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ABSTRACT

This quarterly report describes the activities within Sandia
Laboratories Solar Total Energy Program during the first quarter
of fiscal year 1975, Included are the highlights of the quarter; des-
criptions of the system and its components, including some recent
modifications to the baseline design; and the results of analyses and
tests.
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SOLAR TOTAL ENERGY PROGRAM
QUARTERLY REPORT JULY-SEPTEMBER 1874

SECTION I

Introduction

The Solar Total Energy Program is the outgrowth of a series of exploratory system studies

conducted at Sandia Laboratories since 1972, concerning potential uses of solar energy.

The studies have coalesced into the concept of a cascaded system in which solar energy col-
lected at a central area is used to provide electrical power, heating, air conditioning, and hot water
to a wide spectrum of users. A comprehensive hardware program designed to demonstrate one
solar total energy concept is being conducted concurrently with systems analyses performed to in-

vestigate various additional means of implementing solar total energy concepts.

The primary objective of the Solar Total Energy Program is to determine and demonstrate
the technical and economic feasibility of solar total energy. Additional objectives of the overall
program are (1) to encourage private sector participation in the program and in the development
of components for the system, (2) to determine those areas of research and development that offer
the greatest payoffs, (3) to develop and validate a systems analysis computer program capable of
eyaluating the great number of possible combinations of total energy system configurations, and
(4) to provide a system, prior to the pilot plant stage, sufficiently versatile to be used as an engi-
neering evaluation center, or test bed, for further development of individual components or other

solar energy systems.

The Solar Total Energy Program is a cooperative program which is being funded jointly by
the Atomic Energy Commission and the National Science Foundation. Within this program, work
is also being conducted to extend systems analyses to a widespread raﬁge of potént‘ial applications
and systems concepts pursuant to a previously received NSF grant (No. AG-564). The progress of

this work will also be reported herein.

The Solar Total Energy System, depicted in block diagram form in Figure 1 and as an artist's
concept in Figure 2, will operate as follows. A working fluid is heated in the receiver tubes of the
solar collectors by reflected and focused solar radiation. This fluid is pumped to the high-temperature
storage tank. On a demand basis, fluid is extracted from this storage to the toluene boiler which

produces superheated vapor to power the turbine/generator. The boiler can also be operated from

a fossil-fuel-fired heater to insure continuity of operation during extended cloudy periods. Turbine
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condenser coolant collected in the low-temperature fluid storage tank becomes the energy source
for the low-temperature portion of the system. On a demand basis, fluid is extracted from low-

temperature storage to power heating, air-conditioning, and hot-water-heating components.

The overall Solar Total Energy Program consists of seven phases of which the work heing
reported in this document is the beginning of Phase IV. The program, which was initiated in 1972
with background research and exploratory analysis, has progressed to the present hardware stage s
in which the test bed Solar Total Energy System is being built to provide power for an 1100 m?
office building, the Solar Project Building. The program will conclude with the construction and

operation of a solar total energy pilot plant expected to be achieved in cooperation with commercial

interests.

Phases I, II, and III, which have emphasized preliminary studies and designs, have been com-
pleted. Phase IV-A began in July 1974. Phase IV-A is the pivotal phase in that it marks the transi-
tion from the analysis and design effort to the hardware and construction effort. Approximately 25
percent of the high-temperature solar-to-electric portion of the system is to be put into operation
during this phase. Data collection in the high-temperature regime is of primary importance because

little operating experience in this area has been accumulated.

During Phase IV-B, the remainder of the solar-to-electric components will be added, and the
cascaded low-temperature portion of the system (heating, air conditioning, and hot water) will be

installed.

Phase V will consist of operating the test bed under various conditions to gather and analyze
engineering data which can provide a basis for the design of the pilot plant and for future solar
energy systems. During this phase, the feasibility of powering and heating the Solar Project Build-

ing will be demonstrated.

Phases VI and VII will consist of the design, construction, and operation of a pilot commercial

solar power plant. The overall Solar Total linergy Program plan and major milestones are illustrated

in Figure 3.




Fiscal Year

Phase 73 74 75 76 77 78
I, Background Phase v
1
1I, Exploratory Study v
2,3
1II, Exploratory Development !R
4/ g 7
IV. Development Model Installation 516
A, Solar-to-Electric Components v
9 10,11
B, Cascaded Components
13
V. Bystem Operation
12 14! 15,16
VI, Pilot Plant Construction ——
VII, Pilot Plant Operation
Milestones:
1, Completion of Phase I
2, Preliminary system design complete
3. Economic evaluation complete
4, Collector evaluation facility complete
5. Bystem analysis program operational
6. Baseline sysiem design complete
7. Phase IV-A proposal submitted
8, Phase IV-A supplementary proposal submitted
9, System analysis program loads profiles established
10, Partial collector field, storage, and turbine-generator test bed complete
11, Solar and weather input data established
12, Initial operation of partial Solar Total Energy test bed
13, Remainder of Solar Total Energy System completed
14, System analysis program refined and revalidated
15, Operation of complete Solar Total Energy System
16, Demonstration of Solar Project Building
17, Pilot plant designed
18, Pilot plant operational

Figure 3, Solar Total Energy Program schedule and milestones
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SECTION II

Highlights

The following activities and milestones highiighfed this reporting period: ’
® Baseline design of collector field‘ changed to 'hoi'izdntai E/W orientation.
® Superheat cycle selected for turbine to improve storage efficiency.

® Fluid-flow analyses performed to optimize flow rates, receiver-tube

plug diameter, and series/parallel collector arrangements.
® Work breakdown structure expanded to include technology support tasks.

® TFluid-flow transient analysis computer program, CNTROL, being used

to develop control system strategy.
® Low cost reflector backing structure selected for baseline design,

® System analysis program, SOLSYS, extended to' evag.uate iOOO~house

community as well as Solarf‘Tota‘l Energy Project.

® Installation of two 2.74- x 3.66-m, N/S, tilted'parabolic collectors

at collector evaluation facility initiated.
® Parabolic and flat plate collector perfoi"mahfzé data beiﬁg measured

at Collector Test Facility. ' T

Reports and Presentatibns

The folloWing reports and presentations have been completed in support of the Solar Total

Energy Program during the reporting period.

Reports

1. Proposal for AEC/DAT, and the National Science Foundation Cddperative 'Support of Solar

Total Energy Project Activities, Sandia Laboratories, Albuquerque, New Mexico, Solar

Energy Projects Division 5712, SAND74-0141, July 1974.

2. W. P. Schimmel, The Solar Incidence Factor and Other Geometric Considerations of Solar

Energy Collection, Sandia Laboratories, Albuquerque, New Mexico, SAND74-0026, July 1974,

3. T. D. Brumleve, Sensible Heat Storage in Liquids, Sandia Laboratories, Livermore,

California, SLL-73-0263, July 1974.

11




4. W. H. McCulloch and G. W. Treadwell, Design Analysis of Asymmetric Solar Receivers,

Sandia Laboratories, Albuquerque, New Mexico, SAND74-0124, August 1974.

5. J. A. Leonard and S. Thunborg, Solar Total Energy Program Quarterly Report, April-June
1974, Sandia Laboratories, Albuquerque, New Mexico, SAND74-0208, September 1974.

Presentations

1. R. P. Stromberg,‘Solar Energy, Albuquerque Sunport Optimists, July 3, 1974.

2. R. P. Stromberg, Sandia Solar Total Energy Program, ARPA Materials Research Council,
La Jolla, California, July 8-10, 1074.

3. Solar Total Energy Project Staff (Divisions 5712 and 5717), Solar Total Energy Program

Review, AEC Laboratories Program Review, Sandia Laboratories, Albuquerque, New Mexico,
July 29, 1974.

4. R. H. Braasch, Solar Total Energy Program, EPRI Solar Program Planning Workshop, Palo
Alto, California, August 12-15, 1974.

5. International Solar Energy Society, U. S. Sectional Annual Meeting, Fort Collins, Colorado,
August 20-23, 1974,

R. P. Stromberg, A Status Report on the Sandia Laboratories Solar Total
Energy Program.

L. G. Rainhart and W. P. Schimmel, Jr., Effect of Outdoor Aging on Acrylic Sheet.

W. H. McCulloch and G. W, Treadwell, Design Analysis of Asymmetric Solar
Receivers.

6. D. O. ILee and W. P. Schimmel, Jr., An Axial Temperature Differential Analysis of Linear

Focused Collectors for Solar Power, 9th ILCEC, San Francisco, California, August 26-30,
1974,

7. R. P. Stromberg, Sandia Solar Total Lnergy Program, NSF Solar Thermal Program Review,
Denver, Colorado, September 23-25, 1974."

8. B. W. Marshall, Solar Energy Research at Sandia Laboratories, AIIE, Albuquerque Section,

Albuquerque, New Mexico, September 25, 1974.

9. J. P. Abbin, Selection of a Low Temperature Lnergy Conversion System for Sandia's Solar

Community Prototype, University of New Mexico, Mechanical lingineering Department Seminar,

Albuguerque, New Mexico, September 30, 1974.
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SECTION III

System Decscription and Status

Phase IV of the Solar Total Energy Program has been organized into a work breakdown
structure of tasks and subtasks which are outlined below under Program Management. This

section presents the detailed status of each program task,

Task 1 - Program Management

The work breakdown structure was expanded during this quarter to include the underlying
technology development tasks which are conducted in support of the '"hardware' tasks. The current

task structure is as follows:

Work Breakdown Structure’
Solar Total Energy Program, Phase IV-A

Task 1  Program Management
Task 2 System Management
2.1 System Engineering
) 2.2 System Analysis
Task 3 Collector Field
3.1 Reflectors and Structure
3.2 Receiver
3.3 Tracking and Drive System
3.4 Fluid Transfer System
- 3.5 Cooler
Task 4 High-Temperature Storage
Task 5 Turbine/Generator System
5.1 DBoiler
5.2 Turbine
5.3 Rankine Loop Heater
5.4 Turbine Heat Exchanger
5.5 Cooling Tower
5.6 Load Bank
Task 6 Instrumentation and Control System
Task 7 Collector Test Facility
Task 8 Improved Data Base Compilation
8.1 System Load Profiles
-8,2 Solar and Weather Input Data
8.3 Alternate T/E Systems

13



Task 9 Phase IV-B Supportive Energy Research
9.1 Collector Fabrication Development
9.2 Storage Technology
9.3 Theoretical Studies
Task 10 Coatings Evaluation .

Task 11 Technology Utilization

A supplementary proposal (see Item 1, page 11, under Reports and Presentations) which
incorporated these tasks and requested that Phase IV-A of the Solar Total Energy Program be
jointly supported by the AEC, Division of Applied Technology, and NSF was prepared and sub-
mitted in July. The proposal was forwarded to Washington by AEC/ALO.

Task 2.1 - System Engineering

The system engineering efforts during this quarter resulted in five basic changes to the
baseline design; two of these were of major significance, The significant changes were the
adoption of a superheated cycle for the turbine and the use of E/W oriented collectors instead of
N/S collectors: The other changes were (1) a reduced low-temperature storage capacity, (2) the
introduction of a small buffer control tank between the collectors and the high-temperature storage,

and (3) the elimination of a 20-percent excess collector area, Figure 4, which incorporates the

above changes, presents the latest system schematic.

