).

Therefore, Tsurface = 291 K (65°F) and Too = 279 K (42.5°F).

The simplified equation for natural convection in air was again

used in the following calculations. For this case the significant length,

L, was the diameter of the cylinder. The parabola shape has an approxi-

mate diameter, at its mouth, of 0.5 ft (0.152 m). The film temperature

at which the fluid properties of air were obtained was 285 K. These

properties were taken from a table at 280 K and a Grashof-Prandtl number

equal to 3.03 x lO was calculated.

Using this value of the Grashof-Prandtl number, the following con-

stants for a horizontal cylinder were obtained:

where 10 GrDPr i012

then C = 0.18

n = 1/3

L=l

The value for the convection coefficient was then calculated

(Equation A) for the outside of the parabolic reflector as:

h = 0.18
[(65 - 42.5 F)]''3

1

= 0.508 Btu/hr ft2 °F
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= 2.87 W/m2 K

The Interior of the Aluminum Reflector

The surface width of the inside of the reflector was 0.224 m (8.8

inches), and the length of the reflector was 0.343 m (13.5 in.). To

facilitate heat transfer calculations, the reflector was subdivided into

two areas. The lower half of the reflector was treated as a horizontal

surface with its hot side up. The upper half of the parabola was

treated as a vertical surface. This subdivision was assumed reasonable

because of the orientation of the parabola during heating. The reflector

was aimed approximately 30° above the horizontal during testing, leaving

the upper arm of the parabola in approximately a vertical position while

the lower arm was near horizontal.

The inside temperature of the reflector was considerably warmer

than the outside temperature.

T = 339 K (150 F)

To = 279 K (42.5 F)

T5 - Tco

Tfilm 2

= 309 K

The simplified equation for natural convection on air was used for

both arms of the reflector. The fluid properties needed to calculate

the Grashof-Prandtl numbers were interpolated from a property table at

the film temperature of 309 K.
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Pr = 0.706

11 1

= 0.6539 x 10 ( 3)
Km

For the vertical surface, the significant length was based on one

half of the parabola's inside surface width.

L = 0.1118 m (4.4 in)

Using the above information the Grashof-Prandtl number (Equation B)

was calculated as:

Gr = 5.48 x l0

Therefore, GrPr = 5.48 x l0 (0.706)

For this number;

= 3.87 x 10

C = 0.19

n = 1/3

L=1

Consequently, the convection coefficient for the vertical segment of

the inside of the reflector was 5.13 W/m2 K (0.903 Btu/hr ft2 °F).

For the horizontal surface, the significant length depended both

on the width and thickness of the flat plate. The following equation

was used:
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1_ 1 1

L0j Lvert

Lhri 0.1118 m (4.4 in)

Lvert = 0.00152 m (0.060 in)

1 1

+ 0.00152 m0.1118 rn

L = 0.00150 rn (0.0592 in)

Next the Grashof number was calculated using the same fluid properties

calculated for the vertical surface. Equation B yields:

Gr
0.6539 x

(0.00150 rn)3 (339 - 279) K
k rn3

Therefore Gr Pr = 9.458 x l0 (0.706)

= 6.677 x

This value was outside the range of the tabulated values for the

simplified natural expression for air. The empirical relationship des-

cribed by these equations does not extend below a Gr Pr number of

1.0 x l0. The reason for the low number was the thinness of the metal

sheet. This small thickness did not allow for a large enough effective

length to satisfy the required relationship. Therefore, the assumption

was made that there was very little convective heat transfer from the

horizontal surface.
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Calculation of a Convection Coefficient under
Operational ConditToris

The Bimetal Coils

The bimetal coil was the only motor component losing a significant

amount of heat by convection during actual motor operation. This con-

clusion was based on a comparison of power losses under stagnation con-

ditions shown in Table 4. Since operational temperatures were much

lower than those recorded during the stagnation tests, all the rates

of heat transfer would be correspondingly reduced, leaving only the

bimetal coil with significant heat loss.

