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PREFACE 

This  report contains the results of work performed by FMC ~ o i ~ b r a t i o n  under Depart- 
ment of Energy (DOE) Contract DE-AC03-76ET-20426,  "L ine Focus Solar Thermal 
Central Receiver Research Study. " The work was performed between 30 Apri l  1977 
and 3 1  March 1979 by members of the FMC Engineered Systems Division. Members 
of SRI International served as team members in theanalysis phase of the project. 

The project was funded as part of the DOE Solar Thermal Power program, the prime 
goal of which i s  to stimulate research and development act ivi t ies leading to commer- 
c ia l ly  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 f ield about a central tower, and ;ontrolled in 
azimuth and elevation 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 l ine 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 s i t e  plant) 
Low towers, based on existing designs for transmission l ine 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 instal lation with standard 
constrb~ction eq~lipment 

a' Maximum usage of land area and adaptability to different s i te configurations 
i i near  f ield symmetry to al low automated cleaning of reflector surface and 

minimize niair~terrance logistics. 

These features p.rompted 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 based on the line 
focus alternative. The results of these efforts support the position that the l ine 
focus concept is a feasible and competitive alternative for solar thermal generation 
of electric power. 
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1.0  EXEC UTI.VE SUMMARY 

This report contains the results of a study undertaken by FMC Corporation to- 

examine the line, focus central receiver alternative for solar thermal 

tion of electric power on a commercial scale. The project was sponsored by 

the Department of Energy a s  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 ): 
1 

e A solar collector (heliostat) whose geometry is  the equivalent of a focused 

parabolic cylinder. The heliostat reflecting surface is  composed of an 

ar ray  of flexible rectangular mir ror  panels supported alongtheir 'long 

edges by a frameuiork which rotates about an axis parallel to the ground 

plane. The mir ror  panels in one section (1 8. 3 meters by 3.05 mete,r.s (60 

feet by 10 feet)) a r e  defocused in unison by a' simple mechanism under 

computer control to achieve the required curvature. Two sections (110 

meters2(591 feet2)) a r e  controlled and driven in elevation by one control/ 

drive unit. 

e A linear cavity receiver, composed of 61 -meter (200-foot) sections sup- 

ported by towers at  an e lent ion  of 61 meters (200 feet). Each section 

receives feedwater and produces turbine-rated steam. The cavity i s  an 

d 
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 a t  each heliostat module 

which communicates with a master control computer to perform elevation 

tracking and focal length adjustment. The control 'logic i s  open-loo p, 

with sun position computed by the master computer with an algorithm. 
. 

'Lmage sensors, mounted above and below the receiver aperture,. a re  used 

to monitor the collector field and provide feedback to the master computer 

for detection of misaligned heliostats. 



CAVITY RECEIVER \ 

' PARABOLIC CYLINDER HELIOSTAT , 

Figure 1-1. FMC LINE FOCUS CONCEPT ELEMENTS. 



The underlying rationale behind the choice of a line focus concept for solar  

thermal power generation i s  the favorable balance between performance and 

cost for  a given system capacity. Inherently, a line focus system i s  l e s s  

efficient than a point focus system. More than balancing this, however, i s  

the lower life cycle cost derived from the modularity and field symmetry of 

a line focus system. Specific advantages a r e  a s  follows: 

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 inherently simpler and more reliable than two- 

axis tracking. All heliostats in a given row track a t  the same angle, 

while the tracking angle of each row i s  offset by fixed increments'  

' relative to each other. . .+ 
e Efficient Land Use 

Rows of end-to-end heliostats. permit high-dehsity field coverage. Block- 

ing and shading a r e  not concerns in the axial dimension. Linear systems 

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

e Stigmatic Focus I 

Because cylindrical optics focus in one plane, it  i s  possible to system- 

atically compensate for off -axis incidence resulting in essentially stig- 

matic focus, using a unique variable curvature feature. 

e Favorable Concentration 

Depending on field configuration, a.perture concentrations of up to 100 , . 

suns can be obtained, althou-gh more.typically a concentration of 60 to 

80 suns i s  to be expected, This concentration level i s  suitable to pro- 

duce steam a t  the rated temperatiire arid presbure, but not sufficient to 

a danger of catastrophic damage to the receiver o r  towers. 

e Heliostat Cost . 

The linear heliostats a r e  suitable for high-efficiency mass  production 

using automated methods and standardized materials.  

e Installation 

Heliostats a r e  low profile and require l e s s  substantial installation 

pedestals. The basic design should permit rapid, low-cost field 

installation. ~ e c e i v e r  towers a r e  modified utility transmission line 

tower s. 



Reliabilitv and Maintainabilitv 
- --- 

Because of the low profile and rugged one -axis mounting, the heliostats 

a r e  l e s s  susceptible to wind and other environmental effects than a r e  

high&r-'profile systems. The row arrangement i s  conduc'ive 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 i s  automatically monitored for tracking and focus fidelity. 

o Fai l  -Safe Protection 

In case  of power failure, o r  failure of receiving updated tracking informa- 

tion, a mechanical system i s  activated to defocus and stow the affected 

heliostat. 

1.2 PROJEC- 
. A  

i. The objectives hf 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 objectives were performed within the constraints 

of baseline sizings for heliostat and receiver sections, These sizings were 

established early in  the project a s  re-asonable choices to '(1 ) maximize adapt- 

ability to automated factory production, (2) permit t ransport  and installation 

with standard equipment and processes, and ( 3 )  configure a wide range of 

plant capacities with a single se t  of basic components. Section 2. 0 contains 

a m o r e  detailed description of the ra.tionale used for baselllie sizing. 

Rigorous optimization of component sizings require a level of detail design 

that was outside the project scope. The estimates of plant performances A 

presented in Section 6.0 and Appendix D should not be significantly affcrtcd 

by al ternate choices of baseline s izes  because ina  linear system, (1) sn lar  

to thermal conversion efficiency i s  essentially independent of the unit lengths 

of heliostat and receiver,  and (2)  total collector a rea  required for a given 

power level i s  independent of unit collector size. Analyses to support the 

Eeasibility of the baseline sizings a r e  presented in Sections 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 

aper ture  size and requirements for heliostat optical control, based on assumed 

maximum e r r o r s  of: 

2 mrad  m i r r o r  surface dispersion e r r o r  ::: 

2 mrad  focus control e r r o r  

e 2 mrad  tracking control e r ror .  

Based on these e r ro r s ,  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 a t  the receiver aperture plane (Section 2.2) .  

Heliostat focus control requirements 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 controller (Secfion 5.2). One important result  of the 

analysis was the establishment of a maximum deflection requirement of 20mm. 

(0.79 inch) for m i r r o r  deflection a t  the heliostat centerline. . 

The results  of the initial optical analysis were used to develop a rigorous 

model (Appendix A )  for examining and optimizing collector field sizing, . A 

segies of field sizing and performance ana1ys.e~ were undertaken. A winter 

solstice design day was chos,en 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 configurations, including: 
' 

e Nortl~/Gouth versus East/West orientation 

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

s Flat  field versus sloped field. 

Pr imary  optimization parameters were the number of. rows and minimum row 
- spacing to achieve a fixed level of intensity a t  the receiver aperture plane 

and eliminate shading and blocking. 

