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PREFACE

ThlS report contains the results of work performed by FMC Corporatlon under Depart-

-. ment of Energy (DOE) Contract DE-AC03-76ET-20426, "Line Focus Solar Thermal

Central Receiver Research Study." The work was performed betwcen 30 April 1977
and 31 March 1979 by members of the FMC Engineered Systems Division. Members
of SRI International served as team members in the'analysis phase of the project.

The project was funded as part of the DOE Solar Thermal Power pragram, the ptime
goal of which is to stimulate research and development activities leading to commer-
cially feasible systems for generating electricity with solar energy. The prime thrust
of the DOE program is centered on the point focus, central tower concept for conversion
of solar energy to useful thermal energy. The point focus concept uses parabolic.
(dish) heliostats, arranged in a circular field about a central tower, and ‘controlled in
azimuth and elevatlon to focus the solar image on a receiver mounted at the top of the
tower,

The FMC line focus concept uses parabolic cylinder (trough) heliostats arranged in
rows on an East-West axis and controlled in elevation to focus on linear cavity-type
receivers mounted on steel lattice towers. FMC proposed the line focus concept as
an alternative to the point focus concept because of several attractive features,
including:

-System modularity (same heliostat, receivers, and towers for any size plant)

Low towers, based on existing designs for transmission line towers

Single-axis control of a relatively large reflecting area per heliostat _

Adaptability of heliostat, receiver, and tower to automated factory production,

transport on existing common carriers, and mstallatlon with standard

construction equipment

® Maximum usage of land area and adaptability to different site configurations
Linear field symmetry to allow automated cleaning of reflector surface and

minimize maintenance logistics, :

These features prompted DOE to fund FMC for an effort to establish feasible design

concepts ‘for the heliostat, heliostat control, and receiver, and to examine the

performance and economics of typical power plant configuration bhased on the line

focus alternative. The results of these efforts support the position that the line

focus concept is a feasible and competltlve alternative for solar thermal generation '
of electric power, : : /

R
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1.0 EXECUTIVE SUMMARY

This report contains the results of a study undertaken by FMC Corporatlon to
examine the line focus central receiver alternative for solar thermal genera-
tion of electric power on a commercial scale, The project was sponsored by
the Department of Energy as a. result of a concept proposed by FMC for the
Central Receiver Solar Thermal Power System study.

1.1 CONCEPT DESCRIPTION

The baseline concept consists of the following elements (Figure 1-1);

© A solar collector (heliostat) whose geometry is the equivalent of a focused
parabolic cjrlinder. The Heliostat reflecting surface is composed of an
array of flexible rectangular mi‘rror'paneis supported along their long
edges by a framework w;hich rotates about an axis pé,rallel to the ground
plane.. The mirror pe,nels in one section (18, 3 meters by 3, 05 meters (60
feet by 10 feet)) are defocused in unison by a simple mechanism under L
computer control to achieve the required curvature. Two sections (110
meterspz(_591 feetl )) are controlled and driven in elevation by one control/
drive unit, . S , ,

e A linear cavity reeeiver, composed of 61 -meter (200-foot) sections sup-
ported by towers at an elevation of 61 meters (200 feet). Each section
receives feedwater and produeee turbine -rated steam. The cavity is an
open cylinder 1. 83 meters (6 feet) in inside diameter, with a 1,22 meter
(4 foot) aperture oriented at 45 degrees to the collector field.

e Heliostat control, consisting of a local controller at each heliostat module
which communicates with a master control computer to perform elevation
tracking and focal length adjustment. The control logic is open-loop,
with sun posifion computed by the master computer with an algorithm.
Image sensors, mounted above and below the receiver aperture, are used

' to monitor the collector field and provide feedback to the master computer
for detect1on of misaligned heliostats.

/

v



o . PARABOLIC CYLlNDER HELIOSTAT .
Figure 1-1, FMC LINE FOCUS CONCEPT ELEMENTS;



. The underlying rationale behind the choicé'_of a line focus concept for solar
thermal power generation is the favorable balance between performance and -
cost for a given system capacify. Inherently, a liné focus system is less
efficient than a point focus system. More than balancing this, however, is
the lower life cycle cost derived from the modularity and field symmetry of
a line focus system. Specific advantages are as follows:
e Modularity ‘ ’ ' '
The heliostat/receiver configuration has been designed for intercon-
necting in a '"building block'' manner for scaling to necessary plant
sizing requirements, ‘
o Simplicity of Control

Single-axis control is m.herently s1mp1er and more rehable than two-

axis tracking., All heliostats in a gwen row track at the same angle,
while the trackmg angle of each row is offset by f1xed mcrements
relative to each other. - : . ‘ S

e Efficient Land Use
Rows of end-to-end heliostats. perm1t high- dehsxty field coverage., Block-

ing and shading are not concerns in the axial dimension. Linear systems

can be installed in strips, utilizing land unusable by nonlinear systems.

. @ Stigmatic Focus : ' .
Because cylindrical optics focus in one' 'plane,l it is possible to system-
atically compensate for off-axis incidence resulting in essentially stig-
- matic focus, using a unique variable curvature feature.

e Favorable Concentratlon

Depending on field confxguratmn, aperture concentrations of up to 100
suns can be obtained, although more typically a concentration of 60 to
80 suns is to be expected. This concentration level is suitable to pro-
duce stearﬁ at the rated temperature and pressure, but nat sufficient to
pose a danger of catastrophic damage to the receiver or towers.

o Heliostat Cost

The linear heliostats are suitable for high-éfficiency mass production
using automated methods and s.tandardized materials,

e Installation -
Heliostats are low profile and require less substantial installation
pedestals. The basic design should permit rapid, low-cost field
installation. Receiver towers are ‘modified utility transmission line

towers,



e Reliability and Maintainability

' Because of the low profile and rugged one-axis mounting, the heliostats
are less susceptible to wind and other environmental effects than are
higher-profile systems. The row arrangement is conducive to efficient
cleaning, and the heliostats can be stowed in an overturned position for
protection from the elements when not in use.

® Monitoring and Adjustment

The field is automatically momtored for trackmg and focus fidelity.

o Fail-Safe Protection

In case of power failure, or failure of receiving updated tracking informa-
tion, a mechanical system is activated to defocus and stow the affected

heliostat.

1.2 PROJECT OBJECTIVES

The objectives of the project were to (1) analytically evolve the baseline con-
cept into a feasible configuration for solar thermal power generation, and (2)
experimentally verify the predicted performance of the baseline heliostat,
Efforts to accomplish the obJect1ves were performed within the constramts
of baseline sizings for heliostat and receiver sections, These s1zmgs were
established early in the project as reasonable choices to'(l) maximize adapt-
ability to automated factory production, (2) permit transport and installation
with standard equipment and processes, and (3) configure a wide range of
plant capacities with a single set of basic components. Section 2.0 contains

a more detailed description of the rationale used for baseline sizing,

Rigorous optimization of component sizings require a level of detail design
that was outside the project séope. The estimates of plant performances
presented in Section 6,0 and Appendix D should not be significantly iffeﬁted
by alternate choices of baseline sizes because ina linear system, (1) snlar
to thermal conversion efficiency is essentially independent of the unit lengths
of heliostat and receiver, and (2) total collector area required for a given
power level is independent’of unit collector size. Analyses to support the
feasibility of the baseline sizings are presented in Séctions 2,0 and 3,0,

and Appendices D and E.



1.3 RESULTS OF CONCEPT ANALYSIS STUDIES

1.3.1 Collector Field Studies

Initial analytic. efforts centered on establishment of requirements for receiver

aperture size and requirements for heliostat optical control; based on assumed
maximum errors of: |

e 2 mrad mirror surface dispersion error *

e 2 mrad focus control error

e 2 mrad tracking control error.

Based on these errors, an optimum width of 1,22 meters (4 feet) and orienta-
tion of 45 degrees were established for the receiver aperture on the basis

of maximum collected energy at the receiver aperture plane (Section 2,2).

Heliostat focus control requifements were'then determined (Section 2, 3),
based on the optimized aperture size. The results of this analysis were used
to establish design parameters for the focusing mechanism (Section 3.1) and
the heliostat local cohtroller (Section 5.2), One im'porta"nt result of the
analysis was the establishment of 2 maximum deflection requirement of 20mm-

(0. 79 inch) for mirror deflection at the heliostat centerline.

"The results of the initial opticai analysis were used to devélbp a rigorous
modei (Appendix A) for examining and optimizing collector field sizing. . A
series of field sizing and performance analyses were undertaken. A winter
solstice design day was chosen to provide a basis for comparison with point
focus, central tower concepts. The collector field model was used to compare
optimum field sizing for a number of alternative con’figufations, including:

o North/South versus East/West orientation ' '

e Noon versus 2:00 p. m. design points

e Flat field versus sloped field.

Primary optimization parameters were the number of rows and minimum row
spacing to achieve a fixed level of intensity at the receiver aperture plane

and eliminate shading and blocking.

# 1,2 mrad error measured for one mirror. panel (Appendix F). .



\

The analysis resulted in the selection of a flat, North collector field (South-
facmg heliostats alxgned on an East-West axis) as the ba.sehne for further
analyses. Subsequent comparisons of a 10 MWe plant configuration using
North fields versus a configuration using North and South fields verified this

choice (Section 1.3.3.1 and Appendix D),

The analysis also indicated that a sloped field offered significant improvement
in performance over a flat field. However, the flat field was chosen for

subsequent analyses based on relative design simplicity.

1.3.2 Receiver Studies »

Two concepts for steam generation were evaluated for use in the baseline

receiver envelope. One concept is a once-through-to-superheat design usiﬁg
_ lobps of tubes oriented along the centerline of the receiver cavity, The secund
concept is a natural convection deslgn using a double screen of vertical tubes
mounted. in the aperture plane of the recelver. Figure 1-2 shows the baseline
concepts, )

Both concepts were carried forth through parametric evaluation to establish
feasible sets of design parameters for production of turbine~rafed steam at
nominal working pressure of 6,9 MPa (1,000 psia).

Two alternatives were e;:arhined in the ahalysis of the once~through concept.
In the flat plate design alternative the boxler/superhea.t tubes are mounted in
the receWer aperture plane, In the other alternative. (ca,vxty design) the tube
loops are distributed along the inner circumference of the receiver cavity,
Comparative 'performa.tice analysis indicated that the cavity design exhibited
superior performance over a widé range of flow rates and radiation proper-
ties, primarily because locating the tubes well within the receiver cavity
reduces losses due to reradiation to the surroundings. Based on these

results, the cavity design was selected as the baseline once-thrdugh-concept.

A model of the baseline once-through concept was developed (Appendix B) for
more detailed analysis of tube sizing and performance, using the incident
flux distributions generated by the collector field i'npdel. The results of this

analysis led to the selection of an eight-pass configuration containing 108’
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tubes in each half of the receiver cavity (Figure 1-2).4 Each pass runs the
length of the cavity. Feedwater enters the tubes in pass 1 and traverses
each pass in countercurrent flow. Preheat and boiling occur in the first seven

passes, superheating in the eighth pass.

- The analysis of the natural convection concept led to the selection of the design
shown in Figure 1-2, The désign consists of a double screen of vertical tubes & .:
‘mounted in the aperture plane of the receiver, There are 800 tubes in each . ¢
row. Nominal tube diameter is 9.2 millimeter (0. 375 inch). Feedwater enters..;c '
the tubes. 1n the front row, where saturation boiling occurs. Saturated steam - ..
passes to a separation druﬁq which feeds vapor to the rear row for fhe super-

.heat pass.

Table 1-1 contains a comparison of estimated performances of each concept

at design point sizings for generation of 510°C (950°F) steam, .

Table 1-1 COMPARISON OF RECEIVER PERFORMANCES

Coni:ept' ' 10 MWe Plant Sizing 100 MWe Plant Sizing:
1400 Winter Solstice (26.9 kw/m2)* {1200 Equinox {34, 0 kw/m2)
.|0.71 kg/s per receiver section 1.39 kg/s per receiver section
Thermal Efficiency : Thermal Efficiency
Once-through 0.78 ) . 0. 86
" Natural convection 0.72 e 0.77

* Average intensity from collector field at receiver aperture plane,

The once-through concept was selected for use in sizing of baseline plant con-
cepts, primarily because of higher thermal efficiency and lower cost (Appendix
E). However, both concepts must be subjected to further detail evaluation,

both analytically and experimentally, before a final choice can be made,

1.3.3 Plant Sizing Studies

The baseline elements of the line focus concept were used to size baseline

concepts for electric generation plants.,

Two concepts were generated. The concepts, a 10 MWe pilot plant and a
100 MWe commercial plant, were based on (1) requirements used by Phase I

~ contractors for the Point Focus Central Receiver Solar Thermal Power



System, and (2) the thermal-to-electric power conversion cycles evolved by
the McDonnell Douglas Astronautics Company (MDAC). The MDAC power-, o
conversion .cycle was ;elected because the flow rates and steam conditions
required by the MDAC thermal storage and eleétric.power generating sub-

systems best matched the FMC receiver concept. -

1.3.3.1 10 MWe Pilot Plant

Two concepts were evaluated, The first concept was based on North and

- South collector fields, optimized for 2:00 p.m. winter solstice design point
(Section. 2,2) The second concept contained only optimized North collector

fields. Appendixes D and E contain details of the sizing computations.

Field sizing was based on early data for the MDAC 10 MWe concept which .
specified turbine operation at 477°C (890°F) 10 MPa (1,450 psia) input '
vsteam, 56.7°C (135°F) 0.16 MPa (2.5 péia) exhaust steam. These conditions
differ from the final MDAC Spécifica.tions, but do not significantly change :

the comparative significance of analysis. Table 1-2 contains a sumrha.ry

of the configuration, performance, and cost of each concept.

Table 1-2 CHARACTERISTICS OF 10 MWe BASELINE SYSTEMS | S
Subsystem characteristic i North/south system North-only system
Number of heliostats 1,010 782
Number of 61-m receivers 10 (double) v 20 (single) '
Number of 61-m towers 11 | ' 21 . -
Collector area (km?2) o ' . 0.121 . 0.094 N
Annual energy (MWeh) 30, 900 - 131,000 i
Design point opération (hours) v
10 MWe ' ' 4.0 ‘ I 5.0
7 MWe 3.9 . 3.4
Annual load factor " 0,35 ) 0.36
Relative Investment Cost : 100 92

Relative Busbar Power Cost 100 96



1.3.3.2 100 MWe Commercial Plant

The plan view of the baseline concept, configured for a 3:00 p.mm. equinox

~design point, is shown in the frontispiece. The collector field consists of
170 receiver sections arrayed in seven field modules. Each module contains
27 rows of south-facing heliostats. ‘The plant contains 8, 831 heliostats (8, 782
fuJ.l units (36 -meter by 3.05-meter glass area), and 49 half units). The total
gia,ss area is 0,967 square kilor_neter (1. 05 by 106 ft2 )

The 100 MWe configuration is essentially a scaling up of the 10 MWe concept
éonstrained by realistic piping requirements, and sized for a different design
point day. The same heliostats, receivers, and towers are used in both
éonce‘pts. ‘

The baseline receiver concept is a once-through-to-superheat design contain-
i.:ng an eight-pass steam éenerator. The passes are arrayed circumferentially
on the wall of the receiver cavity (Section 4.1). The feedwater and superheat
l;asses in the receivers in one field module are manifolded to common headers

and downcomers,

'Ea\c.h‘ heliostat is controlled by a-local control computer. The local controllers
in each field module are directed by a field computer, Each of the seven
field computers communicate with the master control computer. Section 5.0

contains a description of control logic,

‘The thermal storage subsystem and electric power generating subsystem are
those specified for the MDAC commercial plant configuration, The thermal
transport network has been sized for the inlet and outlet conditions specified

for these subsystems,
Figure 1-3 and Table 1-3 show the performance of the configuration, Table

1-4 and Figure 1-4 show plant efficiencies and power flow at noon equinox

for 950 w/m insolation level with 96,5 percent of the heliostats in operation.
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Figure 1-3. ANNUAL BUSBAR POWER OF" 100 MWe CONFIGURATION

Table 1-3 SUMMARY OF DAILY PERFORMANCE OF 100 MWe CONFIGURATIONA

Busbar energy |Hours of operation
Total energy (MWeh) :
to receivers From )
Day ({mwh-th) Direct [storage 100MWe! 70MWe
Equinox (design day) | 4,080 550 426 5.5 6.1
Summer solstice 4,439 600 | 454 6.0 6.5
Winter solstice 2,846 500 218 5.0 3.1

11
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Table 1-4 100 MWe.P_LANT EFFICIENCIES AT NOON EQUINOX

Efficiency : Direct from receivers Direct from storage
Collector ' 0.712 0.712
N . ’ . .. [
Receiver : 0. 860 0, 860
Piping - 0.970 0.970
Storage ' - 0.940
Turbine , ’ 0.377 0.268
Parasitic ©0.89 . 0.92 ' '
System 0.20 -0.14 t :
P t .
w)
X @ ‘
288%r 2 ) LOSSES) 11 EOSINE - 0,944
888" 4 (B) REPLEZLTIVITY 2 v, 30U
i @ e - - - ] {2 BLOCKING AND SKADOVING =1.00
' Low . (4) END LOSSES - 0,868
772 A‘ll (5) TOWER/RECEIVER SHADOW - 0.980
. (6) APZRTURE ACCEPTANCE - 0.963
) (7} RECEIVER ABSORPTION - 0,900
) - . ' (8) RECEIVER RADIATION
670 (e (12] . AND CONVECTION - 0,956
19) PIPING LOSSES - 0.970
832
- 8 ‘ (10)GROSS YURBINE EFFICIENCY - 0,377,
5 WER -
569 / - (111PARASITIC POWER - 0,89

544

528

A 4
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[$8.]
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Figure 1-4 POWER FLOW FOR 100 MWe CONCEPT (EQUINOX NOON)

Estimates of plant investment and operational costs were based on estimates
made for the 10 MWe concept, with adjustments for differences in production
volumes. Appendix E contains the detail cost cémputa:tions for thetcolieétor,
receiver, thermal transport, and control subsystems. Costs for the remain-
ing subsystems are those of the MDAC 100 MWe concept. Figure 1-5 shows
the distribution of capital cost among the plant subsystems. Table 1-5
contains a sufnrria.ry of annual service cost, as computed with the JPL/EPRI

economic model.
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PLANT CAPITAL COST BREAKDOWN

P

Conventjonal
Plant 23.1%

Collector
B 32.6%
+ Structure
2.8%
Tower/ 13.8%
Receiver
Indirect
Storage 16.6%
11.0%

COLLECTOR CAPITAL COST BREAKDOWN

Field Installation
and C/0

Reflector

Drive Unit and Fee

18.0%

Structure-
and Foundation

27.0%

Controls and
Calibration

24,.0%

Total $1,968/kWe (1st Plant)
$1,187/kWe (80th Plant)

Total 1st Plant $634/kWe ($65/m2)
80th Plant $325/kWe ($33/m2)

Figure 1-5 DISTRIBUTION OF CAPITAL COSTS OF 100 MWe CONCEPT

Table 1-2 COST OF SERVICE FOR 100 MWe CONCEPT

Factor Value

Plant unit 80th

System life 30 years

Base year 1978

First year of operation 1990

Capital cost $1,187/kWe
Annualized system resultant cost $254/xWe
Levelized busbar energy cost 71 mills/kWeh

1.4 RESULTS OF HELIOSTAT TESTS

Two experimental-model heliostat sections were fabricated. One model,

shown in Figure 1-6, was a jury rig which contained four mirrors in a support
frame which simulated the structure of a full-sized section. The jury rig was
used to debug the concept for mirror focus control, and verify that the focus

mechanism performed as required.
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Figure 1-6 JURY RIG HELIOSTAT MODEL

The second model, shown in Figure 1-7, was a full-sized heliostat section
with focus elevation drive, and a local control system. The heliostat
section was 17.92 meters by 3.05 meters (58.5 feet by 10 feet), containing
51,1 meters2 (550 feet? ) of exposed mirror area, The section was slightly
shorter than concept design length to accommodate a commercially avail-

able mirror,

The section contained 70 mirror panels. Each panel was 152,4 centimeters
long by 50.8 centimeters wide (60 inches by 20 inches), composed of 2.29
millimeters (0,09 inch) thick second-surface float glass. The reflecting
surface was silver/copper flash covered by black organic paint and
protected by a 3.3 millimeter (0.13 inch) thick layer of polystyrene foam.

Each panel was enclosed in a metal frame.

One panel was sent to Sandia Laboratories for reflectance measurements.
The results of these measurements (Appendix F) indicate that the mirror
panels have an average specular reflectance of 0.85 and an RMS optical

dispersion error of 1.2 mrad in the long dimension,

14



Figure 1-7 FULL SIZE HELIOSTAT SECTION

The heliostat was assembled on a flat bed trailer and was to be used in a
field experiment to verify predicted performance of the control system and
to measure collector efficiency. The field experiment was deleted from the
project scope at the request of DOE. Appendix C contains a description of

the tests planned during the field experiment.

Functional tests were performed during the project to verify that the helio-
stat concept performed as required. The results of these tests (Section 3. 3)
are summarized below:

e Image Focusing

The jury rig model was used to focus the sun image on a target at a
slant range of 61 meters (200 feet), which is the minimum heliostat-to-
receiver range. The mirror focus mechanism successfully focused the
solar image from all mirrors into a vertical band 1.22 meters (4 feet)

wide.

s



The field experiment model heliostat was set up at the ESD facility for a
series of tests to measure the size of the reflected image from 15 rows
of mirror panels. Figure 1-8 shows the test setup., A series of tests

was conducted between March 12 and March 20, 1979, Figures 1-9 and

and 1-10 show the images obtained during tests conducted on March 20,

The tests demonstrated that the field experiment heliostat focused the
solar image to within a 1,22 -meter (4-foot) width at a range of 61 meters
(200 feet). Based on the results of the tests, it was estimated that the
field configuration used for the 100 MWe plant concept (Section 6, 0) would
achieve an efficiency of about0.9 in concentrating reflected flux within a
1.22 -meter receiver aperture at a noon equinox design point. This is
lower than the efficiency of 0,963 predicted from the plant performance

analysis.

This lower -than-predicted efficiency was due to misalignment and distor-
tions in the mirror surface which prevented attainment of maximum focus
control, The causes of the misalignment and disterticns were identified,
and can be eliminated by (1) rework of mirror support structure, and (2)
fabrication of a fixtur® to perform alignment of mirror panels under
controlled conditions.

Emergency Defocus

The full -scale section was focused to maximum deflection, and power was
then interrupted to simulate a malfunction, The mirror suriaces returned
to a defocused pesition in 0,2 second, well within required safety limits,

Elevation Drive

The full-scale section was run through functional testing to verify
operation of the elevation and stow drive. All test results were within

1 percent of design requirements,

The tests catisfied part of the objectives and demonstrations planned for the

field experiment, All of the specific tests described in Appendix C, except

measurement of image intensity, were accomplished with the heliostat in a

manual operation mode., Most important, the ability of the focusing concept

to repeatedly achieve a 1.22-meter (4-foot) image size in a full-scale

heliostat configuration was successfully demonstrated.

16



z 359

1
k.5 g
(11,0FT,

i HELIOSTAT NORTH | | ’

! it
17,92M , '
58.8 FT. |

— I
== 28 MIRROR PANELS S9FT
== 7.11M  INROWS 2-15 2
== 23,355, 6 TARGET PANELS, EACH !
== 3,05M X 3,05M (10 FT, x 10 FT.)
61.9M 1
203 FT, i
3 — % ; l
Ao Ler e 1'5?25” AT 1415 PST ON MARCH 20, 1979 |
5 4 S = 2 TI3.0M
2,0M 6.5 FT.I L/ ‘9.84 ET
0.55M

1 ' (0 10 & 37 22

10 FEET
)
5 METERS

Figure 1-8 TEST OF IMAGE SIZE FROM FIELD EXPERIMENT HELIOSTAT

17



Figure 1-9 HELIOSTAT IMAGES OBTAINED IN
TEST OF 20 MARCH 1979
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2.0 CONCEPT CONFIGURATION ANALYSES

The primary purpose of the analys1s phase of the project was to evolve the
fundamental concept of 11ne focus solar energy conversion into feasible system
configurations for electrxc power generation. Analytical objectives evolved
from those established by the Department of Energy (DOE) for the Central

. Receiver Solar Thermal Power System (STPS) program. The objectives of
the program were to (1) configure solar thermal power plants with rated
capacities of 10 MWe ('pilot scale) and 100 MWe (commercial scale), (2)
analytically establish the cost effectiveness of the commercial scale plant,
and (3) perform subsystem research experimentsAto verify analytical pre-
dictions. Plant configurations were to be based ori conventional water/steam

cycle plants, with solar energy as the source of fuel,

FMC adopted the objectives of the STPS program, but limited the scope to
detailed analysis of the collector, receiver, and control subsystems. Within
this scope, specific analytical efforts were performed to optimize collector
field sizing and receiver configuration for specific design,poinfs, and to
establish feasible conceptual designs for the receiver and for control of the
collector field. The results of these analytical efforts were then used with «
data from the STPS.program to configure and evaluate cos't/performa.n‘ce of
10 MWe and 100 MWe plants, Speeificaliy, the power cycle concepts (thermal
storage and conventional plant) generated by each of the contractors involved
in the Phase I STPS study were evaluated, and the concept which best matched
- the estimated performance of the FMC receiver was used to con.figure plant

concepts.

2.1 BASELINE ASSUMPTIONS

Several baselme assumptions about phys1ca1 characteristics of the line focus

heliostat and receiver were made at the beginning of the project. These
assumptions were developed from the philosophy that, to compete with other

forms of power generation, solar -to-thermal energy conversion must be’

21
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a.ccorhplished with one set of modular components which can be (1) used for
any plant capacity, (2) fabri.ca',ted and assembled in a factory, (3) shipped in
completed form on existing common carrier equipment, and (4) installed

with standard construction equipment. -

The aésumptions described below were carried forth through the analysis
phase of the project without rigorous examination of the effects on performance
or cost of alternate assumptions because the purposev of the analysis

was to establish feasibility. ' ‘

" 2.1.1 Hehostat Dxmensmns . !

An 18, 3 meter by 3.05 meter (60 foot by 10 foot) size was selected as the

basic unit of controllable cnllector area because (1) this is the maximum size
which can be shipped on a standard truck trailer or rail flatcar, (2) standard
processes and equipment can be used to mass ‘produce the support structure,

and (3) the unit can be shipped as a completed assembly, ready for installation, .

There are relationships between unit collector size, optical performance, and
system economics which could influence the choice of an optimum collector '
size. Some of the more important relationships were qualitatively examined

on the basis of a fixed level of energy collection from a field of heliostats,

Since $fie1d of heliostats is, in effect, the fresnel equivalent of a single

_ parabolic concentrator with a much larger concentration ratio than a single
heliostat, decreasing the W;dth of a heliootat, aud Increasing the number of
rows could result in an increase in field collector effl.cxency and a decrease
in the total collector area required for a fixed level of energy collcction.
Balancing this is an increase in the r‘lurn’ber” of (smaller) holiostats and’
attendant control units, Conversely; increé.sing the width of a heliostat
would reduce the nmnber of.control u.nits,‘ but add conripléxity to fabrication
and handling of heliostat sections, and increase design requirements for

heliostat support structure _é.nd drive units,
Field efficiency is relatively unaffected by Varié.tioné in the length of a

collector unit, since individual units reflect as plane mirrors along the ‘

axial dimension, The primary trades involving unit collector lehgth are
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(1) the economic relationships between the number of drive and control units,
the cost of the units, the number of control points in a field, the fraction
of field concentration lost due to malfunction, and (2) the modularity and

transportability requirements discussed above,

There are other factors which can influence the choice of unit collector size
such as, the trade between optimum spacing between rows and minimum

access requirements for maintenance and cleaning vehicles.

The qualitative examinations supported the choice of the baseline unit collector
size,- Further analyses (Section 3.1 and 5.2) showed that two sections could

be driven in elevation and controlled in common, so the effective unit control-
lable area is doubled while the advantages of the 18.3 metef by 3. 05 meter |

section size are retained.

2.1.2 Receiver Section Dimensions

The nominal dimensions of a receiver section were fixed at 61 meters (200
feet)' in length by 61 meters (200 feet) in height, Again, these dimensions
were selected primarily on the basis discussed above. It is envisioned that
receiver and support towers will be factory-fabricated in unit sections which :
would be transported on standard common carrier equipment to the field for

installation.

The receiver unit section length of 61 meters Was derived from calculations
made early in the project to estimate steam flow rate required to generate‘

1 MWe busbar power, using a three-pass-to-superheat, horizontal-tube steam
génerator concept, These early g:ompﬁtafions used optimistic estimates for
incident solar energy and turbine cycle efficiency. More realistic data

wére used in subsequent computations of plant sizings (Section 6.0 and
Appendix D), These compﬁtations indicate that 17-20 sections per 10 MWe of

buscbar power are required, depending on design point conditions.

There is some qualitative argument to indicate that a longer unit section le‘ngt'h
would result in more optimal plant configurations on an economic basis, since
receiver performance is independent of section length., From a plant design

standpoint, increasing receiver unit length to 73 meters (length of two heliostat
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modules), could result in a slight reduction in the number of heliostats re-
quired for a given plant capacity, and would reduce the number of support

towers, but would increase tower structural requirements.

There is little support for unit receiver lengths greater than 73 meters.
Some reduction in thermal transport piping would be realized, but inter-
mediate support towers would be required, so it is doubtful that any economic

advantage would be realized.

- Dec¢reasing unit section length to 55 meters (length of 1.5 heliostat modules)
would reduce design requifements for the support towers, and for receiver
sections, since the flow rate per section would be less for a given plant
capacity. However, more receivers, support towers, and thermal transport‘

piping would be requlred, ‘ S o ;

Furfhér in-depth quantitative analysis is required to .verify that a 61 meter
section length is an optimum choice. However, there is sufficient data at this
point to support the choice as feasible from' the standpoints of performance
and structural requirements. ‘Additionally, the nominal sizing of 0,5 MWe per
section offers the flexibility of (1) configuring plants over a wide range of
power lvevels, and (2) increasing the generating capacity of large plants in

time-phased increments to optimally match the increase in load demand,

A nominal height of 61 meters was selected for the towers because (1) staﬁ;,__
dard designs for utility transmission towers (which reacia heights of 61
meters) can be used, and (2) erection of towers and receivers can be.
performed with standard construction cranes. Structural r,equireménts for

~ a support tower were generated during the project based on a 61-meter

receiver section. Appendix F. containo the computations.

2.1.3 Collector Field Design Point

The collector field optimization analysis was based on a winter solstice design
point which was the design point specified by DOE for the central receiver

10 MWe pilot plant. Consequently, all of the receiver performance data used
to size plant concepts are based dn this design point, although parametric
relations were deveiOped'to use the receiver data with pefformancé data for an

optimized equinox field.
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It is important to note that the winter solstice design point led to the dis-
carding of the South collector field a.n'd.the twin-receiver (North and South-
facing) concept in favor of Ndffh'—only field design (Appendix D, Section D. 1),
However, further analysis (Section 6.5) tends to support the reinstatement
of the South field for an eqﬁinoﬁ: design point. Further examination of this
point is warranted because of the economic advantages of the twin-receiver

concept,

2.2 RECEIVER CAVITY APERTURE OPTIMIZATION

The effect of the. solar divergence angle on the unsymmetrical mirror field

distribution is that a progressively larger cavity aperture is required as the
mirror field moves away from the receiver. - Tilting the receiver to make '
the plane of the aperture more normal to incident flux increases r'ecovery from
the outboard mirrors at the expense of reduced .intensity from the inboard '
mirrors. The best tradeoff will maximize recovery and intensity at minimum

aperture width,

The results of this ana1y31s are shown graphxcally in Figure 2-1, with the best
case indicated that leads to minimum receiver aperture, Aperture width of
1. 34 meters (4. 4 feet) and receiver or1entat10n of 45 degrees were initially

selected as nominal desxgn pomts.

The initial optimization analysis was based on an approximation of the incident
i-ntensity reflected from a collector field. Further a.nalysie was performed

to verify the originél results with the collector field optimization model |
(Appendix A). . '

The distribution of solar intensity at the focal plane of a receiver was cem; o
pﬁted as a function of aperture width and orientation. Figure 2-2 shows the
results, which support the original selection of nominal receiver parameters,
However, the results indicated that the aperture area between 2.0 and 2,2 feet
admitted less than 1 percent of total incident energy, but accounted for 10 per-
cent of the aperture area. 'A It was concluded that reducing the nominal aperture
width to 1,22 meters (4 feef) would improve overall receiver efficiency by
reducing the energy losses from reradiation 'é.nd' convection, This reduction
would more than offset the small decrease in energy admitted through the

aperture,
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The effect of va.rying'the aperture plane angle has been calculated for a flat

North field 400 feet wide and cbnfigured for solar noon at winter solstice,

Figure 2-3 shows the peak intensity and avérage intensity over a 4-foot-wide
. ) ?

aperture plotted against aperture angle.

These curves indicate that intensities exhibit maxima, ahd that peak intensitieé
are increased over a horizontal aperture plane by 23 Vpéxjcent and 19 percent -
for peak and average intensities, respectively. It is intefeAsfihg to note that
the maxima do not occur at the éafne angle‘.'j H~ighesvt p’ea.k' inténsity occurs at
35 degrees, while the maximum average intensity is obtained at 45 degreés.
Because a 4-foot aperture is to be employed, the 45 -d‘egr'ee ééefture plane

angle selection appears near optimum,
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2.3 COLLECTOR FOCUSING ANALYSIS

A significant advantage of a cylindrical mirror over a spherical mirror is

the ability to bring the light to a sharp focus. I@lumination is generally off
axis, arid' consequently off-é,xis aséigmatisfn’is introduced. In the case of
spherical mirrors, two focal pianes, the sagittal and the tangentiai, are
formed, which increase in separation as the illumination angle increases;
The working focal plane is taken as the plane of least confusion, which is
located between the two foci, In cont'ria.st,. cylindrical mirrors illuminated |
off axis in the present fné.nr'le'r have infinite radius of curvature in the
sa’gitta'l,plane' and therefore focué only in the tangential plane. It follows
that a cylindrical mirror thh a.dj'uétable radius of curvature can be brought
-to a linear focus at any off-axis illumination angle, and can be considered

astigmatic.

2.3.1 Focusing and Solar Position

If a cylindrical mirror of radius of curvature R is illuminated off axis with
a projected angle; A, in the plane of curvature, the tangential focal length is
.F, = (R cos A)/2, ' R . ' (1)

t
For a pure circular cufﬂra.ture, R is related to the chordal height, h,

hZ - 2Rh +¢2 = 0 : : (2)

whete c is one-half the aperture width (1,52 meters), If h <«<c, a valid

condition in this case,
h = ¢ /2R. | | - (3)

This approximation introduces an error of less than 0,004 percent.

Substituting and rearranging,

h = (¢ cos AR2F,. D (4)
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The focal length, F , is equal to the optical path length of the ray from

collector to receiver
F, +d = (y;2+HHL/? | » ' (5)
where y; = horizontal distance from receiver axis and H = receiver height.

Using the sign convection that angies are positive when the rays "approa‘ch

the receiver, angle A can be written
A=a+6é(ory) o (6)

where a is the tracking angle, and ¢ (or y ) is the incident angle of the

sun, prajected in tlie.plahe perpendicular to the heliostat axis.

Combining the above equations, the chordal displacement for a north or

south field (east-west axis) can be written

h = c‘2 '<§os [tan'1 (cos ﬁ/ta’n 8)] + tan-! '(yi'/H>/2 \/yiz'i—, 'HZH | 7y

The expression for North-South axis fields éari be siznilarly'dérived.:
Equation (7) gives the chordal height of each mirror explicitly as a function
of A‘sola.r azimuthal (8) and elevation (@) angles, and the horizontal row dig—
tance (yi). Because the relationshi;p between 3and @ with time is known,
the chordal height can be plotted against time. ' This has been done for

representative mirror rows in Flgures 2-4 through 2-6.

2.3.2 Focusing Errors

The relation between focusing errar and chordal height error must be known
to é.ssign realistic tolerances to the focusing mechanism. The'convergen.t

half anglec, ¥y, of the rays coming to a focus from a mirrot is

for small angles, Combining Equations (4) and (8)

Yy = _4b
c cos A

(9).
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if h varies by Ah, then vy will vary by Ay

4

Yy +Ay= | ———
Y ¥ "¢ cos A

(h + ah) oy

Let the fractional errors be defined:

E = AY s=4b o o | S

Then (10) becomes”

4

Y(1+E)=  ————
, c cos A

h(1+6) . y (11)

.. Dividing (11) by (9) gives the result

E= 6. . . | - | (12)
Then
AY Ah, B - ' |

Substitutiﬁg (9) iﬁto (13) and rearrangin.g,‘

AY= 4~ | ' | ' 4
c cos A Ah ‘ . . A (}4)

TakingAY= 0.002 radlans as maxirﬁum _per_fnissible error, 60 degrees as

the maximurn off-axis angle, and c'= 1.52 meters,’

0.5(1.52) =
v

Ah = (0.002) = 0.38 mm., (15)
‘Holding the chordal height to a tolerance of 0.015 inch will meet the xjequiréd
- 2-milliradian focus error reguirement. At smaller off-axis angles, larger
tolerances are allowed, the maximum being 0. 76 millimeter at normal

incidence."
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2.3.3 Effect of Curvature Irregularities on Focal Size

' Irre'gularities in the mirror curvature introduce an angular divergence, 5',
of the reflected ray equal to twice the angular value of the irregularity.
If the value is small, this is equal to the difference of the tangent of the
1rregu1ar1ty and the tangent of the ideal parabolic curve at that point.
Assuming these-errors have a nearly normal d1str1but1on, the effect of
such error sources on the focal line width has been treated in the
derivation of the divergence angle distribution (Appendix A). The calcula-

'tions indicate that these errors should be held to less than 2 milliradians.
The initial proposed mirror arrangement consisted of a central loading of

- the surface with edge support to pfo*vide ¢urvature, The ¢urve so prodﬁred

ia nol a true radius, but a curve with a slope of:

6 = 12kw’ c(l-c) ‘ : (16)

where c is related to the position along the surface, x = cw, 0<c<O0. 5,

.and k is a system constant,

v, being the central displaccmeut.

max:-

The parabolic slope, in the same units, is’

CwW '
2] T e . . : 18
. F | . (18)

F being the focal length. ‘''he difference between 85 and 8is A. It can.

be shown that, for w = 10 feet;
65 = 24 = ZC[‘E - 1200k(1 - c)]' ' . : (19)

&' will vary between + 6 when k = 0.007113/F. ' (20)

max’
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At F = 200, 5= + 3.67 milliradian, which is una.cceptably high.

o

If the surface were pulled down at three equally spaced points,

8 = < [EF—S ] 300k4('1-c)] | | . (21)

with k = 0.0142/F, At F = 200, 6 = 1.83 milliradian, a more acceptable
. value. The error can be reduced further by additional pull downs.
Alternately, other designs such as edge-applied béndihg torque could be

employed. This would give a constant radius over the width of the mirror.

' The current concept uses 153 centimeters by 51 centimeters by 3, 3 milli-
meters (60 inches by 20 h;léhes by 0.09 inch) glass panelé suppbrted at the
edges, Such an unsupported plate should sag approximétely 3 millimeters

(0.12 inch) in the center due to gravity, resulting in a 10.3-milliradian error,
However, this error is longitudinal, and therefore contributes primarily to an
approximate 3-meter (10-foot) increase of focal line length, and any loss

occurs only at the ends of the receiver.

2.4 COLLECTOR FIELD PERFORMANCE ANALYSIS

Field sizing calculations in Subsections 2.4.1 and 2.4.2 are based on the

computer model described in Appendix A,

2.4.1 Flat Field '

Calculated aperture flux profiles for a winter solstice day obtained from a
north field with an east/west axis is shown in Figure 2-7. The mirror row
spacing was adjusted to obtain an approximate maximum intensity/mirror
ratio at solar noon. Peak inténsi.ty of 64 suns is obta..ined, assuming 2-
milliradians tracking and 2-milliradians surface error contribujcions', a 400-
foot-wide field, and a 45-degree-aperture plane angle, The field contains .
21 mirror rows, for a total field covérage of 52,5 percent, which corresponds
with the field cosine value for that day of 51.5 percent. The field has also
been spaced for 2:30 p,m. on the same day, reqﬁiring 19 mirror rows. .The
hourly intensity for the two configurations is shown in Figure 2-8. The two

configurations are co_mpa.red.'in Table 2-1,
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It should be noted that a field sized for 2:00 p. m. winter solstice yields an

output that is nearly independent of season.

Table 2-1 COMPARISON OF FIELDS SIZED FOR 12:30 and 2:30
' WINTER SOLSTICE

Item 12:30 Sizing 2:30 Sizing

Number of rows 21 19

Maximum intensity (suns) 64.0 58.0

Average intensity A ' 2 : 2

(4-foot aperture at 2:30 p.m.) | 26.9 KW/m 26.9 KW/m

Total daily energy "5 5

(4-foot aperture) : 3.3 x 107 KJ/Ft 3,10 x 10° KJ/Ft
Average intensity/row | ‘ "
(4-foot average at 12:30 p.m.)| 3.13 KW/Row 2.99 KW/Row
Enecrgy/row ) , 4 ' -
(4-foot aperture, 9:30-2:30) 1.03 x 10° KI/Ft/Row| 1.08 x 10% KI/FT/Row

Similar calculations for a South (east/west axis) field and an East (north/
south axis) field have been performed. To obtain equivalent output at

winter solstice, a South field.of 29 rows is i‘_equired.

Figure 2-9 shows the hourly peak intensity of an east field at winter solstice.
Conditions inclﬁded a constant 12-foot spacing (34 rows). The éhape of the
curve is explained by the fact that the northward axial displacement is
greatest at midday, resulting in nea.rlyl doubled path lengths. The morning’"
sun is incident un the mirrors at a greater angle with the mirror normals.,

- .As a result, the mirrors are more nearly normal to the sun in the afternoon
- and are individually more effective, The 12-foot spacing permits the sun to
''see' the gaps between f:he mirrors during the middle hours of the day,
Therefore, during these unshadowed hours, the heliostats behave as isolated
collectors, perforining more éffectivel‘y in the afternoon and resulting in the

asymmetric distribution. A west field would give peak output in the morning.