To determine a convection coefficient under these conditions, the

average surface temperature of the spring must be determined. Because

the rate of heat transfer during heating is directly related to the

difference between the spring temperature and the ambient conditions,

the heat lost by convection can be linearly averaged over the temperature

span involved. Thus, using an average temperature in convection cal-

culations will result in an average rate of energy loss. The simulated

operation temperature recordings were used to determine an average tem-

perature during the heating portion of a spring's operating cycle. The

starting and maximum temperatures for each cycle were averaged to obtain

an overall average temperature. Table 2 contains the data from which

the averages were taken.

Average Minimum (Starting) = 34.3 C

Average Maximum = 60.0 C

Overall Average Temperature = 47.2 C



Therefore,

= 320.2 K (117.0 F)

Tco = 281.2 K ( 46.8 F)
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The simplified equation for natural convection in air was used to

determine the convection coefficient. The method used was the same as

previously demonstrated. Equation C yields:

Tf = 300.7 K

The properties of air were evaluated at this film temperature

resulting in the following Grashof-Prandtl number.

GrPr = 5.73 x

Table values indicated were:

C = 0.27

n = 0.25

The significant length is the diameter of the coil, in this case:

L = 0.1767 ft.

Using the simplified equation, the convection coefficient was cal-

culated using Equation A as:

h = 1.204 Btu/hr ft2 °F

= 6.844 W/m2 K
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Convection Heat Losses at Stagnation Conditions

Convection Losses from the Bimetal Spring

The basic heat transfer equation for convective heat losses is

available in any common heat transfer text.

Q = A hc LT Equation D

where Q = power transfer in Watts

A = area in square meters

h = convection coefficient in Watts per square
C

meter per degree Kelvin

= temperature differential in degrees Kelvin

The temperature data for the heat loss calculations were the result

of the third spring stagnation temperature test recorded in Table 3.

The physical measurements of the motor components were measured in the

laboratory and the convection coefficients needed are recorded in the

previous portion of this Appendix.

The length of the spring in the hot zone was 0.343 m (13.5 in) and

the spring diameter was 0.0538 m (2.12 in). Therefore:

A = irD L

= ir(O.0538 m) (0.343 m)

= 0.0580 m2

hc = 9.68 W/m2 K
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Tco = 279 K (42.5 F)

= 435 K (323 F)

Q = 0.0580 m2
(9.68 w) (435 - 279) K

ni2 K

= 87.6 Watts

This loss represents the power which escaped from the spring due to

convection.

Convection Losses from the Suspended
End of the Parabolic Reflector

A very rough approximation of the area of the end plate was 0.0116

m2 (3 in. x 6 in.). This area assumed that the opening through which the

spring passes was also part of the area of the plate. The heat transfer

from this non-existant area should be partially compensated by the heat

loss from the protruding spring.

h = 3.05 W/m2 K

A = 0,0116

291 K (65 F)

Tco = 279 K (42.5 F)

3.05 W
(0.0116 m2) (291 - 279) K

2mK

= 0.425 W
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This represents the convection loss from the end plate.

Convection Losses from the Exterior
of the Aluminum Reflector

The external area of one reflector was 0.0766 m2 (13.5 in. x 8.8 in.).

h = 2.87 W/m2 K

= 291 K (65 F)

Too = 279 K (42.5 F)

A = 0.0766 m2

Q = (0.0766 m2)
(2.87 W)

(291 - 279) K
(m2 K)

= 2.64 Watts

Convection Losses from the Interior
of the Aluminum Reflector

The area of the reflector which is approximately vertical and for

which a convection coefficient was available, was 0.0383 m (13.5 in. x

4.4 in.) in size.

hc = 5.13 W/m2 K

= 339 K (150 F)

279 K (42.5 F)
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(5.13 W)
Q = 0.0383 m

2
(339 - 279) K

Cm K)

= 11.8 Watts

Convection Heat Losses Under Operational Conditions

The length of the spring in the hot zone was 0.343 rn (13.5 in.) and

with a spring diameter of 0.0538 m (2.12 in.), the area transferring

energy was 0.0580 in.2. This calculation was made easier by neglecting

the small gaps between the loops of the spring. For the spring the over-

all average temperature during heating was 320.2 Kelvin and the ambient

air temperature was 281.2 K. The convection coefficient for a horizontal

cylinder calculated before was 6.844 W/m2 K.