Superheated Cycle. The advantages of a superheated Rankine cycle for the Solar Total

Energy Project were discussed in detail in the previous quarterly report. The point of this dis-~
cussion was that while, generally, organic Rankine cycles are most efficient when the amount of
superheat is minimized, the incorporation of small amounts of superheat into the cycle permits
significant increases in the effectiveness of high-temperature storage by increasing the tempera-
ture drop of T-66 as it passes through the toluene boiler. In the Solar Total Energy Project
herein, superheat also allows an increase in maximum cycle temperature without an increase in
the T-66 heating fluid temperature. Table I summarizes the effect on cycle efficiency and tem-
perature drop in storage of the previous saturated cycle and the present superheated cycle. The
results are based on maintaining the same maximum temperature of the T-66 heating fluid and

consequently of the collectors, i.e., 310°C,

TABLE I

Comparison of Superheated and Saturated Cycles

Superheated Cycle Saturated Cycle
304°C (580°F) 288°C (550 °F)
Max Cycle Temp Max Cycle Temp
Cycle Storage Cycle _ Storage ,
Efficiency AT Efficiency AT
Summer (200 °F Condenser) 15.6% 72°C 15.6% 43°C
Winter (165 °F Condenser) 17.7% 79°C 17.5% 44°C

14
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As indicated by the larger storage AT of the superheated cycle and by the fact that storage
size is proportional to storage AT, the use of this cycle allows the storage capacity for the super-
heated cycle to be reduced to only 56 percent of that required for the saturated cycle. In addition,
a slight improvement in collector operating efficiency is obtained as a result of a decrease of

14°C of the average operating temperature of the collector.

E/W Oriented Collectors. A study was made to determine whether E/W or N/S tracking

focused collectors should be used for the Solar Project Building, This study indicated that there
would be no economic penalty associated with the use of E/W collectors and that there may be a

substantial economic advantage (40 percent cheaper) to their use.

The results of the study are summarized in Table II.

TABLE II

Comparison of E/W versus N/S Collector Orientation

N/S E/W

Cost Size Component Size Cost
$52,450 487 m2 Collector for load 658 m2 $35, 385-53,077
7,030 65 rn2 Collectors for pipe losses 27 m2 1,440~ 2,160
59,480 552 m2 Total collector area 685 rn2 36,825-35, 237

7,552 1,430,000 kJ Storage capacity 2,090,000 kJ 11,000

5,195-10,340 317 m Piping 83 m 1,365- 2,730

Free 1,746 m? Land 1,854 m° -
$72,227-$77,422 Total Cost $49,190-$68,967

It should be noted that the advantage of E/W collectors over N/S tilted collectors comes
primarily from a reduction in piping costs (piping and collectors for pipe losses) and potentially

from a difference in the cost of E/W collectors over N/S collectors.

The results are not considered to be general; rather they are peculiar to the Solar Total
Energy Project because of the specific design load profile. In essence, the design is based on
meeting the steady 32-KW electrical load for 11 hours (7 Ald to 6 PM)., The building heating and
cooling loads are then met from the energy available from the turbine condenser. The electricity
is generated at 17.7-percent efficiency in the winter but at only 15.6-percent efficiency in the
summer because of the need to increase the turbine condenser temperature to 88°C for the air-
conditioner operation. Consequently, 13 percent more energy is required to meet the electrical
loads in the summer than in the winter. Therefore, the study assumed that if more than 13 per-
cent energy could be collected in the summer than the winter, this excess energy would not be
used, For the loads of the Solar Project Building, this is a correct assumption; however, it
severely penalizes N/S-type collectors because they are capable of collecting up to 50 percent

more summer energy.




"The following factors were considered in the evaluation of N/S versus E/W collectors for

the Solar Project Building:

1,

Effect on Required Collector Area, E/W daily output is less than N/S; therefore,

more E/W collectors are required.

Effect on Required Storage. E/W collectors require more storage capacity for

the constant load of the Solar Project Building.

Collector Area Required to Replace Pipe Losses. The E/W field required less
collection piping; therefore, the total losses from the pipes are less, and con-

sequently less collectors to replace these losses are required,
Cost of Piping System. An E/W collector field requires less pipeline length.

Cost of Land, E/W collectors require more collectors but have a better land

utilization factor for a given shadowing loss than N/S.

End Loss Effects. The N/S collectors considered herein are fixed at 45 degrees
and track about this axis daily. Consequently, they are subject to end losses '
throughout most of the year. This effect has been compensated for by the

addition of end mirrors which are changed from one end to the other for summer

and winter operations.

Incidence Anglé Effects. E/W collectors are affected more than N/S collectors
by the effect of incidence angle on reflectivity and absorption. The computer

code predicting collector output incorporates these effects.

The economic data were based on estimated mass production costs for large systems. In

that the purpose of the Solar Total Energy Program is to build a system representation of the

large systems that will be required for total energy applications, the mass production costs were

applied to the 32-KW system in order to insure an E/W versus N/S decision representative for

large systems. The economic inputs were as follows:

Collectors: N/s = $198 e10/1:2)
_z

E/W = $54, $67, and $80/m?
Storage: $4,75/MJ ($5.00/KBTU) of Capacity (316°C maximum temperature)
Piping System: $16.00,$24.00, and $32,00/linear meter ($10.00/ft)

Land: 0, $2.70, and $8.00/m> (0. 75/1t2)
31.6% land utilization factor N/S
36, 9% land utilization factor E/W

17
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The collector field being fabricated during Phase IV-A represents only 25 percent of the
total field. Consequently, if performance data for E/W and N/S collectors can be obtained before
the remaining 75 percent is constructed, the data can be used to determine which system should
complete the field. Accurate performance data on both E/W and N/S collectors can be obtained
if the building field utilizes E/W collectors and if the Collector Test Facility is simultaneously
used to evaluate N/S collectors, The reverse is not necessarily true because of the technical and
economic practicality of testing a long E/W collector on the test facility. For these reasons and
because of the potential economic gain, the Solar Total Energy Project will utilize four rows of
tracking E/W collectors, Each row will be 18, 3 meters long and will be composed of five each
2,74- x 3.66-meter collectors, The collectors will be interconnected so that they. can be operated
5, 10, or 20 in series., Simultaneously with the construction of the E/W field, performance test-

ing utilizing the Collector Test Facility will be conducted with a 2, 74- x 3, 66-meter N/S collector.

Low-Temperature Storage. Systems analysis efforts with the SOLSYS Program have shown

that the size of low-temperature storage can be substantially reduced if the building is not heated
during the nighttime. This practice will be followed because the thermal mass of the building is
such that the temperature drop occurring overnight can be easily made up in the morning without

discomfort to the occupants.

Buffer Control Tank. The buffer control tank prevents the introduction of excessively cold

or hot fluid to the storage tank and thereby prevents disruption of the thermoclime during startup
operations. The need for and advantages of this tank are discussed more fully under "Instru-

mentation and Control,"

Extra Collectors Eliminated, The baseline schematic of Figure 4 does not have a 20-percent

excess collector area as the previous schematic did. The present schedule allows for construction
of the field in two phases; therefore, adequate performance data can be obtained prior to construction
of the full field., As a result, the immediate need for an excess area to cover contingencies can be

eliminated.

Collector Field Layout. The layout of the Phase IV-A collector field has been completed.

Site preparation is planned for the next quarter. Figure 5 is a plan view of the collector field as
well as of the Turbine and Control Building and other major subassemblies of the Solar Total Energy

System.,

The collector field will consist of 20 parabolic trough collectors mounted horizontally with
their longitudinal axes aligned in the /W direction. The collectors will be bolted together in
groups of five. Each of these groups will have a common tracking and drive system to maintain
alignment with the sun throughout the day. Single axis tracking will be employed. The collectors
will rotate about their E/W axis to keep the incident solar energy in the plane of symmetry of the

parabolas.
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The receiver tubes in each group of five collectors will also be bolted together on flanges
at 3.66-m (12 ft) intervals so that the working fluid will flow through the entire group without

interruption.

The groups of five collectors will be arranged so that there are two E/W aligned rows of 10 *
collectors each, To minimize end losses at large solar incidence angles, the spacing between
colinear rows will be kept as small as possible. To determine the optimum north and south N

spacing between each row of 10 collectors, the computer program SOLR was employed.

One of the features of SOLR is that given the spacing between rows of collectors it computes
the effect on daily performance of mutual shadowing between collectors. A compromise must be
decided upon between large row-to-row spacing which minimizes shadowing and the offsetting need to

keep this spacing small to minimize thermal losses in the pipeline.

First, the spacing required for no shadowing at various times of the year was determined.

The results were as follows:

Summer Solstice 4.6 m (15 feet) center-to-center
Equinox 4,6 m center-to-center
Winter Solstice - 12,2 m ‘ center-to-center

The winter solstice appeared to be the most critical; therefore, the spacing giving optimum per-

formance at winter solstice was determined,

Figure 6 is a plot of net thermal energy versus collector center-to-center spacing. Here,
the net thermal energy = total collected energy per day (including shadowing effects), minus

thermal losses through the pipeline insulation.

The figure indicates that the optimum winter spacing is 7.6 m (25 feet), which is still
sufficiently large to cause no mutual shadowing in the other three seasons. The winter loss

caused by shadowing at this spacing is approximately 1 percent.

The high-temperature storage tank was located as close to the field and as close to the
Turbine and Control Building as practical so that pipeline lengths and the associated thermal losses
would be small. The coaling tower has been located as far north of the collector field as possible

so that the plume of water vapor will not shadow the field.

The Collector Test Facility will eventually be moved from its present site to the location
shown in Figure 5. It will be located far enough south of the collector field so that no shadowing
interference will take place with the full field of collectors to be installed during Phase IV-B in

FY 76.
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Task 2,2 - Systems Analysis

Program SOLSYS. The Solar Energy Systems Simulation Program, SOLSYS, is a Fortran

extended computer program which has been developed for analysis of energy systems. The pro-

gram consists of four basic parts:

1. Main (executive) program

2. Component subroutine library
3. Information subroutine library
4

+ Control subroutine library

Executive Program

The executive program controls input, output, time iteration, and access to component,

information, and control subroutines.

Component Subroutines

Component subroutines model components which receive a fluid, alter the fluid's temperature
and pressure based on thermal and viscous interaction in the component, and pass the fluid to the
next component. Components can be connected to form a fluid loop, and loops can be connected
to form a complete system, Once a system is constructed, components can be easily interchanged
or relocated and component parameters can be varied. Some of the components in the library are

listed below:

Focusing collector k Flow dividers and junctions
Flat plate collector Heat exchanger

Storage units Cooling tower

Rankine cycle Space heater

Pump Air conditioner .

Pipe Hot water heater

Complete distribution system Auxiliary furnace

Information Subroutines

Information subroutines provide necessary information to component subroutines. Some of

these subroutines are listed below:

Solar position and intensity Electric loads

Weather Heating, air conditioning, and hot water loads

Control Subroutines

Control subroutines, which are used to control fluid temperatures in a circuit by controlling
flow rate, are used to switch fluid flow. The value of a specified parameter, such as fluid tem-

perature or storage volume, determines whether the fluid flow will be switched,




SOLSYS has been continuously improved and has been used for system and component per-
formance studies during the past quarter. Because of the size and complexity of the program,
modifications have been undertaken to provide increased computational efficiency, 'In addition,

the new routines below have been incorporated to increase program versatility:

l. FLTPLTC, a flat plate collector modeling subroutine. This sub-

routine considers the following parameters:

a. Orientation of the collector.

b. Visible radiation transfer between the glass plates

and from the collector surface.

c. Conduction between glass plates and through back.

insulation material,
d. Convection losses of the outer glass :pléte.

e, Convection between the ¢ollector plate and working
fluid,

2. HLOAD is a routine which computes the time-dependent loads of
a single building., A detailed discussion of this program is presented

under "Improved Data Base Compilation, "

SOLSYS has been used to confirm the previously hand-calculated design of the Solar Total
Energy System's collector area and high- and low-temperature storage capacity. Performance
capabilities of the collector field were compared with the electrical;: heating, and air-conditioning
requirements of the Solar Project Building, SOLSYS output confirmed the system design very
closely except for low-temperature storage which will be almost triple the size computed by
SOLSYS, This is a consequence of heating and cooling the building only between the hours of
7:00 AM and 6:00 PM. The excess low-temperature storage will be retained to maintain system
flexibility in the evaluation of other concepts where nighttime heating. or daytime cooling is re-

quired.

Economic Studies

A computer subroutine is being used for making economic comparisons between alternative
subroutines within the system or for providing a starting point for comparisons with other systems.
The economic evaluations are based on the concepts underlying revenue requirement techniques.
This technique takes into consideration the need for an adequate return on investment as well as
the items considered as costs in the usual accounting determinations. The methodology for the
calculation of annual revenue requirements is based on formulas derived from Professors Grant

and Ireson  and on information obtained from the planning organization at Western Electric Com-

pany.

*Eugene L. Grant and W. Grant Ireson, Principles ofggﬂleerigg Economy, Ronald Press
Company, New York, 1964,
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Figure 7 shows a diagram that summarizes the subroutine, The output is a figure referred
to as the annual revenue requirement, which is the average amount that must be received each
year to cover the economic cost of the project under consideration. In the case of such non-
depreciable assets, as land and working capital, only the cost of money used for their acquisition
is required. The value of these items is assumed to remain in the business, and additional cash 8
outlays are not required. In the case of depreciable assets and future costs, a recovery factor is
applied that takes into account the need to recover cash outlays as well as provide a return on

money invested.

The left-hand column of Figure 7 indicates the various types of costs that must be estimated.
Separate estimates are made for each component of the system. These estimates do not neces-
sarily include all type of costs. For example, fuel costs might not be associated with hot water
distribution, and general expenses would be included only in a total system. It should also be

noted that estimates for buildings and equipment include interest paid during construction.

With respect to future costs, operating costs and maintenance are shown separately because
operating costs are assumed to be at a level rate, except for inflation, Maintenance costs, on
the other hand; might fluctuate with.the lives of various types of equipment, Fuel is shown
separately, because it is expected that fuel costs will increase regardless of inflationary pressures.
General expenses are shown separately because they apply only to a full system and because it is
anticipated that they will be subject to a separate escalation factor, Such items as property taxes

and insurance should not fluctuate with the general economy.

An examination of literature available at the University of New Mexico's Bureau of Business
Research indicates that economists cannot agree on the rate of inflation for any extended future
period. For this reason, the computer program is written to allow the insertion of different

escalation rates; as a result, the effect of a variety of rates can be determined.

In that the economic analysis encompasses expenditures at different times, the earning
potential of money must be recognized, Therefore, expenditures through some period of time may
be brought to an equivalent basis for comparison purposes by computing their present values.

The formula for this is

PV = — 2

a+"

where i = interest rate and n = number of interest periods. Here again, the computer program

allows for inserting various interest rates for study purposes.
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The calculations explained so far ignore the effect of income taxes and possible variations
in the methods of financing. Private investors would wish a reasonable return on investments
after taxes, while income from borrowed capital would be taxable only to the extent that it ex-
ceeded interest paid. Also, any profit after taxes on borrowed capital increases earnings for
the owners. Therefore, the mix in the source of capital (common stock, retained earnings, or
bonds) has an effect on the revenue that must be received, In other words, the rate of return,

or cost of money, must cover interest charges, taxes, and the profit desired by the owners.

The rate may be calculated with the analysis program on the basis of a variety of rates of
return. . Assuming that income taxes are 50 percent, the formula for calculating the pretax rate

of return is

PS
= =+ -
R 0.5 B(1-193) ,
where P = the desired profit rate, S = the common-stock holders' percentage of the proposed

total investment, and B = the cost of borrowed capital.

The annual revenue requirement for nondepreciable assets is the product of the rate derived
above and the total value of such assets. In the case of all other expenditures, the money spent
must be recovered or provided; therefore, the factor applied must take this into account as well as

the cost of money. The formula for calculating this recovery (annuity) factor is

. .
RF - i(1 + 1) .
a+i"-1

The total annual revenue requirement is the requirement for nondepreciable assets plus the pro-
duct of the recovery factor times all other expenditures. As is true for other items, the program

will allow for substituting various interest rates and profit requirements in the calculations.

Economic comparisons between alternative components within the system can be made with
this program. However, present differences in estimated costs for component parts make the re-

sults of the computation highly speculative.

A simplification of the cost analysis program has been prepared to calculate a level annual
revenue requirement for individual homes for comparison to the Solar Total Energy System's
annual revenue requirement. This calculation is needed to make a meaningful comparison of the
essentially different types of expenses. Comparison of the level annual revenue requirement of
the solar system, including the effects of inflation, to today's energy costs for a home would be
incorrrect; future cost increases in energy for the homes must be considered. Results of such

a single home are given below.




Based on present-day fuel prices (1974) and approximate hot water, electric, heating, and
cooling demands of a single 140-m2 (1500 f£t2) home, a one-home fossil fuel system in Albuquerque,

NM, will cost $383. 22 to operate in 1974,

This number was based on the following demands and prices:

Heating Demand: 107 GJ/yr (102 MBTU/yr) =
Cooling Demand: 3.2 GJ/yr (900 KWh/yr)
Electric Demand: 27 GJ/yr (7580 KWh/yr)

Hot Water Demand: 29 GJ/yr (28,4 MBTU/yr)
Fuel Cost: $0.93/GJ  ($0.99/MBTU)
Electric Cost: $6.9/GJ ($0.025/KWh)

Assuming a significant increase in fuel prices over the next 30 'years associated with the
conflict between supply and demand and an increase in operetihg costs resulting from inflation,
the annual revenue requirement necessary for a household to ‘éupply its eﬁergy needs will become
larger. For an inflation rate of 3-1/2 percent per year and a fuel cost ihﬂetieh rate of 7 percent
(these parameters are reasonably arbitrary and may be varied), 15 years from now $1271, 80 will

be required to purchase the same amount of energy that will cost $5041.73 in 30 years.

The total energy costs for the household over the next 30 years come to $53, 914, 21, which
represents a present value of $10, 793,38 at an interest rate of 9 percent; In other words,
$10,793. 38 placed in a bank account today at 9 percent iﬁterest would generate enough money over
the next 30 years to meet all of the household's energy costs. If the hoﬁsehold desired te equalize
its payments over 30 years, the uniform yearly payment necessary to generate an amount equi-

valent to $53, 914, 21 would be $1050. 59 each year for 30 years.

The number $1050 59 ig the level annual revenue requ1rement for this one-home fossil fuel
system. This figure is finally arrived at by applying a capital recovery factor to the present value
of $10,793, 38,

Use of other estimates for the increase in fuel costs w111 produce d1fferent results, Table III

presents the results of some other calculations.
TABLE III

Some Estimates of Increases in Fuel Costs

Fossil Fuel Price Increase>'<
1 2 3 4 5

Levelized Costs for Normal Home, $/yr 979 994 992 890 744

40% for 2 yrs, 2% for 28 yrs
15% for 5 yrs, 3% for 25 yrs
7% for 20 yrs, 3% for 10 yrs
7.5% for 12 yrs, 2% for 18 yrs
3.75% for 30 yrs

G WD
€
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Task 3.1 - Reflectors and Structure

The basic design of the parabolic trough reflector (Figure 8) is 3,66 m (12 feet) long and
2.74 m (9 feet) wide from rim to rim with a 92. 4-degree rim angle and a focal length of 65.8 cm
(25.9 inches). The reflector assembly consists of four panels faced with a highly reflective sur-
face and mounted on a framework which in turn is mounted on trunnions atop steel and concrete
pylons. ¥ The individual panels are 1.8 cm (0.7 inch) thick. Four of these parabolic panels form

the basic 2,74- x 3.66-m reflector unit.

The framework on which the four panels are mounted consists of five ribs running across
the parabola and nomjinally spaced at 91 cm (3 feet) to provide support at each panel edge. The

ribs at each end are inset to provide space for the mounting trunnions and the drive mechanism.

The longitudinal members of the framwork are steel or aluminum tubes or I-beams which
provide the required structural support for high wind loads. These beams are welded to end
plates which provide a means of attaching the ribs, the drive mechanism, the trunnions, and the
receiver tube support structure.

receiver tube support structure,

The entire caollector assembly will be supported at each end by a trunnion atop a concrete
and steel pylon at a height of about two meters to provide ground clearnce so that the collector
can be rotated freely about its longitudinal axis. A tracking and drive system (described later)
will rotate the collector throughout the day to the proper attitude to keep the incident solar energy

parallel to the plane of symmetry of the parabola.

As described earlier, the collector field to be installed during Phase IV-A will consist of
20 of the 2.74- x 3,66-m collectors arrayed in four rows of five collectors. FEach set of five

"slaved" to rotate in unison; this will be accomplished by fastening their end

collectors will be
plates together. A support pylon will be located every 3, 66 meters under the interface between

adjacent collectors.

The reflector back panel design has been developed with the support of Sandia's Composite
Materials Development Division whose personnel have investigated numerous candidate back panel
materials including laminated structures, stressed-skin sandwich structures with honeycomb
cores and fiberglass/epoxy or polyester skins, and ribbed fiberglass/polyester structures with

either fiberglass mat or sprayed-up chopped fiberglass roving.

A variety of small parabolas have been fabricated to evaluate these techniques, and two full-
size 2.74- x 3,66-m ribbed fiberglass mat reflectors have been built and will soon go into per-

formance testing,

:':The material and fabrication details of the baseline panels are withheld due to patent con-
siderations.




Figure 8.

Basic design of the parabolic trough reflector
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The most attractive concept to date has been verified by fabricating units 17 x 38 cm
(7 x 15 inches) and 60 x 120 cm (2 x 4 feet) to contour over male molds. Polyester resin was

used for the adhesive/impregnant in fabricating several units of both sizes,

The leading contender for the reflective surface has been Alzak, Alcoa's lighting sheet
reflector, primarily because of its excellent long-term environmental capability and because
of an advertised specular reflectance of 0.78 to 0.83. Alzak's availability in 0, 64-mm (0, 025-
inch) sheet makes it convenient to use in reflector designs. However, investigations of other
reflective materials are continuing. These investigations are reported in greater detail under

"Collector Fabrication Development, "

Task 3.2 - Receiver

The preliminary design of the receiver tube for the E/W Phase IV-A collector field has been
completed. In cross-section (Figure 9), the receiver tube assembly consists of an evacuated glass

envelope, enclosing the receiver tube itself, and a flow restrictor.

The glass envelope is 58,6 mm (2. 3 inches) in diameter and 2. 29 mm (0.090 inch) thick.
Glass is used since it is transparent to the visible wavelengths, but opaque to the infrared
radiation occurring as a result of receiver tube solar heating, The evacuated annulus within the
glass envelope has a width of 6. 35 mm (0, 25 inch). Performance tests are being conducted at the
Collector Test Facility to determine the level of vacuum which must be maintained for low heat
transfer. Data presented by Saul, Dushman, and Lafferty:"< suggest that the air pressure within
the annulus should be less than 10 mm Hg. If necessary, a fitting will be incorporated in the

receiver tube design so that the vacuum can be periodically maintained.

The receiver tube which is 41.3 mm (1. 625 inches) in diameter has & high absorptance, low
emittance selective coating, As shown in Figure 9, the receiver tube angular size is 1-3/4
degrees. This angle includes the solar angle and assumed tracking and mirror slope errors.,

In addition, the assumption is made that photons striking at an angle greater than 60 degrees

are reflected rather than absorbed; the tube diameter is inflated to preclude that event,

Because the thermal losses from the receiver tube are proportional to its surface area, it
is important to minimize the diameter of the tube and still intercept all the focused solar energy

from the reflector. This implies that the reflector rim-to-focus distance must be minimized for

any given aperture. A study conducted by McCulloch and Treadwell shows that these conditions

are best satisfied by a collector with a 90-degree rim angle as shown in (Figure 10).

:':Saul, Dushman, and Lafferty, Scientific Foundations of Vacuum Technique, John Wiley
and Sons, 1962,

:WW. H. McCulloch and G. W. Treadwell, Design Analysis of Asymmetric Solar Receivers,
Sandia Laboratories, Albuquerque, NM, SAND74-0208, September 1974,
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Numerical analyses were also conducted to consider the alternative of insulating the back
surface of the receiver tube to determine whether different rim angles, which result in larger
"receiver tube diameters, could result in lower losses than a 90-degree rim angle, The results

of that study corroborate the 90-degree rim angle.

The flow resirictor, or plug, has been incorporated to increase flow velocity and to minimize

the radial temperature gradient in the fluid,

The radial temperature gradient (AT) at a given cross-section within a receiver tube is
defined as the temperature difference between the inner surface of the receiver tube wall and the
bulk fluid temperature. Because permanent damage to the T-66 will occur at excessive temper-
atures, the radial AT must be carefully controlled. The radial AT at the point of maximum
receiver tube and bulk fluid temperatﬁre must be predicted under all operating conditions. The
radial AT is computed as follows: ‘ ' :

Radial AT = % ,

where Q = heat absorbed by receiver tube per unit length of collector, Jim-s

A = immer surface area of receiver tube per unit length, m

film coefficient on inner surface of receiver tube, J/m2 -s-°C.

=
[

Figure 11 is a plot of radial AT versus flow rate for receiver tubes both with and without
plugs. It indicates how the radial AT can get very large at low flow rates. In addition, the
effects of adding plugs to the receiver tube are shown. The figure also impliés that for a given
bulk fluid temperature the receiver tube wall temperature will drop as plugs are added and the
flow rate will increase, This drop in tube temperature results in decreased radiation losses and

increased overall collector efficiency,

Other strategies are being considered for determining receiver tube size ahd shape., One
is to determine, analytically and experimentally, the distribution of energy received from the
reflector. If, for example, the reflected energy from the extreme edges of a reflector is small,
the receiver tube may be decreased in diameter with little loss in incoming energy but large
reductions of thermal losses. Once this energy distribution is known, it is possible that the
receiver tube can be changed in shape for thermal loss reduction. For example, a triangular
shape, which has less surface area than a circumscribed circular shape, could be oriented to

improve incident angle effects.,
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Task 3.3 - Tracking and Drive System

System Requirements. Tracking and drive systems are being developed for both N/S

oriented and E/W oriented collectors. The requirements are sunllar, but the first system being
developed is for the two tilted N/S collectors being installed at the Collector Test Fac111ty The
detailed descriptions below apply primarily to the N/s tracking and control system. The de51gn

criteria are as follows:
e Maximum tracking error of 0,1 degree.
® The system must track both forward and backwéi‘d.
e The system must have a miﬁimum acquisition aﬁ‘gle'éf 150 ;degrees,

® The system must have an automatic track mode dUrmg loss of lock

(pmmarﬂy for N/S).
® The system must be capable of intermittent operation with settable period,
® The system must be capable of defocusing a given amount on preset command,
® The gears and motor should be selected for fast return of collector.

® The system must interface with the HP2100 computer.

Drive System. The drive system consists of a 1/6-HP, DC, permanent-magnet, 137-volt
motor which turns at 10, 000 rpm into an integral 10:1 worm gear reduction box. This output is
further reduced by a factor of 100:1 by a ohaini:vdrive sprocket, The driven sprocket is fixed to
the collector end plate, and the diameter is suéh that an additipnal 14:1 speed reduction is effected.

Thus, at full speed, the motor could drive the collector through 180 dc-,:;greé_s in 42 seconds.

In the Phase IV-A collector field, one motor will be used for each row of five "slaved' col-

lectors.

The period of intermittent operation will initially-be set at 12 seconds, The Earth rotates
through an arc of about 0.05 degree in 12 seconds; however, relative to a horizontal E/W collec-
tor, this rate varies throughout the day and is usuall‘y"much less than 0. 05 degree every 12 seconds,
In Figure 12, which is a plot of reflector tracking angle throughout? the day for three different
seasons of the year, the slope of the tracking angle cui've is the rate of t;:‘éi:k. Through the middle
of the day, say from 9 A.M, to 3 P.M., the rate ié ’lee'arly zero, and the tracking update period
might be lengthened considerably. This is an additional, although minor, advantage of the E/W

orientation,

For a continuously running, 1/6-HP motor, the 8-hour powéif usage would be

(0.75A) (137V) =

x 28, 800 seconds = 2, 966, 400 watt-seconds,
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The power usage for a 1/6-HP motor pulsed for 17,5 msec every 12 seconds for 8 hours

would be
(10A) (137V) = X 42 seconds = 57, 540 watt-seconds.

The pulsed mode uses 57, 540 watt-seconds per day per collector or about 0.4 percent of the total

power output per day per collector at a turbine efficiency of 13 percent.

Even at 1/6 HP, the motor has been sized very conservatively. In a commercial system, a
much smaller motor with a power budget of much less than the 0. 4 percent calculated above could

be employed.

Tracking System. The tracking system tracking error requirement is less than 0.1 degree

and the acquisition angle requirement is 150 degrees or better; therefore, two detectors are used.
The coarse detector consists of two silicon photovoltaic cells side by side with a shadow mas'k
over about 80 percent of both cells (Figure 13)., If the sun is perpendicular to both cells, the output
voltage from both cells will be equal and no error signal results. But, if one cell is illuminated
more than the other, an error signal (voltage difference) results. This error signal causes the

drive motor to make the needed correction until the sun is within the range of the fine detector.

The fine detector (Figure 14) consists of a cadmium sulfide photopotentiometer located in the
center of a 150-mm (6-in.) radius semicircular shaped enclosure. The enclosure is 40 mm (1.5 in.)
wide with a 1-mm (0. 040-in.) slit running 70 degrees about the center of the 180-degree enclosure.

A potential of plus 15 volts is applied to one end of the photopotentiometer and minus 15 volts is
applied to the opposite end. If the slit of light falls on the potentiometer precisely in the middle,
the resultant output voltage (error signal) is 0, If the slit of light should fall to the right or left of
dead center, a plus or minus voltage will result. This error voltage is used to control the drive
system to reposition the collector to dead center focus. The interior of the detector is blackened

to prevent reflections from causing spurious signals,

System Operation. The coarse detector output (Figure 15) is fed into the differential compara-

tor at the upper left of the schematic. The error voltage from this stage is fed to two operational
amplifiers: one an inverter and one a noninverter. The output signal is always positive into R41
because of the diodes CR1 and CR2, If the detector indicates a negative error signal, the inverter
stage will invert the signal and pass it through CR2. If the error signal were positive, the non-
inverter would pass the signal through CR1. The fine detector voltage is handled in much the same

way, except without the differential comparator,

On both the inverting operational amplifier for the coarse and fine circuits, a voltage is

tapped off at the output of the inverter and fed to a 10-turn potentiometer. These, inturn, are fed

) to Q8 and Q9, which control a solid-state switch. This solid-state switch controls @5, which con-

trols the reversing relay K2, If K2 is actuated, the motor on the collector will run in a reverse
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direction, If the K2 relay is not activated, the motor will run in a forward direction. The error
signal from R41 activates the solid-state Switch, which applies the error signal to an operational
amplifier with an offset control. The offset control may be used to make any minor adjustments

in tracking errors or can be used to set the collector off focus a given amount and still track. The
error signal is fed from the R49 to Q3 emitter in the proportional control circuit. Two clocks con-
trol the proportional control circuit: a fixed 1-minute clock and a variable 1- to 43 -second clack.

If the variable clock is set to give a pulse every 12 seconds, that pulse is fed to A12, a pulse
shaper which triggers the proportional control circuit. This trigger turns on Q! and Q3, and both
remain on until C6 charges through R35. How long C6 takes to charge up is a function of the magni-
tude of the error voltage applied on the emitter of Q3. Therefore, with a fixed C6 and fixed R35,

the output pulse width across R36 will be a function of the error voltage at the emitter of Q3.

R47 is a photoresistor which detects the intensity of the sun. If the sun's intensity should
drop below a given value set by R48, relay K1 is activated by Q1. This causes a fixed voltage to
be applied to the emitter of Q3 and the fixed 1-minute clock to be activated. If the sun's intensity
stays below a given value for 1 minute, the clock puts out a pulse which activates the proportional
control circuit. This fixed clock has no function in the E/W configuration and is deleted for that
application. The output pulse then controls Q4, Q6, and Q7, which control the '"on' time of the
DC motor Bl. The motor may also be controlled manually by switches S3, S4, and S5.

Task 3.4 - Fluid Transfer System

Collector Field Layout. The fluid transfer system for the collector field consists of the

pipelines, pumps, and control valves for circulating the heat transfer fluid through the field,
When the full collector field is in operation, T-66 will be pumped from the cool side of the high-
temperature storage tank, through the cdllectors, and back to the high-temperature side of the

tank at a peak heat flow rate of 1, 34 x 106 kj/hr (1. 27 x 106 Btu/hr).

As described earlier, the 20 collectors to be installed during Phase IV-A will be arranged
in two rows, each of which contains 10 collectors, whose axes are colinear and are oriented in an
E/W direction. The rows are further divided into sets of five "slaved" collectors whose receiver
tubes are joined in a flow-through configuration. The center-to-center spacing between rows is
7.6 m (25 ft). The question of the optimum number of rows and columns in a collector field array
has been the subject of considerable analysis. - For any set of constant operating conditions, the
receiver performance improves as the fluid flow rate incrcases, primarily because of increased
heat transfer associated with the greater turbulence, This implies that a large number of collec-
tors in series, ecach of which contributes a small temperature gain, is desirable. However, these
gains are limited eventually by the fact that the required pumping power increases with flow rate.

Therefore, a maximum number of collectors may be effectively used in series.

Figures 16 and 17 show efficiency and AT versus flow rate (1) for a single collector, 3,66 m
in length and (2) for three sizes of flow restrictor plugs. Dramatic increases can be observed up

to a point where the curves tend to flatten out.
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For instance, at a normal solar insolation of 1000 W/mz, a flow rate of 7. 9 lit/min results
in a temperature rise of 20°¢C per collector. Should the insolation decrease to 750 W/mz, the flow
rate must be reduced to 5.4 lit/min to maintain the same temperature rise per collector. The
efficiencies corresponding to those flow rates approach the knees of the respective efficiency
curves; if the insolation drops lower (as a result of water vapor, cirrus clouds, etc.), the flows
must be reduced to a point where laminar fluid flow in the receiver tubes results in low efficiencies.
However, if more collectors are placed in series, the temperature increase per collector is less.
Consider halving the AT in the above example to a 10°C AT per collector (which implies doubling
the number of collectors in series); the required flow at 1000 W/mz is 17 lit/min; at 750 W/mz, it
is 11. 5 lit/min; and, at 315 W/mz, it is 2,8 lit/min., For most of this flow range, the collectors

operate on the efficiency plateaus, and the energy collected remains relatively high.

The underlying assumptions, not stated in the figure, are that the input temperature to the
array is 210°C and the required output is 310°C fora AT fhrough the ar‘r'ay of 100°C. Therefore,
linear behavior from the 260°C conditions shown on the figure is assumed. This is not an unreason-

able assumption.

The high side of the allowable flow-rate range can be deter:mijriied by calculating, for a given
array and attendant pipeline configuration, that flow rate at whioh‘ pumping losses begin to exceed
receiver efficiency gains. In the case of an E/W collector,fieid, the calculatioh, is complicated by
the fact that insolation varies continuously over a wide raggé because of incidence angle effects
(Figure 18). As a result, many plumbing arrangement$ must be modeled individually, and their
performance must be integrated over a daylong perigi& i)y computer techniques. The integrated

performance of a number of plumhing arrangement,é is listed in Table IV,

The collected pump energy per day referred to in the table is defined as follows. Collected

Pump Energy per Day = ,» where

PE
’flpﬂc
PE = theoretical pump energy per day, MJ
n

P
nc

|

pump efficiency = 0.5

turbine/generator cycle efficiency

0.174 (winter)

0.154 (summer)

The table indicates that the optimum collector array is 20 in series with 28-mm (1. 125-inch)

diameter plugs; this will be considered the baseline array.

For greater flexibility in engineering tests, the pipelines and valves will be arranged so that
the collector field can be operated as four parallel rows of five, two parallel rows of ten, or a
single row of 20 collectors. Figure 19 is a schematic layout of the pipeline design. Any compro-
mise necessary to achieve this flexibility will, however, penalize the 4 x5 and the 2 x 10 configura-
tions rather than 20 in series. The system will be operated in the off-optimum configurations to
verify analyses, to investigate the control problems of series/parallel operation, and to obtain

general engineering data.
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TABLE IV

Integrated Collector Performance

Summer Winter
Solstice Solstice
Plumbing Net Energy Net Energy
Arrangement (MJ) (MJ)
10 in series, 2616 2244
no plugs
10 in series, 2731 2301
28-mm plugs ‘
10 in series, : 2751 2320
32-mm plugs .
20 in series _ 2762 2323
| no plugs
20 in series, 2794 2351
25-mm plugs : ) ) )
20 in series, 2796 - 2352
28-mm plugs
20 in series, 2775 2333
32-mm plugs

Net energy = total collected energy per day
- collector field thermal loss per day
- collected pump energy per day
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Figure 19. Schematic layout of pipeline design
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Pipeline Design, The pipeline will consist of thin-wallea steel tubing (1.65-mm wall). The
advantages of tubing over steel pipe for this system are (1) that tubing is available in thinner walls
than pipe and for a given diameter will be less expensive than pipe, (2) the low thermal mass of
the tubing reduces heat losses during morning warmup, (3) small hydraulic fittings may be used
with tubing as opposed to the large flanges necessary with steel pipes, (4) the small fittings will
have a smaller thermal mass and can be insulated better, and (5) tubing can be bent to form the

necessary elbows and expansion joints resulting in less head loss,

The insulation chosen for the pipeline consists of a layer of ceramic fiber blanket next to
the tubing and a layer of rigid polyurethane foam on top of the blanket. This combination was
chosen on the basis of cost comparison with several other options of equal performance. A sketch
showing the details of construction is shown in Figure 20. Insulation thickness was sized by
balancing the value of the energy being saved versus the cost of the insulation. An energy value
of $5/GJ (4. 75/MBtu) and an insulation cost amortization rate of 10 percent were assumed, On
this basis, an insulation thickness of 50 mm has been chosen for the case of the 1. 0-inch tubing.

Figure 21 shows how the optimum insulation thickness varies as a function of assumed energy value,

\\\

THIN WATER-TI GHT ) 127 mm 0.D.
ALUMINUM COVERING
95 mm 0.D.

135°C

16 mm THICK - 316°C

POLYURETHANE FOAM
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35 mm THICK
CERAMIC FIBER
1.000 0.D.
INSULAY}ION 16 GA
64 Kgim SEAMLESS
(KAOWOOL} CARBON STEEL
TUBING

Figure 20. Construction of insulated pipeline

The tubing diameter was sized at 1.0 inch by analyzing the total collector ficld losses per
day for various tubing diameters. The results are shown in Figure 22, In this figure the total
loss per day equals insulation thermal loss per day plus collected pump cnergy per day minus
the frictional heat generated per day. The frictional heat is that generated by the fluid friction

in the pipeline and components.




2pe \ | I i [
= 1-INCH STEEL TUBING, 16 GA
= \ q, INNER LAYER - 64 kg/m; KAOWOOL COST
T B | OUTER LAYER - 32 kg/m” POLYURATHANE FOAM $/GJ
S \-SUMMER ; PIPELINE TEMPERATURE - 316°C
3.0 WINTER—\ \, |
—{40
2.5 \
—30
—{20
2.0~
—10
L5
5 0

INSULATION THICKNESS (mm)

Figure 21. One-inch steel tubing, 16 gage

Ly




48

120

100~

R
Q
T

ENERGY LOSS (MJ)

8
2

201

o
S
L

T ‘ T

— S_S_PT_D_A_Y_E.«-—:

INSULATION THERMAL LOSS

L

' COLLECTED PUMP ENERGY

FRICTIONAL HEAT
GENERATED PER DAY\

—

—4

Figure 22. FEnergy losses per day versus tubing size for summer solstice

1=
0.750 1,000
TUBING SIZE (in.)

1.250




Task 3.5 - Cooler

As a consequence of the change in the baseline design, the requirements for this component
have changed. The cooler must now be capable of dumping heat at rates in excess of the collector
field output of 1.34 x 10° kJ /hr (1.27 x 10° Btu/hr) and the turbim?/generator demand of 0. 77 X 108
kJ/hr simultaneously. The cooler will also be used to decrease the temperature of the stored T-66

from 311°C to 48°C (590-118°F) at a rate of 1.2 x 10° kI /hr.

Requests for performance of an air-cooled heat exchanger adequate to meet the requirements
are presently being solicited from equipment manufacturers. In that air-cooled heat exchangers do
not normally afford tight control on the fluid outlet temperature, the cooler selected will be capable
Qf undercooling the fluid, and a constant fiuid return temperature will be maintained by bypassing

the hot fluid around the exchanger and blending it with the return fluid.
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Task 4 - High-Temperature Storage

A storage evaluation facility is being designed and fabricated by Sandia Labotratories, Liver-
more, to evaluate storage problems, particulérly those pertinent to the thermocline concept. The
7570-liter (2000-gal) facility has been designed for use with low-vapor-pressure heat transfer fluid
up to 316°C (600°F) or with pressurized water up to 232°C (450°F) and 3100 kPa (450 psi). The L
facility is schematically shown in Figure 23. The system has oil heaters to simulate the collector
input at heating rates up to 348,000 kJ/hr (330, 000 Btu/hr). It also has water-cooled heat ex-
changers capable of transferring 167,000 kJ/hr (160,000 Btu/hr) to represent the output to the turbine,

Upon the conclusion of testing by Sandia at Livermore, the systems will be partially dis-
mantled and shipped to Albuquerque for inclusion in the Solar Total Energy Project as the high-
temperature storage component. At present, all of the piece parts for the facility have been
received except for the main tank whose delivery is anticipated in October. The tank and heat
exchangers must be pressure tested before final assembly. It is estimated that the system will P

be ready for delivery to Albuquerque in late spring or early summer of 1975,

Task 5.1 - Boiler

The heat exchanger to transfer the heat from the T-66 fluid to the turbine fluid (toluene) has
been selected and a purchase order initiated. The heat exchanger will consist of three series-
connected Heliflow exchangers manufactured by Graham Manufacturing Company. These exchangers
are counterflow types which offer the advantages of efficient operation and small size. Small

exchangers are easier to insulate against heat losses.

The exchangers were designed to operate the system turbogenerator at 40 kW, with a

232°C (450°F) boiling temperature and 304°C (580° F) superheat temperature. At 40-kW conditions,
a 10°C (18°F) pinch point is predicted between the Therminol 66 and the toluene. The heat ex-
changer, which is approximately 0.9 meter (3 ft) in diameter by 2.4 meters (8 ft) long, has a total
heat transfer area of 26.1 m2 (281 ft2).  If the system is operated at 32 kW and at 246°é (475°F)
boiling temperature, the pinch point should drop to around 5. 5°C (10°F). The pinch point, which

is the closest temperature approach of the T-66 fluid to the toluene fluid along the length of the heat
exchanger, determines the temperature drop attainable in the T-68 heating fluid passing through
the exchanger. A 0-degree pinch point would represent the maximum heating fluid temperature

drop but would require a heat exchanger of exceptionally large area.