- 2.4.2 Sloped Field

As part of the checkout process for the various capabilities of the collector

_ field program, the performance of a 35-row north field situated on an

~ 1l-degree slope was performed. The output was strikingly improved from
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65 to 90 suns peak concentration (Figures 2-7 and 2-10). No field size
optimization was performed. Shadmg and screemng factors indicate that the
-field density is about 15 percent high; therefore, equivalent performance
could be obtained from an.approp'riately spaced field conta.i.hing five fewer.
TrOWS., Conversely, a steeper terrace should yield hlgher concentratxon,

approaching 100 suns,

128 1 S T .
112 1 T )
96 +
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& 80 1 0=128M NORTH FIELD, 24M EDGE ELEV.
2 3.7M CONSTANT ROW SPACING 35 ROWS
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[
z a8 |
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16 t
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OSNT A @NNROM oMY NN T N
THESTAT0T T AN N
DISTANCE ON. APERTURE PLANE (METERS)

ngure 2-10 'APERTURE FLUX INTENSITY FOR-SLOPED NORTH FIELD

This increased solar concentration is attractive, The increased flux would
permit the receiver to opere.te more efficiently for a longer operating da.s-r.
For a North field, the optical pathlength is reduced, and, therefore, the
length of the Butterﬂy end section is reduced, in the cé.Se'calcuiated, By 10
percent. A South field can also be installed in a downward slope. However,
' the increased optical pathlength and screening should partially offset the

increased c,oll\ection power. The output of an unoptimized 35-row South field

sloped 11 degrees (about 20- bercent slope) was calculated (Figure 2-11), A
74-sun concentra.txon was obtained, Sha.dmg and screening factors indicate :

that some further increase could be obta.med thh an 1ncreased row dens1ty

4
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Figure 2-11 APERTURE FLUX INTENSITY FOR SLOPED SOUTH FIELD

Additional calculations were performed to describe a more nearly optimized
sloped field configuration. Slope angles and mirror spacings were varied

to obtain maximum output and peak concentration per row. Noon winter

- solstice was chosen for these calculations. Peak performance from a north

field wa.s_obt,ai._n_ed' from a field on a 30-pe:cenf (16.7-degree) slope,

_ containing 30 heliostat rovfs spaced in parabolically varying intervals from

12 feet at the inside to 20 feet at the outside of the field. The projected
maximum horizontal width was maintained a‘t 425 feet., Peak intensity of '~
99.5 suns was obtained with a concentration ratio of 3. 32 suns per row. Best
output from a south fieldAwas obtained with 37 rows spaced 10.5 feet to 13

feet apart on parabolically varying intervals and placed on a -30-percent

.(-16. 7-degree) slope. Peak intensity was 78.5 suns, and thé conc{entration

ratio was 2. 28 suns per row. These data are plotted in Figures 2-12 and 2-13,
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Cémpérison between the optimized sloped north field and an optimized flat
north field is shown in Tablc 2-2,"

Table 2-2 COMPARISON OF FLAT AND SLOPED NORTH COLLECTOQR FIELDS

Pnrarﬁeter o ’ - Sloéed North Field "| Flat North Field
Horizontal width, meters ' ’ 130 | ' 130 |
Slépe, degrees o 16.. 7 0

Number of rows | 30 C2l
Apert\;;é angle, degrees ‘ ' 45 - ‘ 45

Tower height, meters 61 | e

Peak concentration, suns . 99,5 64
Concentration, suns per row ’ " ‘ 3.32 3,05

.
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Figure 2-13 APERTURE FLUX INTENSITY PROFILE FOR SLOPED
SOUTH FIELD

The linear collector system is essentially a long, narrow concept utilizing

a strip of land 900 feet wide and 1,200 feet long for a 10 MWe plant.
Collector fields and receivers for longer plants could be laid out, like
ribbons, on available southward-facing slopes. Moreover, the linear nature
of the concept permits the system to follow local topological features. That
is, the receiver and collector field need not be perfectly straight, but can
tolerate a reasonable degree of serpentining. This feature can substantially
increase the availability of suitable flat or sloped installation sites. An

artist's rendition of an installation on a slope is included in Figure 2-14,
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2,5 EVALUATION OF ONCE-THROUGH DESIGN CONCEPTS

First-order procedures for evaluating the thermal performance of once-

thro;ugh receiver designs were developed to investigate design variables such
as tube size and number undetr a variety of operating parameters such as flow
rate and insolation, The proceci‘ure was applicable to both the subcritical and

supercritical pressure designs.

The performance evaluation procedure divided the receiver into a series of

. .sequential receivers over which the fluid properties and flow and heat-transfer
conditions can be assumed constant, The procedure calculated the change in
propert\ies and conditions across the section and pro'duced a revised set of

properties and conditions for the subsequent section,

In the once-through design, tubes run down and back a modular length,
assumed about 50 feet for ease of transport and erection. The program
calculates the radiant and convective losses; and takes into aécount the distri-
bution of radiation flux across the.aperture.’ The cooler txibes are assumed to
be located near the edge of the aperture where the flux is lowest and the hotter
- tubes near the center where the intensity is greatest. Steady-state operating

conditions from stagnation through all others of interest were determined.

Two basic designs were considered; one in'which the boiler consists of a
plane of tubes mourted in the focused region and backed by a refractory
nﬁatérial, anothet In whicli the tubos are mnunted on the inside of a circular
cavity of refractory material With an aperture atthe position of the focus

plane.

2.5.1 Flat-Plate Design
Computer modeling of the flat-plate receiver considered the full hydraulic

performance using the properties of water, and included conduction and con-
vection heat transfer, as well as radiation. ' The coolest fluid flows down the
tube.s on the edge of the focus region and returns in the next bank of tubes,
The final pass is in the central portion of the aperture plane, in the region
of the highest flux density. The number of passes, the length of the passes,

the number and size of the tubes in the passes, the emissivity, the local
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temperature, and the local wind velocity are among the input variables to
the program. Typically we consider that the fluid flows down a 200-foot
‘length before being turned and flowing in the opposite direction. This distance

corresponds to the distance between support towers.’

These calculated fluid properties at any point in the reciever, including
velocity and Reynolds number, can be used to assist during the boiler design
phase. Given restraints, we achieve a design which optimizes the availability

fuxiction;“ where availability =h - Tgs

and h = enthalpy
~ Te = ambient temperature.
$ = entropy.

The ava11ab111ty is an 1nd1cator of the specific work that can be extracted from
- the w6‘rkmg fluid at the given'ambient temperature. The advantage of con- A
sidering avallablhty rather than only enthalpy is that availability also accounts
for the pres sure drop through the receiver system. By looking at the avail-
ability, one can tell whether a sacrifice in enthalpy or in pressure is more

expeditious. -

Two design strategies have been used. In one strategy, a specified number
of tubes has been assigned to each pass. The size of the tubes in each pass
varies to accommodate increasing specific volume as heat is added and
pressure drops. In the other design strategy, the size of the tubes in all
loops is constant and the number of tubes is varied to accommodate the
expansion, Withiﬁ reasonabie design lirriits; both designé appear to optimize
to nearly the same performance,

Just past the design point of 1400 winter solstice, a flat-plate recciver
efficiency of about 60 percent was estimated, with inlet vunditions, at 2049 C
(400°F), and 6.9 MPa (1,000 psia) and exit temperature of 4540C (8500F),
The comparable figure for 1230 winter solst1ce is about 75 percent. A wide

ra.nge of opera.tmg pressures and temperatures were explored
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2.5.2 Cavity Design ’
A model was generated to compare the performance of the flat plate with the

performance of cavity construction and to test the radiation analysis tech-

niqﬁes applying to the cavity. The model was simple in that it did not consider

the hydraulic aspects, or heat transfer effects other than radiation. The
model used the flux date, output from the collector field program; In tﬁe
_model, a 6-£oot-diameter cavity was modeled by a nonagon 2 feet on a
side, with two sides of the nonagon missing to simulate the apeftur_e. The
heat flux was made symmetrical to simplify calculations. The fluid was
assumed to enter the panel near the aperture and exit from the highest

flux panel opposite the aperture opening.

Typical performance graphs are shown in Figure 2-15, The curves indicate
that at an output temperature of 454° C (850° F) the collection efficiency
increases by 10 percent for high-emissivity tubes (emissivity = 0,95), -a 14
percent increase for an emissivity of 0.8, and a 23 percent increase for an
emissivity of 0.5, The simplemodel confirmed that a cavity design gives

a significant efficiency advantage, especially for lower emissivities. .

A complete performance model of the cavity, similar to that of the flat plate,
was implemented on the computer using the radiation procedures developed
in the simplified model. The model is described in Appendix B, Shown in
Figure 2-16 are the results of a thermal anaiysis of 61 -meter -long cavity
type receiver using a once through boiler. The efficiency of the receiver

and outlet temperature are plotted as a function of steam flow,

Figure 2-17 shows the results of a similar analyeis for the flat-plate
receiver. As can be expected the cawty receiver shows a much better
maximum efficiency (1. e., about 73 percent versus 56 percent for the fla.t-

plate receiver at 1230, winter solstice),

o . \
It appears that the cavity receiver is capable of producing a steam outlet
temperature of 450° C at 2,000 kilograms per hour at a near maximum
receiver efficiency at 2:30 p.m., winter solstice, Shown in Table 2-3 are
the effects of variation of tube absorptivity (a), emissivity (¢), and steam
pressure on the boiler outlet temperature and efficiency at constant flow

rate,
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Table 2-3 61-METER CAVITY BOILER ONCE-THROUGH DESIGN -

ase | Outlet Pressure Outlet Temperature {Change'in Enthalpy [Thermal
MPa (Psi) °C (°F) . kg-cal/kg (btu/lb, ) Efficiency

0.7 6.9 (1, 000) 498 (928) 551 (992) 0.66

0.7 6.9 (1,000) 499 (930) 552 {993) . 0. 67

0.75 6.9 (1,000) 506 (943) 556 (1, 000) 0.67

0.8 16,9 (1,000) 507 (944) 557 (1,001) 0.67

0.7 4,8 (700) 502 (936) 558  (1,004) 0. 68

0.7 2.8 (400) 507, (944) .- 563 (1,013) 0. 69
Note: For constant steam flow of 1814 kg/hr (4000 1b/hr).
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2.5.3 Effect of Selective Coating on Receiver Tubes.

An analysis was made to study the effect on receiver efficiency of the use of
boiler tubes with a selective surface. Original calculations were made using
@ =0,9and ¢ =0.7. Sandia Laboratories has reported that Harshaw Chrome
gives a stable coating with a = 0,95 and € = 0.25 at 300°C. Calculations
were made using a = 0,95 and ¢ = 0.25 and the results are compared in
"Figure 2-18, It can be seen that the maximum receiver efficiency is raised
from 85 percent to 90 pércent by the use of the selective surface, and that
this type of receiver can benefit somewhat from theuse of selectivé coatings
on the boiler tubes. Unfortunately, Harshaw Black Chrome will not with- N
stand the temperatures anticipated. Consequently, the more conservative
values of tube absorption and emis.sivity were used for rcceiver vpcrfor'mam:e
estiinales, However, in view of the potential performance Linprovements
illustrated in Figure 2-18, it may be considered desirable to develop

selective coatings for this type of central receiver,.
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3.0 HELIOSTAT

The FMC heliostat is a parabolic.cylinder, the reflecting surface of which is
composed of an érray of ﬂexible, rectangular mirrors which can be focused
into the fresnel equivalent of a parabolic surface. The reflecting surface
rotates about its long axis. | The combination of parabolic deformation and
rotation of the reflecting surface enables concentration of the solar image
along an elevated linear receiver throughout a solar day. The generation of
turbine-rated steam is achieved by overlapping of the concentrated images

from a field of heliostats.

"The heliostat described in the following paragraphs is the first iteration in a,
design evolution to generate a low-cdst, mass-producible line focus heliostat,
The g"ener‘a.l characteristics of the design were dictate'd by the following goals:

e Permit factory-finishing of complefe séctions with automated fabrication
and assembly techniques

® Maximize the area of refleéting surface controlled by one drive/control
unit 4

o. Permit complete sections to be shipped on existing common carrier’
equipr’nent‘re.ady for field emplacement with existing construction |

equipment and techniques,

The heliostat section that was 'designed and built d\iring the pi'oject reflects
these goals, insofar as experimental hardware can, Further evaluation of the .

~design toward a mass-producible state was not within project scope.

3.1 DESCRIPTION

Each heliostat consists of two mirror sections with a common elevation aim

drive unit and local controller. Each mirror section is 18, 3-meters (60 feet)
long by 3,05-meters (10 feet) wide and contains a focus drive unit. Concep-
. tually, each heliostat contains 110 meters2 (1,181 feet?) of reflecting area.

Figure 3-1 shows one-half of a heliostat module.
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Figure 3-1 ONE-HALF HELIOSTAT MODULE



The reﬂectir;g surface is composed of mirror panels which slip into the sup-
port frame. The mirrors are supported along the long edges by flexible
beams supported at the ends. The heliostat section fabricated during the
project contained 70 panels. Each panel.consisted of a seéond-surfa’ce, ~
float glass mirror, 2.29 millimeters (0.090 inch) thick, fabricated by
standard commercial techniqués. The reﬂecting surface is a silver/copper
flash protected by black organic paint and a 3. 30-millimeters (0.13 inch)

thick polystyrene foam backing, and enclosed by metal frames,

One mirror panel was senf‘ to Sandia/Albuquerque to test reflectance and
dispersion, The tests (Appendix F) yielded a specular reflectance of 0, 85

and a surface dispersion of 1.2 mm: in the long dimension.

The experimental heliostat section was slightly shorter (17.92 meters) than the
conceptual design because the mirrof manufacturer* was tooled to produce
high qualify float glass mirrors to a maximum width of 50.8 centimeters (20
inches). The design of the experimental section was modi‘fiedl to accommodate
this width to avoid the cost of retooling. The completed section contained
51,1 meters 2 (550 feet?) of exposed mirror area; roughly 93 percent of the

conceptual design area of one mirror section.,

"Each mirror section is constructed of welded formed-steel sections, Forme_d-
steel sections are lighter and less expensive than rolled sections. The
bearinge are mounted at the center of gravity so there will be no appreciable

" torsional deflections under no-wind conditions. Figure 3-2 illustrates the

structure of a single section,

_The section is supported at each end. On one end is a pillow-block sealed
ball bearing, The other end is supported by the zero backlash worm gear-
box output shaft, Figure 3-3 depicts the focus wedges and the focus rack- .
and-pinion drive system. The control logic used for elevation and focus

control is discussed in Section 5,0,

% Mechanical Mirror Works, Inc., 661 Edgecombe Avenue, New York 10032,
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- Figure 3-2 HELIOSTAT MIRROR SUPPORT STRUCTURE
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Figure 3-3 FOCUS WEDGES AND DRIVE SYSTEM




The operation of the focusing system (Figures 3-4 and 3-5) is described
below, The mirrors are deflected by oilite shoes attached to the mirror
deflection beams. The shoes ride on sloped cams. As the cams are forced
past the shoes, the beams are deflected downward at the cehter. All the
cams are actuated in unison by a rectangular cam shaft which is driven
by a rack and pinion, The cam shaft return spring places the cam shaft

in tension to return the mirrors to the defocus condition and to eliminate

drive 'system backlash,

Defocusing operation is achieved by use of the defocusing clutch which
couples the pinion shaft to the focus drive stepper motor and gearbox.
When engaged, the clutch-allows the focus dlri_ve stepper moatnr tn mm}g the
cam shaft and hence have direct control of the mirror deflection. The
defocus clutch is engaged by the defocus torque motor operating through
its gear train and ballscrew/nut drive., This pulls the defocus clutch
lever, moving the defocus clutch lower jaw, and engages the clutch. The
defocus spring will pull the lever down, separating the jaws when disen-
gaged. Applying power to the torque motor will wind up the ballsc_:rew/nut
against the defocus spring, thereby engaging the clutch., The torque
motor can operate in continuous stall and will maintain the engagement of
the clutch. When the power is removed, the defocus spring will pull the
ballnut down on the ballscrew, lowering the clutch lever, and cauée the
torque motor drive to unwind., The clutch jaws separate, and the cam
shaft return spring will return the mirrors to the defocus condition. A
fail-to-safe condition is thereby obtained, where loss of control signal

or power will automatically defocus the heliostat. .
The MIT ICES computerized structural analysis was used to configure the
frame shown in Figure 3-2. The analysis was based on a load équal to the
weight of structure, mirrors and mirror supports for one heliostat section.
In aadition, a wind load of 24.4 kg/m?2 (5 1b/ft2)* perpendicular to the mirror
surface was included. Following is a summary of the results of the analysis:

e Total weight of the heliostat section: 2,209 kilograms (4, 860 pounds),

* 99, 9-percentile wind velocity with a gust factor of 1.4 (18,7 meters per
second, 36.6 knots) (1),
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3-5 EXPERIMENTAL MODEL HELIOSTAT FOCUSING
MECHANISM DETAILS
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Heliostat Horizontal

e Deflection at center of the span due to weight only: 1.04 centimeters
(0. 41 inch).

e Deflection at center of the span due to weight and wind load: 1,73
centimeters (0.68 inch).
Maximum stress, stub shaft support: 1,251 kg/cm? (17.8 kips/inz).
Maximum stress at center of the span: 562 kg/cm?2 (8.0 kips/in2),
Heliostat Vertical

e Rotational deflection due to uniform distributed torque: 114 m-kg
(825 ft-1bf) along the full length of the heliostat: 0,002 radian (0.113

degree).

e Deflection at center of the span due to weight only: 0.41 centimeter
(0.16 inch).

o Deflection at center of the span due to weight and wind load: 0,84
centimeter (0. 33 inch).

e Maximum stress at stub shaft support: 893 kg/cm?2 (12,7 kips/in2).

e Maximum stress at center of the span: 485 kg/cm2 (6.9 kips/in2 )

3.2 DEVELOPMENT WORK

Verification testing of the heliostat focusing mechanism was accomplished

with a jury rig which simulated a 1-meter length of one heliostat section.

The same focusing mechanism was used for the jury rig and the field
experiment model. The tests demonstrated that the focusing mechanism
performed as predicted., Section 3.3 contains a description of the jury rig

tests,

Fabrication of one heliostat section (17.92 meters by 3,05 meters) was
completed, Figures 3-6 through 3-10 show the completed heliostat. This
section, with the same focus drive mechanism used in the jury rig was
mounted on a trailer for use in the field experiment. The following tests
were planned:
e Measure reflected image intensity at ranges of 70, 110, and 150 meters,
e Test control logic for aiming and focusing,
e Verify emergency defocus and stowing logic.
°

Evaluate heliostat and control system response to wind loading.
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Figure 3-7 HELIOSTAT MIRRORED SECTION
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Figure 3-9 COMPLETED HELIOSTAT SECTION READY FOR TRANSPORT
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Figure 3-10 DETAIL OF ELEVATION AIM DRIVE MECHANISM

3.3 RESULTS OF TESTS PERFORMED ON FMC LINE FOCUS HELIOSTAT
This section contains the results of tests performed by FMC during the

Central Receiver Research Study project,

3.3.1 Heliostat Jury Rig Model
The model of the heliostat (see Figure 3-11) employed the heliostat's

basic triangular structure and width to accommodate four mirror panels,
This setup allowed for an experimental deterrnination of function and
frictional forces in the mirror focusing mechanism and a preliminary

observation of mirror imaging.

The model heliostat was mounted an a support frame to allow for elevalion
aiming., It also had a complete focus drive assembly and mirror focusing
mechanism (see Figure 3-12), Figure 3-13 shows the control schematic
used for focus control, The telephone dial simulated pulse commands

from a central computer for operation of the focus drive stepper motor,

The defocusing mechanism was tested. The clutch as supplied from manu-

facturer's stock had rough cast iron jaws with square, castellated faces.
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Figure 3-12 EXPERIMENTAL MODEL HELIOSTAT SHOWING
FOCUSING MECHANISM
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With any pressure applied to the faces the defocus spring was not sufficient
to overcome the face friction and separate the clutch. A stronger defocus
spring could not be used, as that would be beyond the torque limits of the
torque motor, Therefore, a combination of face angles and facing materials
was tried. The present configuration of a 45-degree face angle with nylon/

polished cast iron faces appeared to separate under all operational condition

of focus mechanism forces.
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When the defocus clutch separated under the load, the return spring returned
the cam shaft with a large impulse force. In an effort to absorb this shock,
an air cylinder was mounted on the cam shaft, A needle valve regulates the
admission and discharge of air into the cylinder. The returning cam shaft
compresses the entrapped air in the cylinder which is then slowly released.
The return shock is thereby absorbed and yet the mirrors are allowed to

assume a slightly convex, defocused configuration.

Set outside the ESD facilities, the model was then used for mirror image
tests (see Figure 3-14), The image of the sun was reflected onto the building
wall, A target was placed in the vicinity of the image to provide height
reference., Because of the facilities available at the time, the model helio-
stat optical axis was not normal to the reflecting wall, This condition pro-
duced the horizontal distortion of the image, but the vertical dimensions of the
image were largely undistorted. The optical path length to the image was 200
feet -- the minimum heliostat-to-receiver distance encountered in the actual

system.

Focusing tests were conducted on March 29, 1977, at about 1500 PST. Photo-
graphs were made of the image (see Figures 3-15 and 3-16) as the mirrors
were being focused., The photographs enclosed in the report show the mirrors
in the defocused and focused condition. The target gradations are at 1-foot
intervals., It will be noted from Figure 3-15 that each mirror image appears
to have two 'hot'" spuls. These '"hot' spots are caused by local mirror con-
cavities which occurred during the mirror manufacturing process. In Figure
3-16 there appears to be an image splay on the upper 'hot' spot of mirror
number 1, This mirror was cracked but was still used for the test. The

cracked portion was placed in the upper end of position number 1.

The tests with the experimental model have been valuable in determining final
heliostat configuration. These tests have also demonstrated that the mirrors

can he successfully focused and automatically defocused.

3.3.2 Field Experiment Model

The heliostat field experiment (Appendix C) was not accomplished, due to

a reduction in the scope of work requested by DOE, All assembly work
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Figure 3-16 EXPERIMENTAL MODEL HELIOSTAT MIRROR IMAGE (FOCUSED)
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on the field experiment model (Figures 3-7 through 3-10) was complete
with the exception of wiring and programming of the local controller
(Section 5,2). However, functional tests were performed with the com-
pleted field experiment model in the ESD shop to checkout and debug the
heliostat prior to transport to the test site., The following functional

tests were performed:

3.3.2.1 Focus Drive Mechanism

All mirror panels were installed in the heliostat (Figure 3-17). The focus
drive control (Figure 3-13) was connected to the focus drive and the
mirror surface was focused., Initial tests revealed that the mirror

return springs called for in the design failed to produce a concave curva-
ture in the mirrors in the full defocus position. The heliostat design
specifications call for a minimum deflection of 1,6mm (1/16-inch) in full
dcfocus pusition. T'he original springs (4.11 kg/cm (23 1b/in) compres-
sion constant) were replaced with stronger springs (24.11 kg/cm (135 1b/
in) compression constant). Tests verified that the sironger springs pro-

duced the required defocus deflection,

Measurements of mirror deflection in focus mocde were also performed.
Design specifications call for a maximum convex deflection of mirror

centerline of 20 mm (0. 8 in) from neutral position (mirror undeflected).

Focus deflection measurements were made at 10-foot intervals along the
mirror centerline after installation of the new mirror return springs.
The measurements verified that maximum deflection requirements

(Section 2, 3. 3) were achieved.

3.3.2.2 Emergency Defocus

The heliostat was focused to maximum centerline deflection, and power
to the focus drive was then interrupted and the time required by the
mirror surface to return to defocused position was measured. An
average time of 0.2 second was obtained from several repetitions of the
test. This is well within the safety criteria developed for point focus

central receiver heliostats (2),
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3.3.2.3 Elevation Drive
Jury rig power was applied to the elevation aim drive to exercize the aim

drive stepper motor and stow motor, and to checkout the drive mech-

anism. Design specifications (Section 5.2) call for a maximum rotation

speed of 0,048 mrad/sec (10 deg/hr) in tracking mode and 26,2 mrad/sec

(0.25 rpm) in stowing mode.

Figure 3-17 EXPERIMENTAL HELIOSTAT SECTION WITH MIRRORS INSTALLED
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The heliostat was positioned to fully destowed criteria (mirrors horizon-
tal, facing up) with the stow motor then rotated 180 degrees to a fully
stowed position while time was recorded on a stopwatch., Stowing was

completed in 118 seconds, within 2 seconds of design specification,

The helicstat was then positioned to a vertical orientation with the

stow motor, and the stepper motor was then run through 20 steps while
rotation time was recorded. The average time from several runs was
2.7 seconds (7.4 steps/second), which is within the design specification
(0.159 rev/rad x 4.8 x 10-5rad/sec x 200 motor steps/rev x 5000:1
gear ratio = 7.6 steps/sec), allowing for the fact that a 4900:1 ratio

gearbox was used in the elevation drive.

3.3.2.4 Measurement of Tmage Size

The field experiment heliostat was used to obtain focused image size. ThLe
heliostat and 6 of the target panels built for the field experiment were set up
behind the ESD facility as shown in Figures 3-18 through 3-20, The test
area shown in Figure 3-18 was the only relatively flat, unobstructed area
within proximity of the ESD facility (latitude 37°22', longitude 122°), where
a mirror-to-target range of 61 meters (200 feet) could be obtained at a
favorable orientation to the sun., The area in the background is a test track
for armored vehicles, and was unsuitable as a test area., The view in Figure
3-18 is in an easterly direction. The normal to the centerline of the heliostat

was 35 degrees west of true South,

Note that the distance from the centerline of the heliostat to the end of the top
corner of the fence in the foreground of Figure 3-18 is 203 feet, An additional

target panel was moved to this area after the photograph was taken.

The heliostat contained 28 mirror panels (2 mirror panels per row), located
in Rows 2 through 15, counting from the end at which the focus drive
mechanism is located., Row ! was not used so that operation of the focus
drive could be observed, Rows 16 through 35 were not used because the
geometry of the test area prevented setup of more than 6 target panels.

The geometry was such that 14 mirror rows and 6 target panels provided a

time slot of about 20 minutes when the full image was on the target.
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Figure 3-18 TEST SETUP FOR IMAGE SIZE MEASUREMENT

Figure 3-19 HELIOSTAT POSITIONED FOR IMAGE SIZE TEST
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Computations indicated that the sun would be in position for testing between
1330 PST and 1430 PST, at an elevation of about 0.66 rad (38 degrees) from
horizontal at 1430 PST (1415 solar time) at 37° latitude on vernal equinox
(3). At this elevation, a heliostat orientation of 19 degrees from vertical
would project a beam parallel with the ground plane. Measurement of helio-

stat orientation verified these computations, as illustrated in Figure 3-20.

The length of the mirrored section (Figure 3-19) is 7.11 meters (23. 22 feet).
At a range of 61 meters (200 feet), the predicted length of the reflected image
is 7.64 meters (25.1 feet), assuming that the direct normal component of solar

radiation arrives at the earth's surface in an 8, 73-mrad (0. 5-degree) cone (4).

Heliostat elevation was controlled by operating the stow motor from the manual
operation console built into the enclosure shown in the lower center of Figure
3-19. Mirror focusing was accomplished by turning the focus pinion gear
(Figure 3-5) with a wrench after disengaging the defocusing clutch. This was
necessary because the electrical connections between the focus drive and the

manual operation console had not been completed.

Initial tests were conducted on March 12, 1979, Observations indicated that
the sun would be in position to begin testing at about 1330 PST. At 1315 PST,
the mirror section (unfocused) was elevated from a fully stowed position
(mirrors down and on the horizontal) to a vertical orientation, so that the
image was reflecled on the ground immediately in front of the heliostat,
When the position of the sun was correct, the mirror section was elevated
until the top edge of the image was slightly below the top edge of the target.
The mirror section was then focused until a minimum width image (deter -

mined by visual observation) was obtained.

Figure 3-21 shows the images obtained in the first test. The picture at the
top of Figure 3-21 shows the focused image, which had an overall length of
7.61 meters (25.1 feet) and peak-to-peak width which varied from 0, 76
meters (2.5 feet) to 2.0 meters (6.7 feet), with an average width of 1,4
meters (4.6 feet). Note that the orientation of the image is such that a plane
containing the projection of the heliostat centerline is almost perpendicular

to the vertical projection of the target plane, so the image is seen almost
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Defocused Image (1410 PST)

Figure 3-21 IMAGE SIZE TEST ON 12 MARCH 1979
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undistorted by perspective. The peaks and gaps evident at several points in
the image were due in part to misalignment of individual mirrors with
respect to the plane of the mirror support structure, and in part to local

distortions caused by the tight fit of some mirrors in their support frames.

The bottom picture in Figure 3-21 shows the image from the defocused mirror
section, about five minutes after the top picture was taken. The width of the
defocused image is about 3,66 meters (12 feet), which was expected because
the mirror surface has a slight concave curvature in the fully defocused posi-
tion., The apparent discontinuity of the image is caused by the lower part of
the image being projected on the far wall of the test pond, which is about 14
meters (46 feet) closer to the heliostat than the target panels.

The initial test demonstrated that the heliostat focus mechanism was operating
as designed, and that maximum focus was not attained because of mirror mis-
alignments and distortions., The images obtained from the test were used to
adjust the edge alignment of the mirrors and the focus cams which control the
surface curvature of each mirror row. Edge alignment of adjacent mirrors
was adjusted with the adjusting bolts at the ends of each deflection beam (see
Figure 3-4), The focus cams of the mirror rows which caused the peaks in
the focused image were adjusted to increase the deflection. Each cam can be
moved independently so that the relative position of the cam with respect to

movement of the focus rack can be different (see Figure 3-5).

Alignment and focus cam adjustments were completed prior to the second test,
which was conducted on March 13, The same startup procedure used in the
first test was followed. The focused image is shown in Figure 3-22, The
picture at the top of Figure 3-22 was taken at 1355 PST. For reference, the
tape strips on the target panels are 35.6 cm (14 inches) apart and 7.62 cm

(3 inches) wide. (The two strips immediately to the right of the utility pole

are 18 cmn (7 inches) apart).

The image shown in Figure 3-22 is 7, 35 meters (24.1 feet) in length, which
is about 0, 3 meters (1 foot) shorter than the image obtained in the March 12
test. It was determined that the shorter image was due to misalignment of
the mirrors in Row 15 (extreme left in Figure 3-22), which crossed the image

from Row 14,
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Figure 3-22 IMAGE SIZE TEST ON 13 MARCH 1979
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Image widths at several points along the image were determined by (1) scanning
the image with a hand-held light meter along a vertical referenée line, (2)
marking the points where the light meter reading was equal to the reading for
background illumination, and (3) measuring the distance between the marks,

The average of five readings was 1.2 meters (3. 8 feet).

The image in Figure 3-22 has fewer peaks and gaps than the image obtained in
the March 12 test, and the average width is less than that obtained in the March
12 test. However, the width is larger than the target width of 0.61 meter (2
feet) which should be obtained from a properly aligned heliostatat a range of

61 meters (200 feet), to ensure that correct focus width is achieved at ranges
up to 125 meters (410 feet), which is the maximum range in the field sizing

for the 100 MWe plant concept (Figure 6-2),

Based on the results of the March 13 test, it was decided to attempt alignment
adjustments while the heliostat was focused on the target. Several problems
were encountered during this alignment work., Most significantly, it was
discovered that several mirror panels were distorted to a wavy appearance
because of a tight fit in the mirror support structure. These panels were
replaced, but the problem persisted, apparently because the majority of the
mirror panels were slightly oversize in width. Alleviation of this problem
requires replacement of the metal frames which protect the edges cf the mir-

ror panels with thinner frames.

The design chosen for alignment of the mirror deflection beams proved to be a
prohlem because four mirrors are affected when one frame is moved (see
Figure 3-7 for illustration). A deflection beam is adjusted by loosening the
bolts which attach the ends of the beam to the heliostat structure, and adjusting
the height of the beam. Dynamic alignment proved to be difficult because of
the near-vertical orientation of the mirror surface and the short time in which

the image was incident on the target.
Several attempts were made to improve alignment in preparation for a final

test, which was conducted on March 20, Figure 3-23 shows the defocused

and focused images obtained at the start of the test. The top picture shows
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Figure 3-23 INITIAL IMAGE SIZE IN 20 MARCH TEST
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the unfocused image. Note that the image from mirror Row 3 crosses that
of Row 4, and the images from Rows 5 and 6 and Rows 12 and 13 overlap,

producing gaps and peaks.

The bottom picture shows the focused image. Note that the top edge of the
image is from the lower half of the mirror section, which means that the
focal line was slightly in front of the target plane when the picture was taken.
This was done deliberately so that the images from individual mirrors could

be seen when the mirrors were flexed by hand.

Comparison of the focused image in Figure 3-23 with that in Figure 3-22
shows more uniform alignment of the mirrors, and a more concentrated
image. The peak in the upper right part of the image (between fifth and sixth
tape strips from right edge of image) is due to misalignment of Row 5. The

measured length of the focused image was 7. 74 meters (25, 4 feet).

Alignment adjustments to reduce the peaks and gaps were carried out, and
image measurements were then obtained. Figure 3-24 shows the image at
1415 PST. A hand-held light meter was used to determine the following
points along six tape strips within the image. The strips were located near
the center and edges of each of the three illuminated panels shown in Figure
3-24,

e Points at the edge of image (light meter registered background

brightness)
o Points where brightness was approximately 10 percent of maximum

brightness reading.

These measured points were used in combination with the visual properties
of the points, as seen in Figure 3-24, to map the focused image., Figure 3-25
shows the map, which is viewed in a vertical projection of the target plane
(the target plane was tilted at about 11 degrees from vertical), Graphical
integration of the map in Figure 3-25 shows that 95 percent of the overall
image is within a 1,22 -meter (4-foot) width, Additionally, the width of the
image within the 10 percent brightness contour varies from 0, 76 meter (2,5
feet) to 1.13 meters (3.7 feet), with an average width of 0,91 meters (3.0
feet),
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The fraction of reflected flux within a 1,22 -meter (4-foot) aperture has been
estimated as follows, based on the image shown in Figure 3-25:
® Assume normal distribution of reflected flux centered about the projected
heliostat centerline. '
® Average image half-width at a point where brightness (i.e., density) is 10
percent of maximum is 0,46 meter (1.5 feet). For a normal distribution,
this point is at 2,15 standard deviations from symmetry axis, Thus, one
sigma (o) = 0,.46/2,15 = 0,21 meter (0.7 foot).
Half-width of 0.61 meter (2 feet) = 2,86 ¢
The normal distribution curve between + 2.86 0 contains 99.6 percent of
the total area under the curve,
® To achieve target focusing at a range of 125 meters (410 feet), the helio-
stat image must be about 0.61 meter (2 feet) at61 meter range (200 feet),
Image half-width of 0, 305 meter (1 foot) = 1,43 ¢

e 84 percent of the area under normal distribution curve is between + 1.430

Thus, it is estimated that the field experiment model heliostat would achieve

at least 99 percent concentration of reflected flux at a range of 61 meters (200
feet), and about 84 percent concentration at a range of 125 meters (410 feet),
for an average efficiency of 90 percent, based on the spacings showns in Figure
6-2, For comparison, the 100 MWe plant concept described in Section 6 is
based on a collector field which concentrates 96,3 percent of reflected flux
within a 1,22 -meter aperture at a noon equinox design point (Figure 6-10),
Thus, the concentration efficiency estimated from the image size test is lower
than predicted. This is expected because the mirror section, as previously

noted, was not accurately aligned for achievement of maximum focusing.

Further alignment work was not performed after the March 20 test was com-
pleted because it was concluded that the procedure used for alignment was
inadequate to assure accuracy, What is required is analigmment fixture which
incorporates a fixed light source such as a laser trace, so that alignment can
be performed under controlled conditions. Additionally, rework of the mirror
. edge frames, and probably some rework of the deflection beams which
support and bend the mirrors, is required to eliminate the surface distortions
caused by tight fitting mirrors. Unfortunately, remaining project funds did

" not permit accomplishment of this work,
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4.0 RECEIVER

The baseline receiver for the FMC Line Focus System consists of a 61 -meter
(200-foot) insulated cylindrical cavity oriented horizontally on an east-west
axis. Movable doors or eyelids mounted on the aperture edges improve aper-
ture collection efficiency in operation and conserve heat during periods of
downtime. Each section is supported at an elevation of 61 meters (200 feet)
by a steel lattice tower at each end. The towers are similar in design to

those used by utilities for transmission lines,

The receiver aperture plane is 1.22 meters (4 feet) wide and oriented at 45
degrees from the plane of the heliostat field., The diameter of the receiver
cavity is 1,83 meters (6 feet). These dimensions were optimized, as described
in Section 2.0 on the basis of maximum collected energy at the receiver aper-
ture plane. The height of the tower and the receiver length were fixed at 61
meters to permit erection of towers and receivers with standard high-lift

truck cranes.

Each receiver section receives feedwater and discharges rated steam for
transport to the power plant, There are two alternate concepts for the steam
generator, One alternative is a once-through-to-superheat concept using a
horizontal array of tubes distributed about the inner circumference of the
cavity (see Figure 4-1). The other alternative is a natural-convection,
gravity-feed concept using two rows of vertical tubes located in the aperture

plane (see Figure 4-2).

The feasibility of generating rated steam for operation of an EPGS has been
analytically established. The once-through concept has been selected as the
baseline concept on the basis of lower capital cost and lower reflection and

re-radiation losses., Final selection of a concept will require more detailed

evaluation, analytically and experimentally.
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The following sections present descriptions of each concept, a summary of
performance evaluations made during the project, and an assessment of the

relative merits of each concept.

4.1 ONCE-THROUGH CONCEPT

4,1,1 Description

Figure 4-3 shows a cross section of the geometric model of a once-through
receiver section of overall length 1R. The receiver cavity is a cylindrical
segment of diameter Ds. Incident solar flux is admitted through an aperture
of width Wp . The boiler and superheat tubes are symmetrically distributed
about the circumference of the cavity in parallel with the long axis of the
cavity in L. number of groups (called loops). The plane of symmetryis orthog-
onal to the aperture plane and is inclined at an angle T with the horizontal
plane through the heliostat field. Each loop j contains N; tubes. All tubes
in a loop have identical properties. As shown in Figure 4-3, each loop is
evenly divided into an upper and a lower half-loop. The midpoints of the
circumferential arcs (ACj ) subtended by the half-loops are displaced from
the symmetry plane by + GJ.. The following equations define the layout of loops

about the cavity:

L
S =Dgfr- sin™ (W, /Dg)] /k}‘.lDok Ny (1a)
swinl) " .
AC] SSDUJ NJ (1b)
j

Cjp = #0. 55 Dok Nic (lc)

k=1
le-—':!:Cjz'F ACj (14)
and §; = (Cj + 0.54C;)/0.5D¢ (le)

where S is a spacing factor, C is an arc length referenced to the symmetry

plane and positive for clockwise displacement.
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'1/2 OF LOOP j
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- HELIOSTAT COLLECTOR FIELD

..T = APERTURE PLANE ANGLE -

Figure 4-3  GEOMETRY OF TUBE DISTRIBUTION IN RECEIVER CAVITY
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The spacing factor defined by Equation la yields a circmﬁferenii:'i‘é.lwpitch of T
SDoj in Loop j, and spacing of 0.5S (DOJ- + D'ojdg.l ) between loops, as shown
in Figure 4-4. The equivalent linear spacings are nearly equal to the cir-
cumferential spacings shown in Figure 4-5, because the clgvity diameter is

large in comparison with the tube diameters.

1.
0.550,,

Pty

S_Dol

TUBES IN
v LOOP

TUBE IN LOOP j+1

\ S ‘

Figure 4-4 SPACING BETWEEN TUBES AND LOOPS

Figure 4-5 shows the path of fluid flow in a receiver section, Feedwater,
enters each half of Loop 1; superheated steam exits from Loo.p‘ L. Flow is
concurrent in the tubes within a loop and countercurrent in adjacent loops.
The flow pattern is arranged so that heating of feedwater to saturation is
-accomplished in the outer loops by the low-energy portion of the inczjdent
solar flux distribution within the cavity. Saturation boiiing occurs in the
middle loops. The majority of superheating occurs in Loop L, which

intercepts the peak flux intensity,
Figure 4-6 shows a plan view of the receiver configuration developed from

parametric analysis conducted in the Central Receiver Research. Study, using

the model in Appendix B, Table 4-1 lists the properties of each loop.
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Figure 4-5 ,FLOW MODEL OF WORKING FLUID WITHIN RECEIVER SECTION

Loor TUBING 1.D. NUMBER OF TUBES
NUMBER  (INCHES) IN BOTH SECTIONS

1) 0.5 30
] 0.5 30
3 © 0.5 30
s 0.5 30
5 0.5 30
6 0.9 16
7 0.9 20
8 {2)(3) 0.9 30

(1) FEEOWATER (2) SUPERHEATER
(3) STAINLESS STEEL; OTHERS MILD STEEL

Figure 4-6 ONCE-THROUGH CONCEPT, RECEIVER CROSS SECTION
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Table 4-1 CHARACTERISTICS OF ONCE-THROUGH RECEIVER

 TUBE LOOPS
I Tube inside Position (see Figure B-2
diameter, in Appendix B)
cerntimeters Number Ciz, meters 8)', radians .

Loop tinches) of tubes* | (feet) degree) Material
i1 (Feed)| 1.27.(0.5) 30 2,20 (7.22) 2.28 (136.5) Mild
v ' steel
2 1.27 (0.5) 30 1.96 (0. 43) 2.01 (115, 1) Mild
. steel
30« 112709 30 L71¢5.61) | 1.74(99.7) | Mild
. steel

-

4. 1,27 (0.3) 30 1. 47 (4.82) 1.47 (4. 82) Mild
steel
5 1.27 (0:5) 30 i1l.22 (4.00) | 1.20(69.0} Mild
- steel
6 2.29 (0.9) 16 0.98 (3.21) | 0.94 (53.9) . Mild
. steel
7 2. 29A~(O. 9) 20 0. 74 (2.43) 0.65 (37.1) Milcé
’ steel

8 (Exit) | 2.29 (0.9) 30 0.45 (1.48) | 0.24 (13.9) Stainless
steel

* Half in ¢éach half of cavity

4,1,2 Performance

The circumferentially distributed once-through concept was subjected to a

series of iterative performance analyses using the computer model described

in Appendix B,
‘figuration of tubes and loops for operation at a 2:00 p.Mm,

design point in a 10 MWe plant configuration (see Appendix D),

The purpose of the analyoes was tu establish a feasible con-

parameters were fixed for all analyses:
e b6l meter (200 foot) tube length

supcrheat loop
Feedwater in at 216°C (421°F)

Steam out at 538°C (1,000 °F)

Tube absorptivity = 0.9, emissivity = 0.7

winter. solstice

The following

‘Mild steel tubes for preheat and boiling loops, stainless steel tubes for

Incident flux distribution from an optimized flat North collecter field.
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A six-loop configuration using 10 each 2,54 centimeter '(lv'-inc'h) diameter
tubes per loop was chosen as a starting point for the iterative }analys.i.s. The
- output of one iteration was used to modify the diameter and number of tubes
per loop for the next iferation until a fea.sﬂ;le configuration (rated steam at

required flow rate) was found,

The analysis was repeated with eight- and ten-loop cdnfigurations. The
eight-loop configuration described in the preceding section was chosen as the
best balance between absorbed energy efficienéy and total weight ofv tubing.
'Further studies to opti.}-nize pérformance on the basis of s}'rstem economics
and more“detailved design studies were outside of the funded scope of the

-

project.

Figures 4-7 through 4-10 show the performance of the eight-loop configura--
tion on three solar days, using the input from a North flat collector field
optimized for 2:00 p.m. winter solstice, Receiver efficiencies shown in
Figures 4-7 through 4-9 are defined as

Change in available energy of working fluid (M AA)
Solar energy at receiver aperture

where
M = Mass flow rate of working fluid
A A = Available energy of outlet steam
- Available energy of inlet feedwater .
A = Enthalpy - Ta S
Ta = Ambient temperature
S = Entropy

Available enefgy is used in the efficiency computation to account for pressuré
losses as well as changes in sensible and latent heat content of the working
fluid, '
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The performance data summarized in Figures 4-7 th'rough 4-10 were used

. throughout the project for plant sizing estimates. Check runs of receiver
performance input from a collector field optimized for an equinox design
point were made to verify the applicability of the receiver configuration to a

different design day. Appendix D contains these computations,

4.2 NATURAL CONVECTION CONCEPT

4.2.1 Description

The natural convection boiler con‘sisté' of a double screen of vertical boilér

tubes mounted in the aperture plane of the receiver cavity (see Figure 4-11),

A receiver 61 meters (200 feet) long contains approximately 1,600 hoiler tuhes

of 9. 5-millimeter (3/8-inch) outside diameter. The outer row of tubes gener- . .
ates and delivers saturated steam to the separation drum which feeds the |
second row of superheé.ter tubes and returns circulating water to the first

row. Superheated steam output is collected in a plenum header which is

mounted inside the boiler cavity to minimize heat losses.’

S§S: SATURATED STEAM
SH: SUPER HEAT

SS UPPER HEADER  OUTER- -
.SHELL' . INSULATED SH OUTLET -

SH HEADER SHELL SH FEEDER
_\ s -
DRUM \\\,r" RN T /7 _SH HEADER

_DRUM WITH
DOWNCOMER

St TURE
SS LOWER

. | T ATRE il
= < { HEADER
LOWER . ;r : [/f LOWER EVELID

Figure 4-11 NATURAL CONVECTION RECEIVER CONCEPT
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The gravity-feed na.turai convection boiler is ‘eqﬁipped' with a double ladder, or ™
double screen, of heat-absorbing boiler tubes, and appropriate shell insulation
(see Figure '4-12). The receiver absorptivity is enhanced and the radiant losses .
are minimized by the screening effect of the two rows of closely spacea boiler
‘tubes. The tube bundle also acts as a wall to reduce convective losses from
wind blowing into the cavity. The downward tilt of the éavity traps lighter hot
air in the ui)per portion, minimizing natural circulation in the cavity. The
cooler boiler tubes are on the outboard side and the warmer superheater tubes
are in the inside. Radiant heat losses from the superheater tubes are partially
recovered by the outer tube row., The eyelids are used to gather light not

focused into the boiler aperture and to close the aperture at night.

SEE BELOW

61 WM (200 TYP J
6 PLACES

61 M (200)

|

BOILER LOWER HEADER -

A
. A
& . ! —
A ! + . 5
\ < -
{ : ad .
secnov e ~ 15,24 M (50 QUARTER SECTION TYP 4B PLACES
1, STEAM OUTLET LINE 8., BOILER UPPER HEADER
2, SUPERHEAT PLENUM '9, BOILER TUBES
3, SUPERHEATER QUTLET HEADER >  10; EQUALIZER .
4. SUPERHEATER SUPPLY HEADER 11, ATTEMPORATOR (NOT SHOWN)
5, SUPERHEATER TUBE BUNDLE 12, BOILER FEED LINE
6. SEPARATION DRUM 13, OUTER SHELL .
7. -

Figure 4-12' |

99

PIPING SCHEMATIC FOR NATURAL CONVECTION
RECEIVER CONCEPT '




A heat balance model of the natural convection boiler was developed with .
incident flux at the receiver aperture (g3 ) as the independent variable. The
case of zero steam flow (dry tubes) was first examined to determine the
average temperature obtainable at various locations in the receiver cavify.
The results are piotted in Figure 4-13 using a wind velocity of 6.7 meters
per second (15 miles per hour). ‘The results show that an average tempera-~
ture of approximately 838°C (1,540°F) is obtained for an incident heat

flux of 32.9 kilowatts per square meter (10 000 Btu/hr-ft) on any uncooled

cavity surface.

The model was used to determine the cavity equilibrium temperatures when
the incident flux passes through a screen of boiler tubes maintained at boiler
.operating temperatures of 282°C to 510°C (540°F to 950°F).

1200
1000
800
EQUILIBRIUM
TEMPERATURE "
(°c)

600 - . o
/ AMBIENT CONDITION:

AIR TEMPERATURE = 21°C (70°F)
WIND SPEED = 6.7 M/S (15 MPH)

400

20 30 40 50 60

(qi) INCIDENT HEAT FLUX (l(W/Mz)

Figure 4-13 RECEIVER CAVITY EQUILIBRIUM TEMPERATURE DISTRIBUTION
AS A FUNCTION OF INCIDENT HEAT FLUX )
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The model was used to examine conditions at zero steam flow and a threshold |
incident flux of 6.6 kw/m 2 (2,000 Btu/hr. ft.2). The results are therefore
at a flux level below operating con;iitions, but are indicative of the effect of‘
applying a load on the receiver that is just sufficient to begin boiler warmup

at the start of a day, The following equilibrium temperatures were estimated:

t 1st Row (boiler) 2839C (541° F)

328°G (622° F)

t 2nd Row (superheater)

t Cavity 360°C (680° F)
Note that the mean temperature of the superheater row is near the threshold

required to begin production of steam for thermal storage.

Anal}?sis of wind losses was also performed. Figures 4-14 and 4-15 show
the results of the analyéis. For example, a convection loss of 4 percent is
estimated at an insolation of 32,9 kilowatts per square meter (10,000
Btu/hr -ft2) and a 4 meter per second (13 ft/sec) wind speed (50-percentile
wind; see Section 3. 0, reference 1), The loss increases to 14 percent for a

99-percentile wind of 14 meters per second (46 ft/sec).

The model was used to examine the performance of the receiver using a fixed
tube pitch of 3:1., Incident flux and wind velocity were parameters. Model
outputs are shown in Figures 4-16 and 4-17. At an incident flux of 26.9
kw/mz, corresponding to 1400 winter solstice, estimated receiver efficiency

is 0,72 at zero wind.

The model was used for a more rigorous analysis of wind losses, using better
assumptions for estimation of hot-side approach AT, The analysis confirmed
the estimates for convection losses, which are illustrated in Figure 4-18 for
an 8,9 meter per second (20 mile per hour) wind, Useful steam is obtained at
a threshold of 7.9 kilowatts pcr square meter (2,500 Btu/hr-ft2) flux at the
receiver aperture (3i). At 26.9 kilowatts per square meter (8,500 Btu/hr-ftz)

rated steam at 510° C (950° F) is available for operation of the turbine.
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4.3 COMPARATIVE ASSESSMENT |
‘Both receiver concept,sf involve benefits and potential limitations which must

'be explored through further analytical a.nd"experir_nenta.l evaluation before a

final choice of conégiat can be made. The major benefits and limitations are
.presented in this section. ‘ A
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4.3.1 Performance

Analysis work to date has established that both concepts are feasible for -
pro&uc.tion of rated steam at the conditions required by the baseline EPGS

from the energy input by the collector field.

Thermal efficiency of the once-through concept is, on average, 5 percent
higher than that of the natural convection concept. This higher efficiency
results from lower reflection and re-radiation losses in the once-through -
concept because the tubes reside around the inner wall of the receiver

cavity and therefore have a higher view factor with respect to each other..

Convection loss due to ambient wind is a potcntial prublem for both concepts
because the rgceiver is an open cavity, TFigurc 1-14 in Section 4, 2.2 shows
estimated convection loss for the natural convection concept as a function of
wind velocity. Applying the wind conditions specified for point focus ‘systems
(1) yields an expected loss of 4 percent for a normally incident wind (wind

velocity vector normal to aperture plane).

The magnitude of the convection loss is a function of the orientation of the
wind vector with respect to the aperture plane., Both concepts are probably
most vulnerable to a normally incident wind, but the relative vulnerability

has not been explored., Further analysis of the effect of wind is required,.

One important point to be noted is that both concepts, being enclosed, will
exhibit lower vulnerability than the point focus baseline receiver and dis-
tributed line focus systems with transparent cavities, both of which are

exposed to all orientations of wind,

4.3.2 Cost

It is estimated that the cost of the once-through concept will be lower than that
of the natural convection concept because of simpler design and less material
per unit heat transfer area. Cost estimates of both concepts were made for ‘
the economic evaluations performed in the Central Receiver Research Study.
The total cost per installed length of receiver (less support structure) for the
6nce-through concept is estimated to be 13 percent less than for the natural
convéction concept. This difference is one of the principal reasons that the

once-through concept is the initial selection for the 100 MWe plant.
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4,3,3 State of the Art . ' v
The natural convection concept is based on standard and well-proven

.design practice. Similar designs have been in commercial use for ‘more
than 30 years, and there is extensive evidence in the literature to verify
the thermal performance and stability from all types of process heat

1nput

The once-through concept'is not as well proven in commerciai operation,

but is state-of-the-art technology. Indeed, the selection of a once-through -
point focus receiver for the 10-MWe Bafetow pilot plant demonstrates ’this-
point because one of the requirements of plant design was the use of state -

of-the-art technology.

One reason that once-through designs are léss favored:'for steam gen-
“eration application is the relatively high potential for tube burnout due

to flow instability and/or flow reduction from scaling: This has been a’
problem in commercial systems for tube sizes and flow rates comparable ‘
to those of the once-through concept in which incident flux intensities B
reach 98 to 164 kilowatts per square meter (30,000 to 50 000 Btu/hr-'

f'c2 ) (2).  Because the maximum incident flux from a noon equlnox f1e1d 1s C
about 43 kilowatts per square meter (13,100 Btu/hr -ftz), tube burnout o

should not pose a problem.

i
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5.0 CONTROLS

Be_f;a.use the solar-electric plant concept uses sunlight collected by the helio-
stat fields to supply energy to the receiver boilers, the sun/heliostat/receiver
relationship is the key to the control of plant output. Additional environmental.
factors -- wind, ._'clouds; etc., -- also influence performance. Despite the
compl'ex parametric interrelationships, the primary controllable factors of

plant output are mirror field elevation angle and focusing,

5.1 PLANT CONTROL CONCEPT

Figure 5-1 illustrates the proposed control system configuration for the solar

power generating plant. Table5-1 illustrates the generaloperating modes.
As can be nc.>t.ed, all the data is channeled to and all commands are generated
from the central computer.. A steam output requested bf the power plant
computer is translated to heliostat commands by the central computer,
Command actions are verified by monitoring receiver boiler performance
and off -axis sensors. Sun angle perturbations and local environmental

conditions are monitored to make corrections.
The components of the control system are treated in subsequent paragraphs.

5.1.1 Central Computer

As can be seen from F-iguré 5-2, the céntral computer is the key processing -
element in the entire control system. Re'spbnding to steam output requests
from the power plant computer, the central computer translates these’
requests to specific heliostat operation and observes the effect of its control
response by monitoring receiver performance and the off-a\xis sensors., The
central computer also stores signiﬁcént performance data for future retrieval
and analysis. It also supports the heliostat operator interface for displaying '

performance data and providing a means of entry for operator intervention.
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Table 5-1 CENTRAL RECEIVER SOLAR POWER PLANT
OPERATING MODES

STARTUP-

Before sunrise, the heliostats are destowed (see Table 5-2) and brought into
tracking position and focused. The receiver eyelids are then opened, and feed-
water levels and rates are brought into compliance.

START-OF -DAY
CALIBRATION

As soon as practicable during early light, each heliostat in turn is operated in the
nutating mode {see Table 5-2). Through off-axis sensor feedback, corrections to
the heliostat elevation and focus tracking systems are made and verified, Defore
and after calibration, the heliostats are operated in the run mode.

RUN

The central computer sends continuous updating information on elevation angle
and focus. This data is bascd on the day's ephemeris data stored in memory and
corrected for solar aberration by pyrheliometer data. During periods of cloud
obscuration, the most recently corrected ephemeris data will be used. The
power plant computer will request a steam demand which will be translated to
heliostat operation by the central computer. Increase or decrease in energy
required for all or portions of the boiler will be met by adjusting the focus of
appropriate neliostats. For mirror images wandering outside the aperture
boundaries,as determined by the off-axis sensors, attempts will be made to bring
them into compliance. Failure of these corrective attenipts will initiate an
emergency defocus and stowing action of the ma'lfuné'tioning heliostat.

RE-
CALIBRATION

If a trend toward a heliostat malfunction is detected by the central computer, a
recalibration of any heliostat can be commanded using the same procedure as
the start-of-day calibration mode.

[}

EMERGENCY

In the event of sudden storm conditions or plant malfunction, all or any portion
of the heliostat fields can be commanded by the central computer to go into

a defocus and stow mode. The eyelids on the. receiver would also close.

The central computer, however, would continue to operate — updating its
cphemeris data so thata restart would be possible,

RESTART

In the event that plant operation has been interrupted by an emergency mode:
command operation can be restarted by following the same procedure as
startup and start-of-day calibration modes., '

HELIOSTAT
SHUTDOWN

At the end of the operating day, the heliostat fields will be gradually defocused
and stowed in a defined program as the collected solar energy loses its
cfficacy. The eyelids over the unimaged portion of the receiver will be closed
to retain residual-epergy; this also minimizes losses during the night.

MAINTENANCE

After shutdown or during plant operation, routine or emergency maintenance
will be performed. Scrvice personnel will have direct manual control over
the stow drive of any heliostat at its local controller cabinet. Field con-
troller and.ccentral computer commands will be disabled during this mode.
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Figure 5-2 DATA MULTIPLEXING CONFIGURATION

The computing task required of the central compﬁter is lnot vei‘y complex, _
Solar ephemeris data stored in tﬁe memdry is translated to heliostat elevation
angles and focus thrdugh simple geometric relationships., The data updating
time requirements are not sevei'e. It would also be necessary for the '

computer to operate in a real-time mode.
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The réquirements thus outlined can be easily satisfied by a minicomputer
such“as a Digital Ejuipment Corporation PDP-11. A typical configuration
would include a real-time operating system, dual dxsk drives, inputs a.nd

outputs, and support for video terminals for operator interface.

It wo;ﬂd at first appear that the data i.nput/output requirements would be
prohi:bi.tive considering the large amount of field equipment. However,
analysis shows that significant reduction in the amount of data handling can
be achieved by treating devices in groups and by transmitting incremental
posit:ion data. S

Field devices can be grouped together acc'ordir‘lg to data handling. For
exani.ple, considering the geometry of the heliostat field, each east-west
helidstat row has the same elevation angle and focus requirernent. All that
would thus be- ‘necessary is to transmit that row's elevation and focus ’
reference data to a receiver and, from there, to each local hehostat con-
troller in a daxsy-cham fashion. Control of incident energy at the receivers .
is accomphshed by defocusing groups of mirrors. Receiver rnonitoring and

‘ control can be similarly treated, There are, however, occasions when local
conditions will necessitate a correction for an individual field device. Pro-’ |

vision will be made for address and control.of the individual devices.

Trahsmitting absolute position data results in a restrictively large data
-ratei -- even with dev1ce grouping. However, considering that the only re-.
quxrement is for the incremental position reference to which a local control---
ler &aH respond the data volume (and hence rate) is substant1a11y reduced
Heliostat elevation and focus comumnands arc casily adjustable to incremental

position commands.

The data ha.ndlmg methodologxes described above suggest a multiplexing con-
figuration, such as that shown in Figure 5-2., Section 6. 0 contains a typical
configuration for a 100 MWe plant sizing. A more detailed analysis beyend
the scope of this project, is required to determine the exact sizing of

components.
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'Ag illustrated in Figure 5-2, field device commands will be sent from the
g:entral:"‘compu,ter -input/ output port to é. transmitter and thence to a field
controller via a twisted ‘shielded pair. The field controller, in tufn, sends
the command through a parallel daisy-chain line operating through the local
controllers.- A serial data line can address local controllers individually
for specific correctiAve data or for monitoring individual performance. This
latter mode can pres'ent an indication of signal and/or line integrity by .
checking whether a particular local controller has received the signal. The

checked controller can then be varied during subsequent command cyélés.

5.1.2 Field Controllers :
Interposed between the central computer and the local cantrollers, the field

controller serves as the signal conditioning link. Nata from the transuiliter
(see Figure 5-2) is.converted to a parallel data line (the dais? chain) and a

serial data line.

The equipment itself would be mounted in the field in an enclosure at a
position to minimize line runs. L.ines running fo and from the controller
would use direct burial, twisted shielded pairs. Several commercial systems
are available which can be used (such as that made by Larse Corporation),

and no severe requirements are anticipated which would preclude their usc.

5.1.3 Heliostat Local Controller

The control will take reference and command signals from the heliostat field

controllers and translate them into motor commands for the elevation drive
and two focus drives. A local subloop control’'will exist for these drives

through the use of encoders feeding back to the local controller, The local
controllet will then drive the motors to cause a zero difference between the
reference and eficoder signals, Section 5,2 contains a detailed description

of the heliostat control concept.

5.1.4 Sun Angle Tracking
A sun tracker mounted in the field will Atran'smit solar azimuth and elevation

angular data to the central computer. These data will be used to correct

the ephemeris angular data in the computer memory for local atmospheric
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conditions., During periods of cloud obscuration, the most recent corrected
ephemeris data will be used until the solar image is again captured by the sun

tracker.

5.1.5 Meterological Data
At least two anemometers (ground and tower) and several temperature sensors

will transmit local meteorlogical data to the central computer, -Wind velocity,
direction, and temperature cause deflections in mirror structures. Data on
these barameters can be used to correct for these deflections. The heliostat
operator will also have access to U,S. Weather Bureau reports of the area so

that appropriate action can be taken in advance of an approaching storm.

N

5.1.6 Off-Axis Sensor ' : .
Sensors are réquired above and below the receiver aperture to detect when the
solar image from one or more mirrors is within the opening. A scanning
video-type sensor system can be employed to exactly identify the mirror(s)
which have an off-axis image. The time of day an image is noted by a sensor
can determine the mirror's azimuth with relation to the ’se'nsor (through the
sun's azimuth at that time). The raster line at occurrence gives a determina-
tion of the exact mirror location. By spacing the sensors at regular intervals
along the receiver, fai.lufe of any one sehébr would not allow a malfunctioning

mirror to exceed control limits,

The off-axis sensors would operate in one of two modes (see Table 5-2),
During the run mode operation, the sensors would operate in the alarm moni-
toring mode. The calibration mode would be used on start-of-day calibration

and recalibration during the day.

Table 5-2 OFF-AXIS SENSOR — OPERATING MODES

ALARM The central computer scans an alarm status output of each off-axis sensor.
MONITORING The sensor's control analyzes intensity/position data to determine the presence
of an off-axis image. Upon such determination, it puts a bit on the alarm output,
The central computer detects this bit, addresses the sensor, and intérrogates
the sensor control as to the position of the alarm, With this information, the
central computer can determine which mirror has malfunctioned and command
appropriate action,

/ CALIBRATION The central computer enables the off-axis sensors to.view the image of a
pafticular mirror operating in the nutating mode. Intensity and position data
is sent from these off-axis sensors to the central computer.
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Several concepts for off-axis sensor configurations were evolved. The most
promising concept consists of an electro-optic detection device (camera), a
hard-wired a.nai_og signal conditioner with digital conversion, a data proces-
sor for evaluation correlation, and two-way communication with the master
control computer, A sensor is mounted on each receiver section to view
the portion of the heliostat field illuminéting that réceiver segment. For an
East/West field axis, the camera sweeps at an angle, ¥, relative to the
receiver normal, where ‘

Y = un- (sin(solar azimuth angle)/(tan(solar elevation angle))

Each sensor sweeps the field under'program control, An improperly aimed
or focused heliostat is detected at the sensor aperturé as a specular flagh at
its image pésiti.nn, The rcontrol systorﬁ identifies the row pusltion and

addresses the errant heliostat on a priority basis to correct the alignment or

‘disable (defocus and stow) the heliostat.

Focal line intensity profiles at representative positions é.long the heliostat
lengths can be obtained by a program which directs each heliostat to sweep
across the sensor aperture. The analog signals from the sensors are cor=~
related with the angular mirror tracking information to obtain the central
position and width (in angular units) of the focal line. If two dimensional
image information is available, inténsity profiles can be computed‘. The
control computer can use the data to check for tracking accuracy, linearity,

proper focus, and mirror uniformity,

The most promising camera concept is a video type employing a solid state
charge coupled diode (ccd) array., The field is scanned at standard video
rates and imaged on the ccd array, The silicon diodes have.good optical
response, overload recovery, and resistance to thermal damage. Self-
scanned diode arrays are a positive alternative because less complicafed
driving circuitry is required, but at the expense of poorer éensitivity and

dynamic range.

The optics requirements are not severe. A camera mounted on the
receiver is capable of monitoring 73-meter (240 foot) lengths of the helio-
stat field with 65 degree viewing angle optics for depths of field from 61 to
183 meter (200 to 600 feet), |
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5.1.7 Receiver Instrumentation and Control

Despite the length and configuration, the receivers can utilize the same

control strategy as applied to conventional steam generators, Response time,

operating conditions, and control actions are such that individual receiver- e

sections can be controlled on alocal controller subloop basis, Only reference
signals and subloop status signals need be transmitted between the central

computer and the receiver,

The instrumentation and control equipment is commercially available, even
with digital input and output capability. Subloops can be controlled either by
-microprocessors or by standard process control. The optimum configuration
would be determined by equipment cost and cost of éatisfying computer control

requirements,
Basically, levels, ﬂowé, pressures; and temperatures are the measured
variables for the boiler control. Additionally, the operation of the aperture

eyelids must respond to computer command.

5.1.8 ‘Power Distribution

A portion of the power plant output is required to provide power for the mirror
drives, receiver equipment, area lighting, etc, Figure 5-3 represents a
typical configuration for the auxiliary power distribution. Such a configuration
would provide for redundancy, overload protection, and circuit isolation.
Power would be distributed at high voltage (4,160 volts) and decreased to 240

" or 480 volts for the use points.

As shown in Figure 5-4, the high-voltage lines for the mirror field and light-
ing would be axially suspended from bracket arms affixed to the sides of the
towers., Substations of 100 kva tapping the lines at appropriate points would
decrease the voltage to 120. to 240 volts for dxstnbutmn to the mxrror controls,
Direct-burial cable would be used for these connections, A similar arrange-

ment would be used for the lighting circuits.
For the receiver, a high-voltage line would be suspended beneath the boiler

catwalk., Stepdown transformers would be mounted at appropriate locations

to power various boiler apparatus, instrumentation, and eyelid machinery.
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A tie feeder could probably be routed underground to a tie bus switching
cabinet, allowing for at leé.si; partial plant operation in the event of a feeder

or main breaker malfunction.

5.2 HELIOSTAT CONTROL

5.2.1 Requirements

Elevation and focus control of a he:li.ost'a.t were examined in detail, based on
an optimum neceiver aperture of 1,22 meters (4 feet) and total control error
of 2 milliradian for both elevation cbnfroi and focus control. These accuracies
can be obtained from commercially available control components, Central

control requirements are summarized in Tables 5-3 and 5-4,

Table 5-3 HELIOSTAT ELEVATION DRIVE SYSTEM REQUIREMENTS

Item S A Requirement

Accuaracy A

Main Gear Backlash 1 mrad (3.4 arc min)

Servo System 1 mrad (3.4 arc min)

Total (worst case) - 2 mrad (6.8 arc min)

Servo Error - 0.1 mrad (21 arc sec)

Speeds

Tracking (max) 0.048 mrad/s (10 deg/hr)
Slewing (max) ‘ 26.2 mrad/s (0. 25 rpm)
Travel Limits

Tracking 1,57 rad (90 deg)

Slewing 3,14 rad (180 deg)

Encoder Resolution 21% = 16, 384 bits for 90 deg
Data Update ' Naw elevation information from

main computer every 2 sec

Loads

Inertia 1,000 in-ibs
Roller Friction 24,000 in-1bs
Wind (max) 33,000 in-1bs
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Table 5.-4 HELIOSTAT FOCUS DRIVE SYSTEM REQUIREMENTS .

. Item | Requirement

.Accuracy
Drive System 1 mrad (3.4 arc sec) .
‘Mirror irregularities . 1 mrad (3.4 arc sec) ’
.Total (worst case) 2 mrad. (6.8 arc sec)
Mi.rror ‘Chord Limits At 0 m, 14 to 18 mm (0.55 to 0,71 in)
. At 150 m. 2 mm to 7 mm (0.08 to ;

0. 28 inch) ' T

Mirror Chord Accuracy | 0.25 mm (0,01 in)
' 0.025 mm (0. 001 in)

Servo Error

Focus Speed (max) - 0. 564 mm/hr (0.025 in/hr)

-Data Update i New focus information from :
main computer every 143 sec -

;.[‘he elevation control, shown in Figufe 5-5, provides the acéuz-'acy 1.'equire-
ments and is cost effectl.ve. It is a direct gear drive with a 200-step-per-
revolutmn, b1d1rect1ona1 DC stepping motor used for tracking and_utter and
an induction motor for stowing. A clutch would connect the stepper: ‘drive to
the input shaft of the gearbox., This clutch would be engaged during tracking
and jitter, and disengaged during slewing, The torque required for the slew :
motor armature (de-energized) is insignificant when compared to the load )
torque so it can be driven during the low-speed maodes. During slewing, the "
stepper drive would have to be disconnected to prevent overspeed damage.. ...
By tying both drives at each end of a double-ended gearbox input shaft in this .

manner, a component saving is realized.

The g‘eé.rbox for the elevation cdntrol is the primary error component due to "
bacldash The control requirements were examined by engmeers at:the FMC"-
Drive Division, whose principal product line is gear reducers. From this -«
examx_nat:.on, it was concluded that the l-milliradian bacllash iequirement is ':
attainable in practice. A éear ration of 5,000:1 is réquired for proper tracking
speed ratios and torque multiplication*. This requireq a stepper driv& rate

of 8 steps per second during tracking mode, which is well within the speed-é
torque characteristics of the stepper motor. Also, the required slewing

motor speed is 1,250 rpm, near a standard speed for AC induction motors, -« ~

v s,

*A comrherciél FMC gear box, modified to 4900:1 ratio was used in the- -

experimental heliostat.
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The encoder is tled d1rect1y to the mirror shaft. An incremental encociér was
used for cost consxderatmns. Because the full 2 14encoder bits are required
for a 90 -degree rotation, a timing belt drive is needed to provide the proper
ratio. This requires memory capability in the microprocessor local control-
ler to determine actual shaft angle, and a reference mark for the controller to
‘establish a ''zero degree'' point. |

ft:ia necessary'then, in the star’cupfprocedur'e to acquire this point, The point
would be reacquired after any power or memory losses occurred. The con-
ﬂgura.tion of Figure 5-6 was developed for the focus control as the most cost
effect:.ve confxguratmn to meet the requxrements. Agam a 200-step-per-

:_'gvol_ution, DC stepper motor is used. The motor is connected to the ball
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. screw thfoi;gh a clutch, The ball screw is directly connected to the mirror
focus bar linkage. In the event of a fail-safe signal or a power faxlure, the
stepper motor clutch is disengaged and the ball screw sprmg dr:.ves the L

mirrors to a convex position,
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Figure 5-6 HELIOSTAT FOCUS DRIVE SYSTEM

5,2,2 Operating Mades

The operating modes to which the local controller must respond are shown in
Tables 5-5 and 5-6 and in F‘igures 5-1, 5-2, and 5-7 through 5-11,

5.3 LOCAL CONTROLLER CONFIGURATION

At each heliostat, a local control transla.tes commands sent from the central

computer into aiming and focusing movements (Figure 5-12)..

A microprocessor (4040) acts as a closed-subloop for control of aiming and
' focdsing. The incremental aiming commands ‘aife cénverted to absolute
angles and compared against the value generated by the elevation encoder,
A finite number of step pulses based on the dxfference in values is sent to
the eleva.tlon stepper by its translator, Focusmg entaxls sendmg the

incremental commands to each focus stepper.
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"‘Table 5-5.

'HELIOSTAT OPERATING MODES — ELEVATION

TRACKING

‘Mirror frame is moved to angular reference position by stepping motor.

Reference position is determined by central computer and transmitted to
local control (see Figure 5-7),

PR

SLEWING

‘Mirror frame is moved toward angular reference position by stepping motor -

operating in high speed mode {10 times normal speed). Slewing will be
determined by the local control (see Figure 5-7).

NUTATING

Mirror frame is moved at slewing speed about the angular reference p_oéi-

| tion by the stepping motor, The excursion limits of the mirror’'in this mode

is t2 mrad aoout the angular reference position, Nutating will be requested

| by the central computér and interpreted by the local control (see Figure 5-8).

STOWING

Mirror frame is moved at 0, 25 rpm by the stowing motor (stepping motor is
declutched). The rotational direction chosen will always be with the direction
of the wind. Stowing can be requested by the central computer or through an
emergency defocusing action, Stowing limits will be set by limit switches,
When in the stowed position, a pin will lock the frame in the position (see
Figure 5-10).

MANUAL

Mirror frame is moved at 0. 25 rpm by the stowing motor r./eeponding directly
to a selector switch at the mirror site.

v

DESTOWING

Mirror frame is moved at stowing speed by stowing motor toward reference
position until limit is passed. At this point, regular tracking/slewing mode
is engaged (see Figure 5-11). In the event that the mirror does not destow
in'three attempts, an alarm will be serit to the central computer.

Table 5-6 HELIOSTAT OPERATING. MODES — FOCUS

Mirror deforming apparatus is moved to reference position by stepping

TRACKING
.motor. Reference position is determined by central computer and trans-
nutted to local control (see Figure 5-7),
SLEWING Mirror deforming apparatus is moved toward reference position by
stepping motor operating in high speed mode (10 times normal speed).
] ‘Slew1ng will be determined by local control (see Figure 5-7).
" DEFOCUSING Mirror deforming dpparatus is moved to convex position by spring. Clutch

‘to stepping motor is disconnected. Defocusing will be requested by the
central computer., Defocusing will automatically occur in the event of
loss of power or loss of data from the.local control (see Figure 5-9).
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START
DECLUTCH

STEPPER
1IOTOR

RUN STOW
| (LATCH
STARTER)

LIOTOR DRIVE : sTOW
>\MoToR
. Rl

PO

s
\\3\‘ -P‘f
q‘;«”?

STOP STOW
(LLLATCH
STARTER)

ENGAGE
STOW PIN

NEXT STEP

Figure 5-10 OPERATION
'SEQUENCE FOR
ELEVATION :
STOWING MODE

TO ALARM
(FAULY
IN DE-STOW,

YES

STaRT '
DISENGAGE
STOW PIN

DE-STOW
ATTCMPT 1

.

INCREMENT
ATTENPT
NUMBER

RUN STOW
MOTOR

1

DELAY

REAQ
ENCODER

ERCODER

poesssansasacaserss.

1 sTOW MOTOR
STOW
MOTOR

DRIVE

stop sTow} ™

tA0TOR

TRACKING

STOP STOW
MOTOR

¥

READ
FNCODER

ENGAGE
STEP 1IOTOR
CLUTCH

NEXT STEP

[ rsnd

LIEUT SWITCH

- Figure 5-11 OPERATION SEQUENCE FOR
ELEVATION DESTOW MODE

126




A watchdog timer is incorporated apart from the miéroprocessor so that in
the event commands are not updated within a preset time, the heliostat |

is defocussed and stowed.

5.4 PROJECT DEVELOPMENT WORK

Development work during the project included fabrication of a heliostat local

controller, development of computer programs to simulate operation of the
central computer, and programmmg of the local controller for use in the

" planned heliostat field experiment. A DEC 11/03 computer was purchased to
gerve as the.sxmula;ted -g:entral computer., Tables 5-7 through 5-11 summarize

AN

t'he‘ program logic ‘deﬁvel_éped' fo? the test computer and local controller.

Tgb|¢'5-7 TEST«COMPUTER/LOCAL CONTROLLER OPERATION

{

Step ° | . Déscription

.1 Get sun angles and run in off-line program

2 . Create objec"; tape from off-line program

R ~ Load ol?jeci tape into.test c;)r'nputer

4 Run (Set.clock for correct time and date)

a. Start up mode . {0) Set starting time. )
’ . (1) Command out of stow position every second. Maximum
speed 100 steps per second.’
(2) Test every ten seconds for position.
(3) Change from fast movement to stopping when within steppmg
motor takeover limits,
{4) Step to starting position. ,
(5) Omit zero steps until ready to start tracking. Print starting time. -

b Tracking mode (1) When starting time is reached, the system automatically starts

: <o : tracking using table. Prints first line.

. (2) Automatic printout of mirror angle.and focus (in number of steps)
every six minutes.

c. Slew test mode ~ (1) Print out starting position,

' © (2) Increase angle by 2 mrad and print out position.
(3) Decreuse angle by 4 mrad of start and print out position.
(4) Increase angle to angle of tracking and print out pos:non
(5) Return to auto tracking mode.

d. Inquiré mode (1) YTest computer transmits inquiry code.

(2) Local controller transmits angle position in absolute steps using
4 hexidecimal numbers (16 bits).
(a) upper 4 bits ( +30 hexidecimal)
(b} next 4 bits ( +30 hexidecimal)
(c) next 4 bits { +30 hexidecimal)
(d) lowest 4 bits ( +30 hexideciraal)

{3) Local controller transmits facus in absolute steps using 4 hexidecimal
numbers. ’
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Table 5-8  LOCAL CONTROLLER OPERATQIO.N -

Step Descriptlion
1 Must te able to receive and transmilt at same time (Use a URART). Must be able to
receive new data at least every second. ’ )
2 Muét act on following commands:
a. Inguiry (1) -~ Transmit absoluté argle and action received commands focus.
b. Addreéss (A) - Receive commands and act on them,
c. Stow (S}‘ - 'I_‘urn an or continue on stow motor all others off,
d. Destow (D) - Turn on or continue destow motor all others off.
e. Stepper commands (X) or (Y) - Step motor X or Y positions forward or reverse - all other
mouors off.
3 Each received transmission has 3 characters ASCll
a.” First characler is either A or I and addresses local controller and enable command to bei
received. I 1, local controlley will store present absolute angle and focus and begin
tramsmitting values in hexidecimalg., The angle is transmitted first starting wich the most
sigmificant digit (MSD), then focus starting with MSD. Angle takes four digits ané focus takes four.
b. Second character controls the angle as follows:
(1) D for angle stow motor in destow.
(2) S for anmgle stow motor in slow,
(3) N for number of steps to stepping motcr. :
(4)  If the ASCII value of the angle is-between 20 hexidecimal and 30 hexidecimal, thea the
number is negative.! Negative number steps elevation drive or.focus drive mo:or in reverse.
(5) If the ASCII value of the angle is between 30 hexidecimal and 40 hexidecimal, .u.ei the
number.is positive. Positive number steps elevation drive or focus drive, motor forward,
c. Third character controls- focus and controls focus motors as.in b. R
4 Local controller data received and transmitted. Receives 3 characters
‘ Omits 8 characters
11 characters
o . PP L . - - o . e .
Notes: 1f bit 1T set (i.e. 2], then transmit value 30 to 40 hexidecimala. 1f bit 17 clear ¢i.e. 2 ), then

-transmit value 20 to 3D hexidecitoals .2..1‘6 is set for :angle E "-'.14_,,d§gr§§_. BRI
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Table 5-9 EXAMPLES'QF'TRAN.SMlSiSlAON"RECEIVEPD'-‘BY;!‘.QCAL CONTROLLER - -

i'~
Code Meaning
ADD A Address local controller, turn on (or leave on) Angle’ Destow motgr, turn on (or leave on) Focus Destow motor.
IDD " Counuiiand local contrsller i'o‘returp al?solute Angle and Focus, tufn on (or leave on) Angle Destow motor, tu;-n on
(or leave on) Focus Destow motor, . .
AXY . Address local controller, step Angle X steps, step Focus Y steps.
1XYy Command local controller to return absolute Angle and Focus. Step Angle X steps,.step Focus Y steps. .
NOTE: 1ISD of X or Y is the number of steps. If MSD of X or Y=3, then number is positive. If MSD of X or
Y = 4, then number is negative. - . . .
A37 ! Address local contraller, step Angle 3 steps forward, step Focus 7 steps forward.
Tiex Mcamng
A 41 Address local controller
1 49 » Conimand local controller to return Angle and Focus,
D 44 Turn on {(or leave on) Destow Molor,
s 53 Turn on {(or leave on) Stow Motor.
X See below, If X posibive then X is between 30 Hex and 40 Hex, If X negative then.X .is between.20. Hex and 30 Hex,
Number X-Positive - X- Negative ) . : ’ Number
Hex: "Print ) _Hex Print
0 30 C 0
1 31 ] 21 | 1
2 32 . @ 22 " 2 -
3 33 ) 23 # 3
4 34 4 24 $ 4
5 © 35 5 25 % 5
[ 36 B 26 & 6
7 37 7 27 ' 7
8 38 8 28 ( 8
9 39 9 29 . ) 9
10 3A H 2A. * 10.
11 3B H 2B + 11
12 3C < 2C B 12
13 3D i 2D - 13 -
14 3E 2E . 14
15 3F ? . 2F 15




Table 5-10 TEST COMPUTER OPERATION

Mode . Tasks

Normal Operation 1. Take difference from the object, (This is steps.per seconds).

{for angle and - — =

focue) ) *2, Store remainder, For each transmission, decrement remainder and test.

3 - 3

If remainder is 0 then increment step and transmit. Repeat procedure.
Transmit step and go on to step 3 if six minutes has elapsed. '

3 Ex:/ery 6 minutes:
. St::nd inquiry and compare with table.
[ Send correction. '
._o Pri;’xt with time and .absolute.

° ‘Go to step 1.

4. Type S ifor Slew Test. \

"5, Type C for command rnude whileé running te reset clock, etc.

Slew 'Test Mode 1. Inquire about present pesitinn. Print out time and value.

- ' . 4. Move 2 mrad from elevation. Print out.

[ 3. Move to -2 mra.dAfrom elevation. Print out.

4. Return to tracking elevation,

5. Return to normal operation.

Table 5-11 EXAMPLE OF TYPICAL TRANSMISSION

) Time . Description
Seconds . '
Print 0. 18Y Inquiry, Angle Stow On, Step Focus Y
S Angle
L 1 ASZ - Angle Stow on, S}ep Focul z
Print : .
+ Angle : 2 : IDX . Inquiry, Angle Destow On, Step Focus X
3 ' ADY Angle Nestou, Step Fowus ¥
i 4 ADW. Angle Destow, Step Focus W
H ADU" Angle Destow, Step Focus U
Print . . ) ]
- Angle 6 15w 1hguiry, Angle Stow On, Step Focus W
- "7 ASV Anglé Stow On, Step Focus V
8 1 1or Inquiry, Stap Angle U, Step Fogcus
9 _ (Add correction if needed)
10

NOTE: Slew routine takes about 20 seconds’, and is set not to rtart during
20 seconds before next automalic inquiry and print out which occurs
_every six minutes.
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6.0 100 MWe POWER PLANT CO NCEPT

The baseline 100 MWe plant layout has be'en developed using a combination of ."
computer analysis and FMC's accumulated component design data, Collector
field heliostat spacing, end configuration, and receiver/field attitude have
been optimized, within the boundary constraints of the field, tower, and
heliostat dimensions, and thé field design points. The 100 MWe configura-
tion is essentially a scaling up of the 10 MWe c.oncept (Appendix D)
constrained by realistic piping requirements, and sized for a different design

po int day .

The following prefatory comments apply to the baseline concept.

" The collector field/receiver configuration is not necessarily optimal from an

overall systems viewpoint. Field and tower dimensions, _heliostat size, and
other bdundary conditions have not been rigorously optimized because the
purpose of this study was to establish basic feasibility. waeve;, these
bbunda.ry conditions provide a reasonable sfarting point for a systematic para-

metric system optimization.

" The baseline confi'guration contains only north heliostat fields, a result of our
previous study and evaluation by the Aerospace Corporation. - The original
FMC concept contained north and south fields with receivers mounted on both

. sides of the towers. The south field was eliminated because at winter solstice
design poiﬁt fewer heliostats are required using north fields. Reassessment
of the original co_néept in light of an equinox'design point indicates that rein-
statement of the south fields may result in a lower overall system cost by
reducing requirements for the number 6f towers, receiver support structure,
and pipe runs between receivers and turbine. Verification of this assessment

should be an important element of future: studies,
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- A design point of 3:00 p.m. on the equinox was used for the baseline config-
uration for comparison with a point focus plé.nt designed for the day of

- maximum collected energy at the receiver, This day is summer solstice

for the FMC concept. However, in the field sizing analysis (Appendix D),
we found that the number.of heliostats in the summer solstice field was larger
than the number in the equinox field, but the additional energy colllected by
the summer solstice field was not proportionately more than that collec-ted

by the equinox field. Thus, we believe that an equinox field sizing is more
nearly optimum than a summer solstice sizing on the basis of minimizing

annual busbar cost.

The characteristics of the baseline energy storage subsystem (ESS) and elec-
tric power generating subsystem (EPGS) are those developed by MeDonnell
Dbuglas (MDAC) for a 100 MWe configuration. These characteristics were
selected for three reasons: ' '
¢ The ultimate economic attractiveness of one solar thermal power concept
over others will be dictated by the fraction of total life cycle cost (capital
plus opera.tmg) contributed by the sola.r -to-thermal energy conversion
subsystems (1. e., concentrator, receiver, and thermal transport sub-
‘systems).
o A wealth of developmental and experimental data are available for ESS
| and EPGS concepts from the point focus projects.
e ‘The MDAC ESS and EPGS are most compatible with the l"MC line foeus

concept, based on our previous studies,

6.1 DESCRIPTION

6.1.1 PFlant Layout
fI‘he plau view of the baseline concept, configured for a 3:00 p, m. equinox

design point, is shown in Figure 6-1, The collector field consists of 170
receiver secetions vr modules, 8,782 heliostat units (36 -meter by 3, 05-

. meter glass area), and 49 half units (18-meter by 3.05-meter glass area).
The total glass area is 0.967 square kilometer (1,05 x 106ft2).
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The collector/receiver sub‘s'ystems‘a‘re ai‘ré’y‘ed in.geven field modulés, E4a¢h™
module contains 27 rows of south facmg heliostats, Table 6-1 summarizes

the field confxgura.txon, and Figure 6-2 shows the spacing of heliostat rows m.
a module, '

Tablé 6-1 NUMBER OF HELIOSTATS AND RECEIVERS
IN BASELINE CONCEPT.

Field | Number of heliostats*

Module » Full units ‘Half units : Receivers’ , , .
1 1,295 9 | 26 (North end of field)
2 ' 1,295 9 26
3 1, 247 2 22 \

4. 1,060 2 18 |
5 1,295 9 | 26 o

6 1,295 9 | 26 |
7 1,295 9 26 (South end of field)
Total 8,782 49 | 10 | |

* 8, 831 drive/control units

This pa.rtxcular layout is typical of a'number of alternate layouts and is not
necessarily optimum, '

Each receiver section is 61 meters long and 61 meters high, The baseline
recexver concept is a once-through to- auperheat concept (Section 4, 1)
which was chosen as the baseline primarily because of lower ca.pxtal cost
than the alternate natural convection concept. One receiver sect:.on, usmg
either concept, has been configured to receive feedwater at 216°C (420° F)
and discharge steam at 510°C (950°F) and 10,2 MPa (1,500 psia),

The baseline receiver contains 16 groupé of tubes, arrayed circumfer-

entially on the inner wall of the receiver cavity and symmetrically with the

normal to the receiver aperture plane, Feedwater enters the two outermost
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' groups (nearest the aperture) and passes to inner groups in a counter-
current flow pattern (flow is countercurrent in adjacent groups). Preheat
and boiling occur in the outer and middle groups. Superheating occurs in

the innermost group (symmetrically about the cavity centerline).

The feedwater and superheat groups in the receivers in one field module are.
manifolded to common headers and downcomers to minimize pipe runs.

Each field module is controlled by a minicomputer located in its center. Each
minicomputer communicates with the master control computer. An open;looﬁ
control strategy will be used, Each minicomputer will receive positional
signals from heliostats in the field module, compare actual positions with
positions prediéted by the master computer, communicate abnormal events

to the master computer, and transmit repositioning signals to the heliostats.
The master computer will predict sun positions with an a.lgorifhm and data

from a tracking pyroheliometer.

6.1.2 Thermal Transport Subsystem

6.1.2,1 Description

Conceptual layout of the heat : ¢
' I N
or valving from a receiver : AN AN

. . \\ -
section, groups of receiver : : &RE‘CEWER MANIFOLD
» . ‘ ‘MAIN MANIFOLD

sections, or up to one-half INTERMEDIATE MANIFOLD

transport subsystem for the

baseline plant is shown in

i

rigure 6-3, TLis arrangc-

ment will permit isolation of

of the receiver sections in

a field module for maximum

i'epair, maintenance, and S
dberating feasibility. The “Figure 6-3 PIPING SCHEMATIC
lé,yoﬁt is symmétrica.i about the north-south centerline of the baseline plant,
which éon’tains seven field modules. In each half of the plant, a receiver
manifold parallels each row of receiver sections and connects to each

é.djacent row and to an intermediate north-south manifold located between
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Receiver Sections 7 and 8. This intermediate manifold is connected to a
main manifold (near Field Module 4) which c_‘onnects the intermediate man-

ifolds with the EPGS. All lines are sized for maximum feedwater velocities

between 2.1 and 3.0 meters per second (7 to 10 feet per second) and _higﬁQ ._

pressure steam velocity of 46 meters per second (150 feet pér second) at

maximum insolation,

6.1.2,2 Steam Transport

Steam manifold lines will be located within the receiver cavity adjacent to the
superheat tubes. Receiver feedwater manifold lines will also be witﬂin the, |
cavity adjacent to the first pass tubes. The manifolds will i’ﬁcorporate |
insulated thermal expansion loops between the receiver sections but will not

be ingulated to within the receivers to permxt absorptmn of solar msolatxon.

Insulated vertical riser lines will connect the receiver manifolds to the
intermediate manifold, which will be elevated about 6 meters (20 feet). ‘
This elevation is sufficient to clear the mirror cleaning vehicle. An alternate
| design would place the intermediate manifold lines below ground level in open
trenches for clearance with cleaning equipment, buf this design posés a -

serious problem in dealing with flash-flood runoff.

Thermal expansion loops at intervals on the insulated intermediate manifolds;
will minimize thermal stresses and the manifolds will be cdnnepted to an in-
sulated main manifold near Field Module 4, The main manifold will alsg‘ be. A
elevated about 6 metérs to a location adjacent to the EPGS building where

a single main line connects to ESS and EPGS piping. This rﬁanifold will

incorporate expansion loops to minimize thermnal expansion stresses.

Piping insulation will be calcium silicate, Johns-Manville Thermo¢12 or,: o
equal, of thickness recommended for steam generation service of 482 to
537°C (900 to 999°F) for steam lines and 204 to 259 °C (400 to 499°F)

for feedwater lines. The insulation will be jacketed with aluminum sleeving

for weather protection.
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This layout will provide receiver manifold lines small enough fdr location
in the receiver cavity where further heating of the steam will occur and

piping insulation will not be required,

6.1.2,3 Feedwa’cer Transport

The feedwater system will be routed parallel with the steam system and will
be similarly equipped with valves, etc. The receiver manifold will be located

adjacent to the first pass of tubes in the receiver.

Table 6-2 contains a summary of the line sizes required’ for the baseline heat
transport subsystem. “These sizings were used to estimate subsystem costs °
(Appendix E).

Table 6-2 PIPE SIZES FOR BASELINE THERMAL TRANSPORI

SUBSYSTEM
Number of Féedwétér Transp'ort:Syst'em Stearn Transporf.Sys.tem , A
Recexver Flow Area‘(inz) Nominal* | Minimum Flow Nominél**
Sections - . Pipe Size |Area (inz) Pipe Size
Ma:nAmum‘ Mn:umgm (in) . | - (in)

1 1,675 1.173 1.25 | 1.481 | 1.50

2 .35 | 2,346 2.00 | 2.962 2.50

3 5,025 3.519 2.50 | 4.443 3,00
4 6.70 | 4.692 3.00 | s.92d4 . 3,50

5 8.375 5. 865 3,00 7.405 | 4.00

6 10. 05 7.038 | 3,50 8.-886 ] 4.00

7 11,725 8.211 " | 3.50 10.367 1,00
13 | 21,775 15.249 | 5.00 | 19.253 6.00 -
26 43,55’ 20. 498 6.00 | 38,506 | 8.,00.
39 65.325 45.747 |- 8,00 | 57.759 10. 00
46 77.05 53,958 | 10.00 68. 126 12.00
85 | 142.375 | 99.705 | iz.00 |125.885 16. 00

% All sizes are Schedule 80.
%% 1,5 to 4.0 inch are Schedule 160, 4 to 16 inches are Schedule 120

See Appendix E for sizing of lines.
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6. 1.3 Energy Storage Subsystem

Of thel thermal storage technologies now available, the McDonnell Douglas
Astronautics Company dual-medium sensible-heat thermocline storage con-
cept (1) is judged the sysfem most compatible with the FMC line focus
concept. The MDAC concept uses a low-cost stationary solid bed to store
most of the energy, with a suitable liquid to transfer energy into and out of
the bed (and to store part of the energy directly). This dual-medium type of
systérri combines advantages of a low-cost solid with the flexibility, low |

b pumping power, and moderate heat-exchanger requirements of a liquid energy

storage system.,

Conceptually, it its simplest form, the systerh uses a bed (shown in the center
of Figure 6.-4) of an inexpensive solid (e.g., rock, ore, metal scraps). An
appropriate high-temperature liquid fills the voids in the bed and circulates
through the bed to deposit or withdraw energy.

:téem ERoM  TOP 4_\09 :
IVER MPERATURE TEMPERATURE
o ey b STEAM YO

P : . . TURBINE
3 O O o d ’j-\' i
Ry ,
THERMAL T ROCK AND HEAT E l
STORAGE TRANSFER FLUID . b STEANM
MEATER GENERATOR
. /
CONDENSATE , !
RETURN ’Vaﬁ'ﬂ{@gﬁfﬁ ' L'
] o T p Se o9 tpty \«— WATER
BOTTOM . \ . . BOTTOM. .
YEMPERATURE : TEMPERATURE

Figure 6-4  DUAL MEDIUM THERMAL STORAGE CONCEPT

In the cyélical operation, heating of the bed (charging) is achieved by re-
moving lower -temperature fluid from the bottom of the ‘bed, heating it in a

heat exchanger with steam from the receiver, and returning the fluid to the
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top of the: tank A fa1rly sharp temperature transition (a thermocline) is
maintained naturally between hot and cold fluid because of the lower density
of hot fluid. This thermocline moves downward through the bed during
charging and upward during extraction. When the storage unit is completely
charged, all of the bed and the fluid are at the maximum temperature and the
thermocli‘ne does not exist. The extraction loop uses fluid to remove energ};
from the storage unit and produces steam for power plant operation or other

plant functions such as equipment heating.

The large cost saving for this type of thermal energy storage results prin-
cipally from two factors: (1) replacement of about 75 percent of the expensive.
storage liquid with inexpensive rock, and (2) use of the thermocline principle
to reduce the tankage volume substantially, compared with a system with

separate tanks for hot and cold storage,

'6,1.4 Electric Power Generation Subsystem

The analyses perfermec_i to date on the FMC line focus concept have been |
based on the EPGS selected for use by McDonnell Douglas. This alternative
is proposed for the FMC baseline configuration.

Brieﬂy, the EPGS consists of a iOO MWe (112-MWe rating) industrial turbine’
manufactured 'by the General Electric Company. The inlet steam tempera-
ture may be specified at any range of 482 to 538 C (900 to 1, 000° F)and 8.7
to 10.1 MPa. (1,265 to 1, 465 psxa) FMC's prevxous work on receiver concepts
centered on producing steam at 538° C (1, 000° F)and 6,9 MPa (1,000 psia).
Additional analysis (Appendix D) was performed to verify that the baseline
receiver concept can operate at the higher pressures required for turbine
operetion; The thermal transport subsystem for the baseline has been sized
for the inlet and outlet conditions of the MDAC EPGS (2).

There appear to bé no unique problems in adapting the MDAC concept of
interstage steam extraction for feedwater preheating to the FMC baseline.
Manifolding and control of preheated feedwater for distribution to receiver

sections can be performed downstream of preheating.
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6.1.5 Master Control Subsystem

The baseline plant is controlled through a central computer, which monitors.
the receivers, heliostat field modules, and auxiliary sensors. The central’
computer responds to power plant steam demand by issuing commands to
control the heliostats and the receivers in the field modules. A display is

available to the ope.rator who can modify the commands as appfopriate or can

perform the required test and maintenance functions. The central computer -

communicates with smaller minicomputers in each field module, Each field
computer controls all of the heliostat units in that field module, Figure 6-5
shows the baseline configuration, Section 5 contains a description of control

logic,

6.2 ESTIMATES OF PERFORMANCE -
-The computer model described in Appendix A was used to size the heliostat -

field and make estimates of hourly performance at three solar days. The

energy outputs of the collector field were used with the receiver performance .

data in Section 4.0 to estimate plant electrical output, Computational details

are contained in Appendix D,

6.2.1 Field Sizing and Energy Output

The optimum spacing of heliostat rows gives maximum ground coverage
without blocking and screening. Providing access clearance between rows
imposes an additional constraint. Because of the apparent solar motion,

the optimum spacing is only valid for a specific time or design point. Row
density increases as the design point progresses from winter to summer
solstices, For the baseline system, the equinox at 3:00 p,m. was selected A
as the design point for field row spacing and butterfly area sizing. A qua-
dratic row spacing was found to give optimum ground cover., For plant sizing,
summer solstice at 3:00 p.m. was the design point, Field performance was
cé.lcﬁla.ted for the solstices and autumnal equinox using the parameters

listed in Table 6-3.

Table 6-4 summarizes data shown in Figures 6-6, 6-7, and 6-8. Hourly
intensity profiles for a north field at summer solstice are shown in Figure
6-7. The net thermal power admitted through the receiver aperture for the

170-module baseline system as a function of hour of day is given in Figure
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6-7 for the three representative dé;ys. Projected total thermal energy

. entering the receiver is plotted over one-half year in Figure 6-8, It is

interesting to note that although the highest peak power is obtained on the

equinox, the highest total energy is collected on summer solstice.

Table 6-3 - PARAMETERS FOR CALCULATION OF COLLECTOR
FIELD PERFORMANCE

Parameters

Dimensions

'Field width

- 122 meters

Receiver height

61 meters

Aperture plane angle .

45 degrees

Tracking error -

" 2 milliradians

Aiming error: ’ '

2 milliradiaqs

~ Surface error

" 2 milliradians

Heli;<‘>'stat‘ size

36 meters x 3 meters

&

Minimum row spacing

" 3.7 meters

~ Maximum row spacing

6.9 meters

7 .
Quadratic spacing

Number of rows

27

Mirror reflectance

0.9

Rece-ivgr segment

. 61 meters

Latitude

35 degrees .

Field sizing design point:

" Day 81, 3:00 p.m.

Plant sizing design point

Day.172, 3:00 p. m.

Table 6-4° TOTAL ENERGY INTO RECEIVER FOR 100 MWe BASELINE
.- PLANT (170 MODULES)

Time of year KI MW thH

Summer. solstice 16.3 x 109 4,54 x 103
Equinox 14.9 x 109 4,14 x 103
W"mtezj. solst{ce 10.2 x 107 2.85 x i03
Year total 5.13 x 1012 1.43 x 10°
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6.2.2 Annual Electric.'Output

Tables 6-5 and 6-6 show the estimated performa.nce: of the plant concept for
‘the field design day (equinox), plant design day (sunimer solstice) and winter
solstiée. Appendix‘ D contains the corhputatioris. Figure 6-9 shows the '
estimated electrical output over a six-month period. The estimate of total

annual busbar power, assuming symmetry about summer solstice, is shown
in Table 6-7, - ' - |
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Table 6 -5 PERFORMANCE OF BASELINE CONFIGURATION
(EQUINOX DESIGN DAY)

Energy input (MWh-th)

Busbar power

{Mass flow rate(kg/sec)

At receiver| To thermal [direct operation|One

_Hour apertures storage (MW e) receiver |Storage {Turbine
0700-0800| 166..6 91.7 0 0.28 48.4 0
0800-0900f 370.4 293.9 0 0.91 154,90
0900-100¢| 531.3 151. 1 0 1.09 | 185.6 | o
1600-1100' 635.6 255.3 100 1.36 110.1 | 120.8
1100-1200| 671.%2 290 4 100 1.'44 124.8 | 120.8

| 1200-1300{ 630.4 249.8 100 1.34 107. 3 '120.8:
1300-1400| 530.2 148.9 100 1.09 63.8 . 1_2.0._‘8
1400-1500| 370.4 . 126. 6 50 0.68 54.4 | 60.4

'1500-1600{ 173.9 119.2 0 0.37 62.8 0
Totals 4, 080.0 1',7‘26; 9 550

Total electric energy = 550 (direct) + 426 (storage) = 976 mweh .

Table 6-6 SUMMARY OF BASELINE CONCEPT PERFORMANCE

Busbar enei-gy' Hours of operation
Total encrgy (MW eh) C
to receivers From ’ ,
Day (mwh-th) Direct |storage | 100MWe| 70MWe
- Equinox (design day) 4,080 550 426 5.5 6.1
Summer solstice 4,439 600 454 6.0 6.5
Winter solstice 2, 846 500 218 5.0 3.1
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Figure 6-9 ANNUAL BUSBAR POWER OF BASELINE CONFIGURATION

Tab'le 6=7 ESTIMATE OF TOTAL'ANNUAL BUSBEAR ENERCY

Average daily Total output

‘Month(s) Number of days

output (MWeh) {(MWeh)
December, J’an\iar}'r 62 700 43, 400
November, February 58 800 C 46, 400
October, Matrch 62 930 57, 660
September, April 60U 1,020 61,200
August, May 62 1,040 " 64,480
‘J'uly, June 61 1,050 , 64,050
Annual 365 . 924 "337,190
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The plant operates at an average of 5.5 hours p‘ér day at 100 MWe (200, 750 -

MWeh annual) and an average of 5,3 hours per day at 70 MWe from thermal

storage (136, 440 MWeh).

calendar days. -

Table 6 8 HOURS OF OPERATION

(.

Table 6-8 shows hours of operation on three

Day Estimated hours of operation Load factor*
From receivers From thermal
at 100 MWe storage at 70 MWe

Equinox (field design .

day) : 5.5 6.1 0.41

Summer solstice

{plant design day) 6.0 6.5 0.44

~ Wi_x_iéer solstice 5.0 3.1 0.30 .
Annual | 5.5 5.3 0.38

* Capacity = 100 MWe by 24 hours per day = 2,400 MWeh

6.2.3 Plant Efficiencies and Powef Flow

- Overall plant eff:.c:.encxes and power flow a.t noon equmox were computed for
an incident solar flux of 950 W/m 2 , and assummg -that 96, 5 percent of the
.collectors are operational. Under these conditions, the operational power
level is as follows: . ' ' )
o Total collector area = (8,806, 5 heliostats) (110 m2/heliostat) = 968,715m2
e Operational power level = (0,965) (968,715) (950 x 10'6) = 888 MW

Table 6-9 and Figures 6-10 and 6-11 show the power flows and subsystem
efficiencies at noon equinox. '.The subsystem efficiencies (7n;j) were derived
as follows (see Figure 6-10 for j indexes);
e Collector Field |
ny, M3, M5, Mg,

72 is an assumed value

coﬁnputed by collector field program.
ns (end losses) is computed as follows:
The butterfly mirror area is incorporated on each end of the field to pro-

vide full illumination for the length of the receiver during a specified

operating time range.. Within this operating duration, an area of mirror
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surface e_qu;.l to the butterfly area is not illuminating the receiver.” The
concentrator end loss effect is the fraction of mirror afea illuminating
the receiver. As shown in Figure 6-1, 18 butterfly areas are used in
the field configuration. The total area of one butterfly (Appendix A) is N

)
7105m2. Since the total collector area is 968,715m .

= [968,715-(18)(7,105)]'/968,715 = 0,868

Table 6-9 SUBSYSTEM AND SYSTEM EFFICIENCY AT NOON EQUINOX

Efficiency ‘ ’ Direct from receivers Direct from .storage

Collector 0.712 S 0,712 -
Receiver ‘ 0. 860 0. 860
Piping . 0.970 0.970
Storage - : 0. 940
Turbine . 0.377 ) . 0.268
. Parasitic . 0. 89 : 0.92
System . . 0.20 0.14
[+V] )
HY -
888%w LOSSES: (1) COSINE - 0.966
838 ) ) ) REFLECTIVITY - 0.900
- @ - (3) BLOCKING AND SHADQWING - 1,00
) (4) END LOSSES - 0.868
m 'Au : (5) TOWER/RECEIVER SHAOOW - 0,980 | =~
(6) APERTURE ACCEPTANCE - 0.963
i (7 RECEIVER ABSORPTION - 0,900
. oo (8) RECEIVER RADIATION
Lo A / D AND CONVECTION — 0,956
’ 632 (%) PIPING LOSSES - 0.970
_ @ . (10)GROSS TURBINE EFFICIENCY - 0.377,
o (11:PARASITIC POWER - 0.89
. > | e 500/ -
o 8 S -]
2 o o g z w . . .
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® Receivers . .

The receiver performance was calculated using the methodology and pro-
gram described in Appendix B, This éa.lculation rigorously treaté the
thermodynamic heat transfer and loss mechanisms. The output gives
steam temperatures, flow rates, and overall receiver efficiencies, but
‘not individual loss path fractions. A minor program modification would
be required to provide this information directljr. Since receiver absorp-
tivity is an input parameter, we calculated the radiation and convection

loss factor, 7);8 -frp\m the total receiver efficiency, assuming that other

loss paths are negligible.
Assume 7, =  absorptivity of'receiver tubes = 0.9

| From 'I_‘a.ble' D-l?,’ Appendix D, ovgra'l-l receiver efficienéy ‘= N7 718A= 0. 860
Then, ﬂrg‘ = '.0.860/0.9‘ = 0, 956

Since the cavity design results in collection of much of the reflected incidenf
light, the effective receiver absorptivity is significantly higher than 0.9 and
therefore the ‘true value of 78 is probably somewhat lower. The product,

however, is the calculated receiver efficiency, which is 0,860 in any case.

The cavity receiver design is inherently a lower radiation and convection loss
configuration than an exposed cylinder, such as the receiver configuration of
the MDAC concept. So, one would expect a lower value of 7 g for the MDAC

concept,

For rimon equinox, MDAC quotes a value of 0,952 for”g and a overall receiver

efficiency of 0.904 (5). Comparison with the values compufed above suggests

that the line focus receiver efficiency is realistic and perhaps conservative. |
e Piping Losses . ' . | '

. N9 is based on the discussion in Section D, 1 of Appendix D. We believe

the value of 0.97 to be realistic, since a more complex piping network
than the point focus concept is required, For comparison, MDAC quotes

a value of 0,994 for their commercial concept (5).
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e Electric Generation l.osges

M 10, M11, and efficiency of thermal storage are taken from the
performances of the MDAC commercial concepf (5).'

6.3 PLANT ECONOMICS.
Estimates of plant investment and operational costs were based on costs

developed early in the project: for a 10 MWe plant conflguratmn (Appendix E).
The JPL/EPRI methodology (3) was used to estimate busbar power costs.

Costing factors were taken from guxdehnes recommended by DOE for com -

parison of point focus and line focus power systems (4)

6.3.1 Capital Costs

Table 6-10 shdws ‘the capital costs estimated for the first plant and the 80th
plant. ' : ' \ '

Table 6-10 ESTIMATES OF CAPITAL COSTS FOR 100.MWe PLANT

Item Note Capital Costs, ! $/kWe
lst'Plant ___ |80th Plant

Land, yardwork: 2 ' 3 - 3 B e
Structure‘s and improvements 3, 4 51 . 39
“Turbine plant ' 3, 4 242 | 1e7
Electric plant 3,4 88 : 68
édlectors 5 634 328
Receiver 5 : 209 107
Towers 5 60 |l o
Thermal storage 3 215 » 1585
Distributables 4, 6, 9 86 36 -
BOP 3, 4 53 . 38
.Direct Cost . R N : 11,640 : . 989,
Indirect Cost ' 7, 8 328 | 198
Total o ' . . 1,968 1,187

1. Costs are in 1978 dollars and include burden, cont:ngency, and fee.

2. Dased on 500 acres at $500 per acre,

3. 0.95 Learning curve,

4, From Reference 4.

5, 0.90 Learning curve.

6. 69 Percent reduction from 1 unit due to larger cost ba.se for 80 units,

7. 20 Percent of Direct Costs,

8. Indirect Costs include A&E services, construction management, solar mtegrator, ‘and
plant ‘startup, :

9. Distributables include contractor field office, insurance (pro;ect and eq\up'nent). construction
equ:.pment, spares, and taxes, -
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The pie diagram in Figure 6-12 shows the percentage costs for both the

total plant and the collector subsystem for the first plant. Appendix E

contains the detail cost cémputations for the collector, receiver, thermal - ,

transpbr.t, and master control subsystems. Costs for the other components

are taken from those for the MDAC commercial concept (4).

PLANT CAPITAL COST BREAKDOWN

Conventional
Plant 23.1%

Collector
. 32.6%

Indirect - - -

Total $1,968/kWe (1st Plant)

COLLECTOR CAPITAL COST BREAKDOWN

Reflector

Drive Unit

18.0%

Controls and
Calibration

_ Total 1st Plant $634/kWe ($65/m?2)
80th Plant $325/kWe ($33/m2)

24 0%

Field Instaliation
and C/0

Structure
and Foundation

27.0%

Figure 6-12 SYSTEM AND HELIOSTAT COST DISTRIBUTION SUMMARY

6.3.2 Cost of Service Calculation

The following are data input for the cost of service calculation (3, 4):

.

Plant »

System lifetime .

First year of 6per~a.tfons
Site

Type of ownership

Total capital for 80th plant
Opera.tiéns and maintenance
Annual "'other taxes" |

Annual insurance premiums

‘ Symbol (4)

N

YCO

80th unit

30 years

1990

Inyokern
Investor owned
$1,187

1 percent
0.02 '
0.0025 )



Symbol (4) . Value

Income tax rate " "1 0.50
Ratio of debt to total capitalization D/V "~ 0,0025
Ration of common stock to total _
capitalization C/Vv - 0.27
e Ratio of preferred stock to total .
capitalization P/v 0.18 -
Debt interest rate ' . kq 0.09
® Annual rate of return on common »
stock - | ke 0.15
e Investment tax credit - ‘ 2 ~0.10
e Depreciation (straight line) DPFm, k,n
e Rate of general inflation ke . 0.05
e Escalation plus inflation rate for |
capital costs : ge : 0, 065
e KEscalation plus inflation rate for ‘
operating costs o . go 0. 065
e Escalation plus inflation rate for - '
maintenance cost A gm 0. 065
o Base year for constant dollars yb4 - 1978
e Cost of capital k 0,085
e Capital recovery factor | CRFk,p 0.0931
e Annualized fixed charge rate FCR : 0.157
e Present value of capital ihvestment* Clpv $2,‘575
e Present value of recurrent costs - Xpv $575
e Annualized system resultant cost AC $254
© Levelized bus bar energy cost BBEC 71 %vﬂ%‘

6.4 COMPARISON WITH POINT FOCUS SYSTEM

This section contains a comparison of the FMC baseline configuration with a

typical concept for a point focus system, General comparisoné of the two con-
cepts are offered to introduce the underlying basis for FMC's longsta.ndirig
support of the line focus approach to commercially feasible solar power
generation, Specific comparisons are then pfesented, using the concept evolved
by McDonnell Douglas Astronautics Company as a basis for comparison, The

abbreviation "MDAC PFS'" is used when this concept is referenced,
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6.4.1 General Comparisons

6.4.1.1 Collector Field Linearity
Use of parallel lines of essentially flat, rectangular heliostats offers cost

benefits from initial production through maintenance and operation, Fabri-
cation and assembly of the heliostat support structure can be highly automated
with fewer assembly steps than required for a point focus heliostat. The size
(18. 3 meters by 3,05 meters) of a heliostat section permits complete assembly
of the section at the factory and shipment of the complete assembly on a rail-

car or flatbed trailer. Labor-intensive field assembly will thus be minimized.

Elimination of azimuthal tracking, combined with use of computer-controlled
mirror focusing and two-point support (each end of a heliostat section), will
(1) relax manufacturing tolerances for mirror alignment, (2) simplify the
design of the drive mechanism, (3) reduce the effect of wind and vibration

on tracking performance, and (4) allow control of a larger mirror area (e.g.:
110 square meters versus 38 square meters for the MDAC PF'S by a single

control unit (6).

Field linearity is better suited to automated cleaning of reflecting surface.
Dirt accumulation on reflecting surfaces is a major vulnerability of all solar
thermal systems, as evidenced by the experiences of the Phase I point focus
contractors during field tests (7a)and the initiation of dust buildup studies

(8). This evidence clearly shows that frequent cleaning of reflecting surfaces
will be required to maintain design performance of a commercial solar ther-
mal plant. If a monthly cleaning cycle is assumed (360 evening hours per
month), then a 100-MWe plant, with about 1 million square meters (247
acres) of reflecting surface will require a cleaning rate of about 2,800 square
meters per hour., This is equivalent to cleaning one FMC heliostat unit every
2 minutes, or one MDAC PFS heliostat every minute. In either case, a mech-

anized cleaning vehicle is required.
Consider, however, that the reflecting surface in the FMC configuration islaid

out in straight lines of almost continuous surface, whereas the field in the

MDAC PFS consists of a collection of discrete areas of surface, separated by
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open areas, and distributed in a complex circular arrangement. Indeed, the
total land area required for the FMC baseline configuration is one-third
less than that required by the MDAC PF'S.

It is concluded from this comparison that (1) the cleaning cycle time for the
baseline configuration will be one -third to one-fourth the cycle time for the
MDAC PFS because both contain about the same area of reflecting surface,
and (2) the linear field arrangement will be better suited for development of

a mechanized cleaning vehicle.

An illustration of a cleaning vehicle, conceived by the FMC Sweeper Division
(designers and manufacturers of industrial sweepers and scrubbers), is
shown in Figure 6-13. The vehicle can be adapted for either wet or dry

" cleaning, In a wet-cleaning configuration, wash fluid would be applied at
the front end and recovered at the rear end to comply with environmental

requirements.

Figure 6-13 LINE FOCUS HELIOSTAT CLEANING VEHICLE
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6.4.1.2 Power Unit Modula.nty

‘The baseline. confxguratxon compnses 170 power units, in whx.ch a power unit

is defined as one receiver section with associated heliostat field. Each power A

unit delivers rated steam equivalent to about 1 MWe peak generating capacity.
The power units have been grouped into seven modules in an aspect ratio of

" about 1.8:1 to iilustratg one of many possible configurations. Othex; ‘configu~
rations are equally feasible » with the pi-irnary constraint being minimization.

~of cost and thermal losses of the fluid transport network.

Several benefits, including the following, are associated with the FMC line |
focus unit concept over point focus systems: '

e Choice of confxgura.tmn for a given capacity plant to take advantage of
available land areas, or to minimize environmental impacts. Point
focus systems are fixed in configuration for a given capacity.

e Increasing existing plant capacity by adding more power units, This pfo-
cedﬁre provides a long-term economic benefit because the inshlla.fion of
a large plant can be planned incrementally to match the increase in load
demand up to maximum capacity. This incremental installation is o
achieved by adding line focus power units to eiisting field modules.

e The fabrication of power units for a wide range of plant capacitits from
one set 6f production processes‘and facilities. A plant size of 10 MWé
will diff_ezi from a 1,000 MWe size only in the number of power ti_nits
required because the sarhe heliostats, receivers, and towers are used.
Point focus systems require different sizes of receiver and tower for
different plaht capacities, and a new field construction for each plant.

° Max:.mum learning curve cost reductions for heliostat, -receiver, a,nd

tower fabrxcatmn and mstallatxon are achieved with the first plant.

6.4.1,3 Receiver Vulnerabthtx

The line focus receiver area is spread over several low towers a pomt

focus receiver must be concentrated in a small area on one high tower, Thua,
decentralized line receivers é.re less vulnerable to earthquake, lightning
strike, component failure, or sabota,gé with respect to fraction of collected
energy lost given an incident. Sabotage is included because utility company

facilities are a frequent target for violence-prone militants.
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6.4.1.4 Heliostat Control

The FMC heiiostat is controlled in elevation and focus. Becausé of the '

nature of the system, there is no r'equiremenf to control in azimuth once the,
heliostat is 'insta.lléd.in the field, Elevation controlis of relatively low .
response compared with azimuth control because the sun elevation exhibits

a small day-to-day change. -Moreover, point focus heliostats are more _
sensitive to azimuth errors, and are especially sensitive to backlash as the
age of the hehostats increases (7b), and to misalignment of the azimuth drive ~
(7c). Reduction of these errors would increase the production costs currentlyv
pro;ected for point focus heliostats (7d)

6.4.2 Comparison of System Physical Characteristics

Table 6-11 contains a comparison of physxcal characteristics of the MDAC '
and FMC 100-MWe concepts. Note that the FMC concept contains more cql- .
lector mirror area, but less la;nd'a.r'éa., which féflects 'tlxé'highé'r land utili.z'a..‘;"
ation of the line focus collector field. Note also that a single local control.
unit controls almost three times the mirror area than in the MDAC PFS

Table 6 11 100 MWe PLANT CHARACTERISTICS

MDAC PFS . | FMC Line
. . L R ) N o _ | Focus System .
Reflector (heliostat) area . 38 m2(409 t2) 110 m2 (1, 181 £t2)
Heliostat weight without drive assembly per 35 Kg/m2 3.6 Kg/m2
unit area (71 1bs/£t2) (7.3, lba/ft )
Number of heliostats : 22,914 ' 8,806, 5%
Mirror area 0.87 x 106 m2 0.97 x 106m?2 )
: A (9.4 x 106 £:2) (10. 4 x 106 £¢2) -
Collector land area ‘ 3,66 x 106 m2 2.09 x 106 m2
(39.4 x 106 £:2) - [(22.5 x 106 £t2)
Tower height 242 m. (794 ft) 61 m (200 ft)
Height to receiver midpoint 268 m (879 ft) 61 m (200 ft)
Receiver diameter . ' 17 m (56 ft) 1, 8 m (6 ft)
‘Receiver length - 25,5'm (84 ft)- 10; 363 m (34,000 £t)’
170 sections, each
" ‘ : , 61 m (200. £t)

% 8,782 full units plus 49 half units (8, 831 controllers).

‘ 6.5 PLANT PERFORMANCE WITH NORTH AND SOUTH HELIOSTAT FIELDS
In the initial analysis of the FMC line focus system, the field was sized for

operation on winter solstice. In this sizing, the South heliostat field -requ.ir.,ed:
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half again as many rows as the North field for equivalent energy delivered = . .-
through the receiver aperture. Economic analysis 1nd1cated that. the South .

fl.eld was not cost effect:.ve (Appendix D),

However, the commercial plant requirements call for plant sizing on the day.’
of maximum energy collection, which is summer solstice, Calculations '
were made for the output of a South field of the same sizing as for the North
field. Comparison of North and South field performance is given in Table ..,

6-12,

Table 6 12 PERFORMANCE COMPARISON OF EQUALLY SIZED NORTH
AND SOUTH FIELDS

Summer solstice concentration | Equinox concentration Winter solstice cen‘cent:adon“
(meter-suns) {meter-guns) | {meter-suns) _ (meter-suns)| (meter-suns) »
Hour | North . South North ‘ South 1 North _ Souta
‘5.. .| 2,02 ‘ 2.02 - : - - | = v
6 9,24 10, 61 - - i - - |
7 16,30 17.83 | 4.92 4,34 -~ - 4
8 . 29.48 29.54 20. 74 : 17. 82 11.15 10.91 :
9 43,45, . | 43.72 39.79 .33. 74 27.01 23.96
10 54.'59 ‘ . 53.91 | 154.22 45, 69 39. 80 A 34,12
no | 62. 65 | 60.40 63,30 53.15 48.72 40.59
12 64.97 . 82. 71 66.43 55.77° 50.92 42.85
9.62 x 107 9.54 x 107 | 8.70 hx 107 7.41x107 |6.02x107 5.28 x 107
KJ/module KJ/module XJ/module KJ/module |XJ/module 1 xJ/ modu}e

The comparison is shown graphically in Figures 6-14 and 6-15, These data \\~'-
‘indicate that North and South fields perform equally well on the summer.
solstice, but the South field absorption falls to about 85 percent of that of the -
North field at the equinox and winter ‘solstice. Figure 6-15 shows that the net
electrical outpui: from,é South field falls to 72 percent of the North field out-
put at winter solstice., This further reduction is due to decreased receiver
efficiency at lower input levels, The average electrical output of a South
field is 85 percent of that of the north field. "

161



16 -
3
%
2 /
x 14 -
[« 4
w
>
w
[&]
& 12
e
Z \
5 .
' € | mm—m—- NORTH FIELD
. W 10 -
» ————SOUTH FIELD
<
-
o
e R
8 1 i 1 1 i ] ]

JUN JUL AUG SEP OCT NOV DEC °
MONTH

Figure 6-14 PERFORMANCE OF NORTH AND SOUTH FIELDS,
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Figure 6-15. COMPARISON OF OUTPUT OF SOUTH TO NORTH
FIELD SYSTEMS OF EQUAL SIZING
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"A plant comprising siamesed receivers fed by Norﬁh and South fields, respec -
tively, can be expected to provide savings. in piping and towers. Countering
- this, for the same output, more modules 'would be required, The overall

system tradeoff may well indicate that a north/south configured plant is,
economically superior. '
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Appendix A ‘

CONCENTRATOR FIELD
ANALYSIS MODEL

165



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



Appendix A _ .
CONCENTRATOR FIELD ANALYSIS MODEL

This appendix contains the model used to configure the FMC baseline .concen-’

~ trator field, and to examine alternate field 69n£igura.tions.
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Al DISCUSSION

The performance cha.ra.cterlstlcs of the collector field are p1vota1 to the op- .
eration and des1gn of the other subsystems. The intensity of the reflected
flux at the receiver aperture, together withits spatial and temporal distribu-
tions, impose strong.constraints on the receiver design and the amount of
energy storage needed. Similarly, the operational requirements of the col-
lector field largely dictate the type of control subsystem employed. A good
prediction of the performance capabilities of candidate collector field con- -
~ figuration is prerequisite to concept selection and design of the rest of the
system.

Y

.The following collector field parameters are treated as var1ab1es. Each can
be systematically varied in any order, the others being held constant to’ as-
signed values. » : s
Field width

Heliostat row spacing, constant or variable
Heliostat row elevation, constant or variable
Receiver height )
Surface reflectance ‘

Tracking error

Surface roughness

Axial orientation (North/South, Ea.st/West)
Season of year :
Field type (North," South East, or West) L e e
Aperture plane angle. ‘ ‘

The program calculates hourly flux intensity prof11es on the aperture plane or
the inside receiver circumference on any solar day. Also calculated are
hourly variations in mirror shaping and screening, and end compensation
areas,

Given field size and spacing parameters, the number and positions of heho-':

stat rows is calculated. Individual heliostats are small aperture imaging de-

vices. An ideal heliostat perfectly focused and aimed produces a sharp line-

- image at the aperture, the width of which is determined by the optical path -
length. The intensity across the width is directly proportional to the diverg-

. ence angle distribution. The relative intensities at different width distances -

from the line center are given in Table A-1,

 Table A-1 RELATIVE INTENSITY ACROSS THE SOLAR DISK 2

w I

- 0,00 1,000
0. 50 0.934
. 0.75 0.788
0.98 0.490
1.00 0. 390
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“

An empirical equa’.tion, fhe solar limb darkening equatioh, 3 fits the distributjon ‘

;ho a fair degree. -

Is1 (1 - 0.61(1 -\/1 - wz)) ' | (1)

A
4.

The divergence angle distribution, and hence the focal line width, is further
broadened by tracking and focusing errors, surface irregularities, etc.,which can
‘be expressed in angular terms. If these error sources are normally distributed
independent quantities, their errors propagate as the square root of the sum

of the squares. 4 To give the total perturbation error, the perturbed divergence
dlstrlbutzon is obtained by convoluting the initial distribution represented by
.Equation -1 with a normal distribution function described by the total per-
turbation error. If the maximum solar divergence angle is + @, the total
‘perturbation error is o, and the actual angle is6 , the di strxbutmn of 6 can

be expres'sed: :

N “§-x 2
_ N6 E (1 - 61(1 -\/1 ‘PX—Z))Exp(- (6—0.}"{') /2) _ (2) -
: a\/ T 6 _ :
Normahzed angular. d15tr1but1ons for tracking and surface errors of 2 mrad
vaplece and 1 mrad apiece, are given in Figure A-1, These distributions deter-
mine the shape of all image lines. The width and 1nten51ty vary with focal

length.

r:
A IDEAL DISTRIBUTION
. o o . o 8 FOCUS AND TRACKING ERROR.

=1M
10 _SURFACE ROUGHNESS - 1 MRAD
FOCUS AND TRACKING ERROR
- 2 MRAD

SURFACE ROUGHNESS = 2 MRAD

0.6
0.5

0.4
0.3

0.2
0.1.

o N "

210 -9 87 6 5 -4 32 -10 1 2 34 56 7 8 9 10

DIVERGENCE ANGLE (MRAD)
(Focal Line Width X Path Length/1000)

— ,
’;F'igure A-1IDEAL AND PERTURBED SOLAR DIVERGENCE ANGLE DISTRIBUTION ‘
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Shadowing factors for each mirror row are calculated. Screening factors

are calculated, bearing in mind that partially shadowed surfaces are opera- -
tionally unscreened. The location of the receiver shadow is determined and
its effect is included. Reflectance as a function of iricident angle is calculated.
All loss factors are collected into an overall value, and the intensity profile

of each heliostat row as projected onto the receiver plane is calculated and
summed to obtain the overall flux. The procedure is repeated for each hour
of the day to obtain an hourly sequence of receiver aperture flux spectra.

A.2 DIVERGENCE ANGLE DISTRIBUTION.

The method and equation for determining the normalized divergenée anpgle
distribution has been given. The initial unperturbed intensity factor, N

. 0'
18:

o 2(1-p(1=n/4)ad . ‘ . (1)

w = mirror width (10 feet) B

a = the solar divergence half angle (4.6 mrad)
. Bk = Solar limb darkening factor (0.61)

d = the optical path length.

This factor was obtained by idteg'rating the unperturbed solar dive rgénce dis-
tribution and equating the integral to a unit solar intensity over the mirror
width, w. : ' : '

A3 TRACKING AND DISPLACEMENT RELATIONSHIPS.

A cylindrical mirror behaves like a plane mirror in the axial plane, and

like a parabolic mirror in the normal plane. Solar rays with azimuth angle

B and elevation angle & incident upon a north/south or east/west axis cylin-

drical mirror can be analyzed by reduction to the projected angles ¢ in the

'?}c:rth/south axis and ¢ in the east/west plane (Figure A-2.) It can be shown
at:

tan ¢ cos A /tane@ ' ' : (2)

gin B/tnno'. _ ( N (3)

tan l:[l

" An array of cylindrical mirror focusing on a central line receiver tracks
the sun by rotating abwut the planar axis with the relationship:

ax(¥ - Y lor b N/2 ' | L (4)
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- where

a = mirror normal displacement, relative to earth normal
-1 '
y = tan vy,/h
1
Yi = mirror distance from receiver axis
h = receiver height. ) : ,
z ot

N

b1
/\,\
*F

AFiguré A-2 ANGULAR ANALYSIS DIAGRAM

The sign convention is that angles are positive when pointing toward the re-
ceiver. Upon rotation about the mirror axis, the reflected ray descrtbes T
a cone w1th a constant angle rela.twe to the normal plane -

tan¢g’ = cosp/ sin2B+ tanze ' o ’ : | (5)
tany’ = sinp/\A:oszB +tan26 - A | (6)
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':i‘he.' pétl'i length of the fey" ul;'on ihferéeﬁt{ﬁg the receiver is:

d = (Vyiz ‘*‘ h?‘ )/®s<¢'(°rw'?) | o - (7);

and the linear displacement of the mterceptmn point along the receiver
axls is:

x = (V yiZ + hz) tan<¢'(or¢')')

In addxtxon, if the mirror rotatés in one axis only, and is hortzontal in
the other the angle B, between the 1nc1dent ray and the mirror normal
is:

(8)

cos B = sing (cosa + sina tan (Yord)) .; (9)

If the mirror field is not flat, the height term, h, is the height difference
between receiver and mirror. : ' .

’ -A 4 SHADOWING AND SCREENING FACTORS

The performance of an lsolated heliostat would be essentlally governed by
the factors described above. However, when placed in an array, neighbor-
mg ‘heliostats shadow each other in two wa.ys.

‘e A mirror can be shaded from incident solar rays.
. A mirror's view of the receiver can be abscured,

'The former is called shadmg, the latter is screening. Shadmg and screening
for the pertinent cases is illustrated in Figure A-3.If SN is the center-center
heliustat spacing, it can be shown that the length of mirror N, BN ) screened
b'y' mirror N-1 is: . L

[. 5w(c°‘s°N,-l + cosaNA+ (sina}N;1 + sinaN) ta.n”(' y N. - bN) f_S<N41] cos (}'N - bN)_,-

£ = A .
cos | 7N -ay - bN)
- (10)
(Zy - z,N,_l) sin (¥ - by

cos (}'N -aN - bN)

where
: Z | is the heliostat elevation and ZN is the chusi*\g convergence angle:
| .Sw-dtame, S | ©oan

bN = tan = ( d ) .
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. SCREENING ,
. SHADING, y(¢)<o
: " SHADING, y(d)>0

(c)

ngure A-3 SHADING AND SCREENING GEOMETRIC RELATIONSHIPS
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The screening factor, Fscr’ is

F = (w-0))lw. | ‘ a2)

sCr

There are two cases of sha.dmg, corresponding to the cases of positive and
negative pro_]ected incoming solar angle.

e Case 1l -- y(¢)<0 (Figure. 6b)

The receiver lies betwéen_ the sAuAn' and the heliostat. Mirror N shadows
mirror N+1. Then, the shaded mirror length, QN , is:

A\

N- l+<:cm¢‘r ) - (sinaN \ + smaN) tan (Y (4 )) - ]cos (Yo )N+

[0.5w (cose

iNa A
COS(¢(¢)+°’ ) . . (13)

N = ZN-I) Sin('/' (¢))
c?8(¢(¢)+QN)

(Z

e Case 2 - ¢(¢)>d (Figure 6c)

The heliostat lies between the sun and the receiver. Mirror N+1 shadows
mirror N. : .

. - ’[0.5w (cos a\ + cos @y T (sina g+ sin a.N+l) tan (Y(¢) - SN] cos( YN+
N cos (Y )+ @) .
(14)
(2, < Zy) S ($(8))
» cos (¢r(¢.)+'aN)
In both cases, the shading factor, Fg, , is

= . ' : 15

Fsh = (w ZN)/W. ' , . . ' i (15)

In'spection of Figure A-3 reveals that shading and screemng are normally ex-
clusive terms. When both occur simultaneously, it is always on the same
end of the mirror. In this case, the smaller factor dominates. In practice,-
one of the factors is always unity for a given heliostat. In the limit, for
closely spaced fields where shading or screening factors are less than unity,:
the -sum-over the collector field of the product of the shading or screemng
factors and the individual cos B values (Equation 9) converges . to the cosine
of the solar elevation angle.
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ALS RECEIVER/T.OWER SHADOWING

When the 1nc1dent direction'is nega.twe, the receiver and towerscast shadows _
on the mirror field. To correct for the receiver shadow, the p051t1on of the
shadow is calculated by the appropriate equation (Equation 16 or 17).

For a flat or linearly terraced field,

. . hun(¥(e) |
Vs © T-Xktan (¢ (o)) o ~ : - (16)

where k = slope of terracing.

' For a parabolic terraced field,

\ll+4hktan (np(¢))-1 : S - (17)
Ve 2k tan (¢ ($)) S g

~where k = slope of terracing.

For a lhir'lea.r terraced field, the width, wg , of the ‘sha.dow is:

w =fw +d a)/coés‘(t/z(da)+t:ann1 k)
.8 .r s M _

(18)
and fpr a parabolic terraced field, the width, wg , o& the shadow is.:
w = (w_+d_a)/cos (¢ (A¢) +tan”! (2kxs)) (19)
where
Wy = cross sectional width of the receiver:
dg = path length ('Equatlion‘s 7 and 8)
xg = linear di_spiacernent (Equations 7 aﬁd 8).

Because the shadow displacement is in the opposite direction as the reflection
displacement, the receiver shadow only partially overlaps the working reflect-
- ing field. The effective receiver shadowing is reduced by the factor:

F .= (L - 2x )/L

(20)

where L is the receiver length.
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The heliostats lymg aty; +.5wg ‘are reduced by a factor - weighted

‘ by the amount of mirror and field overlap. Tower shadows are calculated
in a similar manner, assuming rectangular pyramid- shaped towers with a
fractional opacity value. -

~ A.6 APERTURE INTENSIT'Y PROFILES

The aperture is tilted at an angle, T, with respect to the horizontal. The
projected beam width, Wp from each heliostat is:

CwoEw o/ Cos(yN'-T)

P " N , , ' ‘(121-)4‘;:‘

where w is the normal beam width for an angular divergence 8 from.
a mirror at Row N and is equal to §;dy; . The aperture plane is divided
- into finite intervals, the equivalent divergence a‘ngle for each increment
is calculated, the intensity factor for that angle is interpolated from the
divergence angle distribution curve, and the appropriate intensily contri-
bution,corrected for all losses,is added to the intensity at the interval,

A,7 DIRECT INTENSITY DISTRIBUTION ON INNER RECEIVER CAVITY
WALLS
The direct intensity distribution of inner surfaces is useful for the design and’

evaluation of alternate forced-flow boiler and superheater configurations, The"

intensity distribution calculation portion of the field performance program was
modified to obtain the distribution around the 1n31de receiver circumference,.

. The ca.lculatxon was performed using the following procedure. The principle
ray of the beam from a heliostat passes through the center of the aperture g
with an angle, Y, relative to the vertlcal (Figure A-4,)

'The aperture ma’kes an angle, T, with respect to the honzenta.l The normal
width of the beam entering the aperture is - 4/cos (T - Y) or the calculated

ORI

divergent width, whichever is smaller. The position along the circumfe rence, ..

Co » intersected on this principal ray is calculated by the relat1onsh1p

CO = 3¢o
where
ER = T/2+T-Y -8
-1 ‘ =Y
0 - cos 2. 24 sin (T-Y)

o 3 |
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Flgure A-4 GEOMETRY FOR DETERMINING INNER WALL INTENSITY
DISTRIBUTIONS

L]

The circumference is d1v1ded into finite-size elements of length AC. The
corresponding normal-width element, AW, is

AW =" - AC sin‘e\
" To good approxunauon, the pathlength , traveled by the beam element,
AWO, is: )
Do = D)+ 2.24cos (T-Y)

"where Dl' is the calculated pathlength from heliostat to aperture plane.
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Gwen t.he total pathlength and the normal beam - Wldth 1ncrement the angle
corresponding to the angular dwergence mtenmty distribution function, and
the product of ﬂns mtenmty term and sin is added into the ACO mterval

Smce AC 3A¢ flmte intervals can be successwely calculated around the
circumference w1th

¢, * i AC/3

¢j

6 = 6 =+ IWAC,/-3

and
W & W; % AC sin (4)Q - AC/3)
with
W, = 0.5ACsin¢ for AC <O
. o
W, = 0.5 AC sin$ for AC>0
-and
'D; = Dg + 3sin§_; +AC/3).

The intensity incremental summatmn descnbed is perfo rmed for each interval
until WA exceeds the normal beam half-width,

Hourly 1ntenslty distributions at winter solstice for a north field sized for .
solar noon at winter solstice are presented in Figure A-5, The 1rregu1ar1t1es in
the curves-are due to a combination of the finité intervals chosen and the fact"
that the receiver 'sees'' gaps in the near portion of the mirror field., The

, mtegrated area under the curve agrees with the product of the average:

: aperture 1ntens1ty ‘and the aperture area to within 0,2 percent
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64 - ) WINTER SOLSTICE >
[ NORTII FIELD, 0-128M FLAT, 21 ROWS
5.5-6.2M LINEAR SPACING
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50 . APERTURE PLANE ANGLE 45 DEG
- 1 2 MRAD TRACK, 2 MRAD SURF. ERROR
’ - 0.95 MIRROR REFLECTANCE
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I//GREEN CURVE, 1:30 PM
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Figure A-5 DIRECT FLUX INTENSITY PROFILE ON INSIDE RECEIVER

CIRCUMFERENCE
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A.8 TYPICAL OUTPUTS OF MODEL

TRACKING ERROR STANDARD DEVIATION, IN MRAD-2
SURFACE ROUGHNESS STANDARD DEVIATION, IN MRAD:2
SOLAR LIME DARKENING FACTORX.61

1 10446.346 0.00
2 1041.563 .40
3 1027.297 +80
4 1003.818 1.20
S 971,571 1.640
6 931.191 2,00
7 883.497 2,40
8 829.485 2.80
9 770.318 3.20
10 707.289 3.460
11 641.788 4,00 '
12 575.242 4,40
13 509.066 . 4,80
14 444,595 5.20
15 383,029 . 5.60
16 325,380 6.+00
1/ 272,439 6,40
18 224,751 6,80
19 182,613 20
20 146.088 7+ 60
21 115,032 8.00
22 89,129 8.40
23 . 67.935 8.80
24 50.926 9,20
25 37.537 9,60
26 27.200 10,00
27 19,372 10.40
28 ' 13,558 10.80
.29 2,323 11.20

FIELD WIODTH IN METERS>121.93

FIELD EDGE INNER DISTANCE IN METERS:0O

AFERTURE ANGLE WITH HORIZONTAL (DEG):+435

MINIMUM MIRROR SPACING IMN METERS>3.7
MAXIMUM MIRROR SFACING IN METERSX6.9

IF LIMEAR BFACING ENTER 10

NUMRER OF MIRROR ROWS= 27

MAXIMUM FIELD EDGE ELEVATION IN METERS -0

-IF LINEAR SFACING ENTER 11

TOWER HEIGHT IN METERE:>60.96

MIRROR REFLECTANCE:,9

NUMEBER OF 61 METER SEGMENTS:17

RECEIVER LENGTH= 1036,32 METERS

TOWER OFACITY FACTOR:,25

FIELD TYFE (1=Nys2=8y3=Wy4=E)>r1

LATITURE (DEG)>33

FIELD SIZING DESIGN FOINT. DAY OF YEAR:>81 -
HOUR OF DAY:>13
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DAY OF YEAR=

DAY=1

7+ PSI= -50,62y PHI=-34.83

81, HOUR OF 5.0
NORTH FIELD
EL. ANGLE= 35.48y AZ. ANGLE= -60.2
ROW  XDIS FDIST FSHI FSCR FCOos
1 1.52 © 86.24 1,000 1.000 677
2 5,23 ~ 86.33 1,000 1.000 « 683
3 8.%94 87.13 1.000 1.000 + 688
4 12.66 88.05 1,000 1.000 1693
S5 16.40 .89.28 1,000 1.000 697
6 20.17 90.81 1.000 1.000 +700
7 23.97 92,64 1,000 1.000 702
8 27.81 ?4.76 1.000 1.000 704
10 35.64 - 97.86 1.000 1.000 $707
RECIEVER SHADOW HERE, ROW 11, F= .876984
11 39.63 102,83 1.000 1.000 707
RECIEVER SHADOW HERE» ROW 12, F= ,590727
12 43,70 106,07 1,000 1.000 +707
13 47.84 109.58° 1.000 1,000 707
14 52.06 113,37 1.000 1.000 706
15 56.38 117.43 1,000 1.000 <703
16 60,80 121,76 1,000 1.000 704
17 65.34 126,37 1.000 1.000 +703
18 70.00 131.27 1.000 1.000 « 702
19 74.80 136,46 1,000 1.000 +700
20 79.75 141.96 1.000 1,000 « 699
21- 84.88 147.78 1.000 1.000 1697
.22 90.18 153,94 1.000 1.000 695
23 95.69  160.46 1.000 1.000 - .693
24 101.43 167.35 1.000 1,000 691
25 107.41 174,66 1.000 1.000 690
26 113,66 182,40 1.000 1.000 +688
27 120.22 190.62 1.000  1.000 686
BUTTERFLY AREA= -7105
END LOSSES= 0.00 % '
CIRC. POS INTENSITY % ENERGY
“1022 +40 «03
~1.16 1.34 20
-1,10 2.01 046
"1004 : 2.77 +84
~+98 4016 1042
—-e21 5018 2015
-085 5077 3001
"079 7055 4010
-i73 8.90 S.39
: e Y-Yi 10,33 6089
=61 11,29 8.59
~«55 12,87 10.52
-+49 14.50 ‘12,70
-043 16017 15013
-037 17.22 17.72
-.30 18,55 20.33
-.24 19.97 - 23.55
-.18 21.39 26.79
-.12 22,10 30,15
-.06& 23,28 33.469
0,00 24.26 37.34
06 -, 24,52 41,09
012 24,58 44,90
24,53 48.61

+18
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XSAREA
-185.,85
-186.48
-187.78
-189.76
-192,41
-195.70
~199,65
-204,22

-209.41 .

-215.21
-221.61

-228,60
-2346,18
~244,33
-253,08
-262,42
~272.36
-282.91
-294.,10
-305.94
‘318050
-331 077
-345.81
-360.48
~376.42
~393.11
-410.83

ALFA

18.13 |

19.86
21.58
23.28
24.94
26.57
28.15
29.48
"31.1S
32.37

33.93

35.23 -

36.47
37,66
38.80
39.88
40,91
41.89
42,82
43,72
44.57
45,38

46,16
46.91
47.62

48,31
48.97

AV, INT
.40
.87

1.21
1.56
2,06
2.56
3.03
3.57
4.14
4,74
5.34
5,97
6,64

732

7.99
8.65
9.32

10.00

10,65

11.29

11,90

12,49

13.04

13.51

MSTR
1,000
1,499
1.510
1.514
1,511
1,503
1,488
1.448
1.446
1.418

"0 799

1,306

1,262
1,217
1,172
1.127
1.083

1,039

997
955
V915
875
.837
.800
764
.729



+24 23.13
+30 22,99
- 37 21.47
+43 22.00
.49 21,04
=151 20.27
- +61 20,10
W67 19.70
73 L19422
79 “18,09
+85 16.83
.91 15.45
98 14,37
1,04 12.94
1,10 11.36 -
21416 9.78
1.22 8.58
1.28 7.14
1.34 ' = 6,08
"1.40 4.88
1,44 3.83
4932 2,71
1.58 2.36
1,65 - 1,49
1.71 1.33
1.77 +87
1.83 166
1089 036
1.95 29
2.01 : 08
INfEbhATFU INTENSITY=

EFFICIENCY=

" AVERAGE SHADING FACTOR=1.00/
. MAXIMUM AFERTURE
MIRROR AREA EFFICIENCY=
TOTAL FIELD

s"a—o '
" 55.78
59.12
62.50
65.73
" 68.89

- 71.97

39.83 METER
AVERAGE SCREENING FACTOR=1, OO

WORKING MIRROR EFFICIENCY= 69.37 %

WORKING

FIELD

EFFICIENC

$96.27 %

75,00 .
77.91
80.71
83.31

85,75

87.99
90.02
$1.80
93.38
?4.73
95.87
96.84
P7.62
28,24
98.72
99.11
99.40
99.77
99.88

99.98 -

100.00
SUNS

FI.UX TO NUMRER OF ROWS RATIO=
59.46 7%
48.24 %

FLOT ARRAY IN DATA LINES 6001 TO 6003
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13,92
14,29
14.58
14,85
15.07
15.26
15.42
15,56
15.66
15,74
15,78
15,78

15475

15.68
15.58
15.44
15.28
15.09
14.89
14,66
14,42
14,18
13,92
13,67
13.42
13,17
12,92
12,68
12,44
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’

A.9 SOURCE LISTING OF MODEL

SAVED 07/27 22307‘UERSION 2.4

10 DIM X(”OO);Y("OO)vZ(”OO)vU(42)70(36)7R(30)18(42)vD(SO)vE(SO)vF(SO)
20 DIM G(50)»B(3B)

30 INFUT IN IMAGE"® TRACKING ERROR STANDARD DEUIATION; IN MRAD#°®:E1

60 INFUT IN IMAGE®SURFACE ROUGHNESS STANDARD DEVIATIONy IN MRAD#"IE2
90 INFUT IN IMAGE®SOLAR LIMB UARKENING FACTOR#®!E3

100 J2=5991

102 J3" DATA

104 J4=

106 OPEN /PLOTDATA/;SYMBOLIC FIXED(70) OUTPUTv 10

120 E4 *SGR(EI*#”+E°**2)

130 E5 S5/((1-0,2416XE3)%0. 0046*54*SGR(°#PI))

140 Eé6= 1/(E4*SGR(°))

130 FOR I=1 TO 50

160 F(I)>=0

170 NEXT I 7

180 FOR I=1 TO S0

190 E7=2%(I-1)

200 FOR J=-23 TO 23

© 210 E8=((E7-J)XES) X%2

220 IF EB»227.946 THEN 240

230 FC(I)=F(I)+(1- E3*(1 SQR(1- (J/"B)**”)))*EXP(-EB)

240 NEXT J

250 F(I)=ESXF(I) )

. 260 PRINT IN FORM®"4% SR 4%Z.3% SB ZX%. ZZ/"I:F(I)!.4*(I 1)
270 IF F(I)/F(1)40.01 THEN 290

280 NEXT I

290 EO=(I-1)%0.4 _

300 INFUT IN IMAGE°'FIELD WIDTH IN METERS#":

330 INFUT IN IMAGE®FIELD EDGE INNER DISTANCE IN HETERS#' Dé’
360 S3=53%3.2808

370 INPUT IN IMAGE®APERTURE ANGLE UITH HORIZONTAL (DEGI#°:TO
400 . TO=TOXFI/180

410 INFUT IN IMAGE"MINIMUM MIRROR SPACING IN METERS#°:S4
440 INFUT IN IMAGE'"MAXIMUM MIRROR SPACING IN METERS#"SS
.470 S1=0

480 INFUT IN IMAGE®IF LINEAR SFACING ENTER 1 *:61

510 Do=hé%3,2808

520 S54=54%3.2808

930 855=55%3.2808

940 IF S1=0 THEN 570

950 K1=(85-54)/83

560 -GOTO 80

570 K1=(85-54)/83%%2

.980 D(1)=5+06

590- FOR I=2 TO 100

600 IF S1=1 THEN 630

610 I(I)=KIR(O(I-1)+3)%k2+0(I~ 1)+°4

620 GOTO 440

630 I(I)= hl*(D(I 15y +DCI~ -1)+54

640 IF D(I)+5:53+Dé6 THEN 460

6350 NEXT I

660 N=I-1i

670 FRINT 'NUMBER OF MIRROR ROWS="IN

680 INFUT IN IMAGE"MAXIMUM FIELD EDGE ELEVATION IN METERS%®:8é
710 Sé6= 56*3.2808 ’

720 82=0

730 INFUT IN IMAFF IF LINEAR bFﬂLING ENTER 1#"P”

760 IF F2=0 THEN 790 .

770 K2=866/863
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780
790
800
830
840
880
890
900
?10
?20
930
240
950

- 970

980
990
1010
1030
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
*hy
1200
1210
1220
1230
1240
'H
1260
1270
1280
1290
1300
1310
1330
1340
1350
1360
1370
1380
1320
1400
1410
1440
1460
1470
1480
1490
1330
1540
1550
1560

1570

GOTO 800

K2=56/53%%2

INFUT IN IMAGE®TOWER HEIGHT IN METERS#":Hi
H1=H1%3,2808

INFUT IN IMAGE*MIRROR REFLECTANCE#*:F9

FOR I=1 TO N

IF P2=1 THEN 920
E(I)=K2%(OCI)-D(1))%%2 . .

GOTO 930 :

ECI)=K2%(D(I)~DC¢1))
G(I)=ATN((H1-ECI))/D(I))
NEXT 1

INFUT IN IMAGE"NUMEER OF 61 METER SEGMENTS#' iK1
L1=200%K1 :
FRINT IN IMAGE'RECEIVER LENGTH=XXXZX.%% METERS®:L1%.3048
INFUT IN IMAGE*TOWER OFACITY FACTOR#®:D5 ’

INPUT IN IMAGE'FIELD TYPE (1=Ns2=Ss»3=W,4=E)2°:F1

INFUT IN IMAGE "LATITUDE (DEG)#"iL&6

Wo=-1 :

IF F1=3 THEN 1110

GOTO 1120

Wo=1

Wi=Wo

Fa=1 ,

IF F1=1 THEN 1160

GOTO 1170

FR=-1 ‘

INFUT IN IMAGE*FIELL' SIZING DESIGN POINT. DAY. OF YEAR# HOUR OF DAY#2
H .
Q9=0

J=H-12
GOTO 1290
Q=1 _ :
INPUT IN IMAGE"1ST DAY# LAST LAY$# STARTING TIME# INTERVALZ®:DsD9sHOS

FOR I=D TO L9 o
FRINT *DAY":!D!* TO DAY*{09:*~=START AT*!HY:"sy °*!H:"HOUR INTERVALS®
FOR J=H%-12 TO 9 STEF H

H8=FI1/180

P=0,98%626283%(0+172)%H8

A=ASIN(Q,IPB749049%COB(F))

A1=SINCLSIHS)

Q2=COS(L&XHSB)

AL=8INCA)

AR=CO5(A)

Wi=-Wo

T1=SIN(15%J%HE)

T2=COS (1SR IKHE)

R=R2¥AZXT2+A1XQL

IF Q<=0 NR N>1 THEM 4100

R=FI1/2-AC0S(Q)

X=A2-QKQ2KT2

Y=A1-0%01

Z=-Q%Q2NKT1

R=INT ¢ (XKQLXT2- Y*Q“iZ*Qi*Tl)/SQR(X**"+Y**"+Z**°)*10**10)/10**10
T=-ACOS(R)

IF T <= 0 THEN 1540

T=T~FI

IF J »= 0 THEN 1630

TasT ' '
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1630
1635
1640
1450
1660
1670

1680

1690

P=1

T=W1XxT

X4=SIN(T)/TAN(R)

X5=COS(T)/TAN(R)I¥F2
X8=COS(T)/SQR(SIN(T)IX¥2+TAN(B)%%2) *F2
X9=8IN(T)/SQR(COS(T)*X2+TANC(E) X%2)

GOTO 3770

FRINT °*ROW Xnis FPDIST FSHD FSCR

MSTR"® .

1710
1720
1730

1750

1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
XA4)
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
. 2100
2105
2110
2120
2130
2140
2150
2140
2170
. 2180
2190
2200

FOR K=1 TO 200 : -
X(K)»Y(K) 2 Z(K)=0 .

NEXT K

X1!X27X3iGBVG4 0

T4=T

IF F1>2.,5 THEN 1800

S8=ATN(XS)

GOTO 1810

S8=ATN(X4)

Al=(FPI/2-G(1)-88)/2
A3=(FL/2-G(N)Y-S8B)/2

A4=R2XTAN(SE) .

AS=N(N) - q*(LUS(A3)—(SIN(A3))*TAN(OS)‘
IF A4=0 THEN 1870

IF F2=0 THEN 1910

A7=CASKD(N) ~D(N) +SKCOS (A3) - J*SIN(A3)*TAN(SS))/(A4 1)

T1=H1X¥TAN(S8)/(1-A4)
T2=1/C0S(SB8+ATN(K2))
GOTO 1950

IF S8<0 THEN 1930

FCOos

XSAREA

ALFA &

A7=(1-SQR(1ﬁ4*ﬁ4*(D(N)—S*COS(A3)+5*SIN(A3)*TAN(SB)-A4*D(N)*#2)))/(28.n

T1=(SAR(1+4XH1XA4XTAN(S8) )-1)/(2%A4)
T2=1/COS(SB+ATN(2XRK2%T1))
S9yF4yF6957,51,01,02=0

FOR K=1 TO N

DO=SAR (D(KYXX2+ (H1-E(K) ) %X2)
IF F13>2,5 THEN 2020

X1=TI0%X9 '
D1=00/COSCATN(X?))

GOTO 2040

X1=X8%[IO

[I1=N0/C0S(ATN(X8))

Gé6=1

IF Q9>0,5 THEN "080

R(K)=X1

GOTO 2120

IF ABRS(X1)« ﬁPS(B(h)) THEN 2120
G6=1-(ARS(X1)-ARS(R(K) )} /L1
IF G6:x0 THEN 2120

IF. K=1 THEN 4400

Gé6=0 '

G8=684+Gs

X2=X2+4X1

IF Q90,5 THEN 2160
R(35)=ARS (X2)

IF K=sN THEN 2180
A2=(FL/2~-G(LER)=88) /2

IF 880 THEN 2280

IF K=N THEN 2420

ﬁ?ﬂD(K+1)wS*(CUS(AQ)—SIN(AQ)*TAN(SB))T(E(K+1)_E(K))#TAN(SS)
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0 IF D(K+1XCA7 THEN 2240

0 A8=AS~(E(N)-E(K))XTAN(SS)

2230 IF AB<A? THEN 2260

2240 S7=5%(C0OS(A1)~-SINCAL)IXTAN(S58))+0(K+1)~-A?

2250 GOTO 2270

2260 S7=SX%(COS(AL)-SINC(AL)IXTAN(SB))+II(N)-AB

2270 S9=((S7+D(K)-D(K+1))*C0OS(S8))/COS(S8+A)

2280 IF S§9:0 THEN 2300

2290 s9=0

2300 F3=(10-89)/10

2310 IF 58:*0 THEN 2350 :
2320 IF K=N THEN 23350 ' ) ¢

2330 S7=5%X(COS5(A1)+COS(A2)~(SINCALI+SIN(A2) YXTAN(SE) ) +(E(K+1)-E(K) ) XTAN(S
S8) ' . .

2340 S9=((S7+D(K)-I(K+1))*COS(S8) ) /COS(SB+AR)
2350 IF F3<0 THEN 3510

2360 IF (A24S8)XSGN(A2)>0 THEN 2390
2380 GOTO 2550

2390 IF K=1 THEN 2550

2400 GOTO 2430

2420 F3=1

2430 FS=ATN((5-[1%0.000152) /1)

2440 G7=S%(COS(AD)Y+COS(AL)+(SIN(AOI+SINCALY I /TAN(G(KI+FS))
2445 G7=67-(E(K)~E(K-1))/TAN(G(K)+5)
2450 GP=(G7+I(K-1)=DI(K) X (SIN(G(K)+F5) ) /SIN(G(K) +FS+A1)
2460 IF G9:0 THEN 2430

2470 G$=0

2480 G5=(10-G%)/10

2490 IF G5<F3 THEN 2510

2500 GOTO 2530

2510 F3=1

. 2530 IF G5<0 THEN 3550

2540 GOTO 2570

2550 G5=1

2570 F1=1

2580 IF T1x0 THEN 2950

2590 L2=30%(1+II(K)/ (HIXTAN(SE) ) ~E(K)/H1)+0, 0093%D01
2600 EA=0SX(L2-0.0093K01) /L2

2610 IF F1x2.5 THEN 2450

2620 ES=D(K)KTAN(T4)

2630 L.2<L2/ARS(CUS(T4))

2640 GOTO 2670

2650 ES=N(K)/TAN(TA)

2060 LO-L2/BINCTa)

2470 IF (L2-0.0093%01)<0 THEN 2810
2680 E6=200-ARS (X1)-ARS (E5)

2690 IF E6>0 THEN 2780

2700 E7=(L2-k&) /L2

2710 IF E731 THEN 2740

2720 E7=E/-INI(ET)

2730 GOTO 27%0

2740 E7=1

2750 E7=CINT(~E6/200)1E7) /K1

2740 1F E721 THEN 2810

2770 GOTO 2790

2780 E7=0

2790 F1=1-E4%(1-E7)XL2/200

2800 GOTO 2820

2010 Fl=l

2620 E4=T2X(740,0073KI1)
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2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2965
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
1

3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300

3310 ES=

3320
3330
3340
3350
3360
3370
3380
33990
3400

E7=1-(ABS(X1)+ABS(ES)) /L1

IF E7<0 THEN 2860

GOTO 2870 .
E7=0. . N
T3=(0,5%(E4+10)-ARS(N(K>+T1))/10 =
IF T3<0 OR T3=0 THEN 2950

IF T3>1 THEN 2920
F7=1-T3XE7%7/(7+0.,0093%01)

GOTO 2930

F7=1-E7%7/(74+0.,0093%01)

FRINT °*RECIEVER SHADOW HERE, ROW':K:'; F="{F7
GOTD 2940 °

F7=1

F8= (SIN(B))*(COS(Al)*o.N(Al)*TAN(SB))
GA=GA4+F8

IF F3<1 THEN 3000

63=065 -

GOTO 3010

G3=F3

IF D(KY<€15 THEN 3030

GOTQ 3090

G3=0,9%G3 .

B3=INT(ARS(X1)/200)

IF B3>K1 THEN 3070

GOTO 3080

R3=K1 ’
Pi=P1X((B3+1- ﬁBS(Xi)/”OO)*(l D3)¥%B3+ (~B3+ABRS(X1)/200) % (1- ﬁuf*#(83+&

FO=G3XF7XF BXFOXFXGEKF 1

IF K»1 THEN 3120
Ri=G3XF7kFOXFX*F1%G&/01
E2= 03*F7*str9*P1*06/n1
R2=R2/R1

D2=TO+G(K)
E4=2%SIN(D2) /Il
F3=TO-FI/246G(K)
FA=0,74536%SIN(F3)

IF F4=0 THEN 3210
FA=ATN(SQR(1-F4%X%2) /F4)
GOY0 3220

F4=F1

IF F4=0 OR F4:>0 THEN 3240
FA=FI+F4 . .
FS=F1/2-F44F3
F6=2K(F3+E4)+ASINC . 66666667)
F7=2%(F3-E4)-ASIN(O.6665667)
ES=D142.236068%C0OS(F3)
FO=E8+3%SIN(F4)

LO=1/30

E6=F6-F5
5=1004+INT(30%FS+0.5)

IF L0<0 THEN 3340
X(ES)=X(ES)+F(1)XFOXSINC(F4) /F8
FO=0,5%SIN(F4)

FOR L=LO TO E& STEF LO
4= .LN(F4 L) Co
FR=Fe40, H%l4

E 7= £u+5*n4

D3=100KF9/EY

E9=F9+0, 5%14
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© 3410
3420
3430
3435
3440
3450
34560
3470
3480
3490
3500
3510
3520
3340
3550
3560
3565
3567
3548
3570
3580
3590
3600
35610
3620
3630
3640
3450
34660
3670
3680

34690

3700
3710

3720

3730
37460
3770
3780
3790
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3925
3930
3940
3945
3950
3970
- 3975
3976

IF D3:E0 THEN 3460

D3 2.5%0341
=ED+5GN(LO)
Z9 INT(D3)

XCES)=X(ET)+(F(ZP)+(F(Z9+1)~F(Z9) )% (n3- Z9))*F0*D4/E7
NEXT L

LO=-L0

IF L0»0 THEN 3500

E6=F7-F5

GOTO 3310

GOTO 3560

F3=0

GS=1

GOTO 3560

65=0

ZQ="A% AL AL 6L AL (IR IU) TLAL SUAL IL.IL/

FRINT IN FORM 29: hrn(h)m.1048;D1*.3048yr3y6qyr8y.9“9*X1;A1/H8,B°
F4=F4+4F3 :
F6=F&+G5

AQ=A]

A1=A

NEXT K , : ' |
L=1 : ‘

FOR K=1 TO 200

IF X(K)=0 THEN 3660

§1=51+X(K)

Y(K)=S1/L

L=L+1

NEXT K

L=1

FOR K=1 TO 200

IF X(K)=0 THEN 3720

Z(K)=Y(K)Y%XL%100/51

L=L+1

NEXT K

L=L-1

GOTN 3940

FRINT

PRINT

FRINT

FRINT IN IMAGE*DAY OF YEAR=X%Z» HOUR OF DAY=XZ.%Z*3Ds124J
IF Fi1=1 THEN 3890 '

IF F1=2 THEN 3910

TF F1=3X THEN 3270

FRINT "EAST FIELD®

GOTO 3920

FRINT *WEST FIELD®

GOTO 3920 . »

FRINT *NORTH FIELD® ‘ .

GOTH 3920 :

FRINT *SOUTH rIan-

Z7="El. ANGLE=Y; AZ, ONGLE=YIXYL. L%y PSI=UYLYL . 2%y FHI=UXE 4% "
FRINT IN IMAGE 27 B/HB:T/HQvnlN(Y4)/Hb;ﬁrN(Xu)/HP

B0TO 1490
FRINT IN IMAGE*BUTTERFLY AREA=ZZZZZY®:.929%X2

ZB:::I;/I -

FRINT IN IMAGE®END LOSSES=ZZZ.%% %*}(1-G8/N)¥100,28

FRINT * CIRC. FOS$ INTENSITY. % ENERGY AV. INT®
Z7= UL AL W THAL TR SLAL 9B T UL

1.0=0 :
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3980
3990
4000
4010
4020
4030
4040
4060
4080
4090
4100
*iLO/
4110
/G4+2
4115
4120
4130
4140
)28
4390
4400
4420
4430
4433
44346
4440
6000
5010
4020
6030
6040
6050
6060
6070
6090

FOR K=1 TO 200

IF X(K)=0 THEN 4040

IF INT(KR/2)<K/2 THEN 4020.

FRINT IN FORM Z73(K-100)%0. 030485 X(K) s Z(K) Y (K)

IF X(K)><LO THEN 4040

LO=X(K)

NEXT K .« « '
FRINT IN IMAGE °*INTEGRATED INTENSITY=%ZZ.ZZ METER SUNS®:.,03048%S1
27="AVERAGE SHALIING FACTOR=%X.%Xs AVERAGE SCREENING FACTDR=%.,Z%Z®
FRINT IN IMAGE Z7:F4/NsFé&/N

ZRINT IN IMAGE *MAXIMUM AFERTURE FLUX TO NUMBER OF ROWS RATIO=Y%.Z%%%
FRINT IN IHAGE MIRROR AREA EFFICIENCY ALK AL /"Sl#N/(N+°*B(3q)/L1)8
8 .

27="TOTAL FIELD EFFICIENCY=XXZ.%% %°*

FRINT IN IMAGE Z7:10%S1%L1/((L1XS3+20%(R(Z5)%S3/(N¥10)))I%SIN(R))»Z8
FRINT IN IMAGE "WORKING MIRROR EFFICIENCY=XXZ.Z% %Z*:1S51/GA4-Z8

FRINT IN IMAGE °"WORKING FIELD . EFFICIENCY=%YX . %% Z*t10%S1/(S3%SIN(ES

GOSUR 6000

IF Q9<0.5 THEN 1230

NEXT J

NEXT 1 ‘
INFUT IN IMAGE"TO RUN AGAIN ENTER 1y TO STOF ENTER 03%"! F1
IF F1=1 THEN 1230

END

J2=42410

FRINT IN IMAGE °*FLOT ARRAY IM DATA LINES ZX%ZZ TO ////"J29J°+4
FOR K=1 TO 5

K1=44+20%K

KO=K1+18 . .

WRITE ON 10 IN FORM 4% 67" 1J2+K-1»J3

WRITE ON 10 IN FORM *9(S%Z %)"#X(L)sJ4 FOR L=K1 TO KO BY 2
NEXT K ©a ‘

RETURN

o
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; Appendix B

ONCE-THROUGH RECEIVER
CONCEPT ANALYSIS MODEL
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Appendix B 4
ONCE-THROUGH RECEIVER CONCEPT ANALYSIS MODEL

This appenciix contains the model used to simulate the performance of the

FMC baseline receiver subsystem.
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B.1 RECEIVER GEOMETRY AND PARTITION MODELS

" Figure B-1 shows a cross ;éction of the geometric model of a once-through
_receiver section of overall lehgth lo. The reéeivgr cavity is a cylindrical
segment of diameter [}~. Incident solar flux is admitted through an aperture
of width W,. The boiler and superheat tubes are symmetrically distributed
about the circumference of the cavity in parallel with the long -axis of the
cavity in L, number of groups (called loops). The axis of symmetry is a
plane orthogonal to the aperturé‘ plane and elevated at an angle T above the
horizontal plane through the hélio'sta.t field, Each loop j contains Nj tubes.
All tubes in a loop have identical properties, As shown in Figure B-1 each
loop is evenly dxv1ded into an upper and a lower half-loop. The midpoints of
the c1rcumferent1al arcs (ACJ) subtended by the half-loops are displaced from
the symmetry plane bytoj. The following equations define the layout of loops
about the cavity: ‘ ‘

S, =DOgfr- sin”H (W, /Dc)] /kziDOk Ny | (1a)

ACJ- =O.5$Doj Nj . - _ (lb)
3 , |

Cj2 = 0. 58T Dok Ni . (le)

. k=1" ' '

le = *CjZ ¥ ACj . } (ld)

and 95 = (Cj + o.vsch)/o.s_DC ’ . (le)

where S is a spacing factor, C is an arc length referenced to the symmetry

plane and positive for clotkwise displacement.

The spacing factor defined by Equation (la) yields a circumferential pitch of
SDej in Loop j, and spaeing of 0.5S (Doj + Doj+1) between loops, as shown in

: Figure B-2, The equivalent linear spacings are nearly equal to the ¢circumfer-
ential spacings shown in Figure B.2, since the cavity diameter is large in

companson with the tube diameters.
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1/2 OF LOOP |
!

j@ T

1/2 OF LOOP 1 4 , : AN
A HORIZONTAL PLANE THROUGH

HELIOSTAT COLLECTOR FIELD

T = APERTURE PLANE ANGLE

Figure B-1 GEOMETRY OF TUBE DISTRIBUTION IN RECEIVER CAVITY
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A\ TUBES IN
v LOOP j

" TUBE IN LOOP j+1

—

e

Figure B-2 SPACING BETWEEN TUBES( AND LOOPS

Figure B-3 shows the path of fluid flow in a receiver scvction. - Feedwater enters
ea,ch half of Loop 1; superheated steam exits from'L‘oop L. Flowis co-
current in the tubes within a loop and vuuntefcurrent in adjacent'loop,s. The
flow pattern is arranged so that heating of feedwater f;o saturation is accom- |
plished in the outer loops by the low-energy portion of the réffected" solar
flux intensity d1str1but1on W1th1n the cavity, Saturation boiling occurs in the
middle loops. The majority of superheatmg occurs in Loop L, which inter-

cepts the peak flux intensity,

Development of the receiver energyAbalance model is based upon a partition of
the receiver into M. equilength segments, asiliustrated-i-nFig'ure B-4. Spatial

segment 8 is a vertical partition containing L loop segments.
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FEED ~
WATER o A 1/2 OF LOOP 1
: 12 0F LOOP 2. o f
. 1/2 OF LOOP j i ch
. A~ P # ? .
-‘f ) E
STEAM TO . ' - . -
TURBINE '.l.';."'-" = -~LOOP L — — - e - -
OR STORAGE L , : j
7 :11:
C . 1/2 OF LOOP 2 ‘
FEED : : —
WATER — " L— , 1/2 OF LOOP 1

Figure B-3 FLOW MODEL OF WORKING FLUID WITHIN RECEIVER SECTION

m = PHYSICAL SEGMENT |
-' L .s =SPATIAL SEGMENT
lp — - =y
: R !
LOOP s: oS S
oy ‘1':2}, Vs sl : :M} = .
‘m=1 : 2 z — v ) mss | mel : S I m=M ;-) A !
2 M IM-1 | ( - 9 !M-5+Li m-11 ( m=1
- : L Ly , ' :}l: : L
oo Y I R o
! CT — ) (&g ) .
e S et SR s Y
) t . . L i -
-l T % ' .
o A i L e
Wy T 1 ) S S F——-—: |
: b l -

Figure B-4 PARTITION MODEL OF RECEIVER SECTION
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Physical segment indexes m are assigned in accordance with the flow

direction in a particular\loop such that
t1(m+1) 2tm ‘ - 4 ’ - (2a)

where

tiyy = the average temperature of the fluid in loop i,
physical segment m.
Separate indexing for spatial and physical segments was uséd to facilitate .
development of the energy balance model. The general relationship between

segment indexing is

odd numbered loops: m =8 C (25)'

even numbered loops: m =M -s+1 = © (2¢)

B.2 ENERGY BALANCE MODEL

The: followmg assumptions were used to develop the energy balance used m
the calculations: _ o -
® Assumption 1: Each spatial section sees the same distribution of solar
flux intensity - o ' -
° Assumptxon 2: The net incident flux intensity seen by Loop i 1s the mean
value of the intensities seen by the upper and lower halves
Assumption 3: Convectton losses due to ambient wind are. neghg1ble
As su.mptmn 4: Conductmn through the cav1ty wall is neghgxble.,
: : ’
These 'a.ssu.mptions'are reesonable for the purposes of concept analysis.
Assu.mption 1l is consistent with the results of the collector field analyszs
and the prUJected periormance of the control system. As sumptlon 2 was
made to reduce the computatxona.l requirements, and is reasonable since
the magnitude of the average flux incident upon. one halt of a loop is within
10 percent of the average flux incident upon the other half. Assumption 3

simulates a zero .wind condicion.
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The following energy balance model is defined fof spatial section é (block

letters denote matrixes):

B= ct&T+(l4ta)\P+(}-€t)FB : , | (f}a)

R= (4/(1-¢,))(B-0oT)+ (1 ((1-éa)/(1-ct)))\i! (3b

Q= 1gLR T S (3¢)
where ] . .

[ = em1ss1v1tyof tubes |

€ = erﬁissiﬁty ofusurroundihgs

o = A‘Ste‘fa.n-Boltzmann cdnsfant

lg = leﬁgm of a spatial section '

.....

and the matrixes are

B, £ B = the flux radiated to loop partition i from other partitions in

.. » Spatial section §

L;¢ L ;,}a;.rea of the loop parfifion i perurnt length

Ri¢g R= th;~net flux in<.:iden.t upﬁn loop 'partit;ion' i'

v € \l»‘= the solai flux inclident upét; léop i

T‘i1 §T ,AT; = the',f;urfh PoWe r of ab.sollut'e. temperature o.f'the’ tube surface
Fij,é F = the geometric view fact;r from iéoé 1 to loop J

Q. ¢ Q= the heat energy absorbed by loop partition i.
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Units of flux are watts/m2 /m (Btu/ft%. hr/ft). Note that the element of

Vector T is the fourth power of absolute temperature.
The area and view factor are defined as follows:
Ly =5Dp; N - | L e

Fy; =L / (nDg = Ly) | | | | | ‘(4'b~)

)
Equations (3a)and 3b) have been combined as shown below into a single fmatrix™
equation for computer solution. Thus, define IM as an M x M identity m;itrix

and define the matrix A as follows:

10...0
01 . ' o - S
b=l . (dimension M x M) ' , (5a)
0 1
| -1 | R
A =(|M-(1-ct)F) ' ' : (5b)

Rearrangement of equation(3a)yiel<-is'
é-(l-zt)FB =€taT+(.1-fa)‘l’v | | - (6a) -
or Uy (=) F)B=qoT+-c)¥ _—
‘which, a.fter‘_‘multiplyir’x_g t.>oth'~si.des by A );iélds '
B=A(¢'ta‘T+“(1\aca))‘!’ o S (60

Rearrangement of equation (3b) and substitution of equation (6c)into -
the result yields: B | |

R = (ct/(l;ct)){A(ftaT.-*'(l;ta)"lj)'U_T}+((qa"t,)/(l_‘t)‘)lp. - (7a)
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Mu\.lti‘plicatioﬁ of the second term on the right hand side of equation (7a)by

¢; / ¢, and collection of terms yields:

R = (/1= D{ofee A=ty ] T+ [-)A+ (- e Vel ]} (7o)
Let C =0 [, A-ly] o - (7e)
and D = [(l-fa)A.;((ta-tt)/tt),lM‘l’] ' B (74d)

' Substitution of equations 7c and 7d into equation 7b yields:

The matrixes C and D are constant for a given set of design pa'raniétérs and

incident solar flux vectors. Equations(3c)and(8)are used to compute Q for

each spatial section by assuming a set of values for tube surface temperature

in each loop partition. The computed Q vectors are then used to 'compu:t,e the
. average fluid temperature t;, in each loop partition as follows:
Let Ap and Ah be, respectively, the change in pressure and enthalpy of fh__e

fluid in a loop partition. From fluid flow theory

2.5 o o '
Bp=8f  mr Vimls/™ Ny Dy g : S - 9a)
where )
f; = the Fanning friction factor

mq. = the mass flow rate of the fluid

Vi = the specific volume of the fluid

' , 8 = the universal gravitation contact

and.
. Dy; = the inside diameter of a tube in loop i
Ah=Q. /m : . ©.(9b)

im T
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Let p;..,» hin,y and t;,, be the fluid pressure ‘enthalpy and temperature at thé
entrance to loop i, partition m.

Bim = By 1)t AR

and E | , - '(9c.2)

tirn =¢(pim’ hirn)
Equation set 9 is used to compute the fluid properties in each physical
segment starting from values specified for pressure and enthalpy of the
feedwater at the inlet of loop 1. Fluid temperature and other properties
are obtained by interpolation in standard tables of thermodynamic properfiés
of water. The fluid temperature is then used to compute a corresponding’

tube surface temperature as follows:

A= Um /Uy Ny Dy Ig (102)
and T* =t + At, : (10b)
im im im . )
where

Ui = the overall heat transfer coefficient based on the inside

tube diameter

: S 4
and T’:m =the computed tube surface temperature (T’: '3 ‘T*)

The matrix T:;, is compafed with the matrix T,.. If all matrix elements are
within a convergence tolerance e€rror 8T, the solution is accepted. Other-
wise, the new values for matrix T, are assumed based on the old T, and

the new T:;], and the corﬁputations‘ are repeated.
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B.3 ’TYPICAL OUTPUTS OF MODEL

s0lboil2 north )
FLUX VECTORS FOR NORTH FIELD UILL EE USED (FILE SOLFXUNF DATA)

EXECUTION?

INFUT NEXT DATA SET., TIME IS 11.06.10 ON 28 JuL 78 »
> Sinput'flow=11000ypiné1500rsoldas=0vf1ux=0;60:4951162973759:5944;8110;
"> 11447y nro=1,irdlti=3 Zend .