::: 1.2 m r a d ' e r r o r  measured for one mi r ro r .  panel (Appendix F). 



\ 

The analysis result;d in the selection of a flat, North collector field (South- 

facing heliostats aligned on an East-West axis) a s  the baseline for further 

analyses. Subsequent comparisons of a 10 MWe plant corifiguration using 

North fields versus a configuration using ' ~ o r t h  and South fields verified this. 

ch'oice (section 1. 3. 3. 1 and Appendix D). 

The analy'sis 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 ba~eline. 

receiver envelope. One concept i s  a once-through-to-superheat design using 

. loops of tubes oriented along the centerline sf the .receiver cavity, The secund 

concept is a natural convection design using a double screen of vertical tubes 
, . 

rnouniedin the aperture plane of the receiver. 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-rated steam a t  

nominal working pressure of 6.9 MPa (1,000 psia). 

I 
I . . 
! Two alternatives were examined in the analysis of the once-through concept. 

In the flat plate design alternative the boilerlsuperheat tubes a re  mounted in 

the receiver aperture plane. In the other alternative (cavity design) t h e  tub? 

lo.ops a r e  distributed along the inner circumference of the receiver cavity, 

Comparative performa&e analysis indicated that the cavity design exhibited 

superior performance over a wide range of flow rates and radiation proper - 
ties, primarily because locating the tubes well within the receiver cavity 

reduces l o ~ ~ e s  due to reradiation to the surroundings. Based on these 

results, the cavity design was selected as  the baseline once -through-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 model. The results of this 

analysis led to the selection of an eight -pass configuration containing 108' 



TUBING I.D. NUMBER OF TUBES 
PASS (INCHES) I N  BOTH SECTIONS 

I 

8 ( 2 ) ( 3 )  0 . 9  
(I) FEEDWATER (2 )  SUPERHEATER ' 

(3)  STAINLESS STEEL; OTHERS MILO  EEL 

SS: SATURATED STEAM 
SH: SUPER HEAT 
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,DRUM WITH 
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IIEADER 

LOWER LOWER EYELID 
EYELID 

Natural Convection Concept . 

* 

- 
A. 

-- . . 
Figure 1-2. BASELINE STEAM GENERATOR CONCEPTS 



tubes in each.half of the receiver cavity (Figure 1-2). Each pass runs the . 

length of the cavity. Feedwater enters the tubes in pa.ss 1 and traverses 

each pass in countercurrent flow. Preheat and boiling occur in the f i rs t  seven 

passes, superheating in the eighth paes. 

The analysis of the natural convection concept led to the selection of the design 

shown in Figure 1-2. The design consists of a double screen of vertical tubes * 

mounted in the aperture plane of the receiver. There a re  800 tubes in each -% 

,<+ < 

row. Nominal tube diameter is 9.2. millimeter (0.375 inch). Feedwater enters . ;~ : 

the tubes in the front row, where saturation boiling occurs. Saturated steam t r .  

passes to a separation d r q  which feeds vapor to the r ea r  row for the super- 

heat pas s. 

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

a t  design point sizings for. generation of 510° C (9500F) steam, . 

Table '1-1 . COMPARISON OF RECEIVER PERFORMANCES 

concept, 1 10 MWe Plant Sizing 1100 MWe Plant Sizing. 

, 

The once-through concept was selected for use in sizing of baseline plant con- 

Natural convection 

cepts, primarily because of higher thermal efficiency and lower cost (Appendix * 

E). However, both concepts must be subjected to further de'tail evaluation, 

1400 Winter Solstice (26.9 kw/m2)* 
0.71 kgls per receiver section 
Thermal Efficiency 

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

1200 Equinox i34.O kw/m2) 
1.39 kg/s per receiver section 
Thermal Efficiency 

* Average intensity from collector field at receiver aperture pl.ane. 

0.72 

1.3.3 Plant Sizing Studies 

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

concepts for electric generation plants. 

0.77 

Two concepts were generated. The concepts, a 10 MWe pilot plant and a 

100 MWe co~iimercial plant, were bas.ed on (1 ) requirements used by Phase I 

contractors for the 'Point Focus Central- ~ e c e i v e r  Solar' Thermal Power 



9 .  , w .  

System, and (2) the thermal -to -electric power conversion cyc1.e~ evolved by 

the McDolinell Douglas Astronautics Company (MDAC). The MDAC power 

:conversion .cycle was selected because th& .flow rates and steam conditions 

required by the MDAC thermal storage and electric 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. A. winter solstice design point 

(Section. 2.2.) The second concept contained only optimized North collector 

fields. Appendixes D and E contain details of the s?zing computations. 

Field sizing was based 'on early data for the MDAC 10 MWe concept which . 

specified turbine. operation a t  477 OC (890, O F )  10 M P ~  (1,450 psia) input 

steam, 56.7' c (1 35' F) 0.16 MPa (2.5 psia) exhaust s teak.  These condition 
. . 

differ from the final MDAC specifications, but do not significantly change 

the comparative significance of analysis. Table 1-2 contains a summary 
* of the configuratibn, performance, and cost of each concept. 

I . .._ :. 2. ' . 
1.. 

1 .  . 

Table 1-2 CHARACTERISTICS OF 10 MWe BASELINE SYSTEMS / . . -,+ ,' .~ . ... ; ' , 

North-only s y s t e m  

782 

20 (single) 

2 1 

0.094 - 
31.000 

5.0 

3.4 

0. 36 

92 

9 6 

Subsystem charac te r i s t i c  

Number of hel ios ta ts  

Number of 6 1 - m  r e c e i v e r s  

Number of 61 - m  towers  

Collector a r e a  (km2) 

Annual energy (MWeh) 

Design point operat ion (hours)  

10 MWe 

7 MWe 

Annual load factor  

Relative Investment Cos t  

Relative Busbar  Power  Cost  

North/south s y s t e m  

1,010 

10 (double) 

11 

0.121 

30,900 

4.0 

3.9 

0.35 

100 

100 



1.3.3.2 100 MWe Commercial Plant 

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

design point, i s  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 

full units (36 -meter by 3.05 -meter glass area),  and 49 half units). The total 
6 2 glass a rea  i s  0.967 square kilometer (1.05 by 10 ft ). 

The 100 MWe configuration is essentially a scaling up o f  .the 10 MWe concept 

constrained by realistic piping requirements, and sized for a different design 

point day. The same heliostats, .receivers, and towers a re  used in both 

concepts. 
' ! 

II 

The baseline receiver concept i s  a once-through-to-superheat design contain- 

ing an eight -pass steam generator. The passes a re  arrayed circurnferentially 

on the wall of the receiver cavity (Section 4.1). The feedwater and superheat 

passes in the receivers in one field module a r e  manifolded to common headers 

~ a h h  heliostat is  controlled by a loca l  control computer. The local controllers 

i'n each field module a re  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 a re  

those specified for the MBAC 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 
2 

for 950 w/m insolation level with 96.5 percent of the heliostats in operation. 
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Table 1-3 SUMMARY OF DAILY PERFORMANCE OF 1 0 0  MWe CONFIGURATION . J' 

Day 

Equinox (design day) 

Summer solstice 

Wintcr solstice 

Hours of operation 
Total energy 
to receivers 
(mwh - th) 

4,080 

4,439 

2,846 

100Ml+7.e 

5.5 

6.0 

5.0 

Busbar energy 
, (MWeh) 

70MWe 

6. 1 

6.5 

3.1 

Direct 

550 

600 

500 

From 
storage 

426 

454 

2 18 



Table 1-4 1 0 0  MWe PLANT EFFICIENCIES A T  NOON EQUINOX 
'4 

I . m w ,  111 cnrlss - 0.066 

11) LLPiLCli'ioT'i = u.r(rU 

ol BLOCKING AXD SHADWIING = 1.00 
(41 EED LOSSES - 0.868 

U) TOIVEWRECEIVER SI!AOO\Y - 0.980 

16) APLRl,URE ACCEPTANCE - 0.963 
(71 RECEIVER AESORPTION - 0.900 

(8) RECEIVER RPOlAllON 
AND CONVECIIOI - 0.996 . 

(P) PIPING LOSSES - 0.970 
(IOIGROSS TURBl:4E EFFICIEICY - 0.377 

ll,lIPARASITIC PO?VLR - 0.89 

Efficiency 

Collector 

Receiver 

Piping 

Storage 

Turbine 

Parasitic 

System 

Figure 1-4 POWER FLOW FOR 1 0 0  MWe CONCEPT (EQUINOX NOON) 

Estimates of plant investment .and operational costs were based. on estimates 

Direct from receivers 

0.'712 

0.860 

0.970 

- 

0.377 

0.89 

0.20 

made for the 10 MWe concept, with adjustments for differences in production . . 

Direct from storage 

0.712 

0. 860 

0,970 

0.940 

0.268 

0. 92 

:O. '14 i 

volumes. Appendix E contains the detail cost computations for the-collector, 

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 s&n&ary of annual service cost, a s  computed with the JPL/ E P R I  

economic model. 



. 
PUNT CAPITAL COST BREAKDOWN COLLECTOR CAPITAL COST BREAKDOWN 

Field Installation 
atid C/O 

Plant 23.115 Collector 

Total $l1968/kWe (1st Plant) 
Total 1st Plant $634/kWe ($65/m2) 

$l1187/kWe (60~h Plant) 80th Plant $325/kWe ($33/m2) 

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

Table 1-5 COST O F  SERVICE FOR 100 MWe CONCEPT 

1.4 RESULTS O F  HELIOSTAT TESTS 

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

Fac to r  

Plant  unit 

System life 

Base  year  

F i r s t  year  of operation 

Capital cost  

Annualized sys tem resul tant  cost  

Levelized busbar energy cost  

shown in Figure 1-6, was a jury rig which contained four mi r ro r s  in a support 

frame which simulated the structure of a full -sized section. The jury rig was 

Value 

80th 

30 y e a r s  

197 8 

1990 

$l ,187/kWe 

$254/kWe 

71  mills/kWeh 

used to debug the concept for mir ror  focus control, and verify that the focus 

mechanism performed as  required. 



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 meters 2 (550 feet2 ) of exposed mirror area. The section was slightly 

shorter than concept design length to accornmodate 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. 



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 a t  the request of DOE. Appendix C contains a description of 

the tests planned during the field 'experiment. 

Fmctional tests were performed during the project to verify that the helio- 

stat concept performed a s  required. The results of ,these tests (Section 3.3) 

a re  summarized below: 

Focusing 

The j~iry r i g  model was used to focus the 'sun image on a target a t  a 

slant range of 6J  meters (200 feet), which is the minimum heliostat-to- 

receiver range. The mir ror  focus mechanism successfully focused the 

solar image from all mir rors  into a vertical band 1.22 meters (4 feet) 

wide. 



The field experiment model heliostat was set  up a t  the ESD facility for a 

ser ies  of tests to measure the size of the reflected image from 15 rows 

of mi r ro r  panels. Figure 1-8 shows the test setup. A ser ies  of tests 

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

and 1 -1 0 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 a t  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 about 0.9 in concentrating reflected flux within a 

1.22-meter receiver aperture a t  a noon equinox design point. This i s  

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 mir ro r  surface which prevented attainment of maximum focus 

control. The causes of the misalignment and distortions weye identified, 

and can be eliminated by (1 ) rework of mirror- support structure, and (2)  

fabrication of a fi i tur& to perform alignment of mir ror  panels under 

controlled conditions. 

o Emergency Defocus 

The full-scale section was focused to maximum deflection, and power was 

then interrupted to simulate a malfunction. The mir ror  surfaces returned 

to a defocused pcsition in 0.2 second, well within required safety limits. 

o 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 eatisfied 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 'he focusing concept 

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

helios tat configuration was successfully demonstrated. 



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



Figure 1-9 HELIOSTAT IMAGES OBTAINED IN 
TEST OF 20 MARCH 1979 







2.0 CONCEPT CONFIGURATION ANALYSES 

  he primary purpose of the analysis phase of the project was to evolve the 

fundamental concept of line focus solar  energy conversion into feasible system 

configurations for electric power generation. Analytical objectives evolved ' 

from those established by the Department of Energy (DOE) for the Central 

. Receiver Solar Thermal Power System (STPS) prog'ram. The objectives of 

the program were to (1) configure s'olar 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  experiments to verify analytical pre-  

dictions. Plant configurations were to be based on conve.ntiona1 water ls team 

cycle plants, with solar energy a s  the source of fuel. 

FMC adopted the objectives of the STPS program, but limited the scope to 

detailed analysis of the collector, receiver,  and cont.rol subsystem,s. Within 

this scope, specific analytical efforts were performed to optimize collector 

field sizing and receiver configuration for specific design.points, and to 

establish feasible conceptual designs for the receiver and for control of the 

collector field. The resul ts  of these analytical efforts were then used with 

data from the STPS.program to configure and evaluate cos't/performance of 

10 MWe and 100 MWe plants. Specifically, the power c$cle concepts ( thermal 

storage and conventional plant) generated by each of the csntraqtors involved 

in the Phase I STPS study were evaluated, and the concept whiEh best matched 

the estimated performance of the FMC receiver was used to configure plant 

. concepts. 

2.1 BASELINE ASSUMPTIONS 

Several baseline assumptions about physical characterist ics of the line focus 

heliostat and receiver .were made a t  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'  



accomplished with one se t  of modular components which can be (1) used for 

any plant capacity, (2) fabricated and assembled in a factory, ( 3 )  shipped in 

completed form on existing common ca r r i e r  equipment, and (4) installed 

with standard construction equipment. 

The assumptions described below were carr ied forth through the analysis 

phase of the project without rigorous examination of the effects on performance 

o r  cost  of alternate assumptions because the purpose of the analysis 

was to establish feasibility. 

2. 1.1 Heliostat Dimensions , 

An 18. 3 meter  by 3.05 meter  (60 foot by 10 foot) size was selected a s  the 

basic unit of controllable cnl.lecter area because ( i )  this i s  the maximum size 

which can be shipped on a standard truck t ra i ler  o r  ra i l  flatcar, (2)  standard 

processes  and equipment can be u'sed to mass  produce the support structure, 

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

There  a r e  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 collectio~l from a field of heliostats. 

Since a field of heliostats is, in effect, the fresnal..equivalent of a single 

parabolic concentrator with a m'uch la rger  concentration rat io than a single 

heliostat, decreasing the width nf a heliootst, a d  increasing the number of 

rows could result  in an increase in field 'collector efficiency and a decrease 

in the total collector a r ea  requiked for a fixed level nf energy ~ol lcct iun.  

Balancing this i s  .an increase in the n m ' b e r  of (small e r )  holiootats dnd ' 

attendant control units. Cofiversely, incressing the width of a heliostat 

would reduce the number of control units, but add complexity to fabrication 

and handling of helios-t sections, and increase design requirements for 
I 

heliostat support s tructure and drive units. 

Field efficiency is  relatively unaffected by variations in the length of a 

collector unit, since individualunits reflect a s  plane m i r r o r s  along the 

axial dimension. The primary trades involving unit collector length a r e  



(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 a r e  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 colnmon, so the effective unit control- 

lable ar'ea i s  doubled while the advantages of the 18.3 meter  by 3.05 .meter 

section size a r e  retained. 

2.1.2 Receiver section Dimensions 

The nominal dimensions of a receiver section were fixed a t  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 i s  envisioned that 

receiver and support towers will be factory-fabricated in unit sections which 

would be transported on standard common ca r r i e r  equipment to the field for 

ins tallation. 

The receiver unit section length of 61 meters  was derived f rom 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 

generator concept. These early col-nputations used optimistic estimates for 

incident solar  energy and turbine cycle efficiency. More realistic data 

were used in subsequent computations of plant sizings (Section 6.0 and 

Appendix D). These computations indicate that 17 -20 sections per 10 MlVe of 

buabar power a r e  required, depending on design point conditions. 

. , 

There i s  some qualitative argument to indicate that a longer unit section length 

would result  in more optimal plant configurations on an economic basis,  since 

receiver performance i s  independent of section length. From a plant design 

standpoint, increasing receiver unit length to 73 meters  (length of two heliostat 



modules), could result  in a slight reduction in the number of heliostats r e -  

quired for a given plant capacity, and would reduce the number of support 
. ' 

towers , but would increase tower structural  requirements. 

There i s  little support for unit receiver lengths greater  than 7 3  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. 

Decreasing unit section length to 55 meters  (length d f  1.5 heliostat modules) 

would reduce design requirements for  the support towers, and for receiver 

sections, since the flow ra te  per section would be l e s s  for a given plant 

capacity. However, more  receivers,  support towers, and therm.a.1 transport  

piping nrould be rci.ulred. 

Fur ther  in-depth quantitative analysis is required to verify that a 61 meter  

section length i s  an .optimum choice. However, there i s  sufficient data a t  this 

point to support the choice a s  feasible. f rom the standpoints' of performance 

and structural  requirements . .Additionally, the nominal sizing of 0.5 MlVe per 

section offers the flexibility of ( I )  configuring plants over a wide range of 

power levels, an,d (2) increasing the generating capacity of large  plants in , 

t ime -phased increments to optimally match the increase in load demand. 
. . 

A nominal height of 6 1  meters  was selected for the towers because ( 1 )  stan-?, 

dard designs for utility transmission towers (which reach heights of 6 1, 

m e t e r s )  can be ubed, and (2) erection of towers and ' receivers  can be. 

performed with standard construction cranes. Structural r.equir ements for 

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

receiver section. Appendix E csntaino the cumputations. . 

2.1. 3 Collector Field Design Point 
r .z - 

The c;llector 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, al l  of the receiver performance data used 

to s ize  plant concepts a r e  based on this design point, although parametric 

relations were developed to use the receiver data with performance data for an 

optimized equinox field. 



It i s  important to note that the winter solstice 'design point led to the 'dis- 

carding of the South collector field and the' twin-receiver (North and South- 

facing) concept in favor of ~ o r t h - o n l ~  field design (Appendix D, Section D. 1). 

However, further analysis (Section 6.5) tends to support the reinstatement 

of the South field for an equinox design point. Further examination of this 

point i s  warranted because of the' economic advantages of the twin-receiver 
, 

2.2 RECEIVER CAVITY APERTURE OPTIMIZATION 

The effect of the. solar divergence angle on. the unsymmetrical m i r r o r  field 

distribution i s  that a progressively la rger  cavity aperture i s  required a s  the 

m i r r o r  field move-s Away from the receiver. . Tilting the receiver to make 

the plane of the aperture mork normal to incident flux increases recovery fro& 

the outboard m i r r o r s  a t  the expense of reduced .intensity from the inboard 
, 

mirrors .  The best tradeoff will maximize recovery and intensity a t  minimum 
. , 

. . 
aperture width. 

The results  of this analysis a r e  shown graphically 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 orientation of 45 degrees were initially 

selected a s  nominal design points.' 

The initial optimization analysis 'was based on an approximation of the incident 

intensity reflected from a colleCtor field. Further analysis was performed' 

to verify the original results .with the collector field optimization model 

(Appendix A).. 

. . 
The distribution of solar intensity a t  the focal plane of a receiver was com- 

. 

puted a s  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 a r ea  between 2.0 and 2.2 .feet 

admitted l e s s  than 1 percent of total incident energy, but accounted for 10 per-  
. . 

cent of the apertur.e'area. It was concluded that reducing the nominal aperture 

width to 1.22 meter; (4 feet) wodd improve overall receiver efficiency by 

reducing the energy l o s s ~ s f r o m  reradiation and convection. This reduction 

would more than bffset the small decrease in energy admitted through the 
' 

aperture. 
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, . 

The effect of varying the aperture plane angle has  been calculated for a flat . 
Nqrth field 400 feet wide and configured for solar  noon a t  winter solstice. 

. . 
Figur'e 2 - 3  shows the peak intensity and average intensity -over' a 4-foot-wide 

i 

aper ture  plotted against aperture angle. 

These curves indicate that intensities exhibit maxima, and that peak intensities 

a r e  increased over a horizontal aperture plane by 2 3  percent and 19 percent 

for peak and average intensities, respectively. It i s  interesting to note that 
, . 

the maxima do not occur a t  the saine angle.. Highest peak intensity occurs a t  

35 ,degrees,  while the maximum average intensity. i s  obtained a t  45 degrees. - - 

Because a4-foot  aperture i s  to be employed, thc 45-degree aperture plane 

angle selection appears near o p t i m h .  
' 
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2 . 3  COLLECTOR FOCUSING ANALYSIS 

A significant advantage of a cylindrical m i r r o r  over a spherical m i r r o r  i s  . 

the ability to bring the light to a sharp focus. Illumination is  generally off 

axis, and' consequently off -axis astigmatism i s  introduced. In the case of 

spherical mi r ro r s ,  two focal planes, the sagittal and the tangential, a r e  

formed, which increase in separation a s  the illumination angle increases. . , 

The working focal plane i s  taken as the plane of least  confusion, which i s  

located between the two foci. In: contrast, ,  cylindrical m i r r o r s  illuminated 

off axis i n  the present manner have infinite radius of curvature in the . . 
sagit talplane and therefore focus only in the tangential plane. It follows 

, . 
that a cylindrical m i r r o r  with adjustable radius of curvature can be brought ,, 

to a linear focus a t  any off -axis illumination angle, and can be considered . 
astigmatic. . . . , .  . . 

2.3.1 Focusing and Solar Position 

If a cylindrical m i r r o r  of ' radius of curvature R i s  illuminated off axis with 

a projected angle,' A, in  the plane of' curvature, the tangential focal length is 

. F t  = (R cos ~ ) / 2 .  (1)' 

For  a pure circular  curvature, R is related to the chordal height, h, 

. . .  . - . . 
wheGe c i s  one -half thk aperture width (1.52 meters) .  Lf h << c, a valid 

condition in this case, 

This approximation introduces an e r r o r  of l e s s  than 0.004 percent. 

Substituting and r e a r  ranging, 



The focal length, Ft , i s  'equal to  the optical path . length . of th,e ray  f rom 

collector to receiver 

where yi = horizontal dis'tance from receiver axis and H = receiver height. 

Using the sign convection that angles a r e  positive when the rays  approach 

the  receiver,  angle A can be written 

where cr i s  the tracking angle, and 41 (or  JC ) is the incident a.ngle of the 

sun, projected in  the plane perpendicular to the heliostat axis. 

Combining the above equations, the chordal displacement for a north o r  

south field (east-west axis)  can be written h 

h = ci (cos [tan-' (cos  p /  tan 811 + tan-' ( y i / ~ ) / ~  yi2*+, HZ ' 7 )  

The expression for North-South axis fields can be similarly derived. 

Equation (7 )  gives the chordal height of 'each m i r r o r  explic.itly a's a function 

of solar  azimuthal (0) and elevation ( 6 )  angles, and the horizontal row dis-  

tance (yi ). Because the re1ationshi.p betweell oand 0 with time i s  known, 

the chordal height can be plotted against time. This has been done for  

representative mirrnr rowo in Flgures 2 -4 through 2 -6. . 

2 . '3 .2  Focusing E r r o r s  

The relation between focusing er rdr  and chordal height e r r o r  must  be known 

to ass ign realist ic  ' tolerances to the focusing mechanism.   he 'convergent 

half anglc, Y ,  of the rays  coming to a focus from a mir ror  i s  

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

Y = 4h 
c cos A 
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. ;. i f  h va.ries by Ah, then y will vary  by Ay 

4 
c cos A ( h  + ~ h )  

Let  the fractional e r r o r s  be defined: 

Then (.lo 'becomes" 

Y(l + E.) = 4 
c cos A h( l+6)  . 

. . Dividing (1  1.) by (9)  gives the reeal t  

. . 

Then 

AV - Ah. - - -  
h .  Y 

Substituting (9) into (1 3) and rearranging,  

TakingAY= 0.002 radians a s  maximum permiss ib le  e r r o r ,  60 degrees a s  

the maxim& off -axis angle, and c,,= 1.52 mete r s ;  

Ah = 0. 5( 1. 52) 
'. 4 .  (0. 002) = 0. 38 mm. 

Holding the chordal height to a tolerance of 0.01 5 inch will meet  the required 

, : 2 -milliradian focus e r r o r  requirement.  At smal le r  offeaxis angles,  l a rge r  

tolerances a r e  allowed, the maximum being 0. 76 mil l imeter  a t  normal 
. . .  - .  incidence.. 



2. 3. 3 Effect of Curvature Irregularities .on ~ o c a l  Size 
I 

Irregulari t ies in the m i r r o r  curvature introduce an angular divergence, 6 ,  

of the reflected ray  equal to twice the angular value of the irregularity. 

If the value i s  small ,  this i s  equal to the difference of the tangent of the 

irregulari ty and the tangent of @e ideal parabolic curve a t  that point. 

Assuming these . e r ro r s  have a nearly normal distribution, the effect of . 

such e r r o r  sources  on the focal line width has been treated in the 

derivation of the divergence angle distribution (Appendix A). , The calcula - 
t ions  indicate that. these e r r o r s  should be held to l e s s  t han2  milliradians. 

I Y 

The initial proposed m i r r o r  arrangement corisisted of a central loading of 

the surface with edge support to provide cirrvaturc. The curve so  prod~,rad 

i 3  noL a true radius, bnt a curve w i t h  a slope of:' 

where c i s  related to the position along the surface, x = cw, O<C< 0. 5, 

.and k i s  a system constant, 

Yrn ax being the central  di aplaccmc~lt.  

The parabolic slope, in the same units. i s  

6' will vary between + 6 when k = 0.0071131F. 

F being the focal lerlyl2r. "Ihe difference b e h e e n  (+ and 0 is  A. It c a n ,  
". 

be shown that, for w = 10  feet, 



At F = 200, 6 = - + 3.67 milliradian, which i s  unacceptably high. 

If the surface were pulled down a t  three equally spaced points, 

with k = 0.01 42 IF. At F = 200, 6 = 1.83 milliradian, a more  acceptable 

value. The e r r o r  can be reduced further by additional pull downs. 

Alternately, other designs such a s  edge-applied bending torque could be 

employed. This would give a constant radius over the width of the mi r ro r .  

The current  concept uses 153 centimeters. by 51 centimeters' by 3. 3 milli- 

mete rs  (60 inches by 20 inches by 0.09 inch) glass panel; supported a t  the 

edges. Such an unsupported plate should sag approximately 3 mill imeters 

(0.12 inch) in the center due to gravity, resulting in a 10.3-milliradian e r ror .  

However, this e r r o r  i s  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. . . . . .  . . 
' L  .' 
<.: ',:~ 

2.4 COLLECTOR FIELD PERFORMANCE ANALYSIS 
. . 

Field sizing calculations in Subsections 2.4. 1 and 2.4.2 a r e  based on the 

computer model described in Appendix A. 

j ::a. 

2.4.1 .Fla t  Field 

Calculated aperture flux profiles for a winter solstice day obtained from a 

north fia1.d with an east lwest  axis is shown in Figure 2-7 .  The m i r r o r  row 

spacing was adjusted to obtain an approximate rilaximum intensity/mirror 

rat io a t  solar  noon. Peak intensity of 64 suns i s  obtained, assuming 2- 

milliradians tracking and 2-milliradians sur.face e r r o r  contributions, a 400- 

foot-wide field, and a 45-degree-aperture plane angle. The field contains 

21 m i r r o r  rows, for a t o h i  field coverage of 52.5 percent, which corresponds 

with the field cosine value for that day of 51.5 percent. The field .has alga 

been spaced for 2:30 p.m. on the same day, requiring 19 m i r r o r  rows. .The 

hourly intensity for the two configurations i s  shown in Figure 2-8. The two 

configurations a r e  compared '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 

Similar calculations for a South (east/west axis) field and an East (north/ 

I t e m  

N u m b e r  of rows  

~ a x i m u m  in tens i ty  (suns) 

Average  in tens i ty  
(4-foot a p e r t u r e  at  2:30 p.m.) 

To ta l  daily ene rgy  
(4-foot  a p e r t u r e )  

Ave rage  in t ens i ty l row 
(4-foot  ave rage  a t  12:30 p. m. ) 

E n e r g y  /row 
( '&-foot ape r tu re ,  9:30- 2:30) 

. . 

south axis) field have been performed. To obtain equivalent output a t  

winter solstice, a South field,of 29 rows i s  required. 
. . 

J?igure 2 -9 shows the hourly peak intensity of an east field a t  winter solstice. 

Conditions included a constant 12-foot spacing (34 rows). The shape of the 

12:30 Sizing 

2 1 

64.0 

' 26. 9 ,KW/m 
2 

5 
3 . 3  x 10 ' K J / F t  

3 . 1 3  KW/Row 

4 
1.n3.x 10 K J / F t / R o w  

curve i s  explained by the fact that the northward axial displacement i a  

greatest a t  midday, resulting fn nearly doubled path lengths. The morning' 

2:30 Sizing 

19 

58.0 

26.9 K W / m  
2 

5 - 
3.10 x 10 K J / F ~  

2 - 9 9  K W l ~ o w  . 
. - 

1 . 0 8  x lo4 KJ/FT/Row 

sun i FI i eo ids i~t  u n  the mi r ro r s  at a greater angle with the mir ror  normals., 

.As. a result, the mi r ro r s  a r e  more nearly normal to the sun in the afternoon 
: and a re  individually more effective. The 12-foot spacing permits the sun to 

"see" the gaps between the mi r ro r s  .during the middle hours of the day, 

: Therefore, during these  shadowed hours, the heliostats behave a s  isolated 

collectors, performing more effectively in the afterhoon and resulting in the 
F 

asymmetric distribution, A wcat 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 

11 -degree slope was performed. The, output was str,ikingly improved from 
. . 





65 to 90 suns peak concentration (Figures ,  2-7 and 2 -10). No field size 
. . 0 .. . 

optimization was performed. Shading and screening factors indicate that the' 

f i e ld  density i s  about 15 percent high; therefore, equivalent performance 

could be obtained f rom an  appropriately spaced field containing five fewer. 

rows. Conversely, a steeper t e r race  should yield higher concentration, 

' approaching 100 suns. 

permit  the receiver to operate more  efficiently for a longer operating day, 

. F o r  a North field, the  optical palhlength i s  reduced, and, therefore, the 

J 

length of the butterfly end section i s  reduced, in the case.  calculated, by 10 

paroent. A South field can also beinats l led in a downward slope. However, 

the increased optical pathlength and screening should partially off se t  the 
\ 

i.ncreased collection power. The output of an unoptimized 35 -row South field 

Figure 2-10 'APERTURE FLUX INTENSITY FOR.SLOPED NORTH FIELD 
This increased solar  concentration i s  attractive. The increased, flux would 

L 

sloped 11 degrees (about 20-percent slope) was calculated (Figure 2 -1 1 ). A 
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to obtain l i~aximum output a.nd peak concentration per  row. Noon winter 

solstice was chosen for  these calculations. Peak performance f rom a north 

field was obtained f rom a field on a 30-percent (16.7-degree) slope, 

containing* 30 heliostat r o y s  spaced in parabolically varying intervals f rom 

12 feet at  the inside to 20 feet a t  the outside of the field. The projected 

maximum horizontal width was maintained a t  425 feet. Peak intensity of ' 
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99.5 suns was obtained with a concentration ratio of 3. 32 suns per  row. Best 

output f rom a south field was obtained with 37 rows spaced 10. 5 feet to 13 

feet apar t  on parabolically varying intervals and placed on a -30-percent 

(-1 6.7-degree) slope. Peak intensity was 78.5 suns, and the concentration 

ratio was 2 . 2 8  suns per  row. These data a r e  plotted in Figures 2-12 and 2-13. 
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Figure 2-12:APERTURE FLUX INTENS ITY PRaFlLE FOR OPTIMIZED 
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Table 2-2 COMPARISON OF FLAT ~ N D  SLOPED NORTH COLLECTOR FIELDS, 
/ 

I 
- -  

Flat North Field 
. - 

130 

0 

' 21 

45 

PeramcLer , : 

I-lorizontal width, meters 

Slope, d e ~ r e e e  

~ & n b e r  of rowis 
:. . 

Aperture angle, degrees 

Peak concentration, suns 

Concentration, 8 9 s  per row 

. 

Sloped North Field 

130 

lb.  7 

3 0 

45  . 

99.5 

3. 32  

6 4 

3.05 



Figure 2-13 APERTURE FLUX INTENSITY PROFILE FOR SLOPED 
SOUTH FIELD 
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The linear collector sys tem is essentially a long, narrow concept utilisillg 

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 

i s ,  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 i s  included in Figure 2-14. 
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on1 v .  Actual equipment may vary 

I. NORTH BOl LER 
2. NORTH FIELD 
3. POWER GENERATOR BUl LDl NG 
4. HEAT STORAGE BUILDING 
5. SOUTH BOILER 
6. S-D 

I 
Figure 2-14 SLOPED FIELD SYSTEM 



2 . 5  EVALUATION OF 'ONCE-THROUGH DESIGN CONCEPTS 

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

throtugh receiver designs were developed to investigate design variables such 

a s  tube size and number under a variety of operating parameters such as flow 

ra te  and insolation. The procedure was applicable to both the subcritical and 

supercritical pressure  designs. 
. . 

The performance evaluation procedure divided the receiver into a se r ies  of 

. .sequential receivers  over which the fluid properties and flow and heat-transfer 

conditions can be assumed'constant. The procedure calculated the change in 

properties and conditions across  the section and produced 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 account the distr i-  

bution of radiation flux across  the aperture. The cooler tubes a r e  assumed to 

be located near the edge.of the aperture where theflux i s  lowest and the hotter 

tubes near the center where the intensity is .greatest .  Steady-state operating 

conditions from stagnation through al l  others of interest were determined. 

Two basic designs were considered; one inq.which the boiler consists of a 

plane of tubes mourited in the focuse'd region and backed by a refractory 
. i 

material ,  another Ln whicl~ t l ~ e  ,tub06 a re  mnilnted on the inside of a circular  

cavity of refractory material  with an aperture a t the  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 trafisfer, as well as radiation. The coolest fluid flows down the 

tubes on the e d g ~  of the focus region and returns in the next bank of tubes. 

The final pass i s  in the central portion of the aperture plane, in the region 

o£ 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 



. . - .  

temperature, and the local wind velocity a r e  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 

corres.ponds to the distance between support towers. 

. . 

.. These calculated fluid properties at any point in the reciever, including 
. , 

velocity and Repolds number, can be used to assist  during the boiler design 

phase. Given restraints,  we achieve a design which' optimizes the availability 

fugction,- where availability = h - T, s ' 

and h = enthalpy 

T, = ambient temperature. 

s =' entropy. 
. . 

. , 

The availability is an indicator of the specific work that can be extracted from 

the "3fiRiflg fluid, at  the given'ambient temperature. The advantage of con- 

s idering availability rather than only enthalpy is that availability also accounts 
I 

for the pressure drop through the receiver system. By looking at the avail- 

ability, one can tell whether a sacrifice in enthalpy o r  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 th.e tubes in eaeh 'pass 

. varies to accommodate increasing specific volume a s  heat is  added and 

pressure drops. In the other design strategy, the size of the tubes in all 

loops i s  constant and the number of tubes i s  varied to accommodate the 

expansion. Within reasonable design limits, both design; appear to optimize 

to nearly the same performance. 
1 ' 

Just past the design point of 1400 winter solstice, a flat-plate recciver 

efficiency of about 60 percent was estimated,. with inlet ~ondftfans, at ;204U C 

(4000F), 'and 6.9 MPa (1,000 psia) and exit temperature of 4540C (850oF). 

The comparable figure for 1230 winter solstice is  about 75 percent. A wide 

range of 'operating pressures and temperatures were explored. 
. . 



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- 

niques 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 data output from the collector field program. In the 
I 

model, a 6-foot-diameter cavity was modeled by a nonagon 2 feet on a 

side, with two sides of the nonagon missing to simulate the aperture. 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 a re  shown in Figure 2 - 15. The. curves indicate 
- that a t  an output temperature of 454O 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 advanta'ge, especially for lower emissivities. 4 

t 
A complete' performance model of the cavity, similar to that of the flat plate, .I: 

was implemented on the computer using the radiation procedures developed , 
t 

in the simplified model. The model is  described in Appendix B. Shown in 
\ .  

? 
Figure 2 -16 a re  the' results of a thermal anaiysis of, 6 1 -meter -long cavity 8: 
type receiver using a once through boiler. The efficiency of the receiver 2 

and outlet temperature a re  plotted as  a function of steam flow; 

Figure 2-17 shows the results of a similar analysis for the flat-plate . 

receiver. As can be expected, the cavity receiver shows a much better 

m a x i ~ u m  efficiency (i. e. , about 73 versus 56 percent for the flat - - plate receiver at  1230, winter solstice). 

\ .  

It appears that the cavity receiver i s  capable of producing a steam outlet 

temperature ul 450" C st 2,00n kilograms per hour at  a near, maximum 

receiver efficiency at  2:30 p.m. , winter solstice. Shown in Table 2 - 3  a re  
/ 

the effects of variation of tube absorptivity (a), emissivity ( r  ), 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 

Note: F o r  consta~l t ,  s t eam flow of 1814 kg /hr  (4000 lb lh r ) .  

a = <  

-. 

0.7 

0.,7 

0.75 

0.8 . 

0..7 

0.7 

Outlet P r e s s u r e  
MPa ( P s i )  

6.9 (1.000) 

6.9 (1,000) 

6.9 (1.000) 

6.9 (1.000) 

4.8 (700) 

2. 8 (460) 

Outlet Tempera ture  
OC (OF) 

498 (928) 

499 (930) 

506 (943) 

507 (944) ' 

502, (936) 

SO'/. (944) ' 

Change i n  Enthalpy 
kg-callkg (btullb. ) 

551 (992) , 

552 i993) 

556 (I-, 000) 

557 (1.001) 

558 ' (1,004) 

563 (1,013) , 

- 

Thermal  
Efficiency 

0.66 . 

0.67 

0. 67 

0.67 

0. 68 

0.69 



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 

P = 0.9 and r = 0.7. Sandia Laboratories has reported that Harshaw Chrome 

gives a stable coating with a = 0.95 and t = 0.25 a t  300°.C. Calculations 

,were made using a = '0.95 and f = 0.25 and the results a re  compared in 

- Figure 2-18. It can be seen that the maximum receiver efficiency is raised 

from 85 percent to 90 percent by the use of the selective surface, and that 

this type of receiver can benefit somewhat from theuse of selective coatings 
-\ 

on the boiler tubes: Unfortunately, Har shaw Black Chrome &ill not with- 

stand the temperatures anticipated. Consequently, the more conservative 

values of tube absorption and emissivity were lxsed for receiver pesf0rma.nrl.c 

estilllhles. However, in view of the pnfcntial perforn~anct: il~lprovements 

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 i s  a parabolic cylinder, the reflecting surface of which is' 

composed of an a r r a y  of flexible, rectangular m i r r o r s  which can be foc'used 

into the fresnel  equivalent of a parabolic surface. The reflecting surface 

rotates about i t s  long axis. The combination of parabolic deformation and 

rotation'of the reflecting surface enables concentration of the s'olar image 

along an elevated linear receiver throughout a solar day. The generation of 

turbine-rated steam is achieved.by.overlapping of the concentrated images 

f rom a field of helkostats. 

The .heliostat described in the following paragraphs i s  the fir st iteration in a. 

design evolution to geqerate a low-cdst, mass-producible line focus heliostat. 

The general characterist ics of the design werz dictated by the following goals: 

Permi t  factory-£ inishing of complete sections with automated fabrication 

and assembly techniques 

-Maximize the a r ea  of refledting surface controlled by one drive /control 

unit 

Permi t  complete sections to be shipped on existing common ca r r i e r  

equipment, ready for field emplacement :with exi.sting construction 

equipment and techniques. 

The heliostat section that was 'designed and built during the project reflects 

tbese goals, insofar a s  experimental hardware can. F'urther evaluation of the 

design toward a mass'-producible state was notewithin project. scope. 

3.1 DESC RIFTION 

Each heliostat consists of two m i r r o r  .sections with a common elevation a im 

drive unit and local controller. Each m i r r o r  section i s  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 feet2) of reflecting area.  

Figure 3-1 shows one -half of a heliostat module. 



Figure 3-1 ONE-HALF H E L I O S T A T  MODULE 



, 
The reflecting surface i s  composed of m i r r o r  panels which slip into the sup- 

port frame. The m i r r o r s  a r e  supported along the long edges by flexible 

beams supported a t  the ends. The heliostat section fabricated during the 

project contained 70 panels. Each panel.consisted of a second-surface, . 

float glass m i r r o r ,  2.29 mill imeters (0.090 inch) 'thick, fabricated by 

standard commercial techniques. The reflecting surface i s  a silver/coppgr 

f lash protected by black organic paint and a 3. 30 -millimeters (0.13 inch) 

thick polystyrene foam backing, and - enclosed by metal frames.  

One m i r r o r  panel was sent to Sandia, /~lbuquerque to test  reflectance and 

dispersion. The tes ts  (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 me te r s )  than the 

conceptual design because the m i r r o r  manufacturer* was. tooled to -produce 

high quality float glass m i r r o r s  to a maximum width of 50.8 centimeters (20 

inches). The design of the experimental section was modified, to accommodate 

this width to avoid the cost, of retooling. The completed section contained 

51.1 meters  (550 feet2) of exposed m i r r o r  area: roughly 93 percent of the 

conceptual design a rea  of one m i r r o r  section. 

' Each m i r r o r  section i s  constructed of welded formed-steel sections. Formed- 

steel sections a r e  lighter,and l e s s  expensive than rolled sections. The 

bearings are moi.lntqd a.t 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 a t  each end. On one end i s  a pillow-block sealed 

ball bearing. The other end i s  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 i s  discussed in Section 5.0. 

::: Mechanical Mirror  Works, Inc., 661 Edgecombe Avenue, New York 10032. 
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. . 
Figure 3-2 MECIOSTAT MIRROR SUPPORT STRUCTURE 



Figure 3-3 FOCUS WEDGES AND DRIVE SYSTEM' 



The operation of the focusing sys tem (Figures  3 - 4  and 3-5) i s  described 

below. The m i r r o r s  a r e  deflected by oilite shoes attached to the m i r r o r  

deflection beams. The shoes r ide  on sloped cams.  As the cams  a r e  forced 

past  the shoes, the beams a r e  deflected downward a t  the center.  All the 

c a m s  a r e  actuated in unison'by a rectangular cam shaft which i s  driven 

by a r a ck  and pinion. The cam shaft r e tu rn  spring places the cam shaft 

in tension to r e t u rn  the m i r r o r s  to the defocus condition and to eliminate 

dr ive  sys tem backlash. 

Defocusing operation i s  achieved by use  of the defocusing clutch which 

couples the pinion shaft to the focus drive stepper motor and grlarl:~lox. 

When engaged, the clutch allows the focus drive stepper m n t n r  tn move the 

c a m  shaft and hence have d i rec t  control of the m i r r o r  deflection. The 

defocus clutch i s  engaged by the defocus torque motor operating through 

i ts  gear  t rain and ballscretv/nut drive. This pulls the defocus clutch 

l eve r ,  rr-oving the defocus clutch lower jaw, and engages the clutch. The 

defocus spring ~viI.1 pull the lever  down, separating the jaws when disen- 

gaged. Applying power to the torque motor will wind up the ballscrew/nut 

against  the defocus spring,  thereby engaging the clutch. The torque 

motor  can operate in continuous stal l  and will maintain the engagement of 

the clutch. When the power i s  removed, the defocus spring will pull the 

ballnut down on the ballscrew, lowering the clutch lever ,  and cause the 

torque motor drive to unwind. The clutch jaws separate,  and the cam 

shaft re turn  s?ring will re turn  the m i r r o r s  to the defocus condition. A 

fai l - to-safe condition is  Llereby obtained, where loss  of control signal 

o r  power will automatically defocus the h e l i ~ s t a t .  

The hIIT ICES computerized s t ructura l  analysis  was used t~ c o n f i g l ~ r ~  the 

f r a m e  s 'no~m in Figure 3 -2 .  The analysis  was based on a load equal to the 

weizht of s t ructure ,  m i r r o r s  and m i r r o r  supports for one heliostat section. 

Ls addition, a :xind load of 24.4 kg/m-2 ( 5  lblft2):;: perpendicular to the m i r r o r  

surface  was included. Following i s  a summary of the resul ts  of the analysis:  

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

::: 99. 9-percentile w i d  velocity with a gust factor of 1.4 (18. 7 m e t e r s  per 
' 

second, 36.6 knots) (1) .  





Figure 3-5 EXPERIMENTAL MODEL HELIOSTAT FOCUSING 
MECHANISM DETAILS 



Helio stat Horizontal 

Deflection a t  center of the span due to weight only: 1.04 centimeters 

(0.41 inch). 

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/crn2 (17.8 kips/in2). 

Maximum s t ress  a t  center of the span: 562 kg/cm2 (8.0 kips/in2). 

Heliostat Vertical 

Rotational deflection due to uniform distributed torque: 114 m-kg 

(825 ft-lbf) along the full length of the heliostat: 0.002 radian (0. 113 

degree). 

Deflection a t  center of the span due to weight only: 0.41 centimeter 

(0.16 inch). 

Deflection at  center of the span due to weight and wind load: 0.84 - 

centimeter (0.33 inch). 

Maximum s t ress  a t  stub shaft support: 893 kg/cm2 (12.7 kips/in2). 

e Maximum s t ress  a t  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 r ig  which simulated a l-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 a s  predicted. Section 3.3 contains a description of the jury r ig  

tests. 

Fabrication of one heliostat section (17.92 meters by 3.05 meters)  was 

completed. Figures 3 -6 through 3 -1 0 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: 

Measure reflected image intensity at  ranges of 70, 110, and 150 meters. 

Test control logic for aiming and focusing. 

e Verify emergency defocus and stowing logic. 

m Evaluate heliostat and control system response to wind loading. 



Figure 3-6 COMPLETED HELIOSTAT SECTION 



Figure 3-8 HELIOSTAT FOCUS DRIVE MEGHANISM 

Figure 3-9 COMPLETED HELIOSTAT SECTION READY FOR TRANSPORT 

63 



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 heliostatls 

basic triangular atructuro a-nd width to zkcoo~-odette b u r  mirror panelr~1. - 
This eetup allowed for an experimental determination of function and 

frictional forces in the mirrbr focusing mechaninn and a preliminary 

observation of mirror imaging. 

The model heliostat was maunted nn a support f~arno  fs illow fop alavatiarr 

aiming. It aleo had a complete focus drive assembly and mirror focurring 

mechanism (eee Figure 3-12). Figure 3-13 ehows the con1;rol 8~hemaOl~ 
used for focus control, The telephone dial simulated pulse commands 

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

The deiocusing mechaiism wa. tested. The clutch as mapplied from manu- 

facturer's stock had rough cast iron jaws with square, castellated faces. 



Figure 3-11 EXPERIMENTAL MODEL HELIOSTAT 

Figure 3-12 EXPERIMENTAL MODEL HELIOSTAT SHOWING 
FOCUSING MECHANISM 



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, a s  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. 

Figure 3-13 FOCUS JURY RIG TEST CONTROL 



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 - I!:"- . 

4 - 
admission .and discharge of air into the cylinder. The returning cam shaft . g) ' 

8 - ' 2,- 
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Set outside the ESD facilities, thk! m6del was then used for mirror image ' ' ~ ) d t , l ~ ~ ~ J u '  ?- 
;, 3 d  1 E! 

tests (see Figure 3-14). The image of the sun was reflected onto the bullding:: I - I;,!t ,L- 
e7  h - 

wall. A target w a s  placed in the vicinity of the image to provide height .:.' . !F!~.' :.;';'''? 
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 dimenrions 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, a t  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 3-1 5 that each mirror image appears 

to have two ltkiotfl spulo. Tlzsse '%otft opotsr are caused by local mirror con- 

cavities which occurred during the mirror  manufacturing procers. In Figure 

3-16 there appears to be an Image splay on the upper f210t1f spot of mirror 

number 1. This mirror was cracked but was still used far 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 suc'censfully 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 3-15 EXPERIMENTAL MODEL HELIOSTAT MIRROR IMAGE (DEFOCUSED) 

Figure 3-16 EXPERIMENTAL MODEL HELIOSTAT MIRROR IMAGE (FOCUSED) 



on the field experiment mode1 (Figures 3-7 through 3-10) was complete 

wit@-&.he lexception of wiring and programming of the local controller 

(Section 5.2). However, functional tests were performed with the com- 

pleted field experimentrmodel in the ESD shop to checkout and debug the 

heliostat prior to transport to the t e ~ t  site. The following functional 

tests were performed: 

3.3.2.1 Focus Drive Mechanism 

h mirror panels were installed h the heliostat (Figure 3-1 7). The focus 

drive control (Figure 3-13) was connected to the focus drive and the 

mirrar  surface was focused. Initial tests revealed that the mirror 

return springs called for in the design failed to produce a concave curva- 

hare in the mirrors in the full  defocue pasition. The heliostat design 

speeiffcatione calf for a minimum deflection of 1.6mm ( 1 / 16 -inch) in A111 

dcfocur t&84ht~flr The o r i g i d  sp%k.lge (4.11 kg /cm (23 lblin) compres - 
sion constant) were replaced with etronger springs (24.11 kg/cm (135 lb/ 

in) compression constant), Teats verified that the stronger springs pro- 

duced the required defocus deflection. 

Measurements of mirror deflection in focus mode 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). 

Foeus deflection measurements were made at 10-foot intervals along the 

mirror centerline after inatallation of the new mirror return springs. 

The measurements verified that maