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NOMENCLATURE

angle between the vertical normal and a component of
a solar flux line perpendicular to the east-west
axis (see page 76)

solar altitude

south solar azimuth

mass flowrate of heat transfer fluid

total concentrator surface area, including the area
between segments

specific heat of heat transfer fluid
geometric ratio (see page 38)

direct radiation intensity

direct normal radiation intensity
optical ratio (see page 38)

energy input to system (ID X AC)

energy output of system [ﬁ-Cp(TO-Ti)]
reflective ratio (see page 38)

ambient temperature

inlet temperature of heat transfer fluid

outlet temperature of heat transfer fluid

(T,-T,)

*Symbols not listed are defined in the particular

section in which they occur,
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SUMMARY

The segmented plane solar energy concentrator design

utilizes an array of long flat reflective segments, the center-

lines of which are parallel and lie in a common plane.
Initially, the concentrator is focused by orienting each
segment so that all incident solar energy is reflected onto
a common linear receiver. Thereafter, tracking is accom-
plished by equally rotating all segments by an amount propor-
tional to the change in the sun's position. The simple
surface geometry, and the fact that the concentrator does
not have to rotate about its focal line are primary advan-
tages of the segmented plane design.

The purpose of this work is to establish a quantita—
tive evaluation of a segmented plane concentrator to determine
the applicability of the working prinéiple, and to gain
insight into the design of all solar energy conversion
devices. This objective is accomplished by constructing a
segmented plane concentrator with twenty five square feet
of primary surface area, and by testing it with various
receiver configurations by heating a fluid under conditions
typical of practical applications.

This work demonstrates that it is feasible to
economically fabricate a segmented plane concentrator that

will efficiently concentrate incident solar radiation. It
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is also shown that of the various receivers tested in the
range of temperatures suitable for applications such as
residential heating, the receiver composed of a copper
pipe coated with a carbon black paint and surrounded by a
clear acrylic tube performs most efficiently.

The procedure developed for analyzing the data of this
work makes it possible to predict the performance of the
experimental concentrator-receiver systems at any time of the
day throughout the year for various fluid and ambient
temperatures, This study also provides a convenient means
for estimating values of direct normal solar radiation

intensity for Atlanta, Georgia, on clear days.



CHAPTER 1

INTRODUCTION

The Need for Energy Research

It is understandable that man first chose wood,
fossil fuels, and hydroelectric potential to meet his energy
requirements since these resources were available in large
quantities, were easily utilized, and were reasonably
accessible. As more and more energy was consumed, however,
these resources became far less accessible, even though
adequate quantities still existed. To further complicate
matters, the demand for energy resources grew dramatically.
Because of the diminishing accessibility of these initial
energy resources, and the ever-increasing demand for energy,
by the middle of the twentieth century it was obvious that
additional sources of energy had to be identified and
utilized if future energy demands were to be met.

Though the search for additional energy sources is
underway, ultimately, fossil fuels must be completely
replaced as an energy resource. One of the main reasons is
well expressed by a statement published in 1969 by the
Committee on Resources and Manl based on their study of the
ultimate world production of energy from natural gas liquids,

natural gas, crude oil, tar sands, oil shale, and coal. They



state:

Since the earth's deposits of fossil fuels are

finite in amount and non-renewable during periods

of less than millions of years, it follows that

energy from this source can be obtained for

only a limited period of time. It is estimated

that the earth's coal supplies are sufficient

to serve as a major source of industrial energy

for two or three (more) centuries. The corre-

sponding period for petroleum, both because of

its smaller initial supply and because of its

more rapid rate of consumption, is only 70-80

years.,
Further, we cannot afford to consume all available petroleum
as a fuel because vital substances such as plastics, synthetic
rubber, lubricants, and various chemicals are all derived
from petroleum. Therefore, fossil fuels must be replaced as
an energy source well before they are completely exhausted.

So far, numerous sources of energy potential have been
recognized. The more prominent among these are: energy from
nuclear reactions, energy from the sun, energy from the heat
contained within the earth called geothermal energy, energy
from the temperature differential across the ocean depth,
energy from the wind, and energy from the ocean tides. It is
logical that all possible sources should be thoroughly
studied and that the most practical combinations of these be
used to meet future energy demands based on their availability,
accessibility, cost of conversion, and potential detriment

to man and his environment.

The Sun As An Energy Resource

One need only consider the food he eats, the clothes



he wears, and the fuels he consumes to realize that man has
always been dependent upon nature's ability to utilize solar
energy in the production of organic matter through photo-
synthesis. In addition to the natural utilization of solar
energy, man can construct devices which collect solar energy
and convert it into other forms of useful energy. One of

the advantages of utilizing solar radiation as an energy
resource is that, for all practical purposes, the sun can be
considered as an inexhaustible source which transmits

enormous quantities of energy to the earth's surface. Another
advantage is that extensive harnessing of solar energy would
probably pose no serious threat to the environment.2 One of
the main disadvantages is that, due to the low energy density
of the solar flux, large collector facilities are required

to produce moderate quantities of energy, and thus the initial
and operating costs are high. Also, the amount of solar
energy available at any point on the earth's surface is
restricted to daylight hours and is limited by atmospheric
conditions. This point is especially relevant because solar
energy cannot be conveniently stored for use during such

periods.,

Survey of Solar Energy Applications

The purpose of this section is to provide an overview
of past, present, and proposed solar energy applications in

order to lend better perspective to this work. This is



accomplished by citing examples of four categories of solar
energy applications.

Utilization of Natural Processes

Recently, the Joint Solar Energy Panel of the National
Science Foundation and The National Aeronautics and Space
Administration? theorized that substantial energy supplies
could be derived by cultivating and harvesting large
quantities of organic matter. According to their theory,
this growth would then be combined with organic wastes from
cities to be used directly, or converted into gaseous and
liquid fuels for subsequent use. They further state that
commercial power production from combustion of urban wastes
is already practiced in certain areas, primarily Europe; that
many enterprises such as the lumber industry produce much of
the power they consume by combustion of their industrial
wastes; and that animal wastes are used by several countries
to satisfy part of their energy requirements.

Devices for Direct Absorption

Devices which utilize direct absorption of solar
energy for distillation of sea water have been widely
investigated. The United States Department of the Interiors,
for instance, has sponsored considerable research on solar
stills.

Many applications which utilize absorption of solar
radiation, depend on a device referred to as a flat plate

collector. These collectors consist of a plate oriented



toward the sun and coated so as to absorb as much of the
solar energy as possible. The heat so absorbed is then
transferred to a fluid which is circulated through the
collector. O'neill, McDonald, and Sims4 present a good
discussion of the design of flat plate collectors using the
latest technology. Flat plate collectors can be utilized in
absorption refrigeration systems5 and domestic heat pumps,6

for example.

Photovoltaic Devices

Photovoltaic devices, often called solar cells, are
well known for their use in powering earth satellites. A
review of the types of solar cell arrays used in communi-
cations satellites is presented in a recent volume of

Proceedings of the IEEE.7 Though solar cells are very expen-

sive and relatively inefficient, continued improvement in
their technology could conceivably lead to their widespread
use for terrestrial applications. Bermans, among several
others, has investigated the design of solar cells for
terrestrial uses.

An interesting proposed application is to place
satellites in stationary orbit above the earth with giant
arrays of photovoltaic cells to generate large quantities
of electricity. This electricity would then be converted
and transported to earth via microwave transmission, where
it would be converted back to electrical energy for normal

consumption. This proposal presents many technical challenges,



such as transportation of satellite components into orbit,
assembly of components while in orbit, control of the motion
of the satellite, and the cooling of conductors, conversion
equipment, and transmitting devices. However, it has many
advantages such as not requiring extensive land areas, not
being affected by atmospheric conditions, and being able to
function almost continually, even during hours of darkness
on the earth below. Because of these advantages, this
proposal has received considerable attention in the literature.g

Devices Utilizing Solar Energy Concentrators

The intensity of the solar flux at the earth's surface
is adequate for numerous applications. However, for other
applications it is necessary to concentrate the solar flux
before it can be utilized. Concentrating devices can be
divided into two categories based on whether they produce a
point or a linear focus. The two classifications are
considered separately in the following sectioms.

Concentrators with a Point Focus. Perhaps the most

explored and most practical of all solar applications 1is
that of solar furnaces. Extremely high temperatures can be
obtained with these devices, which usually utilize a parabolic

10 discusses the various appli-

shaped concentrator. Trombe
cations of solar furnaces for high temperature research and
manufacturing, and describes the 1000 kw solar furnace built
at Montlouis, France.

Another device which lends itself to the use of a point



11 These devices

focusing concentrator is the heat engine.
have been considered for applications in both space and
terrestrial technology.

Hildebrandt, Haas, Jenkins, and Colacol2 have proposed
a large terrestrial solar power plant that would essentially
utilize a point focus., In their proposal, a field 1.8
kilometers in diameter would be filled with individual
reflectors, each about three to five square meters in area,
which could be independently oriented so as to reflect
incident radiation onto a receiver at the top of a 450 meter
tower., The energy so concentrated would serve as the heat
source for either a magnetohydrodynamic generator or for

generating steam to drive turbine generators at ground level.

Concentrating Devices with Linear Foci, Dr. C. G.

Abbot, famous for his work in solar energy research, designed
and constructed numeous conversion devices. Among the better
known of these is a small cylindrical parabolic concentrator.13
This concentrator has a reflector that is about six feet long
and two feet wide. The receiver is constructed of two
concentric pyrex tubes with the space between maintained at
a high vacuum. Through the center tube runs a heat transfer
fluid in which lampblack is suspended to absorb the incident
radiation.

In 1913, Shuman and Boys14 built a large solar steam
generating plant on the banks of the Nile River near Meadi,

Egypt. The steam was used to power a pump which irrigated



adjacent arid land. Their system was composed of seven
cylindrical parabolic concentrators, each 14 feet wide and
250 feet long, and developed 50 to 60 horsepower.

In 1963, the University of Marseilles constructed a
solar boiler composed of seven cylindrical parabolic concen-
trators, each one meter wide and eight meters long, all
having a common receiver.l5 Tracking was accomplished by
actuation of a linkage system which then pivoted each parabolic
concentrator as required.

An interesting type of linearly focusing refractive
concentrator is being developed and has already demonstrated

16 The refractor is an extruded plastic

experimental success.
plate, flat on the side facing the sun, and shaped on the

other side to form parallel flat strips. The pitch of each
strip is such that the light passing through it is directed

onto a common receiver below. Tracking is accomplished by

lateral translation of the receiver.

Definition of the Problem

As previously mentioned, many applications of solar
energy require that the flux be concentrated before it can
be efficiently utilized., The concentration required for
most solar energy applications is best accomplished with
devices which have a linear focus. The linearly focusing
devices which have received the most consideration utilize

the cylindrical parabolic design. A typical cylindrical



parabolic concentrator is shown in the top sketch of Figure 1.
A simple single pass receiver is shown centered on the focal
line, Tracking is accomplished by rotating the entire
concentrator about the focal line. The cylindrical parabolic
concentrator has several significant drawbacks. First, it
is difficult to economically manufacture the parabolic
geometry. Secondly, although it is not difficult to track
the sun with a small parabolic concentrator, it becomes
more difficult as the size of the concentrator increases.
This research investigates a linearly focusing
concentrator which accomplishes tracking without rotating
the entire concentrator about its focal line, and which
concentrates the solar flux via economical flat reflective
surfaces. This concentrator is shown in the bottom sketch of
Figure 1, and is called a segmented plane solar concentrator
because it is composed of flat reflective segments whose
axes lie in a common plane. Initial focusing is accomplished
by orienting each segment so that its reflected image is
incident upon the receiver. As explained in Appendix A,
which details several geometric relationships relative to
this work, tracking is accomplished after an initial focusing
by rotating all segments equally about their axes. The
principle of the segmented plane concentrator was apparently

17 in 1906 as an efficient

first conceived by Carl Guntner
means of producing steam for industrial applications,

However, a literature search has revealed no evidence that
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anyone has ever quantitatively evaluated his proposal.

Objective and Basic Approach

The object of this work is to establish a quantitative
evaluation of the performance of a segmented plane solar
concentrator to determine the practicality of the working
principle, and to gain insight into the design of solar
devices in general. To achieve this objective, a segmented
plane concentrator is constructed using simple materials and
fabrication techniques. Tt is then tested as a system with
various receiver configurations by heating a fluid under flow

conditions typical of practical applicationms.
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CHAPTER 1I

DESIGN OF THE EXPERIMENTAL CONCENTRATOR AND RECEIVERS

Initial Concentrator Design

The initial design was dependent upon the size of the
concentrator required, the desired concentration ratio, and
the orientation of the concentrator. These parameters in
turn dictated the segment and tracking mechanism requirements.

A concentrator with sufficient reflective surface area
to produce a measurable flow of heat transfer fluid over the
temperature range of this program was necessary. A reflec-
tive area of 25 square feet, which would produce a nominal
thermal output of one kilowatt, was selected to satisfy this
requirement since that size would also meet econcomic and
portability limitations.

For the segmented plane concentrator, the concentra-
tion ratio is a function of the segment width, the spacing
between segments, and the overall width of the concentrator.
Since solar concentrators are generally used for high tempera-
ture applications, and because the basic approach of this
program was to examine conditions typical of actual appli-
cations, the concentration ratio was to be made as high as
practically possible consistent with the materials available.

Because of its availability, highly polished stainless
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steel was selected as the reflective surface material. The
stainless steel selected required flexural and torsional
support to prevent distortion of the projected image when
the segments were supported and pivoted from their ends.

One inch square steel tubing was selected for the support
because it would allow a narrow segment width and because it
would provide the required strength at a minimum cost. A
suitable segment width and spacing between segments had to
be selected to provide adequate clearance during rotation of
the segments, to permit a high concentration ratio, and to

aliow a high area efficiency. The term area efficiency refers

to the ratio of the total reflective surface area to the
total concentrator area including the spaces between
segments. A simple graphical analysis demonstrated the
desirability of a segment width of 1-1/2 inches and 3/16 inch
spacing between segments, which would yield an area effi-
ciency of 88 percent.

The design of the tracking mechanism was a function
of the maximum segment rotation required. The amount of
rotation, in turn, was dependent upon the concentrator
orientation (north to south or east to west). The analysis
presented in Appendix A showed that less segment rotation
would be required with east to west than with north to south
orientation. On the other hand, the analysis also showed
that with east to west orientation, the sun's motion would

cause the composite image to travel more along the axis of
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the receiver than would occur with north to south orien-
tation. However, for the purpose of evaluating the conceﬁ—
trator, the travel of the image could be compensated for by
having a receiver that could be moved along its centerline.
Therefore, the east to west orientation was selected.

For economic reasons a four bar parallel linkage
system was chosen to accomplish the equal rotation of the
segments during tracking. Figure 2 describes the linkage
system design. Thé slot in the pivot pins was located so
that rotation of the segments would take place about the
centerlines of the reflective surfaces. The locking nuts
shown for each segment were to be loosened while focusing,
and then tightened for tracking. As is demonstrated in
Appendix A, tracking is accomplished by rotating all segments
by one half the change in 6, the angle formed by a vertical
normal and the component of the solar flux normal to the
axis of the concentrator. Figure 20 of Appendix A shows
that between the hours of 8 a.m., and 3 p.m. solar time, ©
varies over only a 65 degree range throughout the year. The
linkage system thus had to provide for only 33 degrees of
segment rotation. The scale drawing of Figure 3 indicated
that 1/2 inch diameter holes in the tracking bar would allow

the required rotation for the size of the components shown,

The Prototype

A small prototype consisting of ten reflective
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segments, 1-1/2 inches wide, 42 inches long, and spaced
"3/16 inch apart was constructed to evaluate the initial
design, Preliminary tests with the prototype indicated that
due to the nonlinearity of the reflective segments, only
about 80 percent of the composite image was incident upon a
two inch diameter receiver. To obviate this inefficiency,
the fabrication procedure illustrated in Figure 4 was
adopted. Following this procedure, the reflective side of
the stainless steel was placed against the way of 3 long
lathe bed and was clamped against the way through small
aluminum channels which held the stainless steel evenly
against the way. Epoxy was applied to the steel tube which
was in turn placed onto the stainless steel without any
pressure. Once the epoxy cured, the stainless steel retained
the shape of the flat way instead of the irregular square
tube. With the improved design, all of the composite image
- was incident upon the 2 inch diameter receiver.

Initially, there was excessive clearance where the
linkage rods passed through the pivot screws which prevented
simultaneous rotation of the segments. A setscrew added to
the side of each pivot screw to firmly hold the linkage rods
eliminated this problem. In addition to this, the full scale
concentrator linkage components were to be machined to closer

tolerances,
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Fabrication of the Concentrator

The full scale concentrator was constructed from the
initial design as modified in accordance with the changes
required in the small prototype. Sixty 1-1/2 inch by 42 inch
segments were needed to provide the 25 square feet of
reflective area desired. These were divided into two equal
arrays which shared a common centerline. So constructed,
the concentrator has a nominal width of 51 inches and a nominal
length of 86 inches. Figure 5 gives an overall view of the
full scale concentrator. Most of the components of the
concentrator are made of noncorrosive materials and all other
components are treated to retard corrosion. The concentrator
is mounted on a rigid frame, and six jack screws are provided
to 1ift the concentrator off its wheels and to provide a

means of leveling the concentrator.

Receiver Designs

McCrary18 designed and fabricated the various receiver
configurations having been given the criteria that: (a) the
receiver diameter should be as near two inches as possible,
but in no case less than two inches; (b) the portion of the
receiver upon which the composite image was to fall should be
six inches longer than the composite image; and (c) the bottom
half of the receiver must be surfaced as the absorbing area.
These criteria were based primarily on the results of the

prototype tests.
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The bare pipe receiver shown in Figure 6 was constructed
to serve as a basis for comparison of all subsequent
receiver designs, The air vent shown was installed on top of
the receiver so that trapped air could be bled off. A thermo-
couple well 3/4 inch deep and 1/4 inch in diameter was
installed to indicate the temperature of the water in the
receiver. A commercially available carbon black paint was
used to surface the bottom half of the pipe. This basic
receiver pipe was used as part of all successive receivers,

The next three receiver configurations tested are
shown in Figure 7. In the first case a metal shroud was
formed and placed around the receiver pipe. The shroud was
secured to, but held away from, the pipe by bolts soldered
to the top of the pipe. The space between the pipe and
shroud was filled with insulation and sealed at each end.
The opening on the bottom of the shroud was made as small as
possible without interfering with the incoming concentrated
flux. The next two configurations involved adding an
initial, then a second layer of clear plastic film to the
shroud as shown. The plastic film used was Tedlar,4 a
polyvinyl flouride which is cheaper and has better trans-
mission characteristics than ordinary glass.

The last configuration is shown in Figure 8. It was
formed by surrounding the receiver pipe with a clear acrylic
tube. There was a 3/8 inch space between the receiver pipe

and the acrylic tube with provisions for evacuating this
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annular space. The acrylic tube was selected over glass
primarily due to its workability and a smaller probability

of accidental breakage.
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CHAPTER 111

EXPERIMENTAL PROGRAM

Flow Circuit

The flow circuit, as shown in Figure 9, consisted of
the receiver and cooling coil branches. The cooling coil
branch was provided to eliminate fluctuations in the flow
rate caused by changes in the temperature of the valve
during initial tests.

The flowrate of the system did not exceed three
1bm/min, and most flowrates were in the range of zero to one
1bm/min. Due to the low flowrates involved, a graduated
cylinder and stop watch were used to measure the flow.

The receiver control valve shown in Figure 9 was
located downstream of the receiver in order to produce
enough back pressure so that any air in the receiver could
be bled off. The section of hose in the receiver branch
upstream of the receiver was covered with a reflective foil
to prevent the temperature of the water from rising due to

the incident solar energy.

Instrumentation and Equipment

Copper constantan thermocouples and a Leeds and
Northrup potentiometer were used throughout the experimental

program, The thermocouple wells, each filled with oil, were
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located as shown in Figure 9. Thermocouple number one, Tl’
was used to monitor the water temperature in the receiver and
for comparison with other thermocouple data. The inlet and
outlet thermocouple wells, Ty and To’ were each isolated from
the receiver by five inch lengths of rubber hose; these were
fabricated as shown in Figure 9. Thermocouple number two,

T,, was used only with the acrylic tube receiver and monitored
the temperature of the air in the gap between the copper pipe
and the acrylic tube.

A Welch vacuum pump was used in the evacuated acrylic
tube test, and was connected to the receiver with a four foot
length of 3/4 inch inside diameter rubber vacuum hose. The.
vacuum pressure was monitored with a Hastings vacuum gage
and a DV-6m gauge tube.

The wind speed was measured in feet per minute with
a stop watch and a Taylor vane anemometer, and the wind
direction was determined by a vane. These measurements were
taken near the center of the receiver tube. The ambient
temperature was measured with a mercury thermometer which was

shaded from the sun,

Physical Arrangement

Figure 10 indicates the overall dimensions of the
experimental apparatus, excluding the instrumentation. The
variable motion of the receiver is indicated by arrows in this

figure. Figure 11 is an overall view of the experimental
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apparatus showing the unevacuated acrylic tube receiver

being evaluated with the concentrator in a tilted position.

Focusing of the Concentrator

Following any relative motion between the concentrator
and the receiver, except longitudinal translation of the
receiver, the former must be refocused. This occurred three
times during the experimental program. Focusing is accom-
plished by first lodsening all lock nuts. Next a segment is
rotated until its image is projected onto the receiver.

Then the locking nut is tightened with care not to rotate
the segment. This procedure is followed until all segments
are properly positioned which takes about 30 minutes and is
most easily accomplished during the hour before and after

solar noon,

Procedure

For a particular days testing the concentrator was
usually already focused. Therefore, the first requirement
was to tighten all hose clamps, close the receiver control
and cooling coil valves, pressurize the receiver branch, and
bleed the air from the receiver. Next the tracking bars
were adjusted so that the composite image fell on the
receiver, at which time monitoring of T, was started. When

T, reached approximately 200°F, the receiver control valve

1
was set for the smallest desired flowrate, usually .2 lbm/min.

After about 45 minutes, when the outlet temperature had
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stabilized, the following data was recorded: the time of day,
all thermocouple temperatures, the ambient temperature, the
flowrate, the wind speed and direction, the vacuum pressure

if applicable, and the number of segments shaded by the
receiver; Then a new flowrate was set and the procedure,
beginning with monitoring T,» was repeated.

The reason for first heating the water to the maximum
temperature desired and subsequently taking data at lower and
lower temperatures was twofold. First, when progressing from
a higher temperature to a lower one, the increased flowrate
and the heat losses from the receiver allowed T0 to stabilize
faster, Thus more data points were established in the course
of a day's testing. Second, if one progressed from cold to
hot data points, by late afternoon when the incident radiation
is much less intense, it would be difficult to obtain the

high outlet temperatures with a measurable flowrate.

The Experiments

In the first of three basic experiments, the perfor-
mance of each receiver configuration was evaluated at a
standard position as indicated in Figure 12a. In the second
experiment, the unevacuated acrylic tube receiver was tested
at the increased height indicated in Figure 12b to determine
any resultant changes in performance. In the third experi-
ment, the unevacuated acrylic tube was evaluated with the

concentrator tilted approximately normal to the solar flux
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at solar noon, as shown in Figure 1l2c, to ascertain the

effects of tilting upon the performance of the system.

Comments on Safety of Operation

From the standpoint of safety, two points should be
made concerning the operation of experiments similar to that
of this program. First, dark sunglasses should be worn at
all times during preparation and testing. Second, the system
should be treated with caution because the receiver often
contains several gallons of water under about 15 pounds of

pressure and in excess of 200°F.
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CHAPTER 1V

EXPERIMENTAL RESULTS AND DISCUSSION

General Discussion

For the purpose of evaluating a concentrator-receiver
system, the thermal efficiency, N> is defined as the ratio
of the heat conveyed to the heat transfer fluid, to the direct
radiant energy incident upon the concentrator. During the
experimental program, sufficient data was taken to evaluate
the thermal efficiency of each concentrator-receiver system
for each test condition. These values are tabulated in
Tables 14 through 20 of Appendix D. However, as explained
in the text which follows, care must be exercised in directly
comparing efficiencies evaluated for differing test conditions.

The thermal efficiency may be expressed as

nT"_'__'_": (1}

where Qin is the energy incident upon the concentrator, and

LT is comprised of the total system losses expressed as

(2)
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where
Lg = geometric losses,
Lac = absorptive losses of the concentrator,
LOr = optical losses of the receiver, and
Lq = thermal losses of the receiver.

The nature of these losses is self-explanatory except that

of the geometric losses which are the losses caused by the

spaces between segments, and that of the optical losses of

the receiver which may include, for example, energy reflected

from the receiver pipe and the various transparent insulations.
The energy absorbed by the reflectors, and the optical

losses of the receiver, are functions of the incident radi-

ation and the particular concentrator-receiver system. The

geometric losses are a function of the incident radiation

and the position of the sun as indicated by 6, which is the

angle between the vertical normal and a component of the solar

flux line normal to the east-west axis of the concentrator.

The thermal losses may be expressed as

Lq = UA(AT), (3)
where U is the overall heat transfer coefficient for a given
receiver, A is a convenient area basis for the value of U,
and AT is the mean temperature differential between the
receiver and the ambient. A is a system constant, and U is

a function of the wind and the type of receiver. Therefore,
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the thermal efficiency may be expressed as
nple-1,w) = £(Q; ,8,AT), (4)

where c-r and w indicate the dependence of thermal efficiency
upon a given concentrator-receiver system and a given wind
condition. Equation (4) reveals that in order to compare

the thermal efficiencies of concentrator-receiver systems
directly, four of the five variables must be held constant.

It being virtually impossible to hold any of these constant
except the type of concentrator-receiver system tested, such
an attempt was not made. Instead, equation (4) is interpreted

in absolute terms as

G-Roor-Qin—UA(aT)

= s 5)
nTc-r,w -Qin (

where G is the geometric ratio which accounts for the
geometric losses, R is the reflective ratio which accounts

for the absorptive losses of the concentrator, 0. is the
optical ratio of the receiver which accounts for the optical
losses of the receiver, and c-r and w indicate the dependence
of thermal efficiency upon the type of concentrator-receiver
system and a given wind condition. The physical significance
of the various ratios can be better understood with reference
to the energy balance diagram of Figure 13. 1In the following,

the values of G, R, Or’ and UA are determined so that for
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any values of Q. AT, and 8, the performance of each

in’
concentrator-receiver system can be predicted.
In this analysis, the mean surface temperature of the

receiver pipe, T is taken as being equal to the outlet

g
temperature of the receiver, To' This assumption is gqguanti-
tatively sﬁbstantiated by the analysis of the following
section where it is shown that this assumption leads to close
correlation of the experimental and calculated values of the
average heat transfer coefficient for the bare pipe receiver.
This assumption is reasonable, heuristically, when it is
considered that the large cross sectional area of the receiver

resulted in extremely low through velocities. Therefore,

recirculating flow due to natural convection was large in

comparison, causing a thorough mixing to occur in the receiver.

This reasoning is supported by the fact that at high values
of To’ the surface near the inlet end of the receiver, 1like
that at the outlet end, was too hot to touch rather than being
cool as would be the case if the through flow were predominant
and a thorough mixing did not occur.

The incident radiation for this work is established

by the relation
Q.. = In°A_ , (6)

where Iy is the direct solar radiation as calculated by the

method discussed in Appendix B, and Ac is the total primary
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surface area of the concentrator less the area between the
two arrays of reflectors and the area shaded by the receiver.
By deducting the shaded area, the receiver shading variable
is not required in equations (4} and (5). This is considered
appropriate for this work because in a specific application,
the receiver shading can be controlled or even eliminated by
proper placement of the receiver. Therefore, it should be
noted that if equations (4) and (5) are to be utilized for
conditions where shading occurs, the definition of geometric

losses should be ekpanded to include losses due to shading.

Analysis of the Data from the Standard Height Tests

The analysis of data for each receiver configuration
follows a procedure similar to the bare pipe analysis, which
is explained in detail. Succeeding sections contain only
summary information about the various concentrator-receiver
configuration tested and about variations from the bare pipe
analysis. Specific data and supporting calculated values are
tabulated in Appendix D. In all tests, the composite image
was incident entirely upon the bottom half of the receiver
pipe, which was coated with a carbon black paint having a
solar absorptivity of 0.95.1g

Bare Pipe Receiver

During the bare pipe tests, ® was never less than 42°.
Therefore, as explained in Appendix A, no geometric losses

were encountered, and thus for the bare pipe tests, the
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geometric ratio for use in equation (5) equals unity. Further,
since the absorptivity of the bare pipe receiver surface is
95%, the optical ratio, Or’ of equation (5) is equal to 0.35.

Therefore, reference to Figure 13 indicates that

Ly = (1)(.95)R.Qin-Qout. (7)

Since § and Qin are known for each data point, by assuming

out
a value of the reflective ratio, corresponding values of heat
loss can be calculated from equation (7) for each experimental
condition. By plotting the values of heat loss so obtained
against (TO—Ta), it can be determined if the correct value of

the reflective ratio was assumed. This can be determined from
the fact that the curve so formed with the correct value of

the reflective ratio must pass through the intersection of

the axes, since at (TO—Ta) equal to zero, the heat loss must

be zero. Figure 14 shows the plot so obtained for three

assumed values of the reflective ratio, with the supporting

data presented in Table 1. As seen in Figure 14, this trial

and error process establishes the reflective ratio as .65

and hence the reflectivity of the stainless steel as 65

percent, which is in close agreement with published data.20’21’22
In plotting the curve of Figure 14, a constant slope is
assumed for the curve, as the combined unit surface conduc-

tance, h, is essentially constant over the temperature range

of the experiment. The siope of the line representing a
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Table 1. Analysis of Data from Bare Pipe Tests
L #% L &% I *%
® ®

- q q q

poaar Un Qut o Ta for R=.55 for R=.65 for R=.85

(Btu/min) {Btu/min) (°F) (Btu/min) (Btu/min) (Btu/min)
1205 105.5 25.2 96.0 29.9 39.9 60.0
1300 99.5 35.0 71.0 17.0 26.5 45.3
1330 92.5 42.4 46.0 6.0 14.7 32.2
1355 86.4 43.1 30.5 2.0 10.3 26.6
1435 73.3 34.8 19.0 3.5 10.5 24.3

*
From Table 14

Rk
Calculated from equation (7).

187
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reflective ratio of .65 in Figure 14 equals the product UA,

which is also equal to hA, since for the bare pipe,
Ly = UA(T,-T,) = FA(T -T,).

The slope of the line representing a reflective ratio of .65

in Figure 14 is .40 Btu/min/°F. Therefore, since the outside
area of the pipe is 4.27 ftz, h determined experimentally is
.094 Btu/min/ft2/°F, or 5.64 Btu/hr/ft2/°F. This value is in
close agreement with the calculated value of .114 Btufmin/ft2/°F,
or 6.87 Btu/hrfft2/°F, determined in Appendix C. The calcu-
lated value of h is for the same conditions as the 1205 PM bare
pipe test and is based on the assumption that the mean

surface temperature of the receiver is equal to the outlet
temperature. It should be noted that if that assumption were
substantially erroneous, the calculated and experimental

values of h would not agree so closely, but rather the experi-
mental value would be considerably lower than the calculated
value.

Summarizing, the bare pipe analysis has shown that the
reflective ratio of the stainless steel is .65, that the
product UA for the bare pipe is .400 Btu/min/°F, and that the
assumption of equality of the average surface temperature of
the receiver pipe and the outlet temperature is quite

reasonable,
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Shrouded Pipe Receiver

During the shrouded pipe tests, the geometric ratio
was equal to unity. Using the same trial and error procedure
demonstrated for the bare pipe data analysis, the reflective
ratio was again found to be .65, and the product UA for the
shrouded pipe was found to be .330 Btu/min/°F. The plot of
thermal losses used in this analysis is shown in Figure 15,
and the corresponding values are presented in Table 21.

Shrouded Pipe with One and Two Layers of Tedlar

During the performance of these tests, the geometric
ratio was also equal to unity. With the reflective ratio
established as .65 by the bare pipe and shrouded pipe
analyses, it is possible to determine the optical ratio and
the product UA for other receiver configurations. The
'procedure is similar to that for the bare pipe except that

the reflective ratio is set at .65. Thus, from Figure 13,

'Lq = (1) (.65):0-Q_ .- (8)
By assuming values of the optical ratio, corresponding values
of thermal losses can be calculated from eqguation (8).

Then, by plotting the thermal losses versus (TO—Ta), the
correct optical ratio is established when the resulting plot
passes through the intersection of the axes. Following this
procedure, the optical ratio for the shrouded pipe with one

and two layers of tedlar was determined to be .75 and .62,
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respectively. Further, the corresponding values of the
product UA were determined to be .163 Btu/min/°F and .108
Btu/min/°F, respectively. The plots of the thermal losses
are shown in Figure 15, and the corresponding values are
given in Tables 22 and 23.

Acrylic Tube Receiver, Evacuated and Not Evacuated

The data taken on March 8, 1974, for evaluating the
unevacuated acrylic tube does not agree well with data taken
on numerous other occasions for the same configuration.
Therefore, the data taken on April 16, 1974, for the
unevacuated tube is used because it is the most complete and
most representative of all the data for that receiver. The
data of April 16, 1974, is for the tests where the concentrator
is tilted at an angle with the horizontal. However, this
should have no bearing on the optical and thermal character-
istics of the receiver. The data for the unevacuated
receiver was evaluated in the same fashion as that for the
shrouded pipe with Tedlar, with the exception that geometric
losses had to be accounted for. The geometric ratio was
determined by the graphical means described in Appendix A to
have been approximately 0.9 during the hours of testing.
Figure 16 shows the curve for the unevacuated configuration
and the supporting data is presented in Table 24. The
analysis indicates that the product UA for the unevacuated
receiver is .158 Btu/min/°F and that the optical ratio is

0.75. This value of UA is about 40 percent higher than the
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value of .114 Btu/min/°F calculated in Appendix C. The

only known significant factor which may have caused this
difference is that the acrylic tube sagged significantly
during the testing, causing the clearance between the inner
copper pipe and the acrylic tube to be reduced by as much as
75 percent at the top center of the receiver, and also
causing the gap along the bottom to increase by an equal
amount, The resultant increase in thermal resistance along
the bottom was more than offset by the resultant decrease
along the top because the thermal resistance is a function
of the logarithm of the ratio of the radii. The heat loss
model of Appendix C shows that the air gap is the primary
thermal resistance in the unevacuated configuration, thus

the change in gap width could account for much of the differ-
ence in the calculated and experimental values of UA. The
sag was caused by slight inaccuracy in the fabrication of

the acrylic tube from two short sections and by the weakening
of the acrylic at high temperatures.

The data for the evacuated acrylic tube receiver is
also plotted in Figure 16, with the accompanying data given
in Table 25. The conductivity of air is relatively independent
of pressure until the pressure approaches that pressure
where the mean free path of the molecules of air is equal to
the gap width. As the pressure is reduced below that range,
the conductivity is reduced proportionately. In the analysis

of Appendix C, it is shown that for a gap width of .34 inch,
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such as that for the acrylic tube receiver gap, the pressure
would have to have been reduced to 5.8 microns of mercury
before the conductivity of the air would have been signifi-
cantly affected. Since the lowest vacuum attained was 21
microns, the conductivity of the air was never affected.
Accordingly, there is little difference between the slope of
the line for the evacuated case, .121 Btu/min/°F, and that

of the line for the unevacuated case, .158 Btu/min/°F. The
slight difference in the slopes is attributed to the possible
difference in the sag of the acrylic tube for the two experi-
ments and to the fact that the vacuum greatly reduced the
amount of heat transfer by convection between the pipe and the
tube, The heat transfer analysis in Appendix C shows that
convection for an air gap of .34 inches, effectively increases
the conductivity of the air by about twelve percent. There-
fore, a substantial reduction in the convective effect could

account for as much as fifty percent of the difference.

Analysis of the Unevacuated Receiver

at an Increased Height

On April 7, 1974, the unevacuated acrylic tube was
tested at a height of 59-1/2 inches above the concentrator
for comparison with the performance of the system at the
standard receiver height. Focusing at the increased height
was easier and produced a sharper image due to the accompanying

decrease in aperture angle. It was also apparent that the
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composite image traveled faster from west to east along the
receiver centerline and that the position of the tracking
bars had to be adjusted more frequently. These effects are
easily understood with reference to the geometric considera-
tions detailed in Appendix A, A third effect which was not
as obvious during the test was that at the increased height,
greater geometric losses were encountered than would have
been at the standard height. This is explained by the fact
that when the receiver is raised and the segments are focused,
the segment surfaces are more nearly parallel to the
horizontal. This decreases the geometric losses for the
segments on the southern side of the concentrator. However,
this decrease is more than offset by an increase for those
on the north side. Using the graphical procedure detailed
in Appendix A, the geometric ratio for the increased height
test was determined to have been .91. The experimental
performance of the acrylic tube receiver at the increased
height is summarized in Table 2, with the supporting data
presented in Table 26.

The performance of the acrylic tube receiver tested
at the standard height, under the same conditions as the
increased height test, can be predicted from the relation

= G-R-Or-Qin~L (9)

Qout q’

where



Table 2.

Comparison of Performance of the Unevacuated
Acrylic Receiver at Heights of 59.5 and 298.5
Inches
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Performance at 59.5 Inches

Performance at 29.5 Inches

Solar (Experimental) (Predicted)
Time - " =
Qin Qout n Qin Qout n

(Btu/min) (Btu/min) T (Btu/min) (Btu/min) T
1145 128.4 34.3 26.7 128.4 36.2 28,2
1230 126.3 34.5 27.3 126.3 36.4 28.8
1255 124.0 46.8 37.7 124.0 48.6 39.2
1320 120.0 45.5 37.9 120.0 47 .4 39.4
1340 114.0 41.4 36.3 114.0 43.0 37.7

*
Thermal output determined by equation (9).
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G = .94 by graphical analysis,
R = .65 by previous analysis,
0, = .75 by previous analysis,

and Qin and Lq are the same as those for the increased height
test, The results of this procedure are also summarized in
Table 2, with appropriate calculated values given in Table 27.
Comparison of the results of Table 2 shows that there was
only about a 1.5 percent decrease in efficiency at the
increased height. However, that decrease could be higher or

lower, depending on the position of the receiver and the

position of the sun.

Analysis for the Tilted Concentrator Test

The positions of the concentrator and receiver for the
tilted concentrator test were previously indicated in Figure
12, Two counteracting effects were encountered when the
concentrator was tilted. First, the concentrator was more
nearly normal to the solar flux for most of the day, so that
the energy incident upon the concentrator was greater. Second,
greater geometric losses were encountered because tilting the
concentrator also made the spaces between the segments more
normal to the solar flux, which increased the gap losses.

Using the graphical procedure outlined in Appendix A, the
geometric ratio for the tilted position was determined to have
been essentially constant at 0.9. The experimental performance

of the tilted concentrator is summarized in Table 3, with



Table 3. Performance of Unevacuated Acrylic Tube Receiver
with the Concentrator Tilted

Performance for Tilted Performance for Horizontal Performance for Tilted

Concentrator, G=.90 Concentrator, G=.94 Concentrator, G=.94
Solar (Experimental) (Predicted) (Predicted)
Time — — =% R 0 £ T E :

Qin Qout N Qin Qout N Qin Qout N
1115 124.5 31.7 25.4 111.5 28.2 25.2 124.5 34.1 27.4
1205 126.0 39.1 31.0 112.0 35.1 29.3 126.0 41.4 33.8
1250 124.5 43,3 34.8 111.5 40,2 34.9 124.5 46.1 37.0
1310 123.5 43,5 35.2 111.0 40.3 36.3 123.5 45.9 37.1
1330 118.0 45.3 38.4 109.0 43.6 40.0 118.0 47 .6 40,3
1350 111.5 41.8 36.3 105.0 41.1 39.2 111.5 44 .0 39.4
1420 102.0 39.2 38.4 98.0 39.5 40.4 102.0 41.1 40.3

*
Btu/min

¥S
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supporting data compiled in Table 28.

The performance of the concentrator-receiver system
can be predicted for the case where the concentrator and
receiver maintain their relative positions but the concen-
trator is horizomntal, and where all other conditions are the
same as those for the tilted concentrator tests. This is

accomplished by applying the relationship

Qut = G°R°OT'Q‘ -L (10)

in “q’

where

1

.94 is determined graphically,

I

.65 by previous analysis,

G
R
Or .75 by previous analysis,

Qin is determined by Appendix B,

and Lq is equal to the thermal losses encountered during the
tilted concentrator test. This procedure was applied to
each test condition, and the results are also summarized in
Table 3, with supporting value given in Table 29, Comparison
of this calculated performance with the actual performance
shows how much improvement was gained by tilting the concen-
trator. It may be noted that for each test, except the
latest of the day, there was some increase in output.
However, only for the tests where the incoming energy was

increased enough to offset the increased geometric losses

was there an increase in thermal efficiency.
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The performance of the acrylic tube receiver tested
under the same conditions as the tilted concentrator test
can also be predicted for the hypothetical case where the
concentrator is tilted by the same amount, but the geometric
ratio remains constant. This is accomplished by again
applying equation (10) with the exception that both Qin and
Lq are taken as the same as for the actual test. The
results of this procedure are shown in Table 3, with approp-
riate calculated values given in Table 30. Comparison of
this calculated performance with the actual performance shows
how much advantage there would have been in tilting the
concentrator had the tilting not been accompanied by a
decrease in the geometric ratio.

It is important to realize that the two counteracting

effects of tilting may be greater or smaller than those

encountered in this program for any other conditions.

Discussion of Results

The geometric ratio can be determined graphically for
any situation, and, as a result of the preceding tests and
analysis, the reflective ratio, the optical ratio, and the
product UA are known for each concentrator-receiver system.
Equation (5) is rewritten below and a summary of the constants
is given in Table 4.

_ GeR-0_+Q; -UA(AT)

ﬂT = - . (5]
C-T,W Qin




Table 4. Summary of Values Relative to Equation (5)

Wind \
. * Wind
Receiver G R 0 UA Speed : . £ %
T (MPH) Direction U
Bare Pipe Graphical .65 .95 .400 1.4 NNW 5.61
Shrouded Pipe Graphical . 65 .95 .330 6.2 NNW 4.64
Shrouded with One Graphical .65 .75 .163 3.3 SW 2.29
Layer
Shrouded with Two Graphical .65 .62 .108 6.6 SW 1.52
Layers
Unevacuated Acrylic Graphical .65 .75 .158 2.0 NW 2.22
Tube
®
Btu/min/°F

b3
Btu/hr/ft2/°F, based on outside area of bare receiver pipe.

LS
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Reference to the evacuated acrylic tube receiver test is
omitted from Table 4 and the present discussion due to the
lack of sufficient experimental data. The values of U in
Table 4 are calculated based on the outside area of the bare
pipe receiver. Also, the values of the product UA in Table

4 are dependent upon the wind speed and direction at the time
of the experiment. Therefore the average wind speed and
direction is also listed. The wind speed happened to be
considerably higher on the days when the shrouded pipe with
two layers of Tedlar were tested. Had the wind been two to
three miles per hour on those days, as it was on the days the
other receivers were tested, the respective values of the
product UA would be slightly smaller,.

By using equation (5) and the constants from Table 4,
it is possible to predict the performance of the experimental
concentrator-receiver systems under any normal conditionms.
For example, assume that the experimental concentrator-
receiver systems are to be tested at solar noon on the 2Ist
day of February without any shading of the concentrators by
the receivers. Further assume that the receivers are to be
located so that the geometric ratio equals unity. For these
conditions, the incident horizontal radiation would be
106 Btu/min. The predicted performance for the assumed
conditions is shown in Figure 17. This figure was developed
by solving equation (S) for the efficiencies of each receiver

for values of AT equal to 10° and 100°F with the other
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parameters held constant as dictated by the assumed condi-
tions. The two values for each receiver were plotted and a
straight line drawn through each pair. The calculated values
used in constructing the figure are in Table 31. The linear
relationship is justified because the overall heat transfer
coefficient, U, is essentially constant for each receiver in
the temperature range of the experiments. However, caution
should be exercised in extrapolating the lines to higher
values of AT since radiation losses, which are not propor-
tional to AT, become more significant with increasing values
of temperature difference,.

The slopes of the lines in Figure 17 indicate how
well the receivers are insulated. The slopes range from that
of the bare pipe with no insulation, to that of the best
insulated receiver, i.e., the shrouded pipe with two layers
of Tedlar. The points where each line intersects the vertical
axis represent the cases of zero thermal losses. These
intercepts represent the maximum possible efficiency for each
concentrator-receiver system provided negative values of AT
are not considered. If the ambient temperature equals the
inlet temperature, then the intercepts represent the case
of an infinite flow rate with zero temperature rise. Thus
it can be seen that the intercepts are a function of the
absorptive losses of the concentrator and the optical losses
of the receiver.

Figure 17 illustrates that, when transparent insulations
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are used to reduce the thermal losses of the receiver, they
also decrease the amount of energy which actually reaches

the receiver pipe. It shows that, for low temperature differ-
ences between the receiver and the environment, the addition
of transparent insulations increases the optical losses more
than it decreases the thermal losses, resulting in lower
efficiencies. At higher temperature differences, the opposite
is true favoring the addition of transparent insulation.
Therefore, as shown in Figure 17, the shrouded pipe with no
transparent insultation performs best up to a temperature
difference of 75°F, beyond which the acrylic tube receiver
performs most efficiently.

If the curves in Figure 17 representing the shrouded
pipe with two layers of Tedlar and the acrylic tube receivers
are extrapolated, they intersect at AT equal to 150°F. This
indicates that beyond that value, the shrouded pipe with two
layers of Tedlar may well be more efficient. However, at
some point beyond the range of AT where heat transfer by
radiation becomes significant, the acrylic tube receiver may
again be more efficient. This is because the best information

available, though incomplete, indicates that the acrylic tube23

24

is opaque to infrared radiation whereas Tedlar is trans-

lucent. Thus the acrylic tube would provide better insulation
against heat loss by radiation. However, it should be noted

3

that the acrylic tube2 loses much of its strength at service

temperatures in excess of 160°F.
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Figure 18 predicts the output of the acrylic tube
concentrator-receiver system for several hours on February
21st, It was constructed by determining the thermal output
of the system for values of AT equal to 10° and 100°F from

the relation

Qout = GR+0,+Q;  -UALT, (11)
where
G = unity,
R = .65 by previous analysis,
0. = .75 by previous analysis,
Qin is determined from Appendix B, and

UA = .158 Btu/min/°F by previous analysis.

The resulting pairs of points were then plotted and a straight
line drawn through them. The related calculated values are.
in Table 32, This figure indicates approximately how large
a single concentrator-receiver system of the same design
would have to be to satisfy a given requirement. However,
it should be realized that the performance characteristics
of a significantly larger concentrator-receiver system would
differ somewhat from those of Figure 18.

The preceding analysis determined that the reflective
ratio of the polished stainless steel of the experimental
concentrator was .65, Therefore, a substantial amount of

energy was prevented from ever reaching the receiver, causing



20}

1= o

QUTPUT {WATTS}FT'?OF CONCENTRATOR AREA)}

Figure 18.

—

//

L 1
ASSUMED CONDITIONS:

e FEBRUARY 21t
e GEOMETRIC RATIO EQ
e CONCENTRATOR HORIZ

® NO SHADING OF CONCENTRATOR

BY RECEIVER

UVALS UNITY
ONTAL

7
44:3“?47
7&41

)

50
< soo}
wl
% o
@
o
'_-
L4
x
'_ o
Z e00
W
U -y
z —_ = 30
Ci0t w 5
A S :
'——
’_.
o 2 @
";‘_ ~ 400|- ~—
ol
Y > Sl 20—
o
z - -
> = >
5 5t
@
~— 200
o t
o
o
-
S
Q
Ql o1 9]

Predicted Performance of Acrylic Tube System in Atlanta, Georgia

40

80 120
AT=(To —Ta)-F

160

¢9



64

a significant loss in efficiency. Substantially higher
efficiencies would have resulted in the experimental program
had the reflective segments been made of a material, such as
a highly polished aluminum alloy21, with a reflective ratio
of .85. This point is illustrated in Figure 19 where the
performance of the shrouded pipe and acrylic tube receivers
are predicted for tests with concentrators having reflective
ratios of .65 and .85, The same conditions and procedures
used in developing Figure 17 were used in developing this
figure, and the corresponding calculated values are given in
Table 33. 1In accordance with equation (5}, the increase in
the reflective ratio shifts the lines vertically. It can
also be seen that the vertical shift is greater for the
shrouded pipe because of its higher optical ratio. This
unequal shift also increases the value of AT at which the
lines representing the shrouded pipe and acrylic tube
receivers intersect.

In conclusion, the preceding analysis has shown through
the increased height and tilted concentrator tests, that the
geometric loss parameter is important. It has also been
shown that for low temperature applications as exemplified
by this work, receivers without evacuated jackets can be
fabricated that will perform with reasonable efficiencies,
In addition, it has been shown that significant improvements
over the experimental concentrator could be achieved by

increasing the reflectivity of the primary surface. Curves
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similar to those of Figure 19 could also be generated to
demonstrate improvements which could be achieved by decreasing
the optical losses and improving the insulating properties

of the transparent receiver insulations,
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This thesis presents the design and evaluation of a
segmented plane solar concentrator and éeveral receiver
configurations. The following conclusions are drawn from
this work:

1. It is feasible to economically fabricate a
segmented plane solar concentrator that will efficiently
concentrate incident solar radiation,

2. The advantages of the segmented plane concentrator
are:

{a) Rotation of the entire concentrator about its
axis is not required for tfacking, thus simplifying the
required supporting structure,

(b) For a given receiver position, the aperture
angle is constant, which can greatly simplify receiver design,

{(c) Concentration can be achieved without use of
complicated surface geometries,

(d) The receiver can be located at any position
parallel to the concentrator axis, making it possible to
reduce or even eliminate the shading of the concentrator by

the receiver.
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{(e) The segmented plane concentrator has a thin cross
section, or in other words, has a low profile in comparison
with other concentrators, which is advantageous from an
esthetic point of view. Also, the low profile design means
that less supporting structure is required, less wind
loading is encountered, and cleaning of the reflective
segments is facilitated.

(f) The reflective surfaces may be protected during
hailstorms by rotating all segments so as to face downward,
This would be applicable mainly in power plant applications
where the tracking mechanism would allow complete rotation
of all segments when deemed necessary by the attending
personnhel.

3. The disadvantages of the segmented plane concen-
trator are:

{a) Though the entire concentrator need not be
rotated about its focal line for tracking, the individual
segments do require coordinated rotationm,

{b) The concentration ratio is limited by the
minimum segments width attainable.

(c) Geometric losses, or losses due to the space
between segments, can be significant,

4, The minimization of energy losses due to absorp-
tion by the reflective surface of the concentrator and due to
reflection from transparent insulations of the receiver is

very important,
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5. Of.the concentrator-receiver systems tested, and
for the temperature range of the program most suited for
applications, the unevacuated acrylic tube system is
superior in performance,

6. For low temperature applications as exemplified
by this work, Treceivers without evacuated jackets can be

fabricated that will perform with reasonable efficiencies.

Recommendations

Segmented Plane Concentrator

Many of the design parameters for solar energy
concentrators are a strong function of the desired applica-
tion. However, there are several parameters peculiar to the
segmented plane concentrator which can be evaluated so as to
be applicable to its design for any application. For
instance, an in depth evaluation of the geometric loss
parameter is needed. The variables of such an investigation
should include the overall width of the concentrator, the
position of the receiver with respect to the concentrator,
the segment width, the spacing between segments, the tilt of
the concentrator, the orientation of the concentrator, i.e.,
linearly east to west or north to south, and the full range
of the sun's altitude and azimuth for the whole year at any
latitude. Only with the aid of a computer would such a study
be feasible.

Although the four bar parallel linkage system appeared
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best for the experimental concentrator, it is possible that
other types of tracking mechanisms would be best suited for
larger systems. For instance, it might be best in the largest
systems to have the segments rotated by groups, or even to
have each segments independently rotated by individual drive
motors. Therefore, a study of the best type of segment
rotation system for residential, commercial, and power plant
size concentrator systems is needed. This study should be
coordinated with the design of an automatic control system

for tracking.

Receiver Design

It is obvious that the vacuum shrouded receiver could
be thermally the most efficient; thus, further effort to
economically fabricate such a receiver 1is warranted. The
main problem encountered with this type of receiver in the
experimental program was that the difference in the thermal
expansion of the inner pipe and the outer acrylic tube made
it difficult to have adequate seals between the two. Several
alternatives exist; for instance, if both the fluid inlet and
outlet to the receiver were on the same end, and if the inmner
tubes were freely positioned within the outer tube, thermal
expansion would be no problem and ordinary mechanical seals
on the one end would be satisfactory.

This program has demonstrated that for low temperature
applications, an adequately efficient receiver is possible

without a vacuum jacket., Therefore, the design of this type
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of receiver should also be pursued. Improvement over the
receiver designs of the experimental program can be achieved
by using transparent insulations with better insulating
properties, and higher optical ratios. In additiomn, the
insulating properties of thin air gaps could be better
utilized, Also, design of a receiver with less fluid volume
would increase the fluid velocity. This increase in velocity
would in turn increase the efficiency of heat transfer to the
fluid., The increased velocity would also reduce the mean
temperature of the receiver, which would thus reduce the heat
losses.,

Further experimental evaluation of carefully designed
receivers can be economically accomplished. Therefore, such
evaluations are strongly encouraged, because the eventual
success of solar concentrator applications will depend strongly
on the economical design of an efficient receiver.

Concentrator-Receiver System Considerations

Several points were realized during this program which
are applicable to all types of concentrator-receiver systems
and which deserve future consideration. For a given
concentrator width, increasing the concentration ratio can be
accompanied by a decrease in the receiver diameter, thus
reducing the heat loss area. Also, for a given concentrator
area, if the width of the concentrator is increased, the
lengths of the concentrator and receiver are also decreased

and again the heat loss area is reduced.
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For the experimental program, a movable receiver was
employed to compensate for the translation of the composite
image along the axis of the receiver. However, for actual
applications, this would be impractical and thus attention
should be directed toward finding suitable alternatives.

For long concentrators, where the amount of the image that
would travel off the end of the receiver is small in compari-
son with the total receiver length, both east to west and
north to south orientations would be acceptable. For small
concentrators, however, north to south orientation would
probably be best suited because with that orientation, less
image travel is encountered. Also, having a receiver that is
sufficiently longer than the concentrator so that the image
never travels off the receiver might be feasible for north to
south orientation, but this approach must be weighed against
the amount of additional heat loss that would be encountered
by increésing the receiver length.

The design of any type of reflective concentrator should
include careful selection of the primary surface material.
The material selected should have as high a reflectivity as
possible consistent with workability, durability and economic

considerations.

Instrumentation and Procedure

Further evaluations similar to that of this work should

include a study of the temperature profile of the receiver
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surfaces to facilitate thermal analysis. Also, it would be
better to take the average of the wind velocity over a five
minute periocd up to the time data is taken, rather than the
one minute period used in this work. It is also recommended
that whenever possible, a pyrheliometer or similar device be
used to actually measure the direct radiation intensity

instead of calculating the intensity as done in this work.



APPENDICES

74



75

APPENDIX A
GEOMETRIC RELATIONSHIPS

The purpose of this appendix is to provide a more
thorough description of various geometric relationships
relative to the working principle and design of the segmented

plane solar concentrator.

Resolution of the Solar Flux

A study of the geometric relationships is dependent
upon an understanding of the motion of the sun relative to
the earth and is greatly facilitated by resolving the solar
flux into convenient components. There are several means by

5 The means

which the position of the sun may be specified.2
most useful for this work is to specify the south solar
azimuth, A and the solar altitude, B8, as shown in Figure 20,
Also shown in Figure 20 are the components of a solar flux
line normal and parallel to the east-west and north-south
axes. In addition, Figure 20 defines the angles y, 6, and vy,

which aid in this work. Values of these angles may be

calculated from the following equations:

8 = Arctan[cotBsin[% - as)], (12)

v = Arccos[sing/cos8], and (13)
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- Arctan[tansjsind]. (14) E

E=
"
e

Using these equations and values of solar altitude and

azimuth interpolated from the ASHRAE Handbook of Funda-
26

mentals, Figures 21, 22, and 23 were developed which show
the variation of ¢, y, and y as a function of the season and

solar time for Atlanta, Georgia.

Focusing Relatibnship

‘This analysis of the focusing relationship is similar

to that presented by Russe12?

for a segmented cylindrical
concenﬁrator. Figure 24 shows the focusing relationship for

a typical concentrator and receiver, and is applicable to both
north-south and east-west orientatidns by use of the appro-
priate value of o as defined in the figure, An incident solar
flux line, S0, resolved into component SE, parallel to the
segments, and SO', perpendicular to the axis of the segment,
is depicted in the figure. If the segment is oriented at

the angle Py with the horizontal, component.gﬁ‘, at angle of

¢ with the vertical, would then be reflected at angle

(an + % - ¢); the parallel component, SE, would not be
altered. Therefore, the reflected beam, OD, is composed of
two cbmpoﬁents; CD, equal and parallel to ES, and the other,
0C, equal in magnitude to S0', but perpendicular to the axis
at angle (an +.% - g) with the horizontal. 1If the reflected

beam, 0D, is to be incident upon the receiver, the position
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of which is defined by & and o> then the segment must be so
rotated as to satisfy the relation

¢
=S+ = -1 (15)

Pn
Accordingly, for proper focusing, each segment of a segmented
plane concentrator must be rotated so as to satisfy equation
(15). Since p is a function of g and ¢, both of which lie
in a plane normal to the axis, focusing and tracking can be
analyzed by use of a two dimensional drawing such as that in
Figure 25. By mentally moving the receiver of Figure 25, it
can be seen that the receiver need not be centered above the

concentrator in order for each segment to be focused.

Tracking Relationship

Since the receiver is fixed relative to the axis of
each segment for a given concentrator-receiver system, it
follows that ¢ is constant for each segment. Therefore, the

relationship

30

30 |¢ = 1/2, (16)

the partial derivative of equation (15), represents the
variation of p for all segments necessary to keep the image
focused on the receiver as o changes with time. Therefore,

if ¢ increases by 10°, for instance, then tracking is
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accomplished by rotating all segments clockwise by 5°.
Comparison of Figures 21 and 22 reveals that tracking for
east to west concentrator orientation requires less rotation

of the segments than is required for north to south orientation.

Edge, Shading, and Gap Losses

There are three modes by which portions of the energy
incident upon the plane of a concentrator may be lost due
to the positions of the segments. Any combination of these
losses may occur for a given segment. Figure 26 depicts a
situation where all three modes occur at the same time,
Shading losses are equal to that portion of the energy
incident upon the plane of the concentrator which is reflected
by a segment, but which is prevented from hitting the receiver
due to shading by the adjacent segment. Edge losses equal
that portion of the energy incident upon the plane of the
concentrator which will not be incident upon a segment because
the segments are at an angle Pn with the horizontal. Gap
losses are equal to that portion of the energy incident upon
the plane of the concentrator which will not be incident upon
any segment because of the gap width between segments.
Figure 27 depicts a situation where the segment width and
spacing are the same as that in Figure 26, but a different
incident angle of the solar flux and a different receiver
position relative to the segment results in no loss of

incident energy. The only inefficiency involved is that a
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portion of the segment's reflective area is not being
utilized.

As can be seen, these three modes are a function of
the ratio of the segment width to the segment spacing, the
position of segments relative to the receiver, the incident
angle of the solar flux, and the angle formed between the
horizontal and the plane of the concentrator, shown in
Figures 26 and 27 as zero, for simplicity. The combined effect
of all three types of losses described here is called the
geometric losses, Lg’ as shown in Figure 26.

For the analysis of Chapter IV, it is necessary to
know the amount of geometric losses encountered under
various specified conditions., This task was accomplished in
this work by drawing to scale a cross sectional view of all
segments in their focused positions for the specified angle
of incidence, Incident and reflected solar flux lines were
also placed on the drawings so that the geometric losses for
each segment could be graphically measured in the same manner
indicated in Figure 26. An interesting fact was determined
by following this procedure for the concentrator of this
program in a horizontal position, and the receiver at the
standard height: By evaluating the geometric losses for
several values of 8, it was determined that as long as & 1s
greater than 35°, geometric losses either don't occur or are
negligible. A look at Figure 21 reveals, therefore, that

any geometric losses encountered during the standard height
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tests of this program which lasted until March 14, 1974,

were negligible, It should be emphasized that the 35°
limitation mentioned above applies only to the concentrator-
receiver system described. However, similar limitations

would exist for other systems. In this work, when determining
the geometric losses where the receiver shaded the concen-
trator, as in the tilted concentrator test, the geometric
losses were taken as being equal to the geometric losses for -
an unshaded concentrator multiplied by the ratio of the

unshaded segments to the total number of segments,

Travel and Variable Length of Image

Figure 23 graphically displays the variation of the
angle y through each day of the year, and Figure 28 shows the
relationship between y and the travel of the composite image
along the axis of the receiver. The incident flux shown is
typical of mid-morning in early December. As depicted, the
distance X will decrease until solar noon, when Yy and x are
zero. During the afternoon hours, x will be negative and
will extend toward the east from point A.

Because the perpendicular distances from corresponding
points on each segment to the receiver are different, the
reflected beams from those points fall at different values
of x along the receiver. The distance Y in Figure 28 shows
the difference for segment-1 and segment-2. Therefore, the

composite image length increases in proportion to the time
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before and after solar noon. Solar noon is the only time
when the length of the composite image equals the segment
length.

The position of the image along the centerline of the
receiver, and its length, can be calculated by using basic
trigonometric relationships and Figure 23, if the position
of the receiver relative to each segment and the solar time
is known. The same procedure applies for north to south
orientation if the angle between the incident fiux line and
.a line perpendicular to the north-south axis is substituted
for y. During the standard height tests of the experimental
program, the composite image traveled about three feet
between 12 noon and 3 p.,m. solar time. During that same
period, the length of the composite image increased about six
inches. It should be pointed out that if the receiver is not
centered over the concentrator, the composite image will be
longer for the same height above the concentrator. This will
occur because moving the receiver away from the centered
position increases the distance from the receiver to the

farthest segment, as can be seen in Figure 28,
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APPENDIX B

DEVELOPMENT AND APPLICATION OF A PROCEDURE FOR
CALCULATING THE DIRECT NORMAL SOLAR RADIATION
INTENSITY FOR ATLANTA, GECRGIA

Introductory Remarks

This appendix provides an explanation of the derivation
of values for direct normal radiation intensity used in this
work, an expedient method for determining such values for
Atlanta, Georgia, for future reference, an explanation of the
use of the method, and a starting point for further study and
improvement upon the procedure.

This presentation is an adaptation of the general

procedure Jiie to Threlkeld and Jordan.28

Their procedure,
vus~a-vis'several others, is easily applied without severe
compromise of accuracy, it being essentially an extension of
Moon's?? work. The procedure is applicable only om clear
days and gives values of direct normal radiation intensity
only. Direct normal radiation is the solar flux passing
directly through the atmosphere and incident upon a2 surface
normal to the flux at the earth's surface, as opposed to the
total radiation, which is the sum of the direct normal
radiation and any diffuse sky radiation incident upon the

same surface.
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The basic procedure is to multiply the solar intensity
at the outer 1imit of the atmosphere, I,» by the total

transmissivity of the atmosphere, fA,

Ipw = Ta Tas (17)

where IDN is the direct normal radiation intensity at the

earth's surface.

Development of Procedure

Intensity at the Outer Limit of the Atmosphere

The amount of solar radiation incident upon a surface
normal to the solar flux at the outer 1limit of the atmosphere
when the earth is at its mean distance from the sun, is

30

called the solar constant, I_. Johnson estimates the solar

)
constant to be equal to 442.4 Btu/hr/ft2 with a probable

error of +2%. IA is related to I0 by the expression

I, = R.I

A sig? (18)

where deenotes the ratio of I, to Io’ and which may be
derived from Figure 29 for a specified time of year.

Calculation of Total Transmissivity

The direct solar beam is reduced in intensity as it
passes through the atmosphere by absorption due primarily to

ozone and water vapor, and by scattering due to molecules of
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air and water vapor, as well as by scattering due to dust,
Regarding each of these effects as being caused by a
corresponding layer of the atmosphere, the total transmissivity
of the atmosphere at a given wavelength and unit air mass may

be expressed as

(19}

Ty w1 = T :T .7 .7 .1
A,m=1 A'SA WS, DSA WAA OAA’

where tv indicates transmissivities; A and S refer to absorp-
tion and scattering respectively; D, A', 0, and W refer to
dust, air, ozone, and water vapor, respectively; ) indicates
spectral dependence; and the term air mass, m, refers to the
ratio of the length of the path of a solar beam passing
through the atmosphere to the length that would exist if the
beam passed through the atmosphere normal to the earth's
surface. Equation (19) cannot be practically used, however,
because it is only applicable for unit air mass and because,
in order to solve equation (19), values of spectral trans-
missivity for the amount of water vapor, air, dust, and ozone

in the specific atmosphere must be known. Therefore, Moon29

31,32 relationship be assumed valid

proposed that the Bouguer
for each transmissivity layer. The Bouquer relationship
states that the ratio of the intensity of a beam leaving a

layer, to the intensity of the beam entering, is geometrically

29

proportional to the length of the path traveled. Moon™" made

this proposal so that equation (19) could be expressed in
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terms of the known transmissivities and thicknesses of the
layers of a hypothetical reference atmosphere. Moon29
represented the thickness of the reference layers of air,
dust, water vapor, and ozone by an atmospheric pressure of
760 mm of Mercury, 800 dust particles per cubic centimeter,
20 mm of precipitable water, and 3.8 mm (NTP) of ozone,
respectively. Threlkeld and Jordan®® foliowed Moon's?®
proposal except that they chose a 2.5 mm (NTP) layer of ozone

to represent the reference layer of ozone, and equation (19)

became

a W d W 0
T, = [(-c};.SAJW-(r;qsklﬁ-(rﬁsk)m-(wwm-(-rgmk)m]“‘, (20)

where
a = atmospheric pressure in mm of mercury,
d = the number of dust particles per cm3,
w = precipitable atmospheric moisture in mm,
o = depth of atmospheric ozone (NTP} in mm,
m = air mass,
and 1' represents the transmissivities of the layers of the
reference atmosphere at unit air mass. Using the spectral
transmissivity curves and tabulated values of spectral
transmissivity for air, ozone, water vapor and dust, by

29 33

Moon®” and Fritz”~, Threlkeld and Jordanz8 determined the

spectral transmissivities of the layers of the reference
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atmosphere. Then they were able, with the aid of equation
(20), to plot curves of spectral intensity at the earth's
surface such as the lower curve in Figure 30. The upper
curve represents the spectral intensity at the outer limit

of the atmosphere when the earth is at its mean distance

from the sun., Therefore, the area under the upper curve
equals the solar constant, and the area under the lower curve
equals the direct normal solar radiation at the earth's
surface for the atmospheric conditions indicated. The ratio
of the area under the lower curve to the area under the

upper curve, therefore, is the total atmospheric trans-
missivity, 1, required in equation (17) for the specified
atmosphere and air mass, By assuming sea level elevation and
2.5 mm of ozone to be representative of all general locations
in the United States, and using the graphical method just
described for calculating atmospheric transmissivity,

28

Threlkeld and Jordan®" generated families of curves similar

28 state that

to those of Figure 31. Threlkeld and Jordan
the sea level curves may be used up to 1000 feet with no more
than one percent error, and thay they may be used up to

5000 £t with no more than three percent error. Frit233
states that 2.5 mm of ozone is representative of all middle
latitudes. Therefore, linear interpolation between the plots
of Figure 31 for Atlanta, in order to solve equation (17},

is permissible where appropriate values of precipitable water

vapor and dust particle count are known.
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Particle Count and Transmissivity Curves for Atlanta

In developing spectral transmissivity curves, Moon29

analyzed the atmosphere over Washington, D. C., to determine
the spectral transmissivity due to scattering by dust. He
then adapted the average dust content of the atmosphere over
Washington, D. C., as the content of a hypothetical reference
dust layer. To apply the Bouquer relationship to this
standard dust layer, an additional parameter was mneeded to
represent the atmosphere's dust content and that of any
specified atmosphere as well. Based on a ten year study of
the particulate pollution in Washington, D. C., Hand34 had
established an average particle count of 772 particles per

29 approximated this

cubic centimeter at ground level. Moon
value as 800 particles per cubic centimeter to apply the

Bouquer rule and proposed the relation

d
TDSA = [(Tﬁ'sh]m]m, (21)

which subsequently became a part of equation (20).
The suspended particulate pollution in Atlanta, as
in most cities, is measured on a mass per unit volume basis,
and therefore ne particle count data for Atlanta exists.
Thus it is necessary to devise some means of relating the
available mass per unit volume data for Atlanta, to the
29

particle count per unit volume scale adopted by Moon™".

Numerous approaches were attempted to achieve this. The
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most practical one, as chosen for this study, is accomplished
in three steps as follows: (a) Plot observed direct normal
radiation data for cities with differing amounts of suspended
particulate pollution. Then on the same axes, plot radiation
curves based on calculated values of radiation using various
values of dust particle count. A comparison of the curves
shows the value of particle count density, d, which best
represents each city's suspended particulate pollution. (b)
Determine from available pollution records the value on a
mass per unit volume basis which represents each city’s
suspended particulate pollution. (c¢) Obtain the value on a
mass per unit volume bhasis for the specified area, and
linearly interpolate between the values of particle count
density found in step (a) to determine the value of particle
count density which best represents the specified area.

Threlkeld and Jordan28

followed step (a) for the

cities of Lincoln, Nebraska; Blue Hill, Massachusetts;
Madison, Wisconsin; and Washington, D. C. However, they used
the average values of radiation intemsity on clear days for
the years 1933 to 1954, 1911 to 1954, 1910 to 1952, and 1914
to 1936, respectively., Such a long period of years covers a
broad range of pollution conditions. In Figure 32, calculated

8 - . .
for Madison, Wisconsin,

curves by Threlkeld and Jordan2
and Washington, D. C., are indicated as solid lines. The
broken lines represent the mean observed radiation as

published by the Weather Bureau35 for the periods of 1957 to
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1961 and 1954 to 1958, respectively, for the two cities.
Following step {a), a comparison of the calculated and
observed curves reveals that calculated curves based on

annual mean values of d equal to 75 and 300 for Madison and
Washington, respectively, correlate well with the mean
observed intensity for those cities. Following step (b),

the mean value of suspended particulate pollution36 for Madison
and Washington for the periods of 1959 to 1961, and 1958 to
1961, are 88 and 119 micrograms per cubic meter, respectively.
The years indicated agree as closely as possible with the
periods indicated for the mean observed radiation without use
of data from 1957 and before. In 1957, a change was made in
the sampling techmique used by the National Air Sampling
Network37, and therefore, some error would be introduced in
comparing data taken before the changes with current Network
samplings for Atlanta. Following step (¢}, the value of
suspended particulate pollution in metropolitan Atlantasa,
measured at the Butler Street sampling station for the years
1970 to 1973 is 98 micrograms per cubic meter. Therefore,
linear interpolation as shown in Table 5 below yields a

value of particle count density of 148 particles per cubic
centimeter as representative of Atlanta's average suspended
particulate pollution. Consequently, a value of 150 particles
per cubic centimeter is used as the value representing
Atlanta's suspended particulate pollution in this work,

Using the value of 4 equal to 150, Figure 33 was
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Table 5. Determination of Particle Count Density
for Atlanta

Particulate Pellution Particulate Pollution
(ug/m3) City (particles/cm3)
119 Washington 300
98 Atlanta 148 =~ 150
88 Madison 75

generated by interpolation between the plots of Figure 32.

In order to determine the transmissivity of the atmosphere
over Atlanta from Figure 33 for any desired value of air mass,
the variation of the amount of water vapor in the atmosphere
over Atlanta must first be established.

Variation of Atmospheric Moisture Over Atlanta

The upper curve in Figure 34 is a plot of the mean
precipitable water in the atmosphere over Atlanta for all
days, cloudy and clear, as published by the United States
Weather Bureau.39 The middle curve is a plot of mean
precipitable water for clear days only and is arrived at

40 that the mean precipitable

based on the statement by Fritz
water on clear days is approximately 85 percent of that for
all days. The lower curve is the curve assumed by Threlkeld
and Jordan28 for their general procedure applicable anywhere

in the continental United States. In their procedure,
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deviations from this general distribution for a particular
location are compensated for by application of a clearness
factor,

Solar Radiation Intensity Curves for Atlanta

With the basic information presented in Figures 33 and
34, along with certain well established relationships, it is
possible to calculate the direct normal solar radiation for
Atlanta at any hour on any clear day of the year. This
operation was performed for the hours between 7 a.m. and
5 p.m. on the twenty first day of each month. The resulting
curves are shown in Figure 35. In the following section,
several example problems are presented, and the first of
these demonstrates the calculations required in arriving at
Figure 35,

Figure 36 is a comparison of the radiation intensity
curve for 12 a.m. arrived at in this work, with the radiation
intensity curves for 12 a.m. by Threlkeld and Jordan's28
general procedure determined by linear interpolation between
their published curves for 30° and 60° latitude., Two of
their curves are presented, one with a clearness factor of
unity, and one with their recommended clearness factor of .93
for the summer months and .%4 for the winter months. As can
be seen, Threlkeld and Jordan'528 curve with a clearness
factor of unity correlates best with the curve of this work,

rather than their recommended curve with the aforementioned

clearness factors. This can be explained by reference to
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Figure 34 where it is seen that the general water vapor
distribution assumed by Threlkeld and Jordan?® agrees very
closely with that of Atlanta for the months of January
through June. As a result, essentially no clearness factor
for those months need be applied to their unity curve.
Similarly, for the months of October through December, only

a small clearness factor need be applied. However, for the
months of July through September, there is a large difference
in the two water vapor distributions, and accordingly, a
clearness factor of approximately .87 is required. 1In
arriving at their curve for unity clearness facter, Threlkeld

and Jordan28

assumed a basic atmospheric pollution condition
of 200 dust particles per cubic centimeter, whereas a value
of 150 particles per cubic centimeter was used in this work.
Reference to Figure 36 for the months of January through May,
when the water vapor distribution was almost identical,
shows that the difference in the value of 4 does not make a
large difference, especially in comparison with the effect of
variation in atmospheric moisture as demonstrated by consider-
ation of Figure 34 and 35 for the months of July through
September.

The accuracy of the curves of Figure 35 cannot be
verified without comparison with the actual observed values
of direct normal radiation intensity for Atlanta, which are

not.available. However, Threlkeld and Jordan28 have demon-

strated by comparisons of actual and calculated data for
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other localities that use of the atmospheric moisture
distribution of a given locality in calculating intensities,
as was done in this work, yields a good correlation between
actual and calculated values. Thus, it is reasonable to
expect Figure 35 to give a good indication of the direct

normal radiation intensity in Atlanta on clear days.

Application of Intensity Curves

Basic Relationships

In order to utilize Figure 35, certain basic relation-
ships must be examined. This section includes a brief
discussion of the most essential of these.

Calculation of Solar Time. Local standard time, TL’

must have two correction factors applied to it in order to
arrive at solar time, TS‘ This relationship may be expressed

as
Tg =Ty - T;, - T (22)

where TLo is a correction for the difference in the longitude
of the specified location and the longitude for which local
standard time is established, and Tvo is a correction for

the variation in the velocity of the earth relative to the
sun and the eccentricity of the earth's orbit. An additional
hour must be subtracted from local time if daylight savings

time is in effect. The longitude of Atlanta is 84°23', and
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eastern standard time is measured from 75°-0'. And since each

time zone spans 15° longitude, TLo for Atlanta is given as

_84°231-75°0"
Tyo = 7

J(1 hr) = .625 hrs.

The correction for the speed and orbit of the earth can be
determined by linear interpolation from Table 6.4 Thus,
solar time in Atlanta, TSA’ can be expressed in terms of
Eastern Standard Time, TEST’ as

TSA = TEST - .625 - Tyo? (23)

or in terms of Eastern Daylight Saving Time, TEDST' as

TSA = TEDST - 1.625 - Tvo’ (24}

where TVO is taken from Table 6.

Solar Angle Definitions

The direct solar radiation intensity incident upon a

wall, I is related to the direct normal radiation intensity,

D’
IDN’ by the ?elationship

Iy = IDN COS Kk, (25)

where Ko is the angle formed between a solar flux line and

the normal to the wall as shown in Figure 37. Cos Kp can be
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Table 6. Correction Factor, Tvo

Month Tvo Tyo Tvo
{(1st day of (11th day of (21st day of

month) month) month)
January +.060 +.133 +.190
February +,228 +.240 +.230
March +.208 +.170 +,123
April +,067 +.018 -.020
May -.048 -.062 -.060
June -.040 -.010 +.025
July +.060 +.088 +,103
August +.103 +,085 +.052
September .000 -.055 -.113
October -.170 -.218 -.255
November -.272 -.265 -.235
December -.184 -.113 -.030

*
Expressed in hours
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determined from the relationship

Cos Ky = cosBcos8sinZ+sinBcosz, {26)

where B, §, and I are defined in Figure 37 as solar altitude,
solar wall azimuth, and tilt angle, respectively. The solar
wall azimuth, ¢, is related to the south solar azimuth, PR

by the relationships

L= ag-6, (27)

for walls facing east of south in the morning, and for walls

facing west of south in the afternoon, and by the relation

T = o e, (28)

for walls facing east of south in the afternoon, and for
walls facing west of south in the morning, where & is the wall
azimuth. For the case of a horizontal surface, equation (25)

can be written as

1 (29)

DH ~ IDN sinB.
In order to solve equations (25) through (29}, 8, Gy, ¥, and
& must be known. I and § are physical constants for a given

situation. The solar altitude and azimuth, however, are
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dependent upon the motion of the earth, and the latitude of
the surface on the earth. Tabulated values of solar
altitude and azimuth can be found in numerous sources.
Figures 38 and 39, giving values of solar altitude and
azimuth for Atlanta, were developed by linear interpolation

from the tables published in the ASHRAE Handbook of
26

Fundamentals.

Sample Calculations

Three example problems which illustrate the use of the
preceding analysis are presented here for clarity. The
first example illustrates the derivation of Figure 35, and
the remaining two demonstrate the application of Figure 35
for horizontal and tilted concentrators.

Example 1: Calculate the direct normal solar radiation
intensity in Atlanta, Georgia, on a clear 21st day of
February at 1 p.m. solar time. The dust concentration may
be taken as 150 particles per cubic centimeter, and the
atmospheric moisture is as given in Figure 34.

Solution: From Figure 38, for the given data, the
solar altitude is 43,5°, The air mass, m, equals the
cosecant of the solar altitude, except for early morning and

late afternoon hours. Thus,

m = cosecant 43.,5° = 1,44,
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From Figure 34, for the given date, the atmospheric moisture
is taken as .41 inches of precipitable water., Entry into
Figure 33 at an atmospheric moisture level of .41 inches and
an air mass value of 1.44 yields an atmospheric transmissivity
of .68. From Figure 29,Rs,as used in equation (18) is seen
to be 1.02, If Io’ the solar constant, is taken as 7.37
Btu/min/ftz, equation (18) may be solved as

I, =1.02 x 7.37

A

I, = 7.52 Btu/min/ £t 2.

Thus, equation (17) gives

Ans. g = (7.52)x(.68) = 5.11 Btu/min/ft2,

Ip
It is seen that the same answer may be obtained by direct
entry into Figure 35.

Example 2: Calculate the amount of radiation incident
upon a horizontal solar energy concentrator at 3 p.m. Eastern
Daylight Saving Time in Atlanta, Georgia, on March 2lst.

Solution: From Table 6, Tvo is found to be .123
hours. From equation (24) actual solar time is thus found

to be

TSA = (3-1,625-.123) =~ 1:45 p.m.
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By entry into Figure 35, IDN at 1:45 p.m. solar time on
March 21st is 5.0 Btu/miantz. Similarly, Figure 38 reveals

that B8 = 46.5°, Equation (29) thus yields

Iy = 5.0 sin(46.5) = 3.62 Btu/min/ ft?,

2

which for an area of 100 £t° gives

il

Ans. 0. 3.62 x 100 = 362 Btu/min.

in
Example 3: For the same date and time as Example 2,
calculate the amount of radiation incident upon a 100 ft2
concentrator which is oriented linearly east to west and
which is tilted at 45° with the horizontal, toward the south
sky.
Solution: From Example 2, Ipy = 5.0 Btu/min/ft”
since the concentrator is oriented east to west, &é=o, and
L= ag. From Figures 38 and 39, the solar altitude and

azimuth are 46.5° and 40.0°, respectively. Thus, by equation

(z6),

cos Kq = c0s46,5%0s40%°sin45°+sin46.5%cos45°

cos KT = 884

Therefore, by equation (25),
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I, = 5(.884) = 4.41 Btu/min/ft?,

or for a 100 ft2 concentrator,

Ans. = 4,41 x 100 = 441 Btu/min.

Qin
Summary
Figure 35 provides a convenient means of determining
direct normal solar radiation intensity for Atlanta, Georgia,
on clear days. The procedure followed in this work is

essentially that of Threlkeld and Jordan.28

They have
demonstrated that its application agrees well with observed
radiation data in localities where such data exists, It
should be noted, however, that on a clear day, if the
atmospheric moisture and/or suspended particulate pollution
varies significantly from the assumed mean values, the
accuracy of the predicted values of intensity of Figure 35
will vary accordingly,

The procedure followed in obtaining a particle count
for Atlanta, which is not actually a particle count, but
rather a measure of atmospheric soiling relative to that of
Washington, D. C., in the 1920's, is an adequate approximation.
However, its accuracy is limited by the fact that Moon29
developed his transmissivity curve for the standard dust layer

on a particle count per unit volume basis, and suspended

particulate pollution is today monitored almost entirely on
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a mass per unit volume basis. It would be desirable to
determine if sufficient correlation exists between the
amount of scattering due to dust in the atmosphere and
surface measurements of suspended particulate pollution on a
mass per unit volume basis. If sufficient correlation

29 28 work could be

exists, Moon's and Threlkeld and Jordan's
repeated with the exception of treating the scattering by

atmospheric dust on a mass per unit volume basis.
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APPENDIX C

HEAT LOSS CALCULATIONS

Bare Pipe Analysis

The bare pipe analysis presented here is based on the
data taken at 12:05 p.m. solar time on February 20, 1974,

At that time the following conditions existed:

Ta

To

ambient temperature = S57°F,

outlet temperature = 153°F,
wind speed = 6.2 ft/sec, and

wind direction from the north-northwest.

Taking the average surface temperature of the pipe,
TS, as being equal to To as explained in Chapter IV, the
fluid properties evaluated at the film temperature, Tes

equal to 105°F are:

ke = conductivity of the air = 1.55 x 1077
(Btu/hr/£ft/°F), and
Ve o= 1.83 x 1077 (£t%/sec),

The axial component of the wind was 2.4 ft/sec. If

the convective heat transfer due to the axial component is
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taken as being equal to that of a flat plate of equal length
and a width equal to the circumference of the pipe, then the
average axial convective heat transfer coefficient, Hé-a’
is found to be .937 Btu/hr/ft%/°F.

The Reynolds Number, Re, for the crossflow is

Re = Y2 = 5,55 x 10°,
Vi
vhere
v = crossflow velocity = 6.2 cos 22.5° = 5,7 ft/sec,
D = outside pipe diameter = 1.78 x 1071 ft, and
ve = 1.83 x 1074 £t?/sec.
The experimental relationship developed by Hilpert, as

42 relating the forced convective

presented by Kreith,
losses from a circular cylinder in a steady crossflow to the

Reynolds number is

k. D

c-C vD\n
—x - C(v_f-) > (30)
where h is the average crossflow convective heat transfer

c-¢
coefficient, and ¢ and n are empirical constants respec-

tively equal to .174 and .618, for a Reynolds number in the
range 4,000 < Re < 40,000. Kreith42 points out that if
homogeneous turbulence is caused upstream of the cylinder by

a grid or other turbulence promoter, the convective
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coefficient may be increased by as much as 50 percent.
However, he does not indicate the effect of free stream or
isentropic turbulence, such as is caused by the wind in

this program, upon the convective coefficient. It is
reasonable that the effect would be similar to that of
homogeneous turbulence; therefore, it is assumed that the
convective coefficient for the condition under study would
be 50 percent higher than that given by equation 30. Hence,
the average crossflow convective heat transfer coefficient

for this work is given by the relation

1.5 k¢ .vD,n
... = =5 (2)°, (31)

or for the specific data under study,

B__. = 4.76 Btu/hr/£t%/°F.