Thus:

Q = 0.0580 m2 (6.844 W/m2 K) (320.2 - 281.2) K

15.5 Watts

This was the amount of power lost during the heating cycle.

Radiation Heat Losses at Stacination Conditions

Radiative heat losses were calculated from the basic relationship

between the surfaces involved.

Q = F12(A) cic(T - T) Equation E

F12 = configuration factor for surface 1 looking at 2



A = area of surface one radiating energy

a = Stefan-Boltzmann constant

c = emissivity of the radiating surface

T1 and 12 = temperatures in absolute scale of both
surfaces

(Siegel and Howell, 1972)

Radiation Heat Losses from
the Spring
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The outside half of the spring radiated directly to the environ-

ment. For this half the calculations for power loss are as follows:

F1 = 1.0 (the outside half directly views the environ-
ment)

Area = ½irD (L)

D = 0.0538 m (2.12 in.)

L = 0.3429 m (13.5 in.)

A = ¼rr(O.0538 m) (0.3429 m)

= 0.0290 m2

a = 5.6697 x 10-8 W/m2 K4

c = 0.95 (due to the flat black paint on the
springs)

T5 = 435 K (323 F)

Too = 279 K (42.5 F)

Q=F
1-°°

(A) (T-T)

= 1.0 (0.0290
m2) 5.6697 x 10-8 w

2 4
(0.95)

mK

(435 - 279) K4
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Q = 46.5 Watts

This is the power lost from the front half of the spring.

The rear half of the spring radiates toward the aluminum parabola

which reflects the power toward the environment. The aluminum used in

the reflector has a reflectivity of 0.78 (Machie, 1962). The reflector

must therefore absorb 22 percent of the spring's radiation. The para-

bola then reradiates some of this power to the environment. The back

half of the spring also has a power loss of 46.5 Watts. The power ab-

sorbed by the reflector is equal to (46.5 W) (0.22). Thus, the power

absorbed by the reflector equals 10.2 Watts. The power radiated to the

environment was:

Q 46.5 W - 10.2 W

= 36.3 Watts

Total power radiated from the spring to the surroundings:

Q = 36.3 W + 46.5

= 82.8 Watts

Because of the parabolic shape of the reflector, any energy radiated

from the spring and not absorbed by the reflector was rereflected to the

environment.

Radiation Losses from the Suspended
End of the Reflector

This analysis assumes that the end of the reflector is solid rather
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than having the spring pass through it.

Q = F (A) e (T - i) Equation F
1 -

F1 = 1.0 (the suspended end views only the surround-
ings)

A = 0.0116 m2 (3 in. x 6 in.)

= 0.22 (emissivity equals the absorptivity when
heat flux is in equilibrium)

T5 = 291 K (65 F)

Too = 279 K (42.5 F)

Q = (1.0)(0.0116 m2)(O.22)(56697 x 10-8 w)(2914 - 279) K4

m2K4 1

= 0.161 Watts

Radiation Losses from the
Rear of the Retlector

Using Equation F:

F =1.0
1 -oo

A = 0.0766 m2 (8.8 in 135 in)

= 0.22

T5 = 291 K (65 F)

Too = 279 K (42.5 F)

Q = (1.0)(O.0766 m2)(0.22)(56697 x io8 w)(2914 - 279)
K4

m2K4 1

= 1.06 Watts
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Radiation Heat Loss from the
Inside of the Parabolic Reflector

The interior of the reflector does not have an unobstructed view of

the surrounding environment. Not only does it radiate toward the spring

in front of it, but also to itself. The power intercepted by the spring

and the reflector are reradiated again. Eventually all of the power is

lost to the environment. Because the reflector can see itself and the

spring, a configuration factor must be calculated which accounts for this

situation.

The method used to calculate the configuration factor was Hottel's

Crossed-string method. The measurements were made graphically and

applied to the following equation:

(C1 + C2) (11 + 12)

2A1

C1 and C2 are the lengths of the two crossed strings

11 and 12 are the lengths of the two uncrossed strings

A1 is the area of the half reflector

The crossed string method consists of finding the distance between

the ends of the two surfaces involved. One set of measurements is the

lengths between corresponding ends while the other set is the lengths

between the alternate ends.

In Figure 25, surface 1 is the reflector while surface 2 is an

imaginary surface representing the surroundings. Notice that at point

B, the distance between the corresponding corners of Areas 1 and 2 was



zero. Also the distance between alternate corners was equal to the

length of line BC.

SPRING

\

\I

jc2
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Figure 25. Configuration factor determination using Hottel's Crossed
String method.

C1 = 0.1067 m (4.20 in)

C2 = 0.0762 m (3.00 in)

1
= 0.0958 m (3.77 in)

12 = 0.00 m

To obtain 1, the following method was used:

(125)
1

= 0.037 m (1.46 in) + irD

0.0957 m
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where 0 = 0.0538 m (2.12 in)

From previous calculations and measurements

A1 = 0.1118 m (4.41 in)

Configuration factor:

F
(0.1067 m + 0.0762 m) - (0.0958)

1-co 2 (0.1118) m

= 0.3895

This value indicates that about 39 percent of the radiation

emitted by the reflector will escape directly to the surroundings.

Using the general equation for radiation heat loss (Equation F)

the power emitted by half of the parabolic reflector was calculated.

= 339 K (150 F)

Tco = 279 K (42.5 F)

Area A of Emitting Surface is 0.3429 m (13.5 in) by 0.1118 m

(4.4 in),

A = 0.0383

Determination of the emissivity of the aluminum:

Reflectivity Absorptivity = 1.0

Because the reflectivity = 0.78

the absorptivity ci. = 1.0 - 0.78 = 0.22
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When a system is in thermal equilibrium

Emissivity = Absôrptivity

= 0.22

Therefore,

2(5.6697 x io8 W)(022)(3394
- 279k) K4Q = 0.3895 (0.0383 m

2 4mK
= 1.33 Watts

This value should be doubled to account for both halves of the

reflector. Therefore, the radiation loss from the inside of the re-

flector was 2.66 Watts.

Q = 2.66 Watts

Radiation Heat Losses Under Operational Conditions

The Bimetal Coils

The radiation heat losses from the spring under operational con-

ditions were made using the same temperatures calculated in the section

dealing with the convection coefficient during operating conditions.

The overall average temperature was not the average temperature during

the radiation transfer. Unlike the linear relationship between energy

loss and temperature during convection, radiation energy transfer depends

upon the fourth power of the temperature. However, to make the neces-

sary calculations simple, the previously obtained averages were used.

The following values were used to solve Equation F:
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T5 = 320.2 K

Tco = 281.2 K

A = 0.0580 m2

= 5.6697 x io8 W/m2 K4

E = 0.95

F12 1.0

Q = (l.0)(0.0580 m2)(5669 X io8 W)(095)(32024
- 281.2)

mK
= 13.3 Watts

This is the power radiated from the spring during the heating cycle.

Thermal Conductance of #3950 Bimetal at Stagnation Conditions

Calculation of Thermal Con-
ductivity Factor k

Electrical resistivity for metal #3950 is equal to 353 ohms/sq.

mill ft. at 75°F.

Using the Wiedeman-Franz Law (Eckert and Drake, 1972)

k = LoaT

k = thermal conductivity

1
a = electrical conductivity (cy

T = absolute temperature

Lo = Lorentz constant = 2.45 x lO_8 w/K2

k = (2.45 x 10-8 W )(297°K)
ft (1000)2 mill2 (144 in)

(353c) sq mill (1 In2) 1 ft2
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k = 2.968
W (1 ft (0.3048))

kft lm

= 0.905

Converted to English units:

k = 0.523 Btu/ft °F hr

Conduction Losses of the Bimetal S

The equation for thermal conductance:

= (T1 - T2) Equation G

The power lost by conduction from the spring was estimated by cal-

culating the energy passed through the hole in the reflector end plate

to the lever arm. The arm could act as a radiating fin if enough energy

were supplied to it.

Spring temperature at source = 435 K (323 F)

Spring temperature at the end of fin = 305 K (90F)

Cross-sectional area of spring material,

= 3.87 x l0 m2 [(0.060)(l.00)] in2

L equals the effective length of fin through which conduction may

take place. This is the average path length energy would take starting

from the reflector end plate and traveling to the end of the spring

lever arm.

L = 2.408 x i0 m (9.4802 in.)
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0.905 W (3.871 x 10 m21 (435 - 305) KThus
K m (2.408 x 10_i m)

= 1.891 x io2 Watts

Obviously there is very little conduction out of the hot spring

by way of the end to which the mass is attached. The seven minute time

lag between the start of spring heating and any change in the tempera-

ture at the end of the spring demonstrates the poor heat conductance of

the metal. This is shown in Figure 18.



APPENDIX H. Energy Calculations and Efficiencies

Energy Used

Energy = (mass)(acceleration)(distance)
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The energy required to lift the steel weight to a position from

which it could fall is determined as follows:

Mass = 0.91 kg (2 lb)

Acceleration = 9.81 rn/sec2 (32.2 ft/sec2)

Distance moved = 8.41 cm (3 5/16 inch)

Energy required = (0.91 kg) (9.81 rn/sec2) (8.41 cm) (l0mcm)

= 9.749 N . m

9.749 Joules (7.10 x io Btu)

The resulting torque gained from listing the weight through 90° and

then letting it fall another 90° to complete a 180° motion was calculated

by doubling the 8.41 cm (3 5/16 inch) distance from the center of rota-

tion to the center of the weight.

lm
Torque caused = (0.91 kg) (9.81 rn/sec2) (l68 cm)

l00 crn

= 1.50 N m

= 1.50 Joules (1.42 x l0 Btu)

Operation Effici enç

The fastest engine operation was obtained using four springs. The

engine speed attained was 3 RPM, with the direct solar radiation averag-

ing 895 W/m2.
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Number of springs heated per minute

4 springs 3 revolutions
revolution minute

= 12 springs per minute

Average heating time .per spring

60 seconds
12 springs

= 5 seconds/spring

Actual heating time will be somewhat less, because the time occu-

pied with the movement of the wheel and the springs also occurs within

this interval.

Collector area was approximately 1 square meter, thus, the power

available at the site is 895 Watts (0.8491 Btu/sec). However, all of

this energy is not available to be absorbed by the springs.

The lens system caused some losses of power and the black paint

coating the spring cannot absorb all of the incident radiation.

Theoretical Lens Transmissivity = 0.742

Theoretical Absorptivity = 0.95

Energy available to be absorbed by the spring

= 895 Watts (0.742)(0.95)

631 Watts

= (0.5986 Btu/sec)
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Energy required to lift the 0.91 kg weight

Power needed

= 0.749 Joules

0.749 Joules
5 seconds

= 0.150 Watts (1.421 x 10 Btu/sec)

The energy resultant from the lifting action

Power generated

= 1.50 Joules

1.50 J

5s

= 0.300 Watts (2.84 x 10 Btu/sec)

Power use efficiency:

Power used in doing the work
100%Efficiency

Power supplied to the device

0.150 Watts 1

630 Watts
X 100/0

= 0.024 %

Machine efficiency:

Power created by the device
100%Efficiency

Power supplied to the device

0.300 Watts 1 0

631 Watts
100/0

00475°'-
. /0
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Maximum Operational Temperature
Differential

If the energy available to a spring was all absorbed, and none

lost, the most efficient operation possible would result. For this

assumption, given the same heating time, the maximum temperature differ-

ential over which the solar motor could operate was calculated.

(Energy Input) (Heating Time)
A

(Specific Heat of Metal)(Mass of Metal Heated)

Energy Input = 631 Watts (0.5986 Btu/sec)

Heating Time = 5 seconds

Specific Heat = 0.5024 kJ/kg K (0.12 Btu/lb-m °F)

The mass of the spring was calculated from the volume of spring

material that was actually being heated. The dimensions of the stock

material from which the spring was made were 1 in x 80.0 in x 0.060 in.

However, an average of 9.48 inches was protruding from the end of the

reflector and consequently was not being heated. Thus, the active

length of spring material in use was 70.52 inches.

Volume of spring = 6.93 x 1O m3 (4.23 in3)

Density of material = 8028 kg/m3 (0.29 lb/in3)

Mass of spring = 8028 kg/rn3 (6.93 x lO m3)

= 0.5564 kg (1.23 lbs)
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(631 Watts)(5 sec) kg (K) 1 kJ 1 Joule
0.5024 kJ (0.5564 kg) 1000 J 1 1Jatt sec

= 11.28 K (20.3 F)

If less energy had been absorbed, then the operattng temperature

differential would have been less. However, the maximum temperature

differential for a spring in operation with a heating time of five

seconds absorbing 631 Watts of solar energy was 11.28 K.

Simulated Motor Energy Use

During the simulated motor test the heating times were greater than

the five seconds recorded when the motor was operating at its best. The

average heating time during the simulation test without glass convection

covers was 15 seconds. This change in heating time affects the power re-

quired to operate the motor. The energy requirement to lift the 0.91 kg

weight was still 0.749 Joules, however power input was calculated as

follows:

Power
Energy required
Heating time

0.749 Joules
15 seconds

= 0.050 Watts

A definite amount of energy had to be absorbed by the bimetal spring

before motion would occur. This amount of energy was much greater than

that needed to lift the weight. The amount of energy required can be

calculated with the following equation:



136

Energy = (Specific heat)(AT)(Mass of spring)

The specific heat of the bimetal = 0.5024 kJ/kg K

AT = 25.67 K (this was the temperature difference
between the average maximums and
minimums during the simulation.)

Mass 0.5564 kg (the mass of the active spring
material)

0.5024 kJ
Energy Absorbed

kg . K
(25.67 K)(0.5564 kg)

= 7.175 kJ

= 7175 Joules

7175 Joules
Power Absorbed

15 seconds

= 478.3 Watts

This was the power required to cause the motor to turn.

Optimum Efficiencies

Calculation of optimum efficiencies was based on the heat capacity

of the bimetal material. The springs required a particular amount of

energy to cause motion. The faster this energy could be supplied, the

more efficient the device. The five second heating time was the best

motor operation observed, and the following calculations are based on

this detail.

The best observed operating conditions had a calculated tempera-

ture differential equal to 11.28 Kelvin. The energy needed to cause
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motor operation was determined using the formula indicated in the pre-

vious sections being:

0.5024 kJ
(11.28 K)(0.5564 kg)Energy

kg K

= 3153 Joules

The power required to cause movement within five seconds per spring is

calculated as:

3153 Joules
Power

5 seconds

= 630.6 Watts

The power created by the movement of the 0.91 kg weight was 0.300 Watts.

The energy efficiency of the optimum motor operation observed can be

calculated.

Power created by motor
100%Efficiency

Power required by spring

0.300
630.6

x l00/

= 0.0476 %

This efficiency value is nearly identical to the efficiency cal-

culated by determination of the amount of light energy striking the

spring. Consequently, the motor was operating at its maximum efficiency

for the given conditions.
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Efficiency Based on
Spring Design Capacity

The bimetal coils were originally designed to move 2.8 kg (6.2 ib)

weights. These weights were tested several times and the best heating

time obtained was ten seconds. The energy required to lift the lead

weights was determined to be 2.10 Joules. The energy created by move-

ment of the weight was double this value, 4.20 Joules. The power

generated by the movement of the lead weights is calculated below:

4.20 Joules
Power

10 seconds

= 0.420 Watts

The energy available from the sun during this experiment was approximately

810 Watts. Accounting for the absorptivity of the point and transmissiv-

ity of the lens material, 571 Watts of power are available to be absorbed.

Therefore:

Power created
Energy Efficiency

Power available for work

x 100%

= 0.0736 %

The heavier weights did have a positive effect on the overall motor

efficiency, even though they required a longer heating time. This result

can be explained by the observation that the heating time was doubled but

the mass moved was tripled. The decrease in efficiency caused by the

longer heating time was more than compensated by the increase in power

created by the heavier weights.