200.0~-FT LOOFS DIVIDED INTO 20.0-FT SECTIONS
AFERTURE= 4.0 FTy WINI= 0.0 MFHs TAMB= 70.0 DEG F
EMMISIVITIES! TURE= 0.70r SURROUNDINGS= 0.90
S= 1,183y FLOWRATE=11000.0 LEM/HR
INFUT NEW PSIsFSIO»IUWUN
49 W9
CONVERGENCE. : : :
ITERATION 4, MEAN DT= 1.61 DEG Fy FPSI= 0,90

PROFERTIES OF FLUID AT INLET

T P H u RE X

LOO0E SECTIION _LEG_E _EBSIA. BIUZLE EIZLSEC oo i

1 1 415,1 1500.0 400.0 1.8 35950, 0.0

2 1 427.9 1498.4 417.0 1.8 37091, 0.0

3 1. . 442,9 14946.9 434,3 1.8 . 38522, 0.0

4 1 466.0 -1495,4 460.8 1.8 40954, 0.0

S 1 S511.6 1493.,9 513.5 . 1.8 45252, 0.0

6 1 S595.6 1492.5 612.8 1.1 96112, 0,004

7 1 595.5 1491.3 747.1 3.0 252806. 0.245

8 1 . 595.1  1487.7 993.8 4.6 388620, 0.686

FLUID STATE ENTERING LOOF 1! T= 415.1y F=1500.0 H= 400.0s U= {;8; = 0.0

: AVAILARILITY= 358,46 BTU/LEM. g S
FLUID STATE EXITING LOOF 8: T= 951.8, F=1485.3 H=1461.3y U= 12.1,» X= 1.00

AVAILARILITY= 1350.6 BTU/LEM
CHANGE IN AVAILABRILITY= 9¢92,0 BTU/LEMy EFFICIENCY= 86.2%Z

INFUT NEXT DATA SET. TIME IS 11.08.32 ON 28 JuL 78
Ve
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B.4 SOURCE LISTING OF MODEL

c FRCSRAY SAL=CILS ’ soLGeNle
[+ ‘ . s0Lo0Cz0
¢ CCYPLTES =CILIR2 CUTRLTS T2 TUR2IKT FCR SCLAR ENEAGY LINE CCLLECTCA  SOLINCIS
c SIMuL™ TUE FONC 1L COLLECTCR CAVITY FLACEC CIRCUMFISERTIALLY JOLwocaa
c WITF S 98¢CT T £Ay<TY 2E%el S i
c
d SUZROUTINAS GTEAY s COEFFe VICHEs TECLTSe CLUXTZe TTURE24CPTARS,
C CAYTIY, 282 TLCCY DATA ©02 TU=2CLTINE STrav °:cu1r£u scLOCCfn
c TIEV SCIENTIFIC SUERQUTINE SACHaGET REILUIRED FoR MATRIX ALGEOIA soL2ornce
4 X . SOLAN1GS
FEAL vLLcu 7133436570 DLTISCT /42.56767, FT /3,1415%13/, : soLCo1Ln
L ACTUBE2) /24003243 e75/0aF 1 Ci/050e/aS1G5MA/041737 =87 snLnre1ze
RELL*A STWCRCT(2) /PENTEAINCte® TXITINA®/y FTINE . : SNLGB12Y
INTEGER SKIF/YC /4 KOSKIE/ /e PNT(Z) JONMLSY,0STS0/, T2/ SCLOO1GO
CIMENSICH QVECTO(Z0) 48VECTA(5805)4LYTCTR(PI)ISCVECTF (600D, -SOL20170
] TVECTR(20) g TYECT IR oFVECT (400D DL MYV LLO0N) ¢LoXVEC(20) soLnoies
F PULKVETLEN) 9 ESHETNA2N) AV IMES(n0D) SOLOGLTO
CATA UVECTR /2C-1./ SCLGQ159
c ' . _ SOLGOLoE
¢ ARRAYS FCF NSZCT ALD LCCPS. CNANGE MXSECT ¢ VXLOOF soLenzee
¢ IF ARRAY-SIZTE APZ ChalNGET. . : SOLI0Z10
c INCEXES [N CC¥¥Ch /&8K/ ART LOGCES ’ v soLGnzZZO
c INCIXES IN COMMON /aKZ/ 8°FE FPHYSICAL SECTICHLeLCCP seLngzie
¢ ' InL60240
CC¥¥ChsERY ul\(cﬂ)o‘TL((G)'EJT(/O)o’LLX(¢7)v3C((C)v SNCZC)4FLUXFL 4SCLON S
87 BPEA(20)4FIU(23,420) . SOL252%0
CCYVEN/ZERD/ TTUZ2S(200420)0565(2C0¢20) o TTULCY(205470)+0TCACZCC2") SOLERZTF
[ ‘ , sSoLoszRe
INTIGER SCLEOAYZSOLKR. ‘ saLcnzen
EGUIVALERCE (FIC(141)4FVECTEC1) )y C(TVENTRCL) 9ESYETIVIL)) , saLngC.
CCMACHZINDATA/ LOBFSaSLLCP S ”CT.EF<LC%.TANE. _soLnerIDn
] _v IR CaP T e TR G FL O W e dP g SE LT 45345 1045P24CCPF 4 FOUS . soLn9gz20
g CLCEYWSOLFERGCAVOTA g5 SLY s.r.vrus IPRL Ty ¥AXI TR, cvv scLoaze
kAFELIS1 JIMNFLT/ LOCFS 4T T TLaSLOOF o NSTECTaCFSLONGFLUXyTAYE 4 SOLShGLar
A VARINCaPINGE Il g FLCh g whF o TEL T o CAPZAQ W AFD ¢ CCRF 4R0UGHCIN o SOL092S)
8 SCLCLYsSCLFF g CAVEAGEFSLASeTCULTASyIFZLTo¥AXITRySIN soLacren
c . . soLnor7n’
SFVELN (£904C)z8 o Cothmn) : ' soLcese
d . : : SQLOL TSN
¥xLOCP=ZE SOLCN&GD
MXSECT=250 S0L0G410
C ' , ) soLsNesn
CsLlL CEFLTR SOLIG4 D
c . $OLJ04LG
C REAC NEXT CATRA SSTy INITIALIZE CCASTANTS FGR GATA SET. soLnes4cy
c . , SoLefaen
E 1CaiC1=1 ' E SCLOC4TD
1C CALL CAYTIVIADRLY MG NTHSAYRGFTTINE) : SOLNCAEE
WHIT: (EQLTBE) wTIVE QNBAY o0 T a5y , soLBneug
FEAC(L o TAPLT @B 02355408/ 210) : sgLoCSsCen
IS LTl R a0 o 02 {LANES.LF4GY) 5O TS 6SD : : €NLGEs1n
IF N SECT e TePXSECT)aBRG(LETFSoCT4¥XLOCE)) 63 T8 ST saLnneszg
RIFEFS=1a~FFSL oA sCLAeCc2g
£01E SLCIL/ZEINERS C . $QLS9E4D
FLELSEN LU, AL, - SOLCCEED
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laXaXsa) aXaXal aXaRals) noo 2 XaXa) ~fOo

(s NaXel

FLINV=1./FLCY

SELTL=%LCQP /AT

CLIFCiz LTFCOeF Ll SofFLEESeSECTL
NERTAT=rFEA -1

CRF™1=]1a+Cl5F

\FLU13 FRECFERTIES 27 INLET T0 L9OF 1

CALL STEA(PINarINaTINeVF VG aE TRPY ¢ULL TN e ¥NUSTK (")
UFLINZVEL DL sFLoFSeSPVFUN (VR VS 9 SLALIRNIZ (ST (1) T IN(T1)4ENT (1))
IF(SThaCTal0e) EATREYZOIM . :

SVLSINSFIN - TUMELEATAPY

COMPLTE SLTSICE OIAMETERS CF TUEBES IN EACH LOCP

CCUCCAL=CRFF1etle + PIN/1S0C0.)
SUYCCN=C,
CC 27 <=14LCCFS
CCCI=CCLCCNTINCU)
DCACLI=SCCEII »EATCL)

€0 SLMICA=SLYOCK « CCACY)

CCMFLTE AREA FER LNIT LEANGTHs VIEW FACTICR FLR EACE LNCP

CALL VIEJZ(FI+SUNCON9WAP 4CAVODIAsSHLCOPSWNSELT)

IF(SeLEele) GC TO 346 .

CALL FLUXSZCSCLEOAYSOLESGLTTPSaCaS2uAP WS LAVOIA)
WRITE(T41040) SLCCP4SECTLyWAPWVUWINEyTANP$EOSLONIEPSLYS 9SeFLCY

CCAFLTS INITIAL ASSULMFTICAS FCR TUSE TEMTERATURES,
CCNSTANT MATRICES I CNERGCY 2ALONCE ZSUATICNS

CALL TTUEEOQCICASEL4TINCTCLT S

SECT4LCCRS)
CALL BRRAY(Z4LOTPS4LOCPS9204204FV

et
ECTRYF 1Y)
CCYFUTE METRIX Az INVERSECL = (1-EFSLOMIF)
CALL SYFY(FVECTRoRIVEDSSLUNNYV4LCOPS \LO0FS S
CALL MSUB(LVECTAyCUNPYVQAVECTRyLCOFSoLETFSe240)
CALL MINVCAVECTR4LOOPSyCETTA4LWKVEC\MAKVEC)
CCYFUTE ¥ATRIX C=SIGHA(EPSLONSA - D)
CALL SMPYC(EVECTR G EPSLOL oCLYHYV (LGRS LNOPS )
CALL MSUZCSLUFYYUVECTR4CVICTRLETPSILIGPS L a2)
CALL SMFY(CVECTSySIGMEyCVECTRGLNOPSLOCRS,0)
CCMFLTE VECTCR Tz (C1-EPSLRS)A + ((EPSLRS=EPSLON) /EFSLCNIIIFLLX
CALL CYPYCAVECTFylaaBFSLAS e YI¥FS4LaCPEWLICES0)
CALL S*FYCUVECTR (FPSLAS=EBSL0r ) /EPELCHaECN S IV LCCPSoLTCFS¢7)
CALL MaLL(AVIMESESYETV LU YV eLCOFSoLARES 40 42)
CELL ¥FSTCCLMYYV FLUX DYECT4LGCPSoLCOFS 4300 41)

CCHMFLTE VECTCR G FOR EACh LCCP 3Y SPATIAL SECTION
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s0L6GE60
SOL~GTI0
soLteTen
soLAnEsn
SOLCLEGE
SOLECE1S
soLncezs
seLa61n
soLGness
SELOCLES)
SOLNGEES
S0L0GCTS
soLncERn
SOLNGES?
SQL2C7C:
SOL26712
SOL53722
SOLOC 720
soLG074n
sSoLND7EA

- SOLCGTET

$0L53778
SOLS0725
soL2£7¢9
sotnaen?
soL0Gz1t
soLecsze
LI LERD
SOLOC&40
soLoceso
SOLOCEED
soLnop7
SOLRGAES
SOLGNESD
SOLE0SCO
soLnesin
soL0cg29
soLens19
SOLOCS4E
SOULGGSES
SOLCGSED
seLrgs?e
S0LBOSAC
seLees9e
soLnioce
SOLG1I1Y
sSOLC16Z%
soLn13n
soLc1a6n.

SOLD167)
SOLO15E
S0L01093
soLc11¢?



noo

K XaXaXs)

- NSP1ZNSECT1
¢S0 FEWIND 3
FabIN
. F=F 1%
CCL 31T O DSSlaNTR(T
fﬁhfFl - I
CEFIAE SLEFALY TEMPERATURE VECTOR T IM SFATIAL SECTION IS

TC 200 (214LrroS4

. TVECTRCLISCTTILIAS(IS W) + SFTNDRYesa,
200 IFCLeNEWLOCFS) TVECTRC(J1DIZ(TTURAS(Y9Je1) & CFTCLR)I# 4,

CCYFUTE VECTOR G=(EPSLCH/(1-E3SL0ID)

(CT + ©) &ND SAVE IN ELEVENTS

CF MATEIX GA CCRSZEFOALING TO P”Y§IC5L TURE SECTICNS

caLL FFRU(CVECTQQTV'CTrvCL“VYVoL 0PCeLl0FSelea041)
CALL FMACC(ILYYYNGIVECTRyGVICTRWLCCFSe1004m)
CALL SFEY(GVECTR ¢EDIMEGQAVECTRWLOCPSH1 M)

CC 218 (z1aLCTPSe2
Ga(ISyI=AVECTR ()

1310 TFCLNELOCRE) GA(FaJe1D= CV‘CT’(J*I)

el ‘h‘n_?

NaXsXs)

2 XaVa e XaXal

S a¥a¥a)

CFPFLTt FLLIC FPCFERTIES IN CACK LCCP ANC FHYSICAL SECTICA

‘CC 90 J314LCORE

INITIALIZE PARAPFTERS UHICH ARE CONSTANT FCR ONE LCCP

Cle=CINCL)

CIVFT=Clu/t2,

C1y2=CIl DI

CCJy=CCL)

DCJUFTI=DC/ice
Clds=0Ic2sDIcaellu

ENTCZENTC)

CIZNSCIJ2+EATY
'CL1F(\=CLTPC1/(CIJS-ENTJtEHTJ)
KT=¥TL()

CALL CCEFFI(FCTLEE(KT)C uFTQ NJYFT)-

AREBLUSAREL (L) *SECTL
DLTC'R-]./(DI'FhTJ'DIJFT'QECTL)

CCVPLTL FLUIO STATE IN f&CH aECTIC\ CF LuCP J . .

CC EC M=1,KSECT

STATE FRCFERTIES #T IKLET TC SECTION ¥

ettt STEAH(F{F{lgVF;VGqELTRFYoEL;LgVVUoTK.CP)‘

' SPYISPVFUNAVF «VE4GUAL)

a

dCVFLJ? SFECIFIC VCLLYEs VELCCITYy REYRCLD®S NCes ETC OF FLLIC

206

S0L01110
soL01129
soL011TG
SOL01149
sOLN1180
$OL11€)
S0L21179
soLn11:80
SOLA11S9
saLs120¢
SCLS1216
soLG1222
sCLe1239
SOLN1260
SOL512S

SCL"1260
SOLA1ZTC
soLn1zR9
SCLB12S0
seLn1ia0
soLN1210
seLnr1220
sCLe136
s0LE1240
goLrilee
2CLI1260
§oLci37n
SoLr11EG
gnL012S0
SOL01400
S0L21410
SOLN1420
soL01410
SOLG1440
SOLG1480
SOLC14€0
soLoga7e
SOL01480
SO0L01450
SOL1500
SOLD1E10
SOLN1526
soLO1S2¢
SOLC1S40
SOL91559
SOLG15€D
soL01E7¢
SOLO1SED
£CLO1590
SoLC1eCh
$OLG1¢£10
50L01e20
SOLG1620
20LALEAG
SOLN1ES0



e NNl

aNeNel

s NaXel

C
C
C

c
C
C

SATLRATICH

LFLVELCRNFLEPSaCFY /T2
IFCECLIL ol ele)aCliatllALleT a14)) GE TO 2¢

STaT%

¢ TV0 PhHaSES)

RFESICLL e IGFTOLFL/ZLUF e )
Cill CTFFFZ(za"CqaleaTKaTlilry)
CELT/F=CLTFONFeGFVeSPY/VF

¢ TC 4

SIANCLE FFR&SE (LISLIN CR SULFEREEXATED VAPOX)

¢

40
41
42

PEZI60G423TJFTsLFL/ (SPV eV Y)
CALL CLEFFZ(14 E4CF oV L/ TRy TKyF 4LIAV)
CELTAPZLLTECN *EaSEV

CC TC(ECe41442) 9 NFRINT
IF(Y.CTal) €C TC SC
WPITE(SY TeFsboLFLWRESQUAL

CCNMFLTE TLEE SLRFACE TEVEERATLRES

=

SGUGAMY U s AREELG

€C CLTUEE=CLTCON=, oI
TILzCF(¥ed)=T « CLTLZE

AU TN )
(2 N

F=P - LCELTAF

IF(F.LTWCed) EC 10 93C

Fzbk 4 FLINVeGY

IF(H.LT«Ce) CC TO 920

CCATIALE
CCLTINLE
FOUT =
PCLT=P

CETERMIKD IF CCMFUTEC € ASSUMED TUBE TEMPERATURES HAVE CONVERGEL

CCRVERGERCE.

CALL TTILEELC(NSECTWLOCPSyLELTAWMAXITRGIPCLT92250434200)

‘4200 REWINE € .
IF(AFRINTLEGL1) 66 TC 420

L

. 4GS

410
428

WRITZ(T741017)

FRIMNT FRGPERTIES OF FLUIC

L2 410 (=14LCGFS

KS¥TLCL)

REAC(S) TeFehelFfLoREeSUAL
vellye T'PvP'UFLo?EqQUAL'TIN(J)'Dogu)ohyT(K)'[\Tld)v

RRITECT41621)
FLUX (J)

IF(APRIATWES.2) GT TO 410

LT 405 v=2405ECT

REATCS) TaF ok yUFLWRESUAL

WRATTE(T741G20)
CONTINLSE
VRITE(T410330)

ety TePobigUFL9RF 4QUAL

SKIFQSTWCRC(II o Tl TINGPINGEINGUFLINGGUBALINGWAVLERIN
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SOLB1t60
$0LC179
SOLN1FEC
SoLn14¢0
SOLA1700
SEL21710
SOLG1729
sOLC1720
sCLn1740
SOL21750
SOLO17€0
SOLE1772
SOLO17ED
£0L01750
SOLO1£0r
soL01210
soLo1R2¢C
seLo1e1n
soLcizac
SOLO01£S0
SOLN1£€ED
SOLf1£79
SOLC1FBYD
SOLI1£90

. S0LD150%

S0L91510

S0L01%20
SOLC1730
soLe19an
SOL0155¢
SOLO15€0
SOLD1S70
SOLC1S86
S0L019590
sOLN20C0
soLeza10
SOL02620
soLnzero

' S0L02040
- S0L920%0

soLnzcen
scLca079

"SOLC20k0
. 80Lf2ns6

$0L02109
SoLZ2116
soLc212¢
50LC213G
SCLGZ140
SOLCZ1SG
SOLO216U
soLe2170
snL02183
SGLGZ150

S0LGZze00 -



CILL STEEY(POUT ob7 ur.r.ar.J,.r“T-Dv.cUAL.vvu TKeCP) SGLO7ZZIC

AVLSATZRCUT = TANV.eELTRRY 4 . soL62z2¢
L‘L‘VtL’h"L HESeSTYEUL(YF oV 5 eGUALY /3T 2N ' soLorzar
BICC7,1070) LICRI00STL0RD(2) eLUCPSTaPOUT onOUTWUFL4GUALOAVLECT £0L0224G
CLYA\L=£¥L?’T-:\L 143 seLez2sn
EFFICZ10CesFLT .o (-0LT=FIN)Z(SLACPeFLLAFL) ' SOL0Z72€°
WRITHF(741C23) CLYSVLGEFFIC soLczzvi
GC TC 1T . sotnzz=e
: soLerese
ERRCR FRICESSING . . soLe2108
: . : SOLozzxo
S21 WAITC(E4SI01) 81447 ¢SeFI1 snte2z2
CTC 16 - ’ SOLazzzc
90 MRITE(E4FC2IC) F 4k : SOLQZ 265
CALL PRTAPA(LEELTWLOCFS) : _ soLozIco
65-TC 4230 SOLCTIEN
S4C WPITC(ELS34C) - : o soLn27y
- %0 TC 1C .. soL%2::9
S50 MAITECEZS0SC) LCCPSeMXLOCPoASECTMXSECT SNLOZ2S0
€c 1C 1¢ : o soLezaco
999 £7iA . © soLc2410
1000 FCRYITCYOINFLT NEXT UATA SETe TINE IS %42Re® CN'eT2Z41XAZ4I2) - 80L02623
1010 FCRYAT(Y0%,27XYFFCEERTISS ©F FLUIC AT INLET*// soL0242
A ZEXOTGTIXOPY G TXIHO GTUIL G GXPAE G TXINT ‘ 'SOLOZ4G0
B 17XTINe.EXLC PTLOEET TRPLT FLUXY/ , soLnz4se
c %)'LCGP TSECTIUN®.4XDES F FSTE 3TUZLE  FT/EECY, : SOLNELET
£ X ZCEXYINY ) 914X VITY/HS =SGFTY/ ' . SOL02470
CE 'o'. A e e el ______ e ‘ SCLOZ4ED
Foooa2XeZdY _____")e3CY ___)elGC_")) S SCL9Z6SG
1026 FCRYAT(ZIE e 0X e FEaloFTaloFZs00E243) ~ soLGZECC
1021 FCFRVRTCZId 40X e Flel aFT7elo7F0.0eF 542y . ) ' soL9zE1C
[} 1(70¢F7¢<c?\AZQF3-1\0?’120',’) ] . SCLB2%20
103C FCR¥ATCALGPFLUID STATE 41X Se" LCOFT4I3e%: T=®eFEal, scLeasse
2 Ce P FCale® HZPgFColaty US9FCelaty XZ?4FSe24¢/ . coLe2cal
© & BIXYIVATLEETLITY=94F 7,140 ETU/LD YY) ' ' SOLNZEEG
1035 FCFYSTCPQCHANEY I\ AVAILAOTLITYZ®Fc, 1,7 BTU/LD2Y, ¥ soLczsec
B CEFFICIENCYZ®4CCoalo?¥?) ~ . s0L0ZS70
1040 FCRVATCPCT4F€ola®=FT LCCPS TIVICEDL INTO®4FEo14?=FT SECTICHSS/ sSoL07E80
. B v LFEFTURE="4C5,14% FTe wINCSV4FSaly? MPH,y TANEZ* FGo14® [EG FP/SOLNZEGE
B FV*ISIVIT ES: TUSE=4FCe24%y SLRRCUNNINGS=*iF5.2/ SOLGZE0J
€ . v STOGFCa2ety FLCWRATEZ GFTa1,% LEY/-FY) SCLOZE10,
5601 rc='ar(~ A1294F10el9%y AFZV4F1Gel9%s ST 4FR.Gg?y F11294F8,4) scLozezn
9020 FCOXLT(® ERRGP? Pzt gFi3eZe%s MIO4FhZ) . SOLN2£20
9C40 FCRM2T(® CRRCH; §.<= 17) - SOLCRRGLD
9050 FCPUAT(® ESRCH: LICPSZv4l24%y 2ILGE 15 G=vell, SOLG2639 .
B vy NSECTZ94124% RAMGE I5 0=412) ' SOLOZEED

EANC . SOLQZETC
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SUBROUTINE COEFF1(TKTURE,»DI»DO).

COMPUTES FRICTION FACTOR, HEAT TRANSFER COEFFICIENT IN TUBE
THIS ENTRY IS COMFUTATION FOR EVAFORATION FHASE (CONSTANT H)

.DI+DO=INSIDE»

OQUTSIDE TUBE DIAMETERS (FT)

TRKTUBRE=THERMAL CONDUCTIVITY OF TUBRE (BTUXFT/HRXSQFTXDEF F)

COMPUTE FRICTION FACTOR»

N=1 IS SINGLE~FHASEj; N=2 IS SATURATION FHASE

IF(DI.LE.O.) GO TO 900"
IF(TRTUKE.LE.O.) GO TO 910 -
HISATF=(0.5XDIXALOG(00/DI))/TRTURE
UISATP=HISATP . :

CHILAM=4. 364/DI
CHITRE=0.,023/DI
RETURN

ENTRY COEFF2(NsREsFRy TKFLUsFUI)

OVERALL HEAT TRNS.

COEFF.

CONSTANTS IN ALGORITHM FOR HI IN LIQUID & SUFERHEAT FHASES

OF. FLUID

RETURNS INVERSE OF OVERALL HEAT TRANSFER COEFFICIENT

IF(RE.LE.0.) GO TO 920
IF(RE.GT.3000.) GO TO 20

LAMINAR FLOW REGION

11

12

20

F=64./RE
GO TO(11s12)s N
HI=CHILAMXTKFLU
UI=HISATP + 1./HI
RETURN

UI=UISATP '
RETURN

TURRULENT FLOW REGION

F=0.,316/REX%(0.23)

GO TO(21,22)s N~
HI=CHITRB¥TKFLUX(REX%O. 8)4(PR**0 4)
UI=HISATF + 1./HI

RETURN '

UI=UISATF

RETURN

WRITE(6¢9000)
STOF
WRITE(69,9010)
STOP
WRITE(657020)
STOF :

0- WRITE(659030)

STOP

FORMAT(’ TURE ID<=0.")
FORMATC(’ TUERE Ths-o.')
FORMAT(’ RE<=0.") .
FORMAT(’ FLUID TK<=0.")
END
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GETS

UIr(plT[IH DEFLTS

COHMOM A
Ry
COHNGH LN
Wi e
:“lP\“HﬂV

\UUr.I NL.nUlla

20)

l. ? C-l‘o'/".! Lo

T SLLOAYy SOLNHR

0.
b\iﬁﬁ@ .75
EF LOk 7
EF8LNS=0,7
CORF=0,
TAME=70.

YW IMD=0.
NFO=0

CAUDTA=6.
TOUTAS=1000.
FIN=1000.,

- HIN=A0O/

10

UAF=d, o
SIN=.5911
SLOOF=200.
NSECT=10
SOLLAY=1
SOLHR=14320
00 10 I=1+6
DIN(I)=L.2
MTL(I) =1
MTL (6)=2
ENT(1)=8.
ENT(2)=8,

ENT(3)=12,

ENT(4)=34
ENT(5)=36.
ENT(S)=3s&,
LOOFS=6
FEETURN
EMD

J?JLOUrrN SECT A E
e PELTA G
SLNGS,TOUT

FOLON TAME,

ASsTFRLT M

210
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(g Xalal

(2] (2] OO NO

SLERTLYITNE FLLASZ(AN GNP oL o WNVEP24S4CC)

¥G CVERAGE FLLY INPUT TS ECh LuGP CSI*G DISTPIFUTICA
CF WZ(CEIvTR CEFLECTED IATENSITY For SCL2 R CAY \Do FJU° A1)
L AT PLINTS S CAVITY, CICL”FLh-'

$TLUX CA ZACH LCCF INFUT 'FRCY CALLIMG FSCGRAV
NI3L42e%0 QINTER SCLSTICE, FallnMOxy SUYPER SCLETICE
¢ INPUT FLUX CISTRIEUTIGN FRCV TLQ”IhAL

INTENSITY VECTCS FCR (KDotE) STOFED IN FILE SOLFLLX2 CATAs
RECCFT MULNMEERSAPI(NTD) + (NF=HI(NC))I/L1CC .

WCVERZZRALF=WIDTH CF APERTLPE (FT)

0C¢.) =TLTSISE CIAMETEF OF TUZE C(IN)

EATCUI=NUYEER CF TULRES IN LOOF J (JV=lgesesl)
CONCUISCR LU *ENT (L)

§ SSFACING FACTSR

cc SCIAVYETER CF CAVITY (FT) .
FLURIACLI=FLUN KG®48L TO CAVITY CIRCUYFERENCE AT CXe
WhPEAE CXSCoSoCCoARCSIN(U/(DSeTCI)

AANC ¥ =2TPT PRCCECTICH CF CXx INTG THE AFERTURE PLANE

THE RENGE OF CX' IS CJMIN FT TC CU¥AX FT IN INCREMENYS OF fELYAﬁ

CIVENSICN FLUXIA(EC)9SICAC(Z)

"CATA INMAX/SO/, CJMIK.CJMAXoD’LT&CI-S.QQE-2.0-2/93!6"C/1.q°1./

soL20910
soLnngen

©gCLLeoxg,

soLrcraq
soLT2cEe
soLnocec
seLcce?o
scLornreo
sgLcocso
scLcentoc

seLtcilo.

seLecleo
-§QLOC13C

soLcCr4cC,

soLnolcsC
SeLPclcc
seLnc1re

SOLCO1%0

"scLonisn
§0L50200

soLrezac,

soLropzae
SCLIn236

SOLCGZA0

soLeo0zs0

soLnn2eg’

sgLec270
SOLc0zH0

.CCFV¥CN/ZERY CI"(:O)."TL(:O).FNT(:O)v‘LUX(:O)."O(ZO)oCG‘(?0)1FLLXFL'S”L002“J

A, AREA(2C)FIL(23420)

INTEGER HL1C(3D/T7204A3C+530/s SLE3)/1€3041T73C41830/0 MROCII/ 101145

REAL*8 CAYS(2¢4) /0 WINTER 949SCLSTICE® Y ERULNCX®y®
[ * SUNVNER ®o?SOLSTICE®+® TERMINA*e'L INPUT v/

CXFLA(X)SCEYRACSARSINIX/CAVIAD)
CRFUNTR)=DELTACPK - CJVIN2
KFUNCSeC) =CLTCINC(C ¢ CUMINZ + SeleGE-%)

CAVRAM=0.5+CC
OLTCI=1./0LLTAC
FLUYPL=C,
IF(NCelTel) GC TG 30
l IF( L= 4) 204104SC0.

IANPLT ﬂISTRIBLTluh FRCY TEPMI'AL

10 WE1TE(E4100C)
REAC(C410104EAL=999) ruloCd?
INS) @ (1.0F=% ¢ TLTCI*(CU2=-CU1))
IFCI N oGTINYAN) G TC 310
WRITCCECI0C0L) THefJloTFLTAC
REACUIEGI0100ENTZCESY) (FLUXIMNCI) g1214IN)
TFCINGEGLIAMBX) GC TC 2C
Ih1=1Thel
CC 1% I=1IM1elNNaX

211

SoL00200
1/80Ln0718

soLQoz20

soLNG2D
SOLDN240p
$OLLC2SE
soLenzeg
soLnoz70
SOLTO2ED
soLrose

soLccann

SOLCCal0
soLrgeze
soLn940
SoLP0N6ap

§oL0C04es0

saLcnsen
SOLCC4790
soLnCagC
soLIn4sn
soLeneng
seLLnnld
S0L0%E20
scLneslo
snLCGEaC
SOLOGESN
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Afon

fOonAmAn

acnco

1€ FLLxINC(D)=C,
€C 7O ¢

RETZIEJE FLUN INTIATITY VECTOR FROV FILE SCLLUX2 CATA

20 IFCUNE QLT 2000 )alP (Mo CTaHLENDY)) &0 T2 G2C
BSITE 02 01025) CAYIC1ND) oL YSI2eND) oM
RP=NPLUINI) ¢ (“F=R1(A02)/100
CALL CREACI0 0" FoFLUXINoIFR o LRECL9853347530)
ColizCu™IN '

CJz=zCyvhX
IN=INNAY

CCMPLTE AVERAGE FLUX INPUT TC EACH LJCP

20 CX1u=CAVRATD«(Z.164177326 - ARSINCJCVER2/CEVRESY)
CU¥INC=TELTAC-C.1
SDz4=8/24. ‘

CC 9C J=1lsL .
WICTHU=SN244C0CH ()
CIFCGNCeLTel) G2 1C SC
Cx2.2CX1u

CXTusCX2d = WIDTHM
FLLX(J)=0.

GC 870 IFM=142

IFMz1: LCCF=HALF IN UPPER PéRTIC” CF CAV]ITY
IFVM=Z: LOCP~HALF IN LCWER PCRTION OF CAVITY

AVERAGE THE FLLUX VALUES IN THE IQTERVAL Cxly <= Cx <= Cx2J

K1=XFLAC SIGACCIPY)oCY1L)

K221 ¢ KFUML-STENCOIPM) 4CX24)
KCLT=1e#2=K1

IFC(KCLTLTLZ) GS TO 960
‘IEC(K1eCEIN) eCRe(F2.LES1)) GC TO 770
K2¥1:2KZ=1 X

ECLAD VALLES AT Cx1¢ 2 CX2¢

40 IF(K1.G6T.0) GO TO %0
Kir1=z1

FLLX1JU=Ca

GC TG €C

CXEI=CHFLR (K1)
K1F1=K1+}

(3,3
Y

FLUN1ICSFLUXIACAL) + ELTCI‘(FLUXIN(KIPI)-FLU(IN(KI))‘(CKlJ-CYK})

0 IF(K2.lLEQT%) G2 TC ALCO

KevlzIn :

FLLX2J=6. ,

6C 1C €10 . .
ECG KZ¥1:=KZ-1

CXK2¥312CKFURCKZ™ 1)

212

SCLODCSEC
SOL05ETC
soLensg?
scLenssn
SOLLNECD
$OLNR61?
SOLNNE2(
SCLL2EYE
soLcnsan
SOLOGASN
SoLGrEEn
SOLCNET0
SOLSGERS
SOLN0ESH
$OLN0704g
SOLOUTLG
SOLGL20
SNLOGT2G
SoL70740
SOL507%6
LQLNCTAr
sOL3C779

soLno7e?

S0LGOT7S0
soLAcAge
soLNoAR1C
SOLCCRAD

- §NLCGCR2O

$NLGOP4D
I IELELL:
SOLS0REO
S0L0087¢C
soLcoase
SCL20ASH
SOLLOSCE
€OLCOS1G
SCLOGS2N
SOLCCS3C
SOLNGSGn
SOLOLSED
SOLCOSEC

‘soLecse

SOL09580
SOLTGNS0 -
$aLnicor
SAL01I91C
S0LO01G24
£oL01630
soLoia4c
SoLC1CS S
SOLS1he
gnLcGicTn
SOL21GEC
$oLGigS?
soLN11e0



a2 ¥aXal

FLLUCZCSFLUXTINC# M) oCLTCIs(FLUXIMNEMZ)=FLUXTIN(KZMI) ) e (CY e -CXK2M1DSNLOT110

10 SUMFLXZELUXIC#FLL®R,
IF(RILTWENef) GO TR &3
LO 7¢ #z<1Flekiv]
76 SLVFLXZSUYTLX+FLUATI(K)

CCCMELTE AVERECGE FLUXy INCHEMEST TOTAL INTEASITY CVER W/2. -

0 FLUC(GLITFLUNMCYY ¢ SUMFLY/KILT
7¢C 1erF=C0x1d
Cxly=-Cv2J
8CC Cxegd=-TF4P
FLUX (L) =CeTvFLUY (W)
SC FLUXPL=FLUXPL + FLUX(J)*W1lTHJ
FLUXELzZenFLUXYL
RETLEN

SCO MVRITELCEWSCO0) (JoCAYSU10I)eCAYR(241)41=1e4)
PE2C(5410204FAC=959) NO
cCc 10 1
S10 wRITZC(E£49C10) INeTINMAX
¢GC 17 12 . .
20 WRITE(E45026) MFeCAYSUL1oND) ¢DAYSC24MD) ¢HLI(NC) JHL (D)
REAC(SW102CG4ENC=55S) NKH
¢C T7C 22
GI0 WRITT(HeSCII) 1FFyNReLRECL
ST(P
S40 MRITE (0 e70435) INMAY KLl oK2e41UeX2d
$65 ¢TI0 :

1600 FCRYAT('CINPUT MIN 3NC MAX CIRCUMFEREMTIAL FCSITICAS.")

1001 FCRVAT(Y IHPUTYGIl644 FLUX VALUDS FRONYGFSele® FT IN ¢,
s Flelg?=FT JHCREMENTS. 1G VALUES/LINT®) ’

1010 FCAYATLIOFTS40) ’

1020 FCFVMATC(1GY)

1070 FCRVAT(YD FLLX DISTRIGLTION FCR® 42AS 40 AT';IE.' “CURSe/t )

9000 FCP¥2T(* INVALIT IMLEX FCX CAaY. VALIC INCEXZISCMC) ARELI®
L) G0/ ND=4124%2%42A2)/% “ETYPE NNY) :
€010 FCRY¥AT(IGs* INFLT FLUX VALUES EXCEEDS ¥YAX AHRAY SIZ2E 0F*41%)

€020 FCRYAT(IX4® IS IMVALIL TIYE FOR%42AZ4* DAY, VALID RAKGE IS *,

A T24® TO*4ISy*s RETYPE HCLR?®) .

G030 FCPN¥2T( DPIACLIO CFRORTGIZe%y 1RZ04IC¢%y LRECLZ'HIT)

9040 FCH¥AT(TY SUZ, FLUXS2 CRRCRAC IlitXeK1eK24N1JeX2J=*¢2154+2F1041)
EAD

213

saLn1120

SoLcl12y
‘SOL211an0

SOLN11%0
SNLO1160
€0LO0117G
soLN11P0
S0L011¢9
soLr1200
soL01210
SCL01220
S0L01220
seL212a9
soLn1zEn

‘€0L 01269

soLe1z7¢
SOLC12890
SOLG113S6
soL01109
SOL01219
$0LC1729
SOL01330
€0LG1240
SCLO1750
SOL21240
SOLN1170
SOLO12g¢
SOLG1250
S0L014CC
SOLO1210
SOL01420
soL2142C
SOL31440
SOL01458
SOLO14ED
SOLD147C
SOLG14R0
soLn1ase
SOLG1506
sCLn1S10
SOLG1720
S0LS1530
SOLG1560
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SUDROUTINE FRYARA (NS L)

FRINTS TUKE SURFACE TEMRERATURE MATRIXES
INDEXES Iﬁ COMMON/ZARR/ ARE FHYSICAL SECTION,LLOOP |
COMMON/ARZ/ TTUBAS(QOO;EO)vGﬁ(QOOvQO)vTTUBCH(QOOyQO)rDTCA(QOQ:QO)
REALXS HYWZY /7 TA ‘vt TC '/
N1=1
N=10
10 N=MINO(N,NG) N

WRITE(AHy1000) (MsyM=N1,sN)
WRITEC(SH21010) (HTW (L) s HTW(2) s M=N1sN)
0o 20 Jd=1sL :
20 WRITECH,1020) Jy (TTUBAS(M»J) s TTURBCH (M. J) s M=N1/N)
CTF(NLEQL.NS) RETURN
N1=N+1
N=N + 10
GO TO 10
1000 FORMAT(/ 09X TEMFERATURES - ) :
A 7 IN EACH SECTION (DEG F). TA IS LAST ASSUMED VALUE’»
U ‘s TC IS LAST COMFUTED VAaLUE //10112)
1010 FORMATC(’  LDCF’»20A6)

"A020 FORMAT(LIS#1X320F5.0)

END

214
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SUBROUTINE STEAM(PlyHlyTlrUFlrUGl{SeryVISC'CONDvCP)

THE SUEBROQUTINE STEAM FERFORMS LINEAR INTERFOLATIONS FROM
TARULATED ENTRIES OF TEMFERATURE, SFECIFIC VOLUME. ENTROFY,
QUALITY »VISCOSITY s THERMAL CONDUCTIVITY,AND SFECIFIC HEAT» GIVEN
THE STalTE OF THE STEAM AT A SFECIFIC FRESSURE AND ENTHALFY.

THE SULROUTINE ASCERTAINS IF THE STATE IS WITHIN THE SATURATION
LOME, OR IF THE STATE LIES WITHIN THE SUBCOUOL OR SUFERHEAT
REGIONS. IF THE FIRST CASE», THEN THE SFECIFIC HEAT IS SET TO
1.0, 1IF THE SECGMD CASE» THEN THE TEMFERATURE IS ESTIMATED
FROM THE DEVIATION OF ENTHALFIES, THE SFECIFIC VOLUME UG1 AND
THE QUALITY ARE SET TO -0.0, ANDIN THE SFECIFIE HEAT IS SET 7O 1.0.
IF THE THIRD CASE, THEN THE SFECIFIC VOLUME VFL IS SET TO Q.9
QUALITY IS SET TO 1.0s AND THE SFECIFIC HEAT IS CALCULATED FROM
"DELTA H/LDELTA T AT CONSTANT FRESSURE. THE SUEBRCUTINE ELEHMENTS
HAVE THE FOLLOWING ENGLISH UNITS--

Fi1 FSIA

H1 BTU/LEM

T1 DEG. F

VF1 CUFT/LEM

VG1 CUFT/LEH

Ss1 BTU/LEM-DEG. F

X LDECIMAL FRACTION
VISC LEM/FT-HR

COND BTU/HR-FT~-DEG. F

CF BTU/LBM-DEG. F

DIMENSION VVU(38r15)sHH(38,15)s55(38,15)yTC(19,18),V15¢(25,18)
REAL CNVISC /241.91E-6/9 CNCOND /0.37779E-3/

COHHDN/STMHTA/ FCS1)»T(T1) UF(ul)vUG(ui)’HF(ui)rHG(ul)v
SF(31)»SG(31) s FFP(38) e TT(13) »
FCUN(I?)yTFON(iS)vFUTS\“")vTVIb(lS)!

VU1 (38),VV2(335,VVU3(38)rVVA38),VUV5(38) rVUVE(38)VV7(38)

UvB(33),UV9{387 ,VV10(38),VV11(38),VV12(38),VUV13(38),VV14(38),

VULS(38) v HH1 (38) y HH2(38) »HH3(38) »yHHA(38) »HHT(338) yHHO(38) »

HH7(38)7HH8(38)yHH9(3B)rHH10(38)rHH11(38)rHH12(38)vHH13(38)7

HH14(¢(308)yHH15(38)+s551(38),852(38),553(38),584(38)+555(38)»

586(38)y887(38)v”"8(38)vSa9(3d)y"“10(38)15811(38)rSSX”(BJ)r

6813(38),5514(38),8813(38)»TC1(19)TC2(12)»TC3(19),TCA(19)»

TCS(19) s TCH(1P) s TC7C19)»TCB(195 s TCP(19) s TC10(19)9TCL11(19)»

CTC12019) » TC13(1S) » TC1A(19) s TC1S(19) s TCLA(L1D) 9 TC17(19)»TC18(19)

VISI1(2%)»VISZ(Z0) VIS (25),VIBA(2T )rUISq("');UISo 2532 VIS7(25)

VIS8(25) yVISP(25) »VIS10(25) ,VISLI1(25),yVIS12(25),VIS13(25),

Vis14(25),V1S lu(ZS;rUISlé("")vVIbI?(ZS)yUIalB(Qu)

NMBLWN=ONNA DGR ™

EQUIVALENCE (VV(1,1),UV1C1)), (HH(1+s1)sHH1C(1)) s (5S(1+1),881(1)),
A (TCC1,3):TC1(1) )y (MIS(1,1)eNISICL))

STEAM TAEBLE ARRAYS ARE IMITIALIZED IN BLOCK DATA
NCS3 FILE HAME IS SOLSTMED FORTRAN

SFECIFCI HCAT EQUATION FOR LIQUID REGIONM
A=LIQUID TEMFERATURE (DEG F)
NOT GOODr FOR A<86 DEG F

CPLIOF(A)*0.4773?K(H**O.13915)



Cx¥kXXTEST FOR SUFERHEAT
c

IF(F1.LE.O.) GO TO
IF(H1.LE.O.) GO TO

AND SUERCOOL STATES

900
210
GO T0'300

IF(F1.6T.(3203.6))
N=1 '
IF(F1.GT.F(1)) GO fO 100
R1=F1/F(1) :
HG1=HG (1)

IF(H1.GE.HG1) GO TO 460

HF1=HF (1)

IF(H1 - HF1) 610;610;110

N1=N

N=N+1 - '
IF(F(N).LE.F1) GO TO 100

R1 = - (P1-FP(N1))I/(F(N)-F(N1)) ..
HG1 = HG(N1) + R1IX(HG(N)- HG(NI))
IF(H1.GE.HGL1) GO TO 300

HF1 = HF(N1) + RIXCHF (N)-HF(N1))
IF(H1.LE.HF1) GO TO 600

100

c .
CX¥XkXSATURATION DOME CALCULATIONS
C .
T = T(N1) + RIF(T(NI=T(N1))
CF=CFLIQF(T1)
VF1 = UF(N1) + RIK(VUF{N)~VF(N1))
UGL = YG(N1) + R1X(UG(NI-UGINI1))
BF1 = GF(N1) | RIKESF(NY-SF(N1))
8§61 = SG(N1) + R1IX(SG(H)I-SG(N1)). -
GO TO 120 ‘
T1=32, + R1%(T(1)-32,)
CF = 1.0
VF1=VF (1) .
VG1=VG(1)/R1
SF1=R1%XSF (1)
S61=5G(1)
120 X = (H1-HF1)/({HG1-HF1) .
. 81 = SF1 + X*(SG1-SF1)
GO TO 400

[

110

CXXk*xkSURCOOL CALCULATIONS
c .
600 CF=0.3%(CFLINF(T(N1)) + CPRLIQF(T(N))) .
T1=T(N1) + RIX{T(N)-T(N1)) - ((HF1-H1)/CF)
UF1 = VF{N1IHRIK(VF (NI -VF(NL))

81 = SF(NI)+R1IF(BF(N)-SF(N1))

GO TO 420 .

T1=32, + R1*(T(1)=32,)

CF = 1.0

VUF1=VF (1)

S1=R1%SF(1)

VG1 = 0.0

X =0.0 .

: GO TO 400

c . ’

CEx%kKSUFERHEAT CALCULATIONS

c : '

610

IF(F1.LT.FF(1)) GO TO 440

300
L =1

M=1

216 -



450 L1=L

L =1L+ :
IFC(PP(L).LEWF1) .AND,(L.LT.38)) GD TO 450
HM2 = 0,0
RP = (FL1-FF(L1))/(FF(L)-FF(L1)) |

451 M1i=M
M = M+l
HM1 = HM2

HMZ = HH(CL1) M) + REXCHHCL M) =HHC(L1) M)
IF ((HM2L,LE.H1) . AND. (H.LT.15)) GO TO 451
DEL TAH=HI{2~HM1
RT = (H1-HM1)/DELTAH ,
YUVL= VUCCLL) » (MDD HRFK (VUL 5. (M1 ) =UVC(L1)» (M1)))
VU2 UY(CLL) s M) HRPX (VWL s M) =V (LT) # M)
VG1 = VW1 + RTR(VWV2-YUV1)
§5S1= SS((L1)»(M1)I+RFK(SS(L(M1))~SS((L1)y(M1)))
§562= SS((L1)»M)+RFX(SS(LsM)-SS((L1)sM))
GO TO 450 .

460 RP=F1/FF(2)
DO 465 M=2,15
IF(HH(2,H) .GT.H1) GO TO 470

" .445 CONTINUE

M=15

470 M1=M-1
L=2 .

T HMLI=HH(2,M1)

HM2=HH(2/M) -
DEL TAH=HM2~Hi11
RT=(H1-HM1) /DELTAH
§551=55(2,M1)
§852=55(2s#M)
VVULI=UU (25 ML) + RTH(UV(2,M)-VU (2, M1))
VG1=YVV1/RF -

480 DELTAT=TT(M)-TT(M1)

: T1 = TT(M1) + RTKDELTAT.