Thus, combining the axial and crossflow coefficients yields

E, = 5.7 Btu/hr/£t%/°F,

where Hc is the average convective heat transfer coefficient.

It is assumed that the bare pipe at a mean surface
temperature Ts, radiates to surfaces at the ambient temperature,
Ta; that the average emissivity of the pipe surface, which is
half tarnished copper and half carbon black, is .9; and that
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the shape factor equals unity. Therefore, the radiation

heat transfer coefficient, Hr =, may be expressed as

Hr = .9 FT, {(32)
where F. is the temperature factor as defined by Kreith.42
The value of F., for the specified conditions is given by
Kreith42 as 1.3, Thus,

F_ = 1.17 Btu/hr/£t%/°F.
The combined unit surface conductance, h, is given by the
relation
h=h +h_. (33)

Therefore, for the specified conditions,
h = 6.87 Btu/hr/ft2/°F, or .114 Btu/min/ft%/°F.

Unevacuated Acrylic Tube Receiver Analysis

The acrylic tube receiver is evaluated here at the
conditions which existed at 12:05 p.m. on April 16, 1974,

which are

T, = outlet temperature = 182°F,
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T, = ambient temperature = 68°F,
wind speed = 7.35 ft/sec, and

wind direction: from the north-northwest.

Figure 40 shows the temperature profile across.the acrylic
tube receiver and defines the various temperatures and physical
constants pertinent to the analysis. As explained in
Chapter IV, the average surface temperature of the copper
pipe, Ts’ is assumed to be equal to the outlet temperature.
Figure 41 is the electrical analogy of the thermal circuit
for the acrylic tube receiver, where

R.1 ~ resistance to radiation from T, to Twl’
er resistance to radiation from Twz to Ta’

Ry = resistance to conduction by the air between Ty
and Ty,

Rp = resistance to conduction by the acrylic pipe,
and

Rf = resistance to heat transfer by the air film.

It is assumed that Twz is sufficiently cloese to Ta to render
er to approach infinity.

The object of this analysis to to determine the value
of the product UA for the specified conditions where U is
the overall heat transfer coefficient, and A is any pertinent
heat transfer surface area. Since the product UA is equal
to l/Req, where Req is the equivalent resistance of the

thermal circuit of Figure 41, it is necessary to determine
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Ry=.089FT
Ry =117 FT
Ry=-132 FT

L=LENGTH OF ACRYLIC TUBE

:7.67 FT

A ﬂf.gf. Lz a27FT%

A3ﬂHR§¢_:&38FT2
: Two
S Twy

Figure 40. Temperature Profile Across the Acrylic Tube
Receiver Section

[ -]
! 1 I i
Rp
Tg Twi——VVNV—1Tw 2 F——Ta
Ra Re
b VAYAY AVAYAY,

Figure 41. Electrical Analogy of the Thermal
Circuit
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the values of the individual resistances. Values of T, are
assumed ontilrthe flow'ofdheat from R, to T eouals'that

'from'T '-to-T - By trial and error, Twl for the spe61f1ed

wl
condltlons is ‘found - to be approxlmately 107 F. The thermal
resistance and the product UA are evaluated in what follows

rl’ Re51stance To Rad1atlon from T to_Twl

- The reSistance-to radiation from Tg-to_TWI_is given

by the relation

Al‘g 4-27'fi2.

as determlned by the procedure in the precedrng section.

- and H-'for-the specified oonditions5isw1.35

Therefore,

.eer f..;?4?F-hr(Btur-

R;,.Resistahce to HeatVTransfer by the Air Gap

' The re51stance to heat transfer by the air gap is

glven by the relatlon

Ly
2.

R 1n (?-'] .

A 'w'-ecli

Where'kec is the effective conductivity of'the air which
includes both the_conductire_and convective effects of the

air._ Jakobsgszpresents'the empirioal curve developed by

|
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Beckﬁen_fqr'eveleating the valﬁehof k '-for'eir between
two'cdexieihhorizehtei-chinderS’ Beckman 's curve is a
; plot of 1og (k /k) versus 1og G for varlous values of
dlameter ratlos where G is the Grashof number wlth the
dlameter of ‘the 1n51de cyllnder taken as the characterlstlc
S

1ength | For the spec1f1ed CODdltans G = 5.7 X 10 From

Beckman 8 curves this gives
‘log (k,./k) = .05, thus

k,. = 1.2 k = 1.95 x 10" Btu/hr/£t/°F, and

'R, = .313 hr-°F/Btu

Eﬁ?Reeistancefto'C0nduction by the Acrylic Pipe

. The resistance to conduction by the'ecrylic pipe is
given by the relation
- In (v o o '
gp eszﬁfﬁgﬁr.si.o1o4lhr-_P/Brur;
where kp is the conduct1V1ty of the acrylic p1pe ‘which is

glven by the manufacturerzs' 192 Btu/hr/ft/ E.

"f, Re51stance to Heat Transfer by the Air Film .
:The;thermal reslstance.of the;fllmvle-grven by the’

relation’ -
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R, = = ,0341 hr-°F/Btu,

where, by the same procedure used in the bare pipe analysis,

Hc is determined to be 4.6 Btu/hr/ft/°F for the specified

conditions.

Determination of the Product UA

The equivalent resistance of the circuit shown in

Figure 41 is thus

Req = ,156 hr-°F/Btu,

This gives

UA = I/Req = 6,4 Btu/hr/°F = 107 Btu/min/°F

Conductivity of Air in an Evacuated Gap

The conductivity of air is independent of pressure as
long as the mean free path of the air molecules, A, is small
in comparison with the gap width. However, as the pressure
is reduced so that the mean free path approaches the same
order of magnitude as the gap width, the conductivity
becomes increasingly a function of the pressure. And as the
pressure is reduced beyond that pressure at which A equals
the gap width, the conductivity is proportional to the

pressure. This relationship may be best understood from a
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microscopic point of view. At pressures large in comparison
with the critical pressure, a reduction in pressure does
reduce the number of molecules which can transport energy,
but this effect is offset by the fact that fewer molecules
are required to transport the same energy at lower pressures
because fewer collisions are encountered. Thus the conduc-
tivity remains relatively constant. However, at pressures
small in comparison with the critical pressure, the molecules,
on an average, can pass directly from one wall to the other
without collision, so that the only effect of lowering the
pressure is to reduce the number of molecules available to
transport energy. This reduces the conductivity of the air
space proportionately.

The approximate mean free path of molecules of air

is given by Dushman44 as

-8
\ = 1.58px 1077 g0 (34)

where p is the density of air under the specified conditions
in lbm/fts. For the gap width of the acrylic tube receiver,
.34 inches, and the temperature corresponding to that of

the air in the gap when the best vacuum was obtained, 82°F,
the critical vacuum pressure is 5.8 microns of mercury,.
Therefore, in order to have significantly reduced the
conductivity of the air gap during the experimental program,

the vacuum pressure would have to have been reduced beyond
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5.8 microns. Since the lowest vacuum attained was only
21 microns, the conductivity of the air was never signifi-
cantly affected.

Wilkes45 and Dushman44 present good discussions of
the effect of high vacuum on the conductivity of air. And

a description of a successful attempt to utilize a high

vacuum as an insulator for a solar flat plate collector is

given by Sprayer.46
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APPENDIX D

RAW DATA AND PERTINENT
CALCULATED VALUES



Table 7. Raw Data for the Bare Pipe Configuration Tested at
the Standard Height on February 20, 1974

Solar  Ta  p gl Wi 1 To o T o Noaments
- o . . .
Time (°F) (£t/min) Direction (°F) (°F) (°F) (1bm/min) Shaded
1205 57.0 370 NNW 158.0 153.0 63.0 .28 0
1300 61.0 0 -- 133.0 132.0 69.5 .56 0
1330 63.5 0 - 110.5 109.5 68.0 1.02 0
1355 65.5 120 NNW 86.0 96.0 65.0 1,39 0
1435 64.0 125 NW 85.5 83.0 62.0 1.66 4]
Table 8. Raw Data for the Shrouded Pipe Configuration Tested
at the Standard Height on February 26, 1974

Solar Ta Wind Wind T1 T0 Ti N Number of
Time ° Velocity Direction o o ° . Segments

(°F) (£t/min) (°F) (°F) (°F) (1bm/min) Shaded
1215 40 310 NW 202.5 189.0 51.0 .09 5.00
1315 43 610 NNW 167.5 162.0 56.5 .19 3.00
1350 44 615 NNW 114,90 112.0 53.0 .65 2.25
1415 45 515 NNW 80.5 88.5 54,5 1.02 1.50
1440 46 590 NNW 76.0 75.0 54.5 1.67 .75
1505 47 610 NNW 70.0 69.0 54.5 2.04 0.00

1291



Table 9. Raw Data for the Shrouded Pipe with One Layer
of Tedlar Tested at the Standard Height
Number
Date Solar a Wind Wind T To Ty . of
Time (°F) Velocity Direction (°F) (°F) (°F) m Segments
(ft/min) (lbm/min) Shaded
27/2/74 1215 59.0 0 -- 217.5  213.0 75.0 .185 4.5
27/2/74 1300 60.0 0 -- 158.5 157.0 69.0 .416 3.0
27/2/74 1355 62.0 540 S 115.0  115.0 67.0 . 647 2.0
27/2/74 1415 62.0 460 SW 104.5 104.0 67.0 . 925 1.5
27/2/74 1500 64.0 445 SW 80.6 85.0 65.5 1.295 0.0
28/2/74 1200 64.0 685 WSW 191.5 187.0 71.5 .250 5.5
28/2/74 1245 67.0 605 SW 182.0 179.0 77.0 . 290 4.5

S¢1



Table 10. Raw Data for the Shrouded Pipe with Two Layers of
Tedlar Tested at the Standard Height on
March 4, 1974

Solar  Ta  yeypeyr, Wind 1 Do T i Niegments
Time (°F) (ft/min) Direction (.F) (°F) (°F) (1bm/min) Shaded
1225 76 420 S 187.5 191.0 83.0 .25 7
1300 78 695 SSW 174.5 170.0 84.5 .35 6
1330 78 790 S 159.0 156.0 84.5 .45 5
1355 79 438 S 136.5 134.0 86.5 .57 4
1425 79 505 WSW 124.5 123.0 84.0 .70 3
1445 80 620 SW 111.5 110.0 82.5 .95 2

9¢1



Table 11. Raw Data for the Evacuated Acrylic Tube Configﬁration
Tested at the Standard Height on March 14, 1974
Wind ) « Number
Solar Ta Velocity Wind T1 To Ti T4 m P of
Time (°F) (ft/min) Direction (°F) (°F) (°F) (°F) (1bm/min) Segments
Shaded
1255 66 0 -- 194.0 202.5 78.0 94.5 .25 58 6.0
1320 68 125 S 172.0 180.5 82.0 83.0 .38 43 5.0
1345 68 290 SE 151.5 158.5 77.0 88.5 .47 38 4,0
1410 69 170 NW 131.0 134.0 74.5 85.5 .61 29 3.0
1430 73 0 -- 118.5 120.0 72.5 84.5 .80 25 2.5
1455 70 0 -~ 95.0 97.5 70.0 78.0 1.21 21 2.0

is vacuum pressure measured in microns of mercury.

LET



Table 12. Raw Data for the Unevacuated Acrylic Tube Configuration
Tested at the Increased Height on April 7, 1974

sotar T M wma T T T Ty g Mamber of
Time (°F) (ft/min) Direction (°F) (°F) (°F) (°F) (1bm/min) S%aded
1145 69 540 SSE 204.5 | 211.0 68 97.0 .24 0.0
1230 70 390 SSW 172.5 176.0 68 94.0 .32 0.0
1255 70 545 SSW 138.0 142.5 67 86.0 .62 0.0
1320 71 450 SE 115.0 116.0 66 82.0 .91 0.0
1340 72 580 S 93.5 95.0 65 79.0 1,38 0.0
Table 13. Raw Data for the Unevacuated Acrylic Tube Configuration
Tested with the Concentrator Tilted on April 16, 1974

sotar Ta ML wma T To T Ty a o Nemberof
Time (°F) (£t/min) Direction (°F) (°F) (°F) (°F) (1bm/min) SEaded
1115 67 150 W 193,90 201.5 69.5 109.5 .24 7
1205 68 440 NNW 174.5 182.0 67.0 103.0 .34 7
1250 70 410 NW 150.5 157.0 65.0 95.0 .47 7
1310 72 0 -- 132.0 138.0 65.5 87.0 .60 6

- 1330 70 0 - - 119.0 122.0 64.0 89.0 .78 6
1350 71 200 N 106.5 109.5 63.0 85.0 .90 6
1420 71 0 -- 86.0 88.5 61.5 84.0 1.45 6

8¢l



Table 14. Values of Incident Radiation, Thermal Output, and Thermal
Efficiency Calculateg from the Bare Pipe Data for the
Standard Height Test

A : : ;
® % - -
c Qin To Ti m Qout n TO Ta

Solar I, " Solar Iy 2 T
(£ft°) (Btu/min) (°F) (1bm/min) (Btu/min) (°F)

Time N Altitude

1205 5.20 45,6 3.72 28.4 105.5 90.0 .28 25.2 23.9 96.0
1300 5.13 43.0 3.50 28.4 99.5 62.5 .56 35.0 35.2 71.0
1330 5.07 40.0 3.26 28.4 92.5 41.5 1.02 42.4 45.8 46.0
1355 5.00 37.5 3,04 28.4 8§6.4 31.0 1.39 43.1 50.0 30.5
1435 4.80 32.5 2.58 28.4 73.3 21.0 1.66 34.8 47,5 19.0

*
See Table 7 for raw data.

&%
Btu/min/ft?

6¢T



Table 15. Values of Incident Radiation, Thermal Output, and Thermal
Efficiency Calculated from the Shrouded Pipe Data for the
Standard Height Tests

Solar IDN** Solar ID** Ag Qin. To T3 m Qout_ N ToTa
Time Altitude (£t°) (Btu/min) (°F) (1bm/min) (Btu/min) (°F)
1215 5.18 47.5 3,82 26,02 89.5 138.0 .09 12.4 12,5 149.0
1315 5.10 44.0 3.54 26.97 95.5 105.5 .19 20.0 21.0 119.0
1350 5.01 40,5 3.26 27.33 89.0 59.0 .65 38.3 42.7 68.0
1415 4,90 36.0 2.88 27.69 79.7 34.0 1.02 34.7 42,0 43.5
14490 4.75 32.5 2.55 28,04 71.6 20.5 1.67 34.2 47.8 29.0
1505 4,55 29.0 2.21 28.40 62.6 14,5 2.04 29.6 47,3 22.0

®
Sece Table 8 for raw data.

3
Btu/min/£t>

ovT



Table 16. Values of Incident Radiation, Thermal Output, and
Thermal Efficiency Calculated from the Raw Data
for the Shrouded Pipe with Ong Layer of Tedlar
Tested at the Standard Height

Solar [ ** Solar [ ** ACZ Qin_ To;Ti m . Qou!: p TO;Ta
Time DN Altitude D (ft°) (Btu/min) (°F) (1bm/min) (Btu/min) (°F)
1215 5.18 48.5 3.88 26.26 102.0 138.0 .185 25.5 25.0 154.0
1300 5.13 46.5 3.72 26.97 100.0 88.0 416 36.6 36.6 97.0
1355 5.00 40.0 3.22 27 .45 88.5 48,0 647 31.1 35.2 53.0
1415 4.90 37.5 2.98 27.69 82.5 37.0 . 925 34,2 41.5 42,0
1500 4.65 30.0 2,32 28.40 55.9 19.5 1.295 25.2 45.1 21.0
1200 5.20 49,0 3.92 25.78 101.0 115.5 . 250 28.9 28.6 123.0
1245 5.15 47.0 3.76 26.26 98.9 102.0 .290 29.6 29.9 112.0

*
See Table 9 for raw data.

* % ) 2
Btu/min/ft

v



Table 17. Values of Incident Radiation, Thermal Output, and Thermal

Efficiency Calculated from the Raw Data for the Shrouded

Pipe with Two Layers of Tedlar Tested at the Standard

Height

A n

Solar 1 k% Solar 1 ** Cz Qin To Ty m - Qout Ny To'Ta
Time DN Altitude D (££7)} (Btu/min) (°F) {(1bm/min) (Btu/min) (°F)
1225 5.17 49,0 . 3,90 25.07 97.7 108.0 .25 27.0 27.6 115
1300 5.12 47.5 3.78 25.54 96.5 85.5 .35 0 29,98 31.0 92
1330 5.07 44.0 3.52 26,02 91.6 71.5 .45 32.2 35.1 78
1355 5.02 42.0 3.36 26,50 89.0 47,5 .57 27.1 30.4 55
1425 4.85 37.5 2.96 26.97 79.7 39.0 .70 27.3 34.2 44
1445 4,75 34.0 2,66 27.45 73.0 27.5 .95 26.1 35.8 30

%%
Btu/min/ft2

*
See Table 10 for raw data,
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Table 18. Values of Incident Radiation, Thermal Output, and Thermal Efficiency
Calculated from the Ray Data for the Evacuated Acrylic Tube Tested
at the Standard Height
A ¢ T -T ;

Solar  , ** Solar * % Cz Qin o i m WVut Np Ty-T,
Time DN Altitude (£t°) (Btu/min) (°F) (1bm/min) (Btu/min) (°F)
1255 5.12 52.0 4.20 25.54 107.0 124.5 .25 31.10 30.8 136.5
1320 5.08 49.0 3.83 26.02 990.8 98.5 .38 37.40 37.5 112.5
1345 5.00 46.5 3.63 26.50 96.2 81.5 47 38.20 39.7 90.5
1410 4,95 43.0 3.38 26.97 91.0 59.5 .61 36.30 39.9 65.0
1430 4,85 4¢4.0 3.12 27.21 85.0 47.5 .80 38.00 44.7 47 .0
1455 4.77 36.0 2.80 27.45 77.0 27.5 1.21 33.20 43.0 27.5

*

*
See Table 11 for raw data,.

* . 2
Btu/min/ft
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Table 19. Values of Incident Radiation, Thermal Qutput, and Thermal Efficiency
Calculated from the Raw Data for the Ugevacuated Acrylic Tube
Receiver Tested at an Increased Height

Sglar I R% Sglar 1 % % ACZ Qin- To"Ti m - Q0u? o TO'T
Time DN Altitude D (£t®) (Btu/min) (°F) (1bm/min) (Btu/min) (°F)
1145 5.10 62.5 4,52 28.4 128.4 143.0 .24 34,3 26.7 142,
1230 5.07 61.5 4,45 28.4 126.3 108.0 .32 34.5 32.0 106,
1255 5.05 60.0 4,37 28.4 124.0 75.5 .62 46.8 37.7 72.5
1320 5.00 57.5 4,22 28.4 120.0 50.0 .91 45.5 37.9 45.0
13490 4.95 54.0 4.00 28.4 114.0 30.0 1.38 41.4 36.3 23.

*See Table 12 for raw data.

& % . 2
Btu/min/ft

144



Table 20.

Values of Incident Radiation, Thermal Output, and Thermal

Efficiency Calculated from the Raw Data for the

Unevacuated Acrylic Tube Receiver Tested with a Tilted

Concentrator

* 0 - . :

Solar IDN** cosBT ID ¥ ACZ Qin To Ti m Qout TO-Ta
Time (£t°) (Btu/min) (°F) (1bm/min} (Btu/min) T
1115 5.03 . 986 4.96 25.07 124.5 132.0 . 24 31.65 25.3 134.5
1205 5.07 .992 5.03 25.07 126.0 115.0 .34 39.10 31.0 114.90
1250 5.03 986 4.96 25.07 124.5 52.0 .47 43,30 34,8 87.0
1310 5.00 . 967 4.84 25.54 123.5 72.5 .60 43.50 35.2 66.0
1330 4.95 .934 4.62 25.54 118.0 58.0 .78 45.30 38.4 52.0
1350 4 .85 . 901 4,37 25.54 111.5 46.5 .90 41.80 37.4 38.5
1420 4.83 .829 4.00 25.54 102.0 27.0 1.45 39.20 38.4 17.5

*
See Table 13 for raw data.

**Btu/min/ft2

ST
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Table 21. Analysis of Data from Testing
the Shrouded Pipe at the
Standard Height

b3 * NEZ

Solar Qin Qout Lq T -T *
Time (Btu/min) (Btu/min) (Btu/min) ?°F§
1215 99.5 12.4 49,1 149.0
1315 05.5 20.0 38.9 119.0
1350 89,0 38.3 16.7 68.0
1415 79.7 34.7 14,5 43.5
14490 71.6 34,2 10.0 29.0
1505 62.6 29.6 9.0 22,0
*From Table 15.
**Thermal losses determined by equation (7).
Table 22. Analysis of Data from Testing
the Shrouded Pipe with One Layer
of Tedlar at the Standard Height

Solar Qin* Qout*_ La*w T -T ¥

- . . . o a
Time (Btu/min) (Btu/min) (Btu/min) (°F)
1215 102.0 25.5 24.2 154.0
1300 100.0 36.6 12,1 897.0
1355 88.5 31.1 12.0 53.0
1415 82.5 34.2 5.9 42.0
1500 55,9 25.2 2.0 21.0
1200 101.0 28.9 20.3 123.0
1245 98.9 29.6 18.5 112.0

*Prom Table 16,

ES
Thermal losses determined by equation (8).
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Table 23. Analysis of Data from Testing the Shrouded
Pipe with Two Layers of Tedlar at the
Standard Height

T ra 3
Solar Qin Qout Lq o Ta
Time (Btu/min) (Btu/min) (Btu/min) (°F)
1225 97.7 27.0 12.4 115
1300 96.5 29.9 8.0 92
1330 91.6 32.2 4.7 78
1355 89,0 27.1 8.6 55
1425 79.7 27.3 4.8 44
1445 73.0 26.1 3.3 30

*
From Table 17.
K&
Thermal losses determined by equation (8).

Table 24. Analysis of Data from Testing the Unevacuated
Acrylic Tube Receiver at the Standard Height

E3 x EES x
Solar Qin Qut Lq ToTa
Time {(Btu/min) (Btu/min) {Btu/min) (°F)
1115 124.5 31.7 23.1 134.5
1205 126.0 39.1 16.3 114.0
1250 124.5 43,3 11.5 87.0
131G 123.5 43,5 10.8 66.0
1330 118.0 45,3 6.6 52.0
1350 111.5 41.8 7.2 38.5
1420 102.0 39,2 5.7 17.5

*
From Table 20.

&%
Thermal losses determined by equation (8}, except
G=.gt
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Table 25. Analysis of the Data from Testing the
Evacuated Acrylic Tube Receiver at the
Standard Height
—% : wE £3
Solar Qin Qut Lq To Ty
Time (Btu/min) (Btu/min) (Btu/min) (°F)
1255 107.0 31.1 21.1 136.5
1320 99.8 37.4 11.4 112.5
1345 96.2 38.2 8.7 98.5
1410 81.0 36.3 8.1 65.0
1430 85.0 38.0 3.5 47 .0
1455 77.0 33.2 4.4 27.5

Table

*
From Table 18,

*
* Thermal losses determined by equation (8).

26. Analysis of Data from Testing the
Unevacuated Acrylic Tube at an
Increased Height

% " ;3
Seolar Qin Qout Lq
Time {(Btu/min) (Btu/min) (Btu/min)
1145 128.4 34, 22.6
1230 126.3 34. 21.5
1255 124.0 46. 8.2
1320 120.0 45, 7.6
1340 114.0 11, 9.6

*

From Table 19.
® %

Thermal losses

(.91)(.65)(.75)-é0ut.
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Table 27. Predicted Performance of the Unevacuated
Acrylic Tube at the Standard Height

% —%% . -
Solar Qin Lq Qut
Time (Btu/min) (Btu/min) {(Btu/min)
1145 128.4 22,6 26.2
1230 126.3 21.5 36.4
1255 124.0 8.2 48.6
1320 120.0 7.6 47 .4
1340 114.0 8.6 43.0

®
From Table 19.

* %
From Table 26.

Table 28. Analysis of the Data from Testing the
Acrylic Tube Receiver with a Tilted
Concentrator
TR A K ®

Solar Qin Lut Lq
Time (Btu/min) (Btu/min) (Btu/min)
1115 124.5 31.7 22.9
1205 126.0 39.1 ' 16.2
1250 124.5 43.3 10.9
1310 123.5 43,5 10.6
1330 118.0 45.3 6.4
1350 111.5 41.8 7.0
1420 102.0 39.2 5.5

*

*From Table 20.

*From Equation (8) with G=.9.
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Table 29, Predicted Performance for the Acrylic Tube
Receiver Tested with a Horizontal Concentrator

¥ % : XEE
Solar Qin Lq But
Time (Btu/min) {Btu/min) (Btu/min)
1115 111.5 22.9 28.2
1205 112.0 16.2 35.1
1250 111.5 10.9 40,2
1310 111.0 10.6 40.3
1330 109.0 6.4 43.6
1350 105.0 7.0 41.1
1420 98.0 5.5 39.5

*
From procedure of Appendix B.

xk
From Table 28.
kAR

From equation (10).

Table 30. Predicted Performance for the Acrylic Tube
Receiver, Same Conditions as Tilted
Concentrator Tests

% % TR E
Solar Qn Lq But
Time (Btu/min) (Btu/min} (Btu/min)
1115 124.5 22.9 34.1
1205 126.0 16,2 41.4
1250 124,5 10.9 46.1
1310 123.5 10.6 45.9
1330 118.0 6.4 47.6
1350 111.5 7.0 44 .0
1420 102.0 5.5 41.1

*From Table 28.

L
Calculated by equation (10) with geometric ratio
equal to .94.
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Table 31. Predicted Performance of the Experimental
Concentrator Receiver Systems for Solar
Noon on the 21st of February
- *
Configuration TO-Ta Qin 0 * L Qout nT*
(Btu/min) (Btu/min) (Btu/min)
. 10 106 .95 4.0 61.5 58.0
Bare Pipe 100 106 .95  40.0 25.5  24.0
. 10 106 .95 3.3 62.2 58.6
Shrouded Pipe 100 106 .95  33.0 32.5  30.6
Shrouded Pipe 10 106 .75 1. 50.0 47.1
Layer of Tedlar 100 106 .75 16. 35.3 33.3
Shroudsd Pipe 10 106 .62 1.1 41.7  39.4
Layers of Tedlar 100 106 .62 10.8 32.0 30.2
. 10 106 .75 1.6 50.0 47.1
Acrylic Tube 100 106 .75  15.8 35.8  33.8

®

*
From Table 4.

%
From equation (5).
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Table 32. Predicted Thermal Output of the Acrylic
Tube Receiver at Various Hours on the
21st of February
Solar Qn ToTa Lq Vut
Time (Btu/min) (°F) (Btu/min) (Btu/min)
12 104.0 10.0 1.6 49.0
12 104.0 100.0 15.8 34.8
1i-1 100.0 10.0 1.6 47.1
11-1 100.0 100.0 15.8 32.9
10-2 84.5 10.0 1.6 39.6
10-2 84.5 100.0 15.8 25.4
9-3 61.4 10.0 1.6 28.3
9-3 61.4 100.0 15.8 14.1
Table 33. Predicted Performance of the Shrouded
Pipe and Acrylic Tube Receivers for a
Concentrator Having a Primary Surface
Reflectivity of .85
Configuratio T -T Q'n 0 R L Q n e
ation - i
0 a (Btu/min) T q out T
Shrouded Pipe 10 106 .95 .85 4.0 82.3 77.6
Shrouded Pipe 100 106 .95 .85 40.0 52.6 49.7
Acrylic Tube 10 106 .75 .85 1.6 66.0 62.3
Acrylic Tube 100 106 .75 .85 15.8 51.8 49.0
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