Task 5.2 - Turbine

In the selection of an energy conversion cycle, it is generally desirable to achieve as high
an efficiency as possible. If one looks at the most ideal cycle on a temperature-entropy (T-S) plot
it has the shape of a rectangle (Figure 24). Such an ideal cycle is never attainable because one is

constrained to follow the state point lines of the particular working fluid in question.
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The most common working fluid is water; its T-S plot is represented in Figure 25. The
thermodynamic cycle 1, 2, 3, 4, 5 represents simplified standard practice for a steam system.
A major constraint on a steam system is the avoidance of liquid water in the turbine during ex-
pansion, i.e., the expansion process from 1 to 2 cannot cross the saturated vapor line at point 2.

To avoid this, the vapor must be superheated, 5 to 1, as shown.
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Figure 25. Temperature-entropy plot Hy0
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The T-S diagrams of another general class of fluids (includes high-molecular-weight organics)
are represented in Figure 26. Notice that the saturated vapor line has a positive slope and that ex-
pansions from it end in the superheated region; thus, the problem of liquid droplets in the turbine
is avoided. This is why an organic working fluid was chosen for the solar thermal energy conversion
system. A further bonus of the high-molecular-weight organic is its low nozzle spouting velocity
which allows the turbine to run at lower speed and to accomplish the entire expansion in a single

stage. All of these characteristics reduce system cost.
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Sundstrand Aviation has been involved for several years with the development of small turbine/
generator systems. One developed in conjunction with the American Gas Association is a 100-kW
gas-fired total energy system that uses toluene as a working fluid in a supercritical cycle. This
Sundstrand system is being modified to operate at the inlet, outlet, and oufput conditions required
in the Solar Total Energy System. The purchase order for these modifications was placed in late
September. Delivery of the completed system is scheduled for May 15, 1975. The specified operat-
ing conditions are 304°C (580°F) superheated toluene at the turbine inlet and 93°C (200°F) to 48°C
(120°F) condenser temperatures. FElectrical output capability is 32 kW.

Task 5.3 - Rankine Loop Heater

The turbine/generator set being procured for the program was originally designed as a gas
total energy package; theréfore, it contains a gés-fired heater. The pipiﬁg on thé tlirbogenerator
set will be rerouted so that this heater can serve as the storage and Rankine loop heater. The heater
is capable of providing approximately 3.16 x 108 kJ/hr (3 x 108 Btu/hr) to the T-66 loop. The heater

will be available upon receipt of the turbine/generator in May 1975.

Task 5.4 - Turbine Heat Exchanger

The turbine load heat exchangér constitutes the interface between the condenser cooling loop
and the cooling tower loop. This exchanger is to keep the cooling tower water, which becomes con-
taminated by the evaporation process, out of the condenser and low-temperature stofage. A "Graham
Heli- Flow" counterflow heat exchanger will be used. Capable of transferring 632, 000 kJ/hr (600, 000

Btu/hr), it is available for installation.

Task 5.5 - Cooling Tower

The air conditioner and turbine cooling tower, an induction-type cooler supplied by Baltimore
Air Coil Inc., is capable of dissipating 2.1 x 106 kJ/hr (2 x 106 Btu/hr) with 36°C (96°F) ambient
and 21°C (70°F) wet-bulb temperature. This tower utilizes the induction spray cooling concept and
consequently does not require fans with their attendant noise. The basic cooling tower, cooling-

tower pumps, and piping to run from the remote tower to the turbine building are presently available.

53



54

Task 5.6 - Load Bank

The load bank for the generator is a stepped resistor type with a capacity of 49 kW, 3-phase,

balanced-load, 60-Hz, 480 volts with forced-air cooling. The steps are as follows:

Step Number 1 2 3 4 5 6 7 8 9 10 11
Capacity (kW) 10 10 5 5 5 5 5 1 1 1 1
Total (kW) 10 20 25 30 35 40 45 46 47 48 49

Any combination of these steps may be used. The load bank, which is currently available, has

provisions for remote operation from the motor control center and a thermal cutoff in the event of

overheating.

Task 6 -~ Instrumentation and Control Sysiem

Turbine and Control Building. A 140—m2 building will be constructed to house system com-

ponents and control equipment. This building (Figure 27) will house all major system equipment
except collector field, high- and low-temperature storage, and cooling tower. Detailed design of
this building is 85 percent complete; and it is estimated it will go to bid in November. Site, loca-

tion, and exterior appearance are presented in Figure 2.
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Instrumentation. Approximately 75 percent of the instrumentation and control equipment
described in the last quarterly report has been delivered. Major items still required are (1) inter-

R control-monitor

face electronics between Hewlett- Packard minicomputer and Honeywell Delta
equipment, (2) minicomputer expended memory, (3) system valve and pump controllers, and (4)

system sensors.

Computer Program CONTRL. The purpose of the collector field control system is to main-

tain a constant, preset working fluid temperature in the high-temperature storage tank during
system start-up, shutdown, insolation fluctuations, and steady-state operation. 'To determine
suitable control strategies which can maintain this temperature restriction, a computer program,
CONTRL, which analytically models the transient heat transfer of the parabolic solar collector
field, was written. The model includes the transient heat transfer in the distribution pipes and
the collectors and calculates the fluid temperatures along the field for given flow rates, ambient
conditions, and solar insolations. The intent of all control strategies will be to determine the
required system operating parameters for maintaining a set working fluid temperature into the

high-temperature storage.

Control Systems and Strategies. Several preliminary start-up control strategies have been

examined and implemented with the analytical model during this reporting period. Initial outputs
of the analytical model showed that, because of the very high~transient heat loss of the pipes at
start-up, field output temperatures at start-up cannot be inéintained at the set point. Several con-
trol system arrangements will be tested to determine what to do with this low-heat-quality output
fluid. Some of these arrangements are (1) recirculating the low-quality fluid and letting it supply
the entire fluid input to the field, (2) holding the low-heat-qualitst fluid in an intermediate tank and
blending it into the field input line with the low-temperature storage fluid, or (3) blending continu-
ously the recirculated fluid into the main line with low-temperature storageé fluid by using a small
blending tank in series with the main fluid input line (blending is used to ihhibit abrupt changes in

temperature into the input line).

The control system tested during this reporting period is Arrangeméht 2. Control for this

arrangement is shown in Figure 28.

The heat exchange fluid leaves the bottom of the storage tank at a temperature of 218°C.
From point A, the fluid travels straight through valve V1 to the pump. The pump may be running

at a preset start-up speed or at a speed computed from solar intensity and incidence angle cosine.

At B, the fluid divides to the two collector loops. At Valve V2, the fluid is returned to one
pipe to return to the storage area. At Valve V3, the fluid (if its temperature is below 311°C or

above) will be diverted to the intermediate tank.

Controller T1 will blend fluid from the storage tank and the intermediate tank to keep input

temperatures to the field within a few degrees of the temperature of the storage tank bottom.

55




56

311°C
STORAGE
- A 4
+ 218%¢
Ul
Ep INTERMEDIATE
TANK
T ) TIC,

TIC = THERMOCOUPLE

T = TIC TO ELECTRICAL

E/P = ELECTRICAL TO PNEUMATIC
Vl &V, ARE MIXING VALVES

V3 IS ON-OFF VALVE

Figure 28. Control system-Arrangement 2
When the temperature at T/ C2 approaches the correct operating temperature, Controller T2

starts regulating the pump speed.

Controller AT uses input T/C4 as its set-point temperature and, by regulating mixing Valve
V2, matches the set-point temperature T/ C5; thus, both collector loops will be operating at the

same temperature.

The strategy tested with this arrangement is described by the flow diagram in Figure 29.
This strategy uses proportional control based on the output temperature. The merit of the strategy
is determined by observing (1) the percent overshoot, in temperature of the response (PO);
(2) the time, TS, required to initiate dumping into high-temperature storage; (3) capacity, ‘Vit’
required for the intermediate tank; and (4) VS, the volume of fluid dumped into high-temperature

storage after 30 minutes.

The time response of this strategy is plotted in Figure 30 along with a table of merit figures.
The solar insolation used for these responses corresponds to start-up at 8:00 AM in June. For

early-morning start-up, this strategy appears to be suitable. However, early-morning start-up
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is not the same as midmorning start-up because of the different level of solar insolation.

morning start-up can occur as a consequence of intermittent clouds.

Mid-

Further studies will include

examining control method; different strategies (such as proportional plus derivative control) will

be used in these studies, and other solar conditions, such as intermittent clouds, will be con-

sidered. It is intended that, once several strategies and arrangements have proven satisfactory,

real recorded solar data will be used for isolation to provide a test under more realistic con-

ditions.
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Task 7 - Collector Test Facility

Focused Collector Tests. The testing accomplished to date has been primarily for the pur-

pose of validating the quality and accuracy of the instrumentation. As a result of these tests, a
" more accurate analog-to-digital converter has been integrated into the system, a random thermo-
couple temperature interrogation and averaging technique has been instituted, and an incremental

temperature-measuring technique has heen adopted.

Tests for design discrimination will be conducted with a receiver-tube nonselective coating
which has an absorptance and total hemispherical emittance slightly less than 1.0. Temperature
changes resulting from design changes are greater and can therefore be more accurately measured

when the emittance is high.

Test comparisons of various vacuum levels in the receiver-tube glass envelope are now in
progress; these tests will progress to the comparison of receiver-tube plugs which force annular

flow.
In Figures 31 and 32, some recent test data are cdinpared with analytically predicted results.
The relatively close agreement suggests a high degree of. reliability in the analytical model of the

system.

North-South Installation. A two-unit N/8 focused collector installation is being made at

Sandia's Collector Test Facility; the two 2.74~ x 3.66-m (9- x 12-ft) ynits were fabricated by the
MFG Boat Company. These two units will be mounted with each rotational axis aligned N/S and

the north end tilted up to 45 degrees. The welded steel pipe support frameworks are spaced 4. 87 m
(16 ft) center to center in an east-west direction. Concrete pads will be provided for the four corners
of the framework along with suitable tie-down facilities to withstand the 1364-kg (3000-1b) maximum

loads (both up and down) caused by high wind loads on the 10--1'n2 area of the trough.
This two-unit installation should provide the capability for thorough evaluation of most of the
parameters of a multiunit north-south focused collector field, and comparison with extensive system

analyses now being done.

The framework and drive mechanism were désigned and procured by Sandia's TTR Develop-

ment Division.

Flat Plate Tests. A preliminary test was run on a flat plate collector. The scatter in test

results was excessive and as a result some rework of the collector and the data acquisition com-

puter program is being accomplished.

Glass that has been treated to reduce reflection will be incorporated for the next test. The
reduced reflection treatment was developed by Sandia's Ceramics Development Division. /Trans-

missivity of the glass has been improved by about-4 percent with this treatment.
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Figure 31. Parabolic trough collector test results
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Task 8.1 - System Load Profiles

A computer program providing building heating and cooling loads has been completed. How-
ever, the program is capable of simulating only a single load zone (e.g., a house). This program,
called HLOAD, which has been integrated into the Solar Energy Systems Simulation Program
(SOLSYS), is providing calculated load data based upon heat loss through the walls, floor, and ceil-

ing; incident solar energy; infiltration; and thermal mass of the Solar Project Building.

To provide the flexibility needed to accurately model the mixed loads of other solar energy
systems, such as a solar community, the Computer Program for Analysis of Energy Utilization in
Postal Facilities (commonly referred to as the P. O. Program) has been obtained from General
American Research Division of General American Transportation Corporation. This program has
the capability of successfully modeling a multizoned building such as low-rise apartments which

might be found in a typical new community.

The original version of the P. O. Program has been modified for ease of use with SOLSYS.
In that the solar community concept at Sandia is not at the stage where detailed building design
parameters are known, it was decided to provide SOLSYS with a building-loads information routine
which would allow easy modification of gross structural features (such as number of apartments in
a complex) so that load data for various types of buildings could be quickly generated. Towards
this end, the P.O. Program was modified to compute loads for buildings hax}ing rectangular shapes

only. The modified program is called BLLDGN.

The restriction of rectangular shapes allows tremendous simplification of the input data re-
quired by the P.O. Program. A low-rise apartment is simulated by assuming that, given a defined
unit (normally a single apartment), the apartment complex may be generated through repetition of
this unit. Thus, to simulate a two-story apartment complex one apartment deep and three wide,
the single apartment characteristics are defined, and the complex is then defined as one apartment
deep, three apartments wide, and two stories high. T'enestration is handled by defining the percent
of each outside wall which constitutes window. BLDGN internally places one window of this size in

the center of each vertical outside wall,

An additional modification in BLDGN is the inclusion of a thermal mass to allow temperature
drift between maximum and minimum thermostat settings. This is felt to more realistically model

actual conditions than maintenance of a constant inside temperature as in the P. Q. Program.

The results of a preliminary BLDGN load computation are shown in Figure 33, where the
effect of grouping load zones (in this case apartments) on the per unit load can be seen. The two-
story apartment complex represented by Curve b is comprised of six apartments identical to that .
represented by Curve a. LEach apartment is 72 m2 (850 ft2); air conditioning is supplied to keep
the apartment temperature below 22°C (72°F). Also, each outside vertical wall is defined as 10

percent glass for windows. The loads are presented on a unit basis to demonstrate the tendency of

one apartment to insulate another; thus the energy demands are lowered.
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Figure 33. BLDGN load computational results

Future modifications are planned to allow BLDGN to combine féctangular shapes so that

buildings other than rectangular in overall shape may be sirriulated, i.e., L-shaped buildings.

The Public Service Company of New Mexico has furnished electric power consumption data
for a 474-home middle-class subdivision in Albuquerque, NM, This information provides electric
power demand at 15-minute increments spanning a 15-month time interval from May 1973 through
July 1974. The reduced data provide an average electric power load history per customer within

the subdivision,

In addition to the residential data, further load history data representative of the commercial
and industrial segments of the electric power consumers group has recently been received. Among

the facilities for which data were supplied are the following:
e A large city high school.
® A large city hospital and extended medical care facility.
e A large combined grocery-discount merchandise shopping facility.

® A large Sears Roebuck store.
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® An FAA airways control center.

® A local manufacturing plant which produces wallboard.

These data in general span the 1973 calendar year.

The data will be compiled to provide a catalog of facilities for which electrical load histories
are available as input to the SOLSYS program. This will provide the program user with the option
of selecting various mixes of residential-commercial-industrial electric power consumers to in-

corporate in solar total energy studies.

Task 8.2 - Solar and Weather Input Data

Because insolation varies with time of day and year, geographic location, and ciimate, the
‘information needed for realistic analyses is very complex. Moreover, the solar energy collection
schemes under consideration demand a subdivision of insolation into types. Solar-cell development
involves knowledge of the different wavelengths of solar insolation. Flat-plate solar collectors are
capable of absorbing total solar insolation, which includes diffuse radiation from the solar disc.
Concentrating collector development requires data on the direct beam insolation, because concen-
trators cannot focus diffuse radiation. These data are especially importanfbecause virtually all
schemes designed for the conversion of solar to electrical energy use collectors requiring direct

beam insolation.

A number of records of total ingsolation measurements exist; about 80 U.S. weather stations
maintain records. However, only daily totals and monthly averages of the total insolation for these
weather stations have been regularly published. To get more frequent readings, tapes must be ob-
tained from the U.S. Weather Bureau. Moreover, the records on total insolation are known to con-
tain uncertainties caused by numerous factors such as different calibration procedures, different
instrument types, and instrument deterioration. These uncertainties have been estimated to be as

high as 20 percent. The appropriate corrections for each instrument are not yet known.

Information on direct beam insolation is extremely limited. Only four stations in this country
have records of direct insolation measurements: Blue I1ill, Massachusetts; Omaha, Nebraska;
Albuquerque, New Mexico; and Tucson, Arizona. Thus, no data on direct insolation exist for most

geographic and climatic loactions in this country.

Several different techniques for estimating solar insolation have been published. Some of
these are based primarily on theoretical derivations, others are purely empirical, and still others
use a combination theory and data analysis. Most are procedures for estimating total insolation or
direct insolation under clear-sky conditions; virtually no detailed work has been done on the fre-

quency and duration of dimming or occultation of the solar disc by clouds.



In an effort to improve this situation, Sandia Laboratories has begun an attempt to signifi-
cantly improve the status of insolation information, particularly information regarding direct
insolation. Two specific goals have been formulated. The first of these is to devise a method for
estimating direct insolation based upon date, time, geographic and climatic location, total insola-
tion, and common weather parameters such as visibility, cloud cover, and precipitable water-vapor
content. This would permit the creation of direct insolation "records" from past weather records
at any location where these data are available. The formula will be derived from a number of
sources: existing formulas, the large body of real data for Albuquerque, and statistical analyses.
The formula will be tested with another set ’of real data for Albuquerque. It is expected that a

formula considerably more accurate than any which now exist can be derived.

The second goal ig to derive statistical distributions of those weather parameters which signifi-
cantly affect insolation, such as cloud cover, cloud patterns, atmospheric water-vapor content, and
visibility, for several locations in the U. S. These frequency distributions, along with the formula
for direct insolation, would make it possible to simulate solar insolation conditions. The distribu-
tions will be derived empirically from existing records. An attempt will be made to take into account
not only cloud frequency and duration but also cloud location. This fdctor is extremely important
because, for example, opaque clouds covering the entire western half of the sky have little influence
on focusing collectors in the morning, while thesé same clouds reduce direct insolation to zero after

noon. Very little analysis of cloud location has been done before.

Currently, Sandia is working principally on the first goal mentioned. A fairly comprehensive
search for past results and similar efforts has been made. Published estimation techniques are
now being compared with real data from Albuquerque.. Albuquerque insolation and weather data are

being statistically analyzed to determine which weather parameters influence solar insolation.

Concurrently, a large body of data is being readied for analysis and comparison. Specifically,
two weather tapes containing hourly solar intensity and weather data for the years 1962 and 1963
have been obtained from the National Climatic Center: (1) WBAN Hourly Surface Observations 144
Tape and (2) Solar Radiation Hourly 280 Data Tape. These tapes contain weather and solar informa-
tion on an hourly basis for the following eight cities: Albuquerque, Boston, Fort Worth, ILos Angeles,
Miami, Asheville, Omaha, and Seattle. These eight cities were chosen because the tapes were
available and because the cities represent a good cross-section of the various types of weather con-
ditions found in the United States. For example, Boston has a high heating requirement in the winter
combined with low solar intensity. On the other hand, Miami has low heating but high cooling re-
quirements combined with high-solar intensity. It is felt that these cities constitute a wide enough
spectrum of heating, cooling, and solar loads to determine where and under what constraints the

solar total energy concept is viable.

The Solar Radiation Hourly 280 Data Tape has been decoded. Decoding of the Hourly Surface

Observations 144 Tape is in progress and should be complete early in the next quarter.
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Because the Climatic Center tapes do not contain continuous solar data, Sandia has also ob-
tained copies of all the total and direct insolation strip-chart recordings made at the Albuquerque
Weather Station for every day of 1962 and 1963. These are being read at 10-minute intervals to

provide extensive solar insolation data for this period.

Task 8.3 - Alternate Total Energy Systems

The SOLSYS system analysis program is being used to perform studies of several model solar
total energy communities, The first of these alternative community designs being analyzed is com-
posed of 1000 individual homes separated by 35 m (120 ft), Each home has 140 rn2 (1500 sq. ft) of floor
space and the electric, heating and cooling, and hot water demands are supplied by the total energy
system. The location is Albuquerque, N. Mex., Figure 34 is a schematic of the system as modeled by

the computer program.
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Figure 34. Schematic for Solar Community Total Energy System



The primary components are an array of focusing parabolic collectors, high- and low-
temperature storage systems, a turbine/generator for electrical generation, two cooling towers
to dissipate energy when the storage systems are full, two fossil-fuel auxiliary furnaces to provide
supplementary energy, and a thermal distribution éystem to distribute thermal energy to the homes.
Clear-air solar intensities for Albuquerque were utilized as solar input, and the thermal loads were
computed with the HLLOAD subroutine. Computations are méde every half-hour for four 4-day peri-
ods (solstices and equinoxes). These 16 days were then used 'to‘ represent a year. A problem in-
herent in this assumption is that it kdoes not take into account the month or more thermal lag of the
earth, i.e,, maximum and minimum temperatures ‘do not occur on s‘olsfices,’ and days requiring
no heating or cooling do not coincide with the equinoxes. As more detailed solar and weather data
become available (see Section 8. 2), they will be incorporated in the SOLSYS pfégram to eliminate

this problem.

The thermal and electrical loads on the system and the house temperature response are inde-
pendent of the portion of energy suppiied by the solar energy system and thﬁs can be discussed
separately. Figure 35 is a plot of the ambient ajr temperature and the resulting house temperature
for the four reasons. The house temperature is permitted to vary between 20°C (68°F) and 25°C
(77°F). This relatively tight control on the house temperature requires the system to heat and cool
during the equinoxes. In practice, a greater temperature variation is allowed during the spring and
fall. Consequently, during the spring and fall, the temperature at night is permitted to drift down-
ward below the lower limit. Also, during spring, the infiltration rate is sharply increased during
the daytime hours; this simulates window opening, when the solar load on thé house tends to drive
the house temperature above the upper temperature limit. 'The ragged response in the house tem-

perature curve around noon in the spring period is a result of this increased infiltration.

The loads on the homes for each of the periods are shown in Figure 36. The electric loads,
which vary throughout the day, average near 1.0 kW per house. The mean hot water demand is
approximately 0.6 kW, with a peak near 0.9 kW. Cooling is required during summer and fall, and
heating is required during winter and spring. These curves contrast the seasonal variation in
thermal demands with the relati-velkykc,onstant electric and hot water demands. During summer and
fall, the thermal requirements are 230 and 190 MJ/day, fespectively,’ and those for heating in
spring and winter are 200 and 590 MJ/day. Clearly, the thermal demands-are significantly higher
for winter than for other seasons. Further, other choices of spring and féll days may reduce those

thermal requirements significantly énd make the difference greater,

To provide energy for this community, N/S single-axis ‘Vtracking collectors elevated to 35 de-
grees were chosen. Each collector was 9.14 m wide by 15.15 m long, and the total number of
collectors was vafied; The collectors heated Therminol 66 fo 317°C (602°F) for use in the boiler
of a Rankine-cycle system which used toluene as the working fluid. The toluene was superheated

to 307°C (584°F) with boiling and condenser temperatures of 211°C (411°F) and 94°C (200°F),
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respectively. The overall efficiency was 17.9 percent and the temperature drop across the high-
temperature storage system was 90°C (162°F), The cooling water was transmitted from the con-

denser tolow-temperature storage at 88°C (190°F).

Figure 37 presents the response of the high- and low-temperature storage systems for a
collector area of 24, 230 1rn2 which is equivalent to 17.5 percent of the total home roof area. The
storage was sized to provide energy for overnight operation, and overcast days were not included.
In all seasons except winter, 1400 m3 (49, 400 ft3) of high-temperature storage is adequate to pro-
vide overnight operation. The low-temperature storage system cycles daily in both summer and
winter; this results in significant fossil fuel consumption. During winter, low-temperature energy
storage is depleted overnight for heating; during summer, it is depleted during the day for cooling.

Fourteen hundred m3 (49, 400 ft3) of low-temperature storage is required.

Figure 38 shows the operation of the two auxiliary fossil-fuel systems. These furnaces
operate at times when the corresponding storage systems are depleted. During spring, the high-

temperature furnace operates once just prior to solar insolation, whereas the low-temperature

furnace does not operate because storage is adequate. During summer and fall, the high-temperature

system does not operate, whereas the low-temperature system operates to augment the depleted
storage system in meeting the cooling load. During winter, both systems operate; the low-

temperature system operates extensively during the night to satisfy the high heating demands.

Figure 39 shows the operation of both cooling towers. In the spring, both operate when the
storage systems are filled because the loads are less than those which occur during other seasons.
During summer and fall, the high-temperature tower operates for a very limited time; during
winter, neither tower operates because of the higher winter loads. Throughout the year, approxi-
mated by the 16-day sample, less than 4 percent of the energy collected is dissipated in the cooling

towers.

Figures 37, 38, and 39 illustrate the seasonal variation in the operation of the system. The
criterion in this design is that minimal solar energy be dissipated in the cooling towers. The stor-
age capacity is sized for overnight use, and the stored energy cycles daily throughout most of the

year. In addition, fossil fuel consumption is minimized.

The question of how much of the community energy requirements are satisfied by solar
energy can be estimated by averaging the solar and fossil fuel use for the four seasons as repre-
sented by the 16 days. The solar outputs for spring, summer, fall, and winter are 522, 578, 507,
and 400 GJ/day, respectively. Fossil fuel use is 91, 158, 260, and 550 GJ/day for the correspond-
ing seasons. Thus, on a yearly basis, solar energy based on clear-day solar intensities provides
73 percent of the requirements. Cloudy days will obviously reduce this ratio, and solar data which

will include cloud effects will be included in the analysis when they become available.
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Different total collector areas obviously can be used to provide energy for the community.
However, larger collector areas will require either additional storage or more energy dissipation
in the cooling towers. Likewise, smaller areas will require more fossil fuel. Systems which in-
clude a range of collector areas are presently being studied. Also, collectors mounted horizontally
in an east-west direction are being studied as are systems with no high-temperature storage capac-

ity. Results from those studies will be presented in future reports.

In comparing various total energy systems, an argument can be made for utilization of a low-
temperature noncascaded fotal energy system. The cost factors that tend to make this approach
attractive are (1) low-cost flat-plate collectors capable of utilizing diffuse as well as direct radia-
tion and (2) lower temperature sensible heat storage allowing the use of water instead of high-priced

heat transfer fluids.

A noncascaded total energy system utilizing a low-temperature Rankine cycle, 149°C (300°F)
flat-plate collectors, pressurized water storage for Rankine-cycle energy storage, and unpres-
surized water for thermal energy storage is being compared on an economic basis to the 315°C
(60b°F) cascaded system currently under development. Preliminary results indicate near economic
parity between the two systems. Consequently, such a system may be a viable competitive alter-

nate.

Task 9.1 - Collector Fabrication Development

Alternate Trough Development. In addition to the contour forming approach, several

other techniques are being investigated for fabricating 2,74- x 3. 66-m troughs.

The two N/S reflectors produced by the MFG Boat Company have demonstrated the basic cap-
ability of utilizing boat hull technology to produce parabolic troughs of reasonable accuracy. The
environmental and reflector performance capabilities of these two units will be monitored over the
next several months. Although no other units of this type are presently planned, the experience
of fabrication indicated several means of improving both the design and the process so that the cost
of future units could be reduced. This potential will be evaluated against the cost and performance

of the low cost units,

A spray-up process which sprays chopped fiberglass and polyester resin simultaneously has
been used to fabricate a quarter-section of a 2. 74- x 3.66-m reflector. This quarter-section will

also be evaluated from environmental, cost, and accuracy viewpoints.

A third fabrication technique for large troughs based on circular architectural roof arches
of large size and radii is being evaluated. Roof sections with radii of 2 to 6 meters are standard.
This approach is very similar to the original trough design which used metal honeycomb and
stressed fiberglass/epoxy skins. The roof arches use 1/4- or 3/8-inch flat plywood as the stressed

skin and one of several inexpensive core materials in lieu of metal honeycomb; these include paper




honeycomb, additional solid plywood, rigid foam, and curved wooden spacer beams or ribs. The
very large skins are produced by joining standard flat plywood sheets with butt or scarf joints.
Although this concept is being investigated, it presents several major problems. Architectural
arches do not normally meet the tight contour tolerances required for a good parabolic reflector.
Second, the tensile strength of the plywood (with joints) is so low that there may be no advantage
in going to a stress-skin structure for which a major structural support frame would still be re-
quired. The labor and materials of a sandwich structure, even a one-piece 10-m2 unit, would be
more costly than that for the four smaller contour molded piece produced in a high-volume pro-

duction process.

Attempts are being made to locate a source and/or process by which the entire 2. 74- x 3. 66-m
trough can be fabricated as one piece rather than in four sections; thué far, the right combina-~
| tion of press size, capacity, throat opening, and heating capability has not been found. Vari-
} ations on these design and materials approaches are.‘being pursued in a continuing effort to

simplify the design and reduce the costs of fielding focusing reflector ‘troughs. -

Alternate Reflector Materials. - Reflector materials development 1S an area where notable

improvement in reflectance or decreases in cost ¢ould pay important dividends. Figure 40 illustrates
the gains and losses from a collector as a function of operating temperature. Through the use of a
glass vacuum-jacket, the convection and radiation losses have been substantially lowered. The

greatest potential for improvement is in increased mirror re‘ﬂecti‘vity.

Reflector materials which are under evaluation as.an alternative to Alzgk include: silvered
glass (common mirrors), acrylic sheet with evaporated silver and aluminum on either front or
rear surface; various aluminum foils; Tedlar, Mylar, and Teflon films with back-surface evaporated

aluminum or silver; and combinations of some of these films.

Samples of many reflector materials have been obtained from various manufacturers. Mea-

surements of near-normal solar reflectance have been made in an integrating sphere reflectometer.

These measurements have given some indication of the relative potential of the various materials,

but specular reflectance data are absolutely indispensable to the selection of a reflector for a focus-

ing collector. A goniophotometer, which measures reflectivity as a function of wavelength, incidence

angle, and solid aperture angle, is now in use.

Humidity and thermal cycling tests are being conducted on many of the reflector samples to

determine their resistance to the degradation associated with the environment. The thermal cycle

test conditions are three cycles per day between -20°F and +130°F.

Sagged Glass Mirrors.

A purchase order has been placed for delivery in October 1974 of

eight each 60- x 160-cm (24- x 62. 6-in.) glass sheets which have been sagged to parabolic contour

. to fit the large troughs. Sandia's glass shop will apply silver and protective paint coatings on these
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sheets for evaluation and test. These silvered glass units can be bonded or mechanically attached
to a full-sized trough for full-scale testing. Samples of silvered glass mirrors with various stan-
dard industrial protective paint coatings have been undergoing testing to determine temperature

stability.

Task 9.2 - Storage Technology

Preliminary investigations into the possibility of flywheel energy storage are continuing. A
flywheel has a potential advantage over sensible heat‘storage because the energy is stored after the
efficiency losses of the turbine thermodynamic cycle have been incurred; the flywheel system there-
fore requires much less storage capacity. The tradeoff then becomés the increased cost of storage

versus the decreased amount of storage required.

Presently, three significant problems are associated with flywheel energy storage. First,
in order to keep bearing friction losses down to acceptable levels, the energy wheel must be sup-
ported on magnetic bearings. Second, to make efficient use of material, flywheel speeds must be
high. This will require operation in a partial vacuum to minimize windage losses. Third, energy

must be imparted to the wheel and extracted from it by some efficient means.

An investigation into the state of the art for flywheel energy storage has been conducted. As
a consequence, it is felt that workable solutions exist for low-friction support of a high-speed wheel,
problem one and two above. However, present input/extraction efficiencies of the order of 75 per-
cent for small wheels are not sufficient to make flywheel storage economically competitive with
sensible heat. Other methods of input/extraction are currently being investigated to determine

whether improvements in this efficiency are possible.

Task 10 - Coatings Evaluation

Electrodeposited black chromium has promise as a selective absorber coating for receivers.
Coatings with high solar absorptance (otS = 0. 95) and relatively low emittance (¢ = 0.27 at 300°C)
have been obtained. Preliminary studies indicate good stability at temperatures of 300-400°C in

a vacuum environment.

Studies are now being directed toward obtaining the combinations of film thickness and sub-
strate surface finish to give optimum values of o and €. It has been found that o can be in-
creased without significantly increasing emittance by increasing substrate roughness from a bright,
highly polished nickel-plated surface to a matte or dull finish. The extent to which emittance can
be reduced (without materially alterning as) by depositing a thin layer of low-emissivity material

such as gold between the substrate and the electrodeposited black chrome is also being investigated.

The use of surface roughness to increase the solar absorptivity of vacuum-deposited semi-

conductor films is also being investigated. It has been found that vacuum-deposited thin films
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(0.5 um) of lead sulfide (PbS) have an o = 0.98 and €9u0°C = 0.2. This is attributed to the inherent

rough surface morphology found in these vacuum-deposited thin films. These PbS films are stable

at high temperatures in vacuum.

Thin films (0.5 pm) of germanium have been prepared by "gas evaporation' techniques.

These films have a high absorptivity and a low emissivity (as =0.91, € = 0. 2) but are not

240°C

" stable on heating in vacuum. Thicker germanium films (1 pm) which have a higher emissivity

(as = 0.98, € = 0.48) are stable on exposure to high temperatures in a vacuum.

240°C

Task 11 - Technology Utilization

A report describing the Solar Test Facility and its capabilities is in publication. This report
will function as a test planning and user's guide document which will be available to future users of

the facility.

The Collector Test Facility was made available for two days in July to Corning Glass Company
personnel for testing of the Corning multitube-type solar collectors. Test planning, data taping, and

data reduction were performed by Corning personnel.
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