VF1=0,0
§1 = S8S1 + RT*(SSSQ‘SSSI)
X = 1.0

IFC((HML,GT.902,.5) .OR, (F1.GT,3203.46)) GO ro 490
CP=(HH(LyM+1)=HM2) /(TT(M+1)- TT(M))
GO TO 400
490 CF=DELTAH/DELYAT
€
CXX¥XXVISCOSITY CALCULATION
c r
400 L = 1
IFCFL1.LT.PVUISC1)) GO TO 4500
M=1 :
410 Li=L
L =L+ A
IF(CFVUIS(L) LE.F1) AND. (L. LT.25)) GO TO 410
: IF(TL.LE.TVIS(1)) GO TO 4505
411 M1=M
M = M1
S IFCCTVIS(M) WLE.T1) JAND. (M.LT.18)) GO TO 411
RP = (F1~FVIS(L1))/(FVIS(L)-FVIS(L1))
RT = (T1-TVIS(M1))/(TVIS(M)-TVIS(i1))
VS1 = VIS((L1)s (MI))+RFR(VIS(L (M13)-VISC(L1) ¢ (111)))
IF((X.GE+1+).0R.(X.LE.O.)) GO TG 412
PULF1=FVIS(L+1)
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c

c

416

420

421

00

710

2000
9010

VISLF1=VIS(L+1si) "

DVISHF= (VIS(L+2, M) =VISLPL1) /(FVIS(L+2)~-FVLF1)
VS2=VISLF1 - DVISDF&(FVLF1-F1)

GO TO 415

2 V82 = UIS((Ll)vM)¥RP*(UrS(LvH)-UIS(le)vM))
S VISC = (VS1 + RT*{VS2-V§1))

GO TO 416
IF(T1.GT.TVIS(1)) GO TO 4510

S VISC=VIS{Ly1)

GO TO 416

00 4520 M=2,18 ‘
IF(T1.LE.TVIS(M)) 60. TO 4530 ’
CONTINUE -

M=18

Ml=M~-1
VISC = VIS(1,M1) +

(VIS€1,M)-VIS(1,M1))%(T1~ TUIS(ﬁi))/(TUIS(M)*TVIS(MI))
VISC=CNVISCXVISC

C*****THERHAL CONDUCTIVITY CALCULATION

L=1
IFC(RLLT,PCONCI)Y) GN TN 500
M=1

L=t

L o= L+

IF((FCDN(L) LE.F1). AND (L.LT. 19)) GO TO 420
IF(T1.LE.TCONC1)) GO TO 505
M1=M
M = M+l
IF((TCON(M) JLE.T1) .AND, (M.LT.18)) GO 7O 421
RP = (P1-PCONCL1))/(FCONCL) -FCONCLL))
RT = (T1-TCON(M1))/{(TCON{M)~TCON(M1))
CCL = TCC(LL) » (MIDI+RFRC(TC (L (M1))~TC((L1)y(M1)))
CC2 = TCU(LL) +MITRPR(TC(L M) =TC((L1)M))
COND = CHNCONDX%(CC1+RTX(CC2-CC1))
RETURN
IF(T1.GT.TCONC1)) GO TO 510
COND=CHCONDXTC(Lr 1)
RETURN
g 520 M=2,18
IF(TI.LE.TCON(M)) GO TO S30
CONTINUE '
M=18
M1=M-1
COND=TC(1,M1) +
(TCCLoMI=TCC1s M1 IRK(T1-TCON(ML1) ) /{TCONCMI=TCON(i11))
COND=CNCONLDXCOND
RETHRN )

WRITC(6+9000)

STOF

WRITE(6,9010)

STOR

FORMAT (’ SURBROUTINE STEAM ERROR?! FRESSURE<=0‘)
FORMAT(‘ SUDROUTINE “rEuM ERRORT ENTHALFY<=07)

. END

218

Ha



NoNSOO.

00

(9]

o000 a o0

r
T

SUERQUTING TTURNOLTCASEL TI»TOS NS 1)

UHFTIONS FOR TURE SURFACE TEMFERATURES

CHArNTES ENITTIAL AL
I a il THLET 3 adSUMUlD FINAL TEMPERATURES (DEG F)
sMUEMRER OF LOOEG, NS=NUNMEER OF SECTTIONS/LOOF

ARRS FOLOMES ANU SECTIONS

T
b
F

N

21

30

It COnfrMd/dity AN CTOR TSECT ARE LOOFS
Ll CUﬁHﬁNﬁﬁRQ/ ARE FHYSICAL SECTIONLOOF

NOTON TSECT(20) ;

l““NUa/Hh/ UTN\QO);”T!("O)rFNT("O)rFLUX("O) UO(”O)vUON(”O)vFLUXFL
A AREAC20) »FIJ(20,20)

COMMON/ARZ/ TTURAS(200,20) vﬂﬁ("OOyZ’O) » TTURCM(200,20)»DTCA(200,20) .

[7=(TO-TI) /PLNS.

TSJH1=TI-0T

0o 10 J=1,L

IFCJ.GT1) TSIMI=TTUFAS(NS,J-1)
DD 10 iF1sNS

DTCAGH, 1) =1.E45
TTUBAS (M, D) =TSIM1 + MKDT

RETURN :

ENTRY TTURELC(HSsLsDTHHNCyIWsXyX)

EST FOR COMUERGENCE OF COMFUTED TUBE TEMFERATURE MATRIX
ITH ASSUNED VALUES, DT IS CONVERGENCE ERROR (DEG F).

81 1§ CONVERGENCE ADIJUSTMENT FARAMETER
C IS MAX NUMEER OF CONVERGENCE TRIES ALLOWED.
K=1

IC=1C+1

IFCIC.GT.NCY. GO TO S0

SUHDLT=0.

oo 30 J=1sL

LY 30 Mw1sNS
.xwra<m,1> =TTURCH (MrJ)~TTURAS (M)
HELTA=ARS(DTCA (M d))

GO TO (21,30) 9K

IF(OELTALLEIT) GO TO 30

L TaGHHDLT 4 DELTA

AUHI =OUMN T /LS

TECINLLT W 3) URITECS51000) IC,AVILT Y FST
IF(KEQ.LY GO T0. 40

[FCTW.FQ.1) CALL FRTARA(MNS L)
TFCFSTOWGT.040). GO TO 250

CURTTECAH 1057 ‘

‘\r'”\

READCA 105G »END=OG) FEI,FSTI0, TUH
FECOTUNLGT, 00 aN0 . (TR HE I ) TW= 1uu
TRV S '

DG 300 M=1sNS
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30 TO 320
340 N0 350 J=lsLs2
. TTURAS My ) =TSFNTO D
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RETURN
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S0 WRITE(671010)
IFCIW.LE.2) GO TO SS
WRITE(S$,1000) ICsAVELT,FSI
RETURN 2
58 CALL FRTARA(NS/L)
TRETIIRN 2
93 KIEWIND 4
100 RETURN 2 - :
1009 FORMATC ITERATION’ yT327, MEAN UT=/sF7.2,7 DEG Fv FSI='yFS,2)
1001 FORMAT(* COMVERGENCE 7)
1010 FORMAYT(/OHAX, NUMBER. OF ITERATIONS EXCEELED’)

1050 FORMATO THPFUT FSTOy&8T7)

1051 FORALTOEQRR O 199)

1052 FORAATC THEUT KEW FSL/FSTOyTUNY)
[ZHI
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Appendlx C
HELIOSTAT FIELD EXPERIMENT PLAN

This appendix contains a deséription of the field experiment planned for

the Central Receiver Research Study., Construction of the experiment at

a site near the ESD facility was started in October 1978 . Construction .
was stopped by the Departrnent of Energy in January 1979 due to ‘fundmg
constra.mts, and the field experxment was deleted by DOE from the project

-~

scope of work,

C.1 OBJECTIVES
There were three prime objectives for the heliostat field expenment-
1. Demonstrate feasibility of heliostat control loglc.
2. Measure the distribution of ﬂux within the una.ge from the
heliostat, .
-3, Estimate overall heliostat c,ol],ejction efficiency.

/

A ﬁa.lf-section of an FMC Line Focus Heliostat quﬁle was to be tesfédff.o
demonstrate that the heliostat can focus incident solar radiation to within
a 4-foot vertical image, to measure the fraction of incident radiation
within this concentrated image, to meéasure the distribution of solar flux

within the image, and to verify heliostat control logic.

The test heliostat consisted of an 18, 3 meter by 3,05 meter (60 feet by
10 feet) section (approximately 55 square meters (590 square feet) of
glass area) with elevation and focus controls, A description of the con-
trols can be found in Section 5, The control logic to be used in the

test heliostat simulated that which would be used in a line focus system..

The heliostat was to be tested at each of three positions (Figure C-1),
The reflected image from the heliostat was to be focused upon a motorized
target (Figure C-2).. A photocell was to move across the face of the

target to make a sawtooth scan of the image.
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Figure C-2 shows the target vehicle mounted on the guidance track. The
view shown in Figure C-2 is from the heliostat side, Figuré ‘C-3 shows

' part of the completed guidance track, looking West. The test site was
constructed on a City of Santa Clara landfill lécated six miles from the’

ESD facility.

.. The ta.i'get (Figure C-4) was composed of eight louvered panels, each 3,05
meters (10 feet) square. A panel consists of a steel frame which su;ﬁpo;‘ts
alu:mi.nur\n louvers, The louver angle is 30 degrees, to reflect some of

the incident image from the heliostat down and in front of the target.

‘The target trolley was to ride on steel casters along two concrete pads,
as shown in Figure C-2. The trolley was driven by engagement of a A
sprocket gear with a drive chain mounted on the south side of the center
guide rail, The drive a;_ssembly (Figures C-5 and C-6) was to be mounted
on the west end of the trolley. The drive eprocket is opposed by a spring--
loaded guide wheel. Two guide wheels bear against each side of the guide

rail at the east end of the trolley to restrict lateral motion,

The heliostat module was installed aboard a flat-bed trailer, as shown in
Figure C-7. The trailer was to provide the means for. transporting the
heliostat to the test site and was to serve as the foundation p].atforrﬁ for
the heliostat during testiﬁg; The use of a flat-bed trailer as the heliostat
foundation reduced the technical and logistic problem. of moving the
heliostat to a new test position and eliminated the requiremerts for

» constructmg (and dismantling) three concrete{founda.tmns. Leveling _)acks '

on the trailer were to be used for sighting the heliostat at the target plane,

Scanning- of the image from the heliostat was to be accomplished by a
sensor which was mounted on a moving scanner assembly. The scanner
assembly (see Figure C-8) was mounted vertically in front of the louver
panels, Horizontal traverse of the assembly is accomj:lished by driving
a set of wheels mounted at the top and bottom of the a.s.sembly. Fach

set of wheels rides in a channel mounted on the louver panels.
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Figure C-4 TARGET ASSEMBLY READY FOR TRANSPORT TO TEST SITE
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Figure C-6 TARGET DRIVE, TOP VIEW
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Figure C-8 SCANNING SENSOR DRIVE ASSEMBLY
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The drive system was designed to simultaneously drive the assembly
horizontally at a speed of 3,94 cm/s (1,55 in/s), and the photocell
vertically at a épeed of 28.4 cm /s (11.2 in/s). The photocell travels

1. 83 meters (6 feet) vertically (full top-to-bottom travel) during 25.4 cm
(10 in) of horizontal travel. One complete scan (22,9 meters (75 feet) of
horizontal travel takes about 10 minutes, The scanner assembly operated
within 1 percent of design requirements during tests performed in the
ESD shop.

A three-channel busbar was to be used to supply power to the trolley and
to transmit all sensor signals to the test computer in the instrument van,
Slide contacts mounted on the trolley ride in the busbar channels, The
busbar was installed on the south side of the track. Figure C-9 shows

a detail view of the installation,

Figure C-9 DETAIL OF BUSBAR INSTALLATION AT TEST SITE
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A four-channel chart recorder was to be mounted on the té.rget to record
the following on a continuous basis for the duration of a test runs
e Scanning photocell output. ,
e Photocell position (cam actuation of relay every 6 inches of
_ vertical travel of scanner.) '
e Horizontal travel of target (cam actuati‘on of relay every 12 inches
of target travel, ). . '

e Time synchronization pulse from recorder.

A chart digitizer located at ESD was to be used to convert the chart

tracings to digital form for subsequent computer processing.

Output of the photocell was to be calibrated against readings from a

- pyroheliometer to obtain factors to convert the photocell output to flux

intensity. A computer program was written to process the digitized
cha.rt tra.cmg to generate flux dxstrtbutxon and compute mtegrated image

‘mtensxty.

An i.ristrument van was to be located at the West end of the test track to
contam the following instrumentation:
‘ o PDP 11/03 computer to communicate with the heliostat loca.l
-:' controller for elevation and focus control, collect data on
_ tracking performance, and to perform emergency defocus control.
° Traqki;ig ,pyroheliiorheter (mounted outside of van. )
o -Strip chart recorder with time synchronization pulse to record
) ' pyrohehometer output, _
'@ Weather station with visual dxsplay to measure arnb:.cnt temperaturp, .

- wind speed and direction, and relative humidity.

- C.2 TEST PLAN
Five specific tests were planned, Section 5 descrxbes the assocxated control

logic to.-be examined and verified in these tests.

Stowing/Destowing ‘
Purpose: To demonstrate that stowmg/destowmg control strategy works

as planned.
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Procedure: With the heliostat module operating with mirrors temporarily
defocused, the test computer will alternately stow and destow the hehostat

Tests will be conducted for several different wind vectors (if p0551b1e )

Expected Results: Correct performance will be determined by observa-

tion. Motion picture coverage will document the test,

Emergency Defocus

Purpose- To demonstrate that the emergency defocus logic and controls

perform as required,

' Procedure: (Comrnahd Control). The heliostat will be commanded to
focus and track the sun. A simulated emergency defocus command will -

be issued via the test computer.

‘Expected Results: If the emergency defocus is operating, the mirror will
~ defocus (1. e., return to a convex cuvrvature) within 0,25 second. The
‘ cha.nge in image 1nten51ty will be recorded by the scanning sensor on the.

target,

Procedure: (Target Horizontal Tracking Control)., The inboard set of

vertical image sensors will be commanded to focus and track,

Expectcd Results: If the emergency defocus system is operating properly,
power to the heliosta/t will be automatically cut off when the outboard set"
of vertical sensors detect the image. This will cause the heliostat to

: defocus and stow within 20 seconds (design goal).

Procedure: (Target Vertical Tracking Control.) The heliostat will be
commanded to focus and track. After manual tracking is established,
the heliostat will be commanded to rotate (increase elevation angle with

respect to target center) until the upper row of sensors detect the image.
Eilxpected‘Results: In normal operation, the heliostat will immediately

defocus and stow, The test will be repeated for the lower row of

sensors,
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Focus Performance ' | ‘
Purpose: Verify correct operation of mirror focus control.

Procedure: | The defocused heliostat will be c0mma.nd¢d to track., The
focus motor will-be commanded to run through its entire range under

control from the test computer. The scanning sensor will record the .

change in image size and intensity.

Expected Results: The focus motor will cause the heliostat to focus
the image on the target to within a four-foot vertical height at all test

positions and for varying wind conditions.

Tracking Performance

Purpose: Verify correct operation of mirror tracking system, ‘and

examine long-term tracking stability during an operating day. .

Procedure: The heliostat will be commanded to track. The test
computer will collect and record signals from the elevation encoder.
-output and stepper motor input. The data will be subsequently

processed to compute deviation between actual and reference paramete'rls.

Expected Results: The deviations between measured tracking parameters -

and reference parameters should not exceed system design requirements ~

(Section 5.2).

. Image Intensity X , .
Purpose: Measure the distribution of flux at points within the solar image

concentrated upon the target by the heliostat when operating normally.

\ .

Procedure: A normally opefated heliostat (all-tests described above are '

successful) will be commanded to track the sun., The position of the sun . -

_will be pre-computed for 6-minute intervals over the duration of a test
run.” One run will last for ~6_0-90Mmi.nu1:es, depending on the time of year
and heliostat position (see Figure C-1). The geometry of the test site . -
is such that the solar image will be incident upon fhe target between 1030
and 1430, The specific period 'again depends upon the time of year and’
heliostat position. |
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The target will be positioned at the West end of the track., The hehostat
will be 1mt1a11y commanded to the defocused position, and will be '
commanded to begin elevation tracking a short time prior to the time at

- which the solar image is predicted to be incident upon the target.

The heliostat will track in d'efocused mode until the full image from the
heliostat is incident upon the target. The heliostat will then be com-
manded to focus the image to within a four-foot vertical span on the
target face., The test computer will issue a new solar poéition message
to the local controller every six minutes. 'All recording instrumentation

will operate during the test run,

'Expected Results: The solar image should remain concentrated upon the -
target with a vertical height of 2-4 feet, depending upon the mirror
curvature and heliostat-target distance. Predicted ma.xxmurn intensity

is approximately 2 times normal incident flux (sun's) at 4-foot concentra-
tion, and 4 to 5 suns at 2-foot concentration. Predicted collection =
efficiency is 0,7-0.9, depending upon time of day and heliostat position.
‘Detailed predicted performances correspoﬁding to specific test conditions

will be computed during the test period.

C.3 STATUS OF CONSTRUCTION ,
At the time I"MC was instructed by the Depa,rtment of Energy to eliminate

the field experiment from the scope of work, construction of the test site
was. complete, except for (1) connection of power cables from the fuse
box to the trailer, and from the trailer to the busbar, and (2) installation

of the test computer and other equipment in the trailer.

Grading of access roads from the enclosure to each heliostat test
poéitiAon was cumnpleted, Each test position had been graded and leveled.
Surveying of alignment markers for the heliostat had been completed.

The markers defined reference lines to align the long axis of the heliostat
with the target track,
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Elevation‘sightings from reference points at each test position to the
North concrete pad had been completed, Sightings were taken at 18.3
meter (60 foot) intervals along the length of the track. The average a.nd
maximum elevation difference between any of the reference points and the
pad surface Were, respectively, 2.5 cm (1.0 in) and 5.7 cm (2.25 in).
The overall change in elevation from the West to East end of the track
was 2,5 cm (1.0 ih). These measurements were well within the |

tolerances specified by FMC to the construction subcontractor,
In accordance with the revised scope of work, dismantling of the site .

was started in early January and was scheduled for completion by early

February.
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Appendix D
SIZING AND PERFORMANCE ESTIMATES FOR BASELINE PLANT CONCEPTS -

This appendix contains the computations performed to size baseline
concepts for electric generation plants using the FMC line focus heliostat’
and once-through receiver concept. Two concepts were generated, "I‘he'- "

. concepts, a 10 MWe pilot plant and a 100 MWe "commercial plant, were

- - based on (1) requirements used by Phase 1 contractors for the Point

Focus Central Receiver Solar Thermal Power System, and (2) the
‘therm‘al-,to-electric power conversion cycles evolved by the McDonnell ‘
_Douglas Astronautics Company (MDAC). The MDAC power conversion
cycle was selected because the flow rates and steam conditions required

by the MDAC thermal stora.ge and electnc power generating subsystems best

.matched the FMC receiver concept.

Performance data for the on'ce-t-hrcugh receiver (Section 4.1) were used
for all sizing computations, The.se data were generated early in the ‘
project, using an assuine’d system Operating pressure of 6.9 MPa (1000
psia) and the followmg operating. temperatures .
. @ feedwater to receiver inlet at 216°C (422°F)

@ steam at receiver outlet at 5380C (1000 F).

The ccnditions vary from the MDAC operating requirements, which were
publisﬁed after the analysis phase of our i)roject was completed. The
MDAC requi:enients are: |

‘e’ feedwater to receiver at 250°C (401°F) and 13,8 MPa (2000 psia)

) re»‘ceivex_' steam to turbine at 510°C (9:506F)‘and 10.1 MPa (1465 psia).

The project bﬁdget did not permit general re-computation of receiver
: p_eifformance clata, so only performance data at specific design points
wefe re-computed with the MDAC requirements' to permit realistic plant
sizing. All other performance data were generated with the original , ‘
‘r.ecei.ve'r data (enthalpy of 838 kg-cal/k_g at 538°C steam). Since the
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: MDAC turbine requires steam at a somewhat lower available energy
. qqnfent (enthalpy of 810 kg-cal/kg at 5109C), the use of the original
receiver data allows, in effect, for a 3 percent heat loss in the piping

between the receivers and -turbine.

D. 1 10 MWe PILOT PLANT

Two concepts were evaluated. The first concept was based on North and

South collector fields, optimized for 2:00 p.m., winter solstice design
point (Section 2,2), The second concept contained only optimized North
collector fields,

Field sizing was based on preliminary data for.the MDAC 10 MWe
.concept (1) wh:.ch specified turbine operation at 477°C (890°F) 10 MPa
(1450 psia) input steam, 56. 7°C (135°F) 0. 16 MPa (2.5 psia) exhaust
steam, and operation from thermal storage for 6 hours at 7 MWe. These
_conditions differ from the final MDAC specifications {2). The original

: g’iz_inga_nd performance computations are presented in the following

. paragraphs because time did not pérrhit recalculation with the final
‘sApe‘éifica.tions. However, note that fewer receivers would be required,

as shown by the followxng computa.t!.ons

MDAC 2-00 p. m. winter solstxce design point, 10 MWe power to \busbar
0.7 MWth/kg
e absorbed thermal energy from receiver (3) = 32, 6 MWth
| =28 x- 106kg ca.l/hr
o flow ra.te to turbine (4) 46 467 kg/hr (102,440 1b/hr)
‘e turbine inlet steam conditions (5) = 510°C (950°F), 10.1 MPa
(1465 psia) '

Under these conditions, design point sizing is as follows, using 538°C
(1000°F) steam from a N_or'th receiver seétion,‘ and 3 percent heat losses

between receivers and turbine:.

e flow rate from north receiver (Figure D-1) = 2550 kg/hr (5620 1b/hr)

e enthalpy of steam to turbine = (0,97) (838) = 810 kg-cal/kg
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'3 entnalpy of feedwater to receiver = 222 kg-cal/kg

e number of receiver sections required = 46,467/2550 = 18,2

@ net absorbed energy by 19 recexvers = (19) (2550) (810-222)
= 28.5 x 106kg-ca.1/hr
= 33,2 MWth

Thus, 10 North/South receiver units are still sufficient to meet the deeign
point requirements. The remainder of this section contains the perfor-

mance estimates based on the preliminary MDAC data,

D, 1. 1 North and South Fields

North and South collector fields, optimized for 2 00 p. m. winter solstice

were used, Table D-1 shows the field characteristics. for 10 MWe sizing.

Table D-1 NORTH/SOUTH FIELD SIZING FOR 10 Mwé PLANT CONCEPT

Field Number of 610-meter (2,000-foot) length | Butterfly area Total number’
heliostat rows ’ 2 3 of heliostats
_ Average number | Number of | [m™(107£t%)] (Note 1) .
per row mirror sections o
North . | ° 21 : 33-1/3 700 9,105 (98) 432
South ' 29 - 33173 ‘ 967 10,590 (114) : 578

Note 1: Two mirror sections (3.05 meters by 18, 3 meters) per heliostat,’

The fellowing parameters were used to compute receiver performance
with the sirnﬁla.tion model described in Appendix B:
| ® Receiver 61 meters (200 feet) long, containing North and South
receivei' cavities, Each cawty contains eight banks of tubes
distributed about the cavity circumference (Section 4, 1).
e Feedwater mtroduced mto the outermost bank of tubes at 6.9 MPa
(1000 psxa.) and 216°C (422 F). :
° Emlssiwty and absorptxwty of the tubes, respectxvely, 0. 7 and 0. 9.
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- TEMPERATURE OF OUTLET. STEAM

HEAT CONTENT OF QUTLET STEAM

MASS FLOW RATE PER 61 M SECTION (X 10 3)
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-Figure D-1 COMPARISON OF OUTPUT FROM NORTH AND SOUTH BOILER ‘
SECTIONS AT 2 P, M ON WINTER SOLSTICE :
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e Superheated steam extracted from the innermost bank of tubes where ™
the flux density is highest for transmission to the turbine oi to

. storage.

Performance of a North boiler section was computed for a range of feed-
water flow rates at hourly intervals for winter solstice, équinox, and
summer solstice insolation. The computer programs developed for
collector field optimization were used to generate the circumferential
dxstrxbuti.on of solar flux intensity from an optxmxzed flat North field

~ (Appendix A).

Peformance of a.. South field receiver section was simulated only for the
baseline design point to minimize expénditures for computer time, South -
receiver performance for other times was estimated from North receiver
performénce data with a set of scaling factors. The scaling factors were
derived from the relative performance of each section at the baseline
"design point and the relative solar flux intensities incident on the two
sections at other times and days. Figure D-1 shows the performances

of the North and South receiver sections at 2:00 p.m. wmter solstice for

a nominal opera.tmg pressure of 6.9 MPa (1000 psxa)

The number of receiver sections reqﬁi.red to produce 10 MWe net at the
'ba‘seline design point was computed as follows:

e Total steam to turbine (6) = 51,400 kg/hr (113,000 1b/hr).

e Flow rate from North section for steam at 477°C, 10 MPa
=2700 kg/hr (5950 1b/hr), |
Number of receiver sections required = 51,400/2700 = 19, 04
Enthalpy of steam at turbine inlet = 792 kg-cal/kg (1425 Btu/lb).
Enthalpy of steam at turbine outlet*=514 kg-cal/kg (925 Btu/lb).
Net power inpﬁt to turbine=51,400 (792-514) = 14,3 x.106kg,-ca1/hr.
=16.6 MWth '

, >=<Ise‘n1:ropi.c expansion assumed, Exhaust steam at 5m Hg (6). Estimated

final steam quality = 0. 8 for isentropic expé.nsion.
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Thus, 10 double-receiver sections (one North receiver and one South

'. receiver per section) were selected for the baseline design point, with
the output of 10 North receivers and nine South receivers routed to the
'tui-bine_ and the output of the remaining South receiver routed to thermal
"storage, Because the ‘above computations are based on steam from North
receivers and because the perfofmance of South ieceivers is different at
“the same flow rate (see Figure'D 1), perfofma,nee was recomputed'ae |
hsted in the followmg paragraphs for a flow rate of 2700 kilograms per

hour from North and South receivers.

Properti'es of steam from North receiver:’
‘e Temperature: 496°C (9259F)
- o Enthalpy; 803 kg-cal per kg (1,446 Btu/lb).

Properties of steam from South receiver:
e Temperature: 465°C (870°F)
'@ Enthalpy: 784 kg-cal per kg (1,412 Btu/1b).

Net po{wei' input to turbine: ‘
10 North gection x 2,700 kg/hr x (803 - 514 kg-cal/kg)
+ 9 South section x 2, 700 kg/hr x (784 - 514 kg~ cal/kg)

=14.4 x 106kg ca.l/hr = 16 7. MWth.

Thus, the steam from 10 North receivers and nine South receivers each

61 meters (200 feet) long will produce 10 MWe net power at the basehne

design pomt

The output of one South receiver is routed to thermal storage at the design
point. The following as sumptxons were made to compute gross thermal

1nput to thermal eLorage‘
o Steam input at 3430C (650°F) and 6.9 (1,000 p51a.)
'Y Steam condenses to saturated liquid at 2500 C (480°F), the average-

temperature of thermal storage (6).
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Thus, at the baseline design pomt

Flow rate from the South receiver (Flgure D-1) = 3,200 kg/hr

(7,050 1b/hr),

Enthalpy of input steam = 725 kg-cal/kg (1, 305 Btu/1b).

Enthalpy of output liquid = 280 kg-cal/kg (505 Btu/1b).

Net input to thermal storage = 3,200 kg/hr (725 - 280 kg- cal/kg)
=1.4x 106kg cal/hr (5.6 x 106Btu/hr)

= 1.6 MWth,

The following operating schedule was as sumed to compute daily power

output:

The plant operates between the morning and afternoon hours at which-a.

receiver section can generate steam at 343°C (650°.F) or greater.

All receiver sections generate steam at 343° C between the startup time .
and the time at which a receiver section can generate steam at turbine
operating temperature (morning storage period). During the morning
storage period, output of all sections is routed to thermal storage. -~
‘When the receivers are capable of generating steam at turbine operating
temperature, enough receivers are used to produce 10 MWe net power -
output to the turbine. Output of the remaining sections is routed to
thermal storage. ,

When the receivers cannot generate steam at turbine operating tempera-
ture, all output is routed to storage at 343 °C until steam at that
temperature can no longer be produced (afternoon storage period).
Steam at 275 °C (525°F) and 2.7 MPa (385 psia) is generated from

the energy in thermal storage to run the turbine at 7 MWe net power

output,

The morning and afternoon storage periods for each of the three solar dajrs '

were estimated from a time-based plot of maximum attainable steam tem-
perature (no-load stagnation temperature). Table D-2 shows the dperating

schedule used for each solar day. Figure D-2 shows the time -based plot,” -
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Table D 2 OPERATING SCHEDULE FOR PERFO—RM‘ANCE COMPUTATIONS -

Solar day Morning ato rage . Direct turbine ) AIternoon storage
©  operation
Winter solstice - . 0;00 - 1000 1000 - 1460 1400 - 1600
.«Equino;c | ) - 0730 -0900 ’ 0900 - 1500 lSOOA-’ 1630
Summer solstice 0700 - 0900 0900 - 1500 1500 --1700

Each period was divided into intervals of one-half hqiﬁj or one hour and the

properties of receiver steam at the midpoint v.n;:re used to make the following -

o~

computations.

vNumb'ez" of Sections Required to Operaze Turbine (NTl

T (D1)

ext'):"

where Q cfc; = gross energy input required to generate 10-MWe net power
| 16.6 MWth (14.3 x 10®kg-cal/hr) |

mT = mass flow rate in one receiver section (kg/hr)

h T = average gnthallpy' of steam from Northand South rec:éive,‘l;
sections o B ,

heyt = enthalpy of exhaust steam from turbine = 514 kg-cal/kg.

Mass flow rate in one receiver section (mT) was selected so that the average-
temperature of the steam from North and South sections was equal to the :

operating temperature of the turbine.

Net Electric Energy Generated by Direct Turbine Operatlon (E )

The value of N from Equatlon D1 wasused to select the number of North
and South receiver sectxons to be used for dlrect turbme operatlon. E Twa.s

then computed as follows:

it

-6 g
Pp =(1.163x 10" nm pNoy(hpy - By ) + Npg (hers L) (DZ)A,-

where NTN = number or Northreceiver sections to the turbine

NTg = number of South receiver sections to the turbine

h T = enthalpy of steam from North receiver section

h g

enthalpy of steam from South receiver sectxon
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thermal cycle efficiency of turbine = 10 MWe net/16.6 MWth

3
"

ideal
0. 6

and the units of PT are MWe.
Net energy generated during the time period ig given by:

(AH) (Pp) MWhe (D3)

Er
' where AH = time period.

Gross Energy Input to Thermal Storage (Qg)
The operating characteristics described in the MDAC report for the thermal

storage subsystem were used to compute the gross energy charglng rate and

‘net energy output.

Qs = (1.163 x10-%) (AH)m g [(10- NTN) (h gy - hexs ) (D4)
+(10 - N9 (hgg - hexs)] ‘
where my = mass flow rate from a receiver section (kg/hr) '
h g = enthalpy of steam from a North receiver section (kg-cal/kg)
h gg = enthalpy of steam from a South receiver section (kg cal/kg)
h ¢4s= enthalpy of exhaust from thermal storage
= 280 kg-cal/kg (saturated water at 2500(C)
and Qs = gross energy input to storage (MWhth) during time period AH.

As ip Eqﬁation D], the value of m_ was chosen so that the average i:ern‘pera,‘-

ture of steam from North and South sections was 343°C.

Net Daiiy Energy Output from Thermal Storage (Eg)

The MDAC data (7) indicates that 187 MWhth are required from thermal

storage to generate 42 MWhe net,i(? MWe for 6 hours) fbr.an overall thermal
efficiency of 42/187 = 0.225. This efficiency was used in the calculations.

Thus:

Es =(l. 163 x 10-'6) (0.225) EQ'S MWhe net from storage. '(D5)
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The duration of operation from thermal storége at 7 MWe net output is

given by:
Hg = Eg/7 (units of hours.) ' ' - (Dé6)

Ejuations Dl through Dé were used to compute the performance for each
time period during each of the three solar days., Performance calcula-
tions were made for direct turbine operation at 371, 427, 482, and 538°C
(700, 800, 900, and lOOOoF). Table D-3 shows the daily performance

summaries for direct turbine opera.tion at 482°C.

Table D-3. SUMMARY OF DAILY PERFORMANCE FOR DESIGN POINT SIZING

Parameger : Winter solstice | Equinox Summer solstice
Direct ‘Net power (MWe) 10.0 . 10.3 ' 10.2
operation . ‘ .
of turbine Net energy (MWhe) 40.0 ‘ 62.0 " 6l.0
Hours of operation per day 4.¢C 6.0 . 6.0
Operation Grossa energy input (MWhth} . 123.0 114.0 147.0
- from :
thermal Maximum charging rate (MWhth) 27.0. 29.0 21.0
storage . '
Net energy (MWe) o : 28.0 26.0 33.0
Hours of operation @ 7 MWe /day A 3.9 ' 3.7 4.7
Daily Net energy (MWhe) - 68.0 88.0 94.0
summary ‘ ’
Hours of cperation/day 7.9 9.7 10.7
Load factor* 0.28 , 0.37 0.39
Mean power output®* (MWe) 8.6 9.0 \ 8.8

» Load factor = net energy/24 hours x 10 MWe net c:.pacity.
#*Mean power output » net energy/hours of operation/day.

D.1.2 North Fields Only _
The second 10 MWe plint concept contained optimized North fields only,

This alternative was evaluated following a review of the FMC concept by
Aerospace Corporation (8), Table D-4 shows the optimized design point
field sizing. To maintain the same basis for comparison, a design

containing 20 North receiver 'sectioxis' is used.
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Table D-4 NORTH-ONLY FIELD SIZING FOR 10 MWe PLANT CONCEPT

Field Number rows 610-meter (2,000-foot)length Butterily area Total number
’ ' A - 2 3 2 of heliostats
Number ~ " Number of - [m (107 ft il
per row mirror sections
North 21 33.1/3 1,400 . 9,105 (98) 782

The a.ssufnptions and equations used in Section D.1,1 were used with the.
exception that the terms for South receiver sections are dropped from
Egquations Dl thrdugh D4 'and‘entha.ﬂlpiés and flow rates are for North
receiver sectxons at turbine operatmg tcmperature. The modified

equat:ons are as follows:

Np = Qpo/mythy - Bext) B o (b7)
P. = (1.163 x 10"_-6)an NT (hT ;'_a?xt) - (D8)
E; = (AH)(P) | | (D9)
QS': (1.163 x 108 AH)m . (20 .. NJb - b ) (D10)

A

Where m¢, mg , hy, and hgare mass ﬂow rates and enthalpies from a
~ North receiver section, Table D-5.s;hows the daily performance
summaries at the baseline delsign ﬁa'r..yAfor direct turbine uperation at 482°C

(90‘0°F).

D.1.3 Cost/Performance Comparxson

Annual generating capacity and total mvestment cost were estimated for
the two pilot plant concepts, Table D-6 shows the comparison of system

characteristics.

D.1.3.1 Annual Generating Capacity
Annual generating capacity for each system was estimated from the daily

outputs computed for 3 solar days, as shown in Table D-7. The annual
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Table D-5 DAILY PERFORMANCE FOR

NORTH-FIELD-ONLY DESIGN

Mode Parameter Winter solstice |. Equinox Summer solstice
Direct Net power (MWe) 10.0 10.2 10.2
operation e
of turbine Net energy (MWhe) 49.6 61.2 60.8
Hours of opé:ation per day '5..‘0 6.0 6.0
Oper'aﬁon .dross energy input M Whth). ..10_6'_.6 109.4 114.0
from - — - . — -
thermal Maximum charging rate (MWhth) - 33,4 - 25.4 19.5
storage - e — - - - -
Net energy- (MWe) - 24.0 24.6 25.7
Hours of operation @ 7 MWe/day 3.4 3.5 3.7
Daily " Net energy (MWhe) o . 74.0 8s. 8 85.5
summary ; . ‘
Hours of operation/day 8.4 9.5 - 9.7
Load factor® 0.31 0.36 0.36
Mean power output** (MWe) 8.4 9.1 8.9

sLoad factor = net energy/(24 hours x 10 MWe net capacityl)
##Mean power output =net energyrhours of operation/day.

I3
>

‘Table D-6 CHARACTERISTICS OF 10-MWE BASELINE SYSTEMS

. Subsystem characteristic

North/aouth system

North-only system

Number of heliostats
Number of 61-m receivers

Number of 61.m towers

~.10 (double)
1 '

0.121

782
20 '(lipgle)

2l

. Collector area (kmz)
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ca.pa.citi_eg » shown in Table D-8, were computed by linear interpolation
between the solar days to estimate monthly. capacity for January-June,

and then assuming symmetry about summer solstice to estxmate
capacities for July-December.

Table D-7 DAILY PERFORMANCE FOR DESIGN POINT SIZING

Solar day : Winter solstice | Equinox Summer solstice
North/ |North | North/ |{North | North/ |North

System ) south only south only south only
Direct =  Net power (MWe) _ 10.0 10.0 10.3 10.2 10.2 10.2
operation " :
of turbine Net energy (MWhe) - 40.0 49.6 | 62.0 61.2 61.0 60. 8

' Hours of operation/day 4.0 5.0 | 60 | s6 | 6o | sz
Operation Gross energy in'pv.;t (MWhth) 123.0 106.6 114.0 109, 4 147. 0 114.0
from ' )

thermal Maximum charging rate (MWhth) | 27.0 33. 4 29.0 25. 4 21.0 19.5
gstorage

Net energy (MWe) 28.0 | 24.0 | 26.0 | 24.6 | 33.0 | 25.7
Hours of operation @ 7 MWe/day 3.9 3.4 3.7 3.5 4.7 3.7
Daily Net energy (MWhe) 68.0 | 74.0 | 88.0 | 85.8 | 94.0 | 85.5
summary _ ‘ '
Hours of operation/day 7.9 8.4 9.7 9.5 10.7 9.7
Load factor! , 0.28 | o0.31| o0.37| o0.36| 0.39 o0.36

Mean power .output (MWe) !

8.6 8.4 9.0 9.1 8.8 8.9

1. Load [actor = net energy/24 honrs x 10 MWe nct capacily.
2. Mean power output = net energy/hours of operatian/day.

Table D-8 COMPARISON OF ANNUAL GENERATING CAPACITY
FOR BASELINE' SIZING

Elec'tric energy Mean daily powor. Meaii-anuual

output, lOb kWH MWe . o load factor
Turbine operating North/ | North North/ | North North/ North
temperature °C (*F) south only south, only south anly
371 (700) 29.8 | 27.2 8.9 8.4 0. 34 0.31
427 © o (800) 30. 4 30.1 9.0 8.9 0.35 0.34
482 (900) 31.1 30.5 8.9 9.3 0. 36 0. 35
538 {1, 000) 30.9 31.0 8.8 8.9 0_.35
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D.1,3,2 System Investment Costs , A
Subsystem investment costs were estimated to compute the total plant
investment cost (TIC) in 1976 dollars. Subsystem costs for the receiver,.

collector, and control subsystems were based on automated producﬁqn of
1,000 heliostats. Appendix E contains the details of the cost estimations.; -
Costs of the thermal storage and electric generation subsystem were based
on those estimated by McDonnell Douglas for their 10 MWe point central E
receiver 'syétem (9). | o 4

Table D-9 summarizes the subsystem costs and TIC for each system.
The lower TIC of the North-only system is due to the requirement of }
fewer heliostats to achieve equivalent annual generating capa.c':i’ty of the
North/South system. The numbers in parentheses are the cost per unit

area (mz) of collector surface.

Table D-9 INVESTMENT COSTS FOR BASELINE SYSTEMS

Investment cost, millions-of 1976 dollara._
Subsy.stem ‘ \ North/south system o B North-only system
Collector | 6.4 - (52/mP) 49 (53/m?)
Receiver ' . L8 . (15) ) ! _ | 2.3 (25)
Control - 4.5 6n 43 e
Storage 4,3 : . 1 | 4,2 o
Generating - | | _ 6\. 9 . | | o 6.9 |
Other C 8.2 o . 4.3
System cost 29,1 (241) 2.9 (286)-

Busbar energy costs were computed for each baseline system. The
. Aerospace Corporatxon Power Plant Economic Model (PPEM) was used

to make the computations.

Subsystem investment costs (1976 dollars) fbr the 10 MWe plant.using a
482°C (900°F) turbine were used to compute investment costs per KWe.
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The default values in the PPEM program were used for the in‘puil:'da'.t"a.

parameters, with the exception of the following:

e Investment Cost Year (YRD): 1976 | -
e Year of Constant Dollars (YRO): | ‘ 1976
e Plant Capacity Factor (PCF): ) 0. 36
North field only "~ 0.35
e Annual Operating Expenses (OPEX): $100/KWe .
e Annual Inflation Rate (XINF): 0.05 (5 percent per year)

Table D-10 contains the results.

- Table D-10 SUMMARY OF '‘PPEM QUTPUTS

Plant size. ' : . 10 MWe

System_ - . North/south | Nar th on'ly

Total capital investment to year 1 of
commercial operation (dollars/kw) 5,648 -1 5,295

Busbar costs-in 1976 dollars (mils/kwh) _
® Year 2 of commercial operation (1991) 139 136

Net cash flow in 1976 dollars (mils/kwh)
® Year 2 of commercial operation 63 ‘ 61

The data in Table D-10 shows that the North-system only 100 MWe base-
line design reduces total capital investment by 6 percent. . The principal
reason for the decreases is the reduction in the size of the collector

field required to achieve baseline performance.

- Table D-11 summarizes net busbar costs (1976 dollars) as a function
of turbine operation temperature for North-only (20 single boiler
sejctions) and Nofth/South (10 double boiler sections) concepts, The
numbers in the columns titled MIN are the minimum number of boiler/
superheat sections required to operate at 10 MWe using turbine inlet
steam at 6, 9 MPa and 482°C. '
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Table D-11 NET BUSBAR COST IN YEAR 2 OF OPERATION (Mils/Kwh)

Plant size : 10 MWe MIN

Turbine operating North/southl North-only |North/south North-only
temperature °c(°F) system | system system system

371 (700) 146 153 |22 -] 22 .
427 (800) . |42 139 20 |20

482 (900) 139 136 ‘ 20 19

538 . (1,000) 143 137 19 18

D.2 100 MWe COMMERCIAL PLANT CONCEPT
D.2.1 Selection of Design Points '

A limited trade study of energy collection versus field size was conducted
to establish a reasonable (but not necessarily optimurh) plant configura-
tion. Initially, a design point corresponding to the day of maximum
energy collection (summer solstice) was selected. However, it was

found that the number of heliostats in an optimally sized summer solstice
field was larger than that for an optimal equinox field, but the incremental
energy collected by the summer solstice field was not proportionally

greater. Table D-12 shows the comparison.

Table D-12 COMPARISON OF EQUINOX AND SUMMER SOLSTICE
DESIGN POINTS

Summer solstice, 3:00 p. m.
. point relative to equinox,
Design point . - 3:00 p.m.,

Number of heliostats : o T 1.07 ' oo

Energy at receivers (mwh-th)

e Equinox ‘ : . 0.96
,0 Summer solstice ’ . 1.08
e Winter soistice 1.00
o Annual : . | 1.04
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It is possible to size both the field and the piant for the design point day,
which is summer solstice. However, our analysis indicated a better
heliostat utilization factor and lower busbar cost if the field is configured

in a layout cptimized for an equinox design day.

Analysis of field sizing indicated that an acceptable balance could be
achieved by combining the spacing between rows of heliostats corre-
éponding to an equinox design point with a plant configured for maximum
output on surnmer sollstice.. When operating over the year, this configur-
tion, which contains 7.4 percent fewer heliostats than the summer
solstice field sizing, achieves the 100 MWe /420 MWhe reqi;iréments',“ -
while collecting 97 percent of the energy collected by a field sized for

summer solstice,

D.2.2 Plant Sizing

The number of receiver sections required for the com'm_eréia.l concept
was based on the performance at 3:00 p.m. summer solstice of a North-
only collector fiela optimized for 3:00 p.m. equinox; reciver performance
with an equinox field was not genei'lated, because of funding constraints,
so the performance data for the once-through receiver (Section 4) was

used to estimate performance at the new design point. .

Energy at the receiver aperture was computed from Figures 4-7 through
4-10 and ‘replbtted as a function of flow rate for final steam temperatures
“of 343°C (65(°F) and 538°C (1000°F). Figure D-10 shows these plots,

which were used to determine the equivalent flow rate required for an
equinox field. A check of receiver performance for noon equinox was ma.de_.
assuming a receiver working pressure of 10.3 MPa (1500 psia) to verify
that the performance of the baseline loop configuration was ré_asp_naialy close
to the performance rgqui'red by the MDAC EPGS.

Table D-13 lists the computed values of fluid state exiting each receiver
loop (average of upper and lower loop halves) and the average ircident
flux across each loop. Appendix B contains the corresponding output

from the cor;ipufer model for the 6nce-throu'gh concept.
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Table D‘ -13 FLUID STATE IN BASELINE RECEIVER CONCEPT AT

LOOP EXITS
) Average incident
Temgerature Pressure Flow rate flux

Loop MPa (psia) m/s (ft/s) |kw/m" (btu/hr-ftz)
1 212 (415) 10,3 (1,500) 0.55 (1.8) 0 . 0)
2 { Preheat 220 (428) 10,3 (1,498) | 0.55 (1.8) 0.20 ( - 60)
3 228 (443) 10,3 (1,497) | 0.55 (1.8) { 1.62 ( 495)
4 241 (466) 10,3 (1,495) | 0.55 (1.8) 5, 34 ( 1,629)
5 267 (512) 10.3 (1,494) | 0.55 (1.8) {12.33 ( 3,759)
6{ Boiling . |313 (596) 10.3 (1,493) | 0.34 (1.1) |19.50 -( 5,994)

30 TR 313 (596) | 10.3 (1,491) | 0.91 (3.0) |26.60 ( 8,110)

+-8" Superheat |313 (596) 10,2 (1,488) | 1.40 (4.6) [37.55 (11,447)
“Notes: - | |

1. At noon equinox

2. Mass flow rate = 1.39 kg/s (3.06 lbs/s)

3. Net energy absorbed by working fluid = 550 kg cal/kg (992 btu/1b)

4, Receiver efficiency = 0,86.

5. Final steam conditions: 511°C (952°F), 10.2 mPa (1,485 psia),

3. 7m/s (12.1 ft/s) flow rate
6. Maximum flux 1nc1dent on loop 8 = 42, 9 kw/m (13 068 Btu/hr- ft )e

Let the output of the receiver be superheated steam at 1,000°F and 1,000 psi
for direct power generation. Let the output be 650°F, 1,000 psi for opera-
tion into stérage, and let the return water to the receiver be 400°F. Let the
furbine be multistage with an outlet of -110_°F into 1 psi, and steam quality,

. x = 0,8 (isentropic expansion to saturation assumed):.

Enthalpies:
Steam at 1, 000°F, 1,000 psi, hin

1.504 Btu per pound

Steam at 650°F, 1,000 psi, h; 1,288 Btu per pound

Stearp at 110°F, 1 psi, ho 1,109 Btu per pound

A
21

'Water at 440°F, 1,000 psi, hy = 420 Btu per pound

260



If a multistage turbine is used which bleeds a small fraction of suf»_erhéatod
steam between s’ca.ges to preheat the return water to 440°F, this quantity of
heat is constant in the system and is deducted from the total hea,t used to

" calculate the turbine efficiency, n¢
h - :
2PN ) 504-1,100 (0. 8)

t T =

b PR 1,504-420

= 0.569

If 0. 75 mechanical and 0,9 e1ectr1ca1 effxc:.ency is assu.med the total

generating eff1c1ency, Ne» is

R = 0,569 (0.75) (0.9) = 0, 385,
This efficiency is h1gh because of losses 1nvolved in the bleedmg stagea, how- ,
ever, the number compares well with the 0,377 figure reported for the MDAC

commercial plant specifications (10). The 0,377 efficiency value will be used,

Let piping losses be 5 percent of sensible heat, then

AT

(hin- bR - hyap) (0.05)/Cp

(1, 504-420-660) (0.05)/0. 51

41°F (between receiver outlet and turbine inlet)

At turbine input, T = 960°F, 1,000 psi, h, = 1,483Btu/1b.

'Using the parasitic loss va.lue of 0, 89 reported by MDAC (10), the mass ﬁow, '
Wg, for 100 MWe is:

wg 3,413 (108)/ [0.89 (0.377) (1,483-42’0)]

1]

956,900 1b/hr (434, 042 kg/hr)

The heat input at 3:00 p,m. summer solstice is 2.265 MWth per module.
Receiver steam flow for 2.265 MWth input (Figure D-10) is 2, 550 kg/hr

(5,620 1b/hr). -
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'flﬁ;sf, ‘ij:llaévnuiﬂber of receiver modules, N, is

N = 956,900/5,620 = 170

At solar noon, the power in H, lis 3.742 MWth per modul.e and Wy =
4,870 kg/hn (10,736 1b/hr) and the total field output is -

" Pp = Wy - (hp - hg)me)np)(N)(0. 293)
= 10,736 (1,483-420)(0.377)(0. 89)(170)(0.293)(10;6) o
P = 190.7 MW

Power factor = 1,9

" The charging rate to thermal étorage is computed as follows:

,Sﬁperheated steam (960°F, 1,000 psi, or 650° F, 1,006 psi) is input to
the desuperheater and output at 650° F, 1,000 psi. The steam is con-

. vlé‘lensed in the thermal storage heater; ox;tlet is water at 480°F, 1,000 ‘
pei (h = 465 Btu/lb). The efficiency of the TSU is 0,98 (10).

Aséuining the heat in the 480° outflow water is conserved and can be re-
covered to regenerate the 440° return water, the thermal storage efficiency,

L Mpe = o) Mrsy
o é TS V- hT —hr |
o _ (1, 483-465)(0. 98)
. s = 0.94

Calculation of hourly heat partition

1. Determine input power flux for one receiver module on a particular
" -day a.r;d hour from Figures 4-7 through 4-10 (use half-hour curve as
average value over the hour.)
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2. If P < 2,265 MWth /module, read Wy from 650° F curve of Figure D 10
P > 2.265 MWth /module, read W\/X from 1, 000" F curve. ‘

3a. If Py < 2.265, calculate heat to storage

)(0 293) x 10 -6 w

Pg N (npg)hyso-hygg M

P

0.040461 W (WMin 1b/hr)
‘Mass flow to storage
Ws = 170 (W)

.3b.. I P> 2,265 MNVth /module, calcul#te flow to storage,
Ws = 170(WM) - 956,900 (Ib/hr)

Heat to storage

_ ' -6
Ps Ws (nTS) (hp-hy,,) (10 7) (0.293)

Wy (0.94)(1, 063)(0.293)(10"%) Wy

Pg (0.000293) Wy, (W ysin 1b/hr)

Typical Calculations for Summer Solstice

Assume symmetry about 1200 to use curves in E‘igt.'ir-e's. 4-7 .Lhrouglfx-!li‘-lo.
0800-0900 (use curves for 1530, Figures 4-9 and 4-10,)

R = 1.554 MWth at 65‘0°F

Wy 2,230 kg/hr=4,916 Ib/hr

Pg = 4,916 (0..040641) = 199.8 MW
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I} -

W= 2,239 (170) = 379,100 kg/hr

900-1000 (use curves for 1430)
B = 2.423 MWth at 1, 000°F, /

: W= 2,850 kg/hr = 6,283 Ib/hr

o Wg= 170 (6,283) - 956,900 = 111,210 1b/hr = 50, 444 kg/hr

'ps= 111,210 (0. 600293) = 32.6 MWth
Wy = 434,042 kg/hr

‘Pc', = 100 MWe

1000-1100 (use curves for 1330)
. Py = 3,094 MWth at 1,000°F

W= 3,870 kg/hr = 8,532 1b/hr

ws¥ 170 ‘(8‘,532) - ?56,900 = 493,500 1b/hr = 223, 850 kg/hr
. 493,500 (0.000293) = 144.5 MWth
wg= 434,642 kg/hr

= le MWe

== Other hours are similarly calculated. The estimates faor the three solar

days are shown in Table D-14, Figure D- 12 shows the estimated daily
, plant output over July through Decemnber,
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Table D-14 HOURLY PERFORMANCE, NORTH FIELD SIZED FOR
3:00 PM EQUINOX

Summer Solstice

Hour Ws Pg Wg Py
x 103kg/hr ‘MWth x 103kg/hr MWe Total Output
[ 147 77.5 0 0 Direct
390 199.8 0 0 Storage . 454 MWeH
50 32,6 434 100 Total 1,054 MWeH
10. {224 144, 5 434 100
11 .348 224.6 434 100
12 396 259.3 434 100
13 348 224.6 ‘434 100 ~
14 217 140. 1 434 100
15 . 569 300.1 . 0
16 335 176.5 0
17 116 60.9 0
‘ 1, 840, 5 MWthH 600 MW eH
l-fquinox
. Hour Ws Pg Wg Py
x 103 kg/hr MWth x 103kg/hf MWe Total Output
{174 91.7 0 0 Direct
557 293.9 0 0 Storage
10 234 151.1 434 100 Total
1 396 255.3 434 100
12 450 290. 4 434 100
13 387 249.8 434 100
14 231 148.9 434 100
15 196 126.6 217 - 50
16 226 119.2 0 0
1,726.9 MWthH 550 MW eH
Winter Solstice
* Hour ws Pg Vg Po . .
_ x 103 kg/hr MWth x 103 kg/hr MWe Total Output .
8 190 100, 3 ] 0 Direct 500 MW eH
9 330 ‘ 173.8 o . 0 Sturage 218 MWeH
10 568 20.9 434 100 Total 718 MW eH
n o 152 98.4 | 434 © |100
12 ‘ 209 : 134.6 434 100
13 158 4 101.7 434 100
14 568 20.9 434 100
15 328 172.9 v T o
16 190 100.3 0 0
883. 8 MWthH 500 MW ek
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Figure D-12 ANNUAL BUSBAR POWER OF BASELINE CONFIGURATION
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Appendix E

COST ESTIMATES FOR 100 MWe
BASELINE PLANT CONCEPT

267



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



Appendix E
COST ESTIMATES FOR 100 MWe BASELINE PLANT CONCEPT

This appendix contains supporting data used to develop estimates of sub-

system costs for the first 100 MWe plant configuration using the FMC line

focus concept.

Cost estimates for the heliostat, heliostat controller, receiver, and receiver
support towers are based on actual costs of parts and materials u.sed‘ to
fabricate the test heliostat section and heliostat controller, and estimated
costs of fabricating 1,000 heliostat units (two sections plus a controller)

and 20 once-~through receiver sections, These estimates were made in

late 1976 for an economic evaluation of the FMC concept in a 10 MWe

plant configuration,

Inflation and discount factors were applied to the 1976 estimates .to
re-estimate the costs in 1978 dollars, and account for the much larger
quantities required for a' 100-MWe configuration. These factors are noted

where applied.

The cost of the receiver support towers is based on the tower configuration
shown in Section E. 4.2. A detailed estimate was made for the thermal
transport subsystem based on the conceptual piping network described in

Section E. 5. 2. \

\

1

Costs for the remaining subsystems (energy storage, electric pow‘,\er
generation, master control, balance of plant, etc.) were taken frof“n
published data for the McDonnel-Douglas concept for a 100 MWe pdint

focus system.
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E! CcorncENTRATOR, ERUIRMAENT

BASES: AcCTvrAL

CoSTS OF PARTS ® WMATERIALS i T&EST HELIGSTAT

ESTIMATED FABRICAT o & TooLL- CosSTS FoiR J000 UMITS

FAcaR s

(A) PARTS E mATERALS

-

13776 Ce&T BASIS

ADD 2C% To 1976 E68STS ToR [MFLATIeN
BEDUCE [VLATED CoSTS B So% R PARTS % mATERIALS
TOo REECLET VOLLWE DISCoUMNTS FoR. 3306.S5 LM s

KplosSTeED |06 Wmwe QLAM—T

OLE LBIT
\-TEM QuAn T LT CaST ONrT coST QuAvTITY CcosST
= 2 N
s REAR. ASSEWBLN YER 120,000 % 3/ /S $0.60/%% reof/umt 3720
s DT RNG £132761
WiRReR SuReeRT FRAmE (8I1T2Z z7C2)
- 2x3x3i, STBEL AMAE 360 S5 $o74/St  3oad/$t 720 8% 3 320
-2xZx i - - oo it $a:l/tt $020/8% 120087 § 238
-y L e AEAALS Z,"‘JY\\.T » $ZS' / Uh\'i’ $ /S.,/'Ubl"'\' 4 pDov1S $ Ao
- Enh SURECRTS P/unvT 3so/omt $ 380t 2 0TS $ 60
- T2 16 /oneT 3.5 /oovT 3 3/t 7T 26 0TS 3 &80
SegE TorA L wiRRcR SuRterTy ¥ 3TF
T_-Z\'JE - ' o
‘ SizeT , o
~ToCel wwelA, (8032725 ) P iosa T 3260 /oY JISe/ LT 2 TS 3 3\
- Focus moTekk w 300 /axT $ LojuniT 2 UWNW\TS $ 120
—ELEVATIe R YRS~ MR, (5327 $SzS/uaT 3315 /o T | usT AT
SueTaTalL LRVE LT 3 77
A\
ToTAL TeETS € MARTERIALS $ 2325
(2> TezmichTiorn £ ~2IT. T4 LARCR
<~ e il TALATION 2 hee 3:5.R3/F%. 12,6 /HF{ 4 HeokS b3 _fé
-4 Rrew SRR 22 -~ “ " Sk $1c67
—TREINE LT Y “ “ 238 w 3 S34
~—oTEL LERCR F1L17
. S Teoeolih COSTT 2ccoLu1s  3IC - Lo T 2 S s 3 Lo
- 4 2

CHELISITAT AR & ASSEWRLY
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(D) HELI6S7AT comTROLLER (3831 conRoLLERS)

1976 cost (V unT) ADILITED
PeRT €T yurr casT  LNIT casT
- ELEVATION STERSR MoTeR. ! 31so
- Focus . I { \S©°
~ STOW MOTOR. 220 VAC, /2.H0 ! so
~ LT SWITCHES 3 40
- STEPER. TRARSLATOR. 2 go
- ST Moo, STARTER. \ 8S
~DiSCOMNVECT SWwiTCH \ 30
-~ PowsR. SueiLy 1 8§
- ENCLOSGRE | (BYe)
~ SRART ENCODER- 1 so06
- JPROCESSOR. ) PLS-Lit) l 230
- 1BWT-CLTIVT CARDS 3 132
~ CARD CAGE. | 30
- RELAMS s 30
TORTS SUBTOTAL 32276
ADLSTED VN8 CosT 3135
COMNNGENCIES 135
SURTOTAL. RRTS/COoMIBOLLER. 3500
ASSEWMM LABOR. 8 uRS 15,88 /He. 19,06 /1>~
INSTAWATION ® 5.ISHRS "
CHECHASTIIEST w 2 -
SoRTSTAL | LAROR- /S.7S » . $ 300
(B) FIELD _INSTALLATION
~obcRENE. DS , & ‘lcl’/ LIT 2 TS ¥go /27D 3 /60
INSTALL WELOSTAT LMIT, A MNRS $15.88/m  $19.06/M2
LEVEL., TEST 4 Wes 3iS.88/kR. .
SUNTETAL, FIELD INSTALLATTION 3312~

ESD 7 (8e74)
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(F) FIELD MODLLE CorTRoeL E'Q\M’MEMT

S el T OO Lala s
\TE™N X7 uﬁu-;n ces-r( 1978 %) BASELIE AT
~PLe 11/63 Comtonsiz 7 312,000 334,000
= INTFRTACE TO HEMOSTAT 3831 3so 441,580
Con~RoLLER,
%u*a—re-rm_) TQOIPWENT §25,S5s0o
LARoR. FoR- INSTRLATen), crEckosT (100 % ). Sz 5,550
B STTIMATED TOo7AL CoST 3,051, /00
CosT PER WELOSTAT LMIT (8806.5 LaiTs) . $u9

SLMMARM OF C.osS TS Forl concsu-naa—ror-; ERUIPMENT

1= eLanT 3 CF ;
. LW T OTAL (8 1]

COST cATEGORN oL T Tu.x S
REFLECTIVE LN (low)  $ 79 11%  2EAcH,1fmv3,65M SECTIORS
DRIVE UNT 1281 ks
CONTROL CQHUERWMENT 17S4% 24 LOCAL CobNRel. + FIELY, CobTEOL
SUPERT STRULTULRE, 1925 a7 INCLUBES ToouLnG- COST
FIELD INSTALLATION CHECKOLT 392 S (€) 4 Se% oF (F) LABOR
CONTINGENEIES loa. /8§ $135 From cm>+:-s.s%(mc+(x§>4(c)+(s

: +(F

ToTAL | € QLANT waiT cosT 3 7200 100%s

1E eLanT COST, CONCENTRATOR SOBSUSTEM = (§806 S)($7zoo)
=$43.4 x 10" |
3 $6S /WM REFLECTING AREA

ESD 7 (8e74) \ A N
\ ,
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' £.2 TRECENER. EQUIPMENT

BRSS! COST ESTIMATE WADE. IN 976 AND 1377 FoRe l”EAes GLim SEcTionS

' MAY DL UAMTCR ST QUOTES CRolr LOCAL VEADORS .
LABOR- CoOST TPREBN AS ESD SHeR GBAE & + 90% FoR INDIRECT CaSToS

FACICGR. -ALL LMIT

CoSTS ESCALATED BY 20% Vo INFLAT(ON
€,2.1 ONCE-"THROLLH CONCEPT -

A) MaTTERiaL S § PRRTS 1224417 €37 BASIS ONE._ M RECENER SECTION

ITEM QuanT \—1»1 é)g{-; QUANTITH COST
6.5 ">, STEEL TWRE (35 ~Schedort 40) 360,000 ot $0.28/8t 30,000 $t $ 90600 -
09°TD.  « o« (1Y -SereduwiVo) & oo Ly 3433/ 7,220C i 2B
04"TD. SThaess » (1~ w) 72 000§t $1,21/8% 6,000 $t 8126
Loo? wAnFadS (3",Scmspock 40) 2,400 0% FSIS/$% 2ol 1380
~ SURTSTAL R ECEIVER/ 6B SORRER $22\26 *
WSLLATION CaLO ook (L7 THICE) 236 qoo,.r@ 30 ’)S/.Sk- 19,200 S-\-} 17280
RECEINER. SHELL ’/u SEEL fo/s/ﬁ 38,4008'\ 3180/ 3,200 31t 4912
IoSOLATION STeDS , 48 00026 30.25/18ck 4,000 120
TUBE HANGER.S (200254 ) 2.4o0ea 340 .0 20 Q40
ADDITionAL. PARTTS R wrtLs R{2 $sooo '9/7-1 —_—me
SUBToTAL | STRVCTLRAL. SLRRORT (SHELL omlM ) $25772. *
INSTRLUWMEDTAT 60 & SanTrRe. SEnSeE ovens, ETE Z0¢cc X%
(B) TmicaTon § ASSEWSLM LOBoR- :
CRSFMLE SEICP STER. e udidme- 240 HRS. $le.0/HR 20 WS % 386
WERIG GrsEienS fweeds) 2566 ~ . 215 HyS
INSTALL INSULATa STubS (U80s0) 1200 « “ |00 ~ 193¢
. NQM\’\:oqutz)TGB‘ES 160 = - 8.33 161
FUMAL IWE Camniettews, MnTiv e 334 . 32 )
SUBToTAL  LABR- 7244
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(S) or#eR. eEcBivEL COSTS ~

1977_COST BASIS

CME (bIm RECEWER SECTION
violT

1 TEM

. —— VANMTT SoST QUANTVTY CosT
3IGS, XIS FoR WELDILG- AIR. 350,000 - A/R $3sS=3
DESION § ENGINEBRING- AR #150,000 AIR 1059
EBECTIoN, INYTALLATION SURORT 24008t  320/S% z008% 6co
Su%‘lﬂh\.,o‘l'm ..co.a'rs : : : 412, #
E:2.2 NATURAL  CONVECTION CONCERT (197 537umes BAED o 2 s5cTIens )

DICFERENCES BETWSEN COVCEITS ARE BERU IREWESAN S FoR
" BoLER/SUIBRKEAT MMERIILS ¥ WELDING~ RS PoLLowsS

(A MATERIALSY S (ABSealsn/ LECEIVBR TUBES )

3NV e CoST BASIS . onE Lty RECENER.
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VIS _ QuanTiTy (¥ _{g”{;/& ANTITH() cosT
BoiLsSR OVILET (2'~ScHed yo) SooSt  $22.02 42, Fe
SHERWEAT fEam(t’ = ) (%O Pyl s3 430

Y T BEA-T- S NIR T so L79
u ey 00 $ 332 50 449
w o 3" 600 ts5.715 .§o 345
0 OVTEET HEAER.(2') 2400 323 200 ssY
noooSutey e (ps) Moo $231 200 §sYy
« ' DRum RBSEL v « 90 Fan go 222
W TUBSS (Y5, oes'wmLSL)  B4OOO  FOS 7000 2100
STEAWM SERERATION DRUNS(F-2W40)  B6 . $22.02 L8 1197
. BOILER. LOWBR. HEADER. (2)zuaw) 2400 3231 200 55y !
CIRCULAT (eN DPOWNCOWE (1.9 00uware) THHYE $1.38 t204 10250
BOILER uvifs2. WEADER (3"5ti4e) 1128  $ 575 Iuy 994
DRUWM INLETS ‘ b 1728  §575 4y Y
BOILER TUBES (JIs'J.oczw.z.,s't.) WUooo  $0.25 000 25006 -
EQUALIZER LIDE (\“).cewu) ‘900 J 028 - wiy a2
ATEWM PR ATOR LINGE (% ) 480 }$ 035 40 17
BoILER. FEED (3-ScH 40) 1800  §5.15 IS0 1038
s_ov-ro-mg.) RGCEWEL/ ABSoR bEA WATERAALS
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(B) £AGRICATION § ASSEWBLM LABSR-
PREVWRE SETW Fol WB LD~ 763n

WELDING- (40, 800 LELDS ) L8300«

CTHSR (SAME AS OMCE-THOVUH) 1684 hus

SuBToTAL. LABO&

oY (s 31,238
" S6LLThat 1094} '

. 140.33\48 ) 270 g .

$428S *

E£,2.3 Sowws OF RECEISR. CosTS (o.s.ss :u«oz-r Tows2-3 )

 cosT [EonT | MR oy
REcBwea/ABIopBeR. MILS  $22136 325067
CAWTY, SHELL WTLS 257172 28772
LN WAWT, SELSOLS 2000 2000
FABRICA IOV, ASSEWBL Lol 124¢C 14888
O coSTS cuL LHI2 /
SORTOTAL. L3566 7413¢%
COMTNGENSY (0% ) 7134 41y
ToRL 1EGOIT cosT  § 70700 $ussO
CoST7/METER, $usy $1337
£.3 PECEWER. SLURERT STRLUCTUVRE. (EXCLubiNe- CAVITY ABovE)
NTTCoT BASIS 7 opf_lat I CECEWSL SRTICP
o \TTBW _Guan T g:;—rx._ Gt 17 ColT
Fx3'xy MEELIEWS (394/8)  Frooft  $ENMSY  ooSy $7243
PO YO ¢ Y Y A Y T7008%  $N31/5% Ly it fury
U w12 QLeslty $230/8% £06 i+ 2268
LARoR FoQ ERELUON, N SUUMUR 2940, HS 8w 243 W 451

SURTeTAL jBecaIve SuReal STRvEALE P2yesy

E.H SUPPIRT TowERS -

A TOTAL OF 111 TOWERS ARE RE@UIRED FoR THE GASELINE PLaaT.

- THE ForrcinG cosTS ARE BASED Y PON THE TOWEE (ONFIGoRED

I8 THE FocloninGs PRAGES., THE CONFIGURATION WAL JEVE LoPED

TD SOoPPORT e NATULAL CONVECTION REce\wver, BoT > ADEGumE

O SOPPORT THE ORCE - THROVG H Q-oﬁcerr 5.uce W onee~

- THROUGH CONCePT HAS COMPATABLE s-mucmns AND  PLOID WEWKHTE,
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EHd\ cosT ESTIMmATE

1977 Cou7 @AEIS ONE TOWER
(S "=uEl)  LanIeT ,
\1EWm ' QUANTITY  cosT. GuabTTd ot
Lx xS STe eeams(24.268)  SeoSt $S8.00/8 Seo sy F3427
4xfetda = o (1.846/H) 22008 $2320/8 2200 {¢ 083
343xy RN & P SN 1A00sy  S$L30/8A 1900 &t 295y
SxSr'la < =~ (G.2AY W) 240y $3.00/8% 240 $¥ 864
GusgeTs (10% of $13328) LY N AlR, 1333
T ExCavhiien ¥ FoRwmT _ AR 12000 AR, 2400
RE-BARS } CONCRETE qe4d’  Mas/yd®  4doud 6000
- SuBTOoTAL, MATERIALS . n
: $23061 *»
LaBoR EREcT ¥ Ib3TALL S13ha }838/M - S $1o021 ¥
To7aL S©5T PER TOWER ' o © $33982

€, 4.zr—ro»weé SiZ w6

Werahs? analvsis - Recei var:
7/ B

- —
Shell : 58 i - é””‘/”// | , |
245° Arc - stee/ .. — /05.4 "%,,

fn;u/aflon 57 phick
6I6/f13 (W)skin) — 347

Doors ¢ 1" thick x 24" wide

(Zpc) | (0"’/-50:/,-’ SFructore 5l .
D‘\/‘Uﬂ‘) ¢ ?'a//a X é" 7‘5/6'\4 _' — 45~ 4 n.
Z/fuzq/ ] a}um‘, 54?-/7/M//, _ — /0. 7 p

SH Header : 45°da x L thik 113,

[t B & A
s L -



4.SS Ypper Aeaa/er : -
- b'dax ] 2 S— 72,5 v
| [zdw/ " éeﬂﬂ'er /m// ]’U// — 47

| .S.S .Zower Aezm’er T
' 74 ”a/m X 2 3 /élﬂé R —— § é

”

| SS Tvbe a//a X 052 +/7/£)é ~
45 /orm e z2* /C 7/ /A//;Z _

SH Tvbe : ;3.."4//4 x 10 "Hhick .A .4 /é///
33 /o:v/ﬁ ¢ 29 |

J’t‘{’f-fv‘.o.' header | | -
Drom fo SH § f‘e/fornd/mej ' 5 /6//#
' ‘ : » [14et |
- Drom fo header 7 :

~;5'u,b/bor¥."/:7 éracée/sj )n/ernﬂ/ /2. /é/[f,[

o] rece, werght >y
Tora/ ccesver werg 326 %/ |
‘ .(,'a'nﬁ:?ehcj 25. % : e /éé'(’/
| ‘ 408 1/t
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Receiver Suppord Beam 11 ¢ DL

tL: 8i6y  DL: 400, %/t (Fst)

{

- Maximom momens

Mmax = WLE = (816+400)(200)*"
8 , 8

= 6,080,000 //-/é -
s 72,960,000 m-tb - )

Using  HSLA Stee/ ( SAE-T410 -9500D or eqon)
Vseld .s‘r"re'?j',é’é 627 : 50,000 P! )
Jensile :;’rery th Gy = 70,200 psi (mm)

Allowable stresses /ae/? AZSC
dension /‘;( = J9 000 L1
Shear Fy = 20 000 /S,r/



Peaa/req’ Section maa’a/a.r ( éc’am)

2. M _ZZ_‘_%M—2432/'7 |

O allow . 30,000
Wind [oad
y /75"//4/7,"/ | | - wind [e/bc/://w_ |
3 m - 75 m/Sec
som 45 m/Sec

6 m 47 m)sec
.‘Ar’- Zaq/f/ (éo.% m)' Ahe %/ma’ 'Ve/ac.:/j X
(03,7 mph (46,37 m/sec) |

)b h’/nz/ p Mz

0.8 (o 2.00234 )(/03 7% 1.467)%. 2l 7,csf:

Qe;yn Nma/ pressore 25 p;sf o

Wind load 5 (25)= 125 %
" : g7

Momerns Hue /O.N”M//"”q/ o

e W- 125 (200)°
Hra =g 5

b25,000 FF-l

7,800,000 "M-/6

n

279



,
overivrnmg momenis 2f base o/[ a/_,amn_f

My

n

Zoo(125) 240, = 5,
5,000,000 // 16

"

60,000,000 m-1h

1]

Peﬁ-wrea/ Section mala/u/u;. ( :a/umn) -'

=M. . 40,000,000 . Zooo m*
GCallow F0,000
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Sypport Jross

0
™~

S| Lox8x)  SHIpFS0

' == B
T T
\n

L4xdx} éfac,,y

._  | _]L B

————-

TP SN S S

bo"

2. L . 4[09.7+ 11.44(36-228)] +2[176.7
' 36 36

4 TE(36-2.54) ] |

7. 45,613 . 2378 m®
36 S
Nej/o/ . 4(389) +2(50) +4(128)- 307.}52

AN
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Sodvbord Tevar

L5x5x4

)\wa.wk

Coiw

"0

/
0:60

/
-

4¢/5

4 H\h\h&m .Rb\thS

7.Spaces © 2670 - 14o0%0
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faor’mqs |

Oyerr’armf:/j’ momensd |
Wind on co//ec or 5,000,000 f/ /é
Wind on colvmn 20 00,000 #4-1b

Total 7,‘000,000-7//—/5

‘ .Z// /Mf/'m/ column {éj

,, rf = L2% 000 . 233, 000 /b
- 2(30) .

| Zess colomn and beam wi « 75, 000 /b
Jotal /i // Joad 158,000 /.

‘.jﬂfﬂﬂ"ﬁ/ Jmcre:/e /" 6o/amr)/oa//J

(58,000 = 40 c4-yards
4ooo ~

283



E5 THELMAL TRANSCART <,

o o R e

VL TEM

E'S'T'I/Y\r* TE

o (ALLPQ“N— BETw

, A 2 RECRIYER S
BASIS? ACTUARL 1%‘18 ESTIMATES
‘ "ERECTION AND

ANY Powr

h\lCLUD\ NG E1ELD

WSTALLATIOA.

JCOMWE
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_ TN STALLED
— e L ITEM PUANTITY - cké“%r'rt ',3_1_5:\11]’
- GATE VALVES: - ) o
1c00™ 7 / |S00 PSI
STEAM SERVICE
° WEDGE GATE,
- INELDING END |
' SIZE o
N "'” 172 $3m.\ 51,320
! :’/" 172 400 R
/% A 430 EEE
2 1 O &00 H.0m
24 16 €50
3, e R0 o
A & QAL 3,600
5" S 1%00 12,000
e’ 4 1 oo 7, 200
8" S 2000 1 8,000
1o G 4300 25,80
' 1a” 3 TOo0D | &4, 000
16" ) 10,000 | 0,000
CRECK VALVE
WELD ENDS  joo0° %/
1500 PSI WP STeAM |
SERVICE 1” 170 300 $1,000



INSTALLED 100 MWE

: : CONLT . PLANT
ITEMNM PULANTITY . TOST - CosT
SAEETY VALVE - WELD-
ENDS VOO0 F /1600 . o
RSI. W STEAM Ce
SERVICE 'y 1o 450 76,500
ELROINS . WELDENDS
SCHED., 160 SIZE ‘ o
- -, 28 3 | 84
1y 28 A Nz
TEES I WelLbeND
SCRED SI\ZE
160 )X X0 26 6 Ise
leo0 l¥xizZ X1 26 - o . . 260
leo  I&'xa"x15 26 | | o 260
lco  1fxe X\ 24 | o 240
6o 27X 2'X\ . 48 | & 73€
lee  2"'X28"X ", 4 16 204
leo  2'X2E'X 1% 28 2.0 50
Vo 25X g 26 20 Szo
160 B"X3'X1g 24 20 720
t6 0o 2 X 37 X9, | & 30 420
166 2'xzi" X3z 4 30 120
L2010 x to'x 1y’ 2 40 o 800
V2o 18" X 14" x 16" I 700 7c0
120 &'X 6" x 8" oz LOo 2¢0
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 INSTALLED
4 ‘ u'\j T

|OOMAIE :

286

> . COST PLANT
. ITE M PUANTITY CosT
CROSSES?Y NELDENDS | o

CHED. 120 Si1E o |
- s 4 ¥ 300 1,200
6" 4 - 400 1,800

8 4 650 ’, 600

io" G 00 s, 400

12." | ), 300 1,300

' 2 soo 3,600

6" f| 2,200 2,200

REDUCERSY W ELDENDS
SCHED. S\LE

160 2.){5" 4 40 160

160 Ixe" 4 40 160

leo 35°x 8" -3 40 l6C

\20 e xe" & 60 360
|2 ",_x 6 & 60 360
120 g" 4 60 . 290
RS s"x 8" 3 j20 480 -
1.0 &"% 4 26 ag80"
|20 3"x 8" 4 20 aL0
120 L% 8* 4. ILo ABO
120 24"x10" T2 210 220
10 2"x 10" =8 210 Sa0

L0 ';':'X 10" & 110 |, 2en



INSTALLES . |00 MWE

| | SINER PLANT
| TEM GUANTITY O3 TOSYT
E* ASITM SPEC. AISS
SRATE 1, TYFZ 1 7Y
CR - | MO
ASTM SPEC.AZB
GRABE 22 TYPZ )
= 2. 24 GR-1wo
i se T'TE 0 FEET
16O I/”:, 7,000 P 3. 21,000
\eo 14 14,000 450 . 63,000
leC TN 7,000 & | . 42,000
lec 2 19, 600 7.60 144,400
[&o ~- 2"{” 10,000 16 | ‘)cs'o)ooo
e 3, I2,500 15 | Bo, coo
&0 3% 6,000 I & : 96, 00D
122 5" 3,500 20 - 0, coo
'zo c" 2,5co 19 70,000
1.0 8" 3,500 446 « a4, oD
120 jo" 2,500 S6 . | 0,000
120 12" 200 70 | | &, 00D
120 14" 3,000 8L . - 246,000
120" 16" %0 Jio 18,300
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| MSTALLED

UN\T
ITEM QUANTITY COST
INSULATIONS o |
QORNS MANMSVILLE
THERMO - 12, |
CALCIUM SIL\ICATE
PIPE S\E |pSul,TRNICK. FEeT
L 24" 7,000 *g
I}g 3" 7,800 . &.90
1% 5" 7,000 13
1z 3 7,000 7
e 51 12,000 S
< ¥l 7 onh
25" o’ | ’::, 200 }LZ
A T “), coo 29
3" 7T 12,000 B3
37 43 7,500 24
335" 8" 3,800 T
- S" S 2,25 34
5" 9: L, 2S0 T3
G" 5", 2,900 3|\
=3 & 5000 33
R o Z,%c0 6"
/3:' o3 2,500 106
iz " 200 66
/2 5 i Beeo |25
P 5% 1se Ise

SLUPERVISION An OvaRneAb )

100 MWwE
PLANT

SN2

e L

35,000
4S,500
Tl,cc0
4%, 000
96,000

275,000
Zzajarob

68,600

TOTAL

4, 876,24

SSTIMATING BVALULATION £ ConTRhl CRASTIMAN Hook

-
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E.5.2 PIPE SIZING

Line Sizing - |

System lines were sized for a maximum steam velocity of 150 feet per

second and a feedwater velocity of 7 to 10 feet per second.

The maximum flow rate is 5, 000 kilograms (11,000 pounds) éer Hour through

a receiver section.

Inlet conditions: 10.99 MPa (1,600 psi) and 216°C (421°F) at 859 kilograms
per square meter (53.5 1b/ft3) A

Outlet conditions:+ 10,3 MPa (1,500 psi) and 508°C (946°F) at 31. 8 Kilo-

grams per square meter (1.98 1b/£t3).

A'tl 11,000 pounds per hour, the volume flow is

11, 000

= 3 .
53,5 x 3,600 0.057 ft°/sec inlet

11, 000 =1.543 ft3/sec outlet,
1.98 x 3, 600

and the required feedwater line flow area is:

0. 0577x 144 - 1. 173 inZ minimum per unit

0.057 x 144 _ >
10 = 1.675 in maximum,

The required minimum steam line flow area per unit is:

P

1.543 x 144 _ L2
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Check of Pipe Wall Thickness, Feedwater
Estimated pipe span between supports is 25 feet.

For 10"-80 pipe the weight per foot is 64. 33 pounds.”

Calcium silicate insulation at recommended thickness of 5.5 inches;

insulation weight per square foot:
[(21.75)2 - (10.75)?-]x Jxl3-25.3416.
Water weight per foot = 31,1 pounds.
Total pipe loadipg:_ |
64; 33 + 25,34 +‘ 3i.1 =120,78 pc;vunds pet fociat.
Estimated maximum bend moment {from th;ezfma..l sfré ss:
120“‘,'000 pound-inches.

Static pad bend moment:

wf2_ 120,78 x (25 x 12)°
12 ~ 12 x 12

= 75,488 pound-inches,

. From ASME piping code:
. PDo , 0.75iMa

<
Yy Z 1.0 Sp
where
P = Internal design pressure, psig
D = Pipe outside diameter, inches
‘'t = Nominal wall thickness

Mpa= Resultant moment bending loading on cross section due to weight,

etc., in pounds,

Z = Section modulus ‘
i = Stress intensification factor (2.1)
S = Basic material allowable stress at maximum temperature,
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1,600 x 10.75 . 0.75 x 2.1 x (75,488 + 120,000) _ ,
4x0.593 256 , = 14,003 psi.

Seamless carbon steel pipe, ASTM A1063, has an allowable stress value of

15,000 psi for service to 650°F

Steam:

10"-120 pipe

Weight per foot Pipe = 89.20'pounds
( Water = 28.0

's . _ 2 _ ) 2 mx 13 -
10.5" insulation= [(31. 75) (19. 75) ] x 7% 144 144.—63..3 ,
Total weight per foot = 180. 5 pounds.

' Maxirhﬁ.m bend moment:
180.5 x (25 x 12)2

=232, 813 pound-inches.

< +
12_0,000 o x 13

s ) el s 1,500 x 10.75 . 0.75 x 2.1 x 232,813
Maximum stress in pipe = 4 x 0. 843 + A 203

10, 862 psi.

Seamless alloy steel tubing ASTM A213 T22 (2- 1/4 percent cr, 1 percent mo)
has an allowable stress of 11,000 psi at 950°F and 7,800 psx at 1, 000°F.
This is acceptable, but margmal. Temperatures hxgher than 950° C will

require heavier pl.pmg.
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[4:Y4

]
- — f
L P:  PIPE DIAMETER (INCHES) /

‘ EXPANSION LOOP . : :
Y ) .
;JLJ n__n___n_ n:/rL Q.n_n_.n n__n_
. i - Al T e 7|

e

... n rL'nc‘rL#
NOYE: PARALLEL FEEDWATER SU3SYSTEM NOT SHOWN.

. Figure E-1 SCHEMATIC, STEAM TRAMSPORT SUBSYSTEM
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Appendix-F ,
RESULTS QF MIRROR REFLECTANCE MEASUREMENTS

F.l SUMMARY .

This appendix contains the results of measurements made by Sandia Labora-
tories at Albuquerque on one sample mirror panel. The measurements ‘ |
were made during January 1979 by R, B. Pettit, J. Freese and B. Hansche.
The sample consisted of one panel selected at random from the panels
fabricated by Mechanical Mirror Works, Inc., for use in the field experi-
ment model heliostat. The overall dimensions of the panel were 152, 4 cm
by 50.'-8 cm (60 m by 20 in)., Section 3.1 contains a description of the panel

construction.

During the testing, the Sandia investigators observed ''grayish' areas in the
sample. As noted below, these areas exhibited lower specular reflectance
than ''clear'' areas of the sampie. These gray areas were not present when
the panels welA'eAreceived‘ from the manufacturer. However, recent inspec-
tion of other mirror panels at FMC revealed that some panels had similar
areas. No attempt ‘has been made to ;ietermine ‘the origin of the gray

| appearance, however, it is possible that the phenomenon is an effect of
ageing. The 'miri'or panels were fabricated in July 1977, and have been
stored in the FMC/ESD shop since that time. The panels have spent all but
a few hours of their life in the shibping érate; so deterioration from expo-

sure lo light can be ruled out. CL : - )

In summary, the Sandia investigaters estimated a specular reflectance of
0.85, and an RMS surface shape dispersion error of 1.2 mrad in the lbng
dimension of the panel (the dimension tha.t is deformed by the heliostat

' focus mechanism. ) For comparison, the performance studies digcusséd in
the body of this report were based on assumed values of 0.9 and 2 mrad fo_r,'

. respectively, heliostat reflection efficiency and surface dispersion error,
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The lower &ispersion error should balance fhe lower reflectance because
with a tighter beam spread, a greater fraction of reflected solar flux will be
. focused within the receiver aperture. Figure A-1 in Appendix A illustrates
the effect., Curve C in Figure A-l is the dispersion distribution that was
used in the performance analyses. A distribution based on 1.2 mrad surface
efroi: and 2 mrad focus and tracking errors, peaks about a third of the way’
between Curves B and C. Since the integrated beam intensity at the aperture
plane is about 15 percent higher with‘C_urve B than Curve C, it is reasonable
‘to conclude that most or’ all of the lower -than-assumed reflectance would be

compensated for.

It should be noted that the Sandia investigators estimated that RMS surface
dxspersmn would be less than 0, 5 mrad with a mirror mounted flat, In fact,
mirror panels are supported along their entire long dimension by a rigid
framework when emplaced in a heliostat, so the compensation of reflectance ‘
by increased accuracy is further supported. Thus, it is concluded that the
results of the performance analyses would not be significantly affected by.

‘the changes to mirror performance.

F.2 MEASUREMENT OF SURFACE FIGURE

A 61 cm by 51 cm (24 in by 20 in) section of the panel was used to measure

surface figure w1th laser ray trace instrumentation. It was observed that

" because the glass was so thin, it appeared to be critical for the laser ray.
trace measurements how the mirror was supported (see Figure F-1.) The
results suggested that when the measurements were taken the mirror was
-slightly beﬁt, which may have been due enfirely to the way it was supported.
‘I'he maximum slope error compared to a flat surface was only 5 milli-
radians (mrad), A parabolic fit to the surface shape was unsuccessful
bécaus,e the effective focal length was very large. When the results were
analyzed assuming that the mirror should be flaf, then the root mean square
(RMS) slope errors were calculated to Be_ 2.4 mrad across the short dimen-
sion (20 inches) and 1.2 mrad across the lbng dimension (24 inches).
Obviously, the way in which this mirror is mounted in the final heliostat
assembly may strongly affect its shape and thus its focal properties. The
investigators estimated that the RMS slope errors would be below 0.5 mrad

with the mirror mounted flat.
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———— 24" | 2" x 4" SUPPORT
N 4 .| []

M (§%
d

i 1
Li4 L

MIRROR SAMPLE 19.5"

IR '
Y U

NOTE: SAMPLE MOUNTED HORIZONTALLY

Figure F-1 MIRROR SAMPLE SUPPORT FOR LASER RAY TRACE

F.3 MEASUREMENT OF REFLECTANCE PROPERTIES

The speétral hemispherical reflectance properties from 450 nm to 2500 nm .

were measured using an integrating sphere reflectometer while the specular
reflectance properties at 500 nm were measured using a specially con- ’
structed bi-directional reflectometer (see Solar Energy Vol. 19, pp. 733-
741, 1977). When viewing the xﬁirror with a dark background, it was noticed.
that there was a ''grayish' appearance on some areas of the mirror while
other areas were ''clear', The grayish appearance was associated with

the silver glass interface, not the outer glass surface or internal to the
| glass. Thé reflectance properties were measured from areas within both

regions,

The hemiépherical reflectance properties, which include both specular and -
scattered radiation, were identical for both regions. The solar averaged
hemispherical reflectance (for an air mass 1.5 spectrum) was 0.85 + 0. ol1.
This value is typical of silvered float glass of this thickness. ‘
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The specular reflectance properties were measured using a small incident
beam (7 mm diameter) in order to isolate the properties of the gfay and
clear areas. On a clear area, the specular reflectance a.t‘500 nm was
within 0.5 percent of the hemispherical reflectance value at the same
wavelength. Thus there appears to be no appreéiable scattering in the clear
areas. On'the grayish areas, the specular reflectance was 2 to 4 percent
lower than the specular reflectance from a clear area. Thus the solar
average speétfla.r re}flec_:tance from the gray areas would be 2 to 4 percent
below the solar average hemispherical reflectance of 0.85 (i.e., 0.83 to -
0.81). No attempt was made to determine the fractional area covered by

the gray regions nor the origin of the gray appearance.
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MDAC-2, p. 4-23. ‘ ’
MDAC-1, p. 3-9,

Aero‘space Corporation, An Evaluation of the FMC Line Cavity Central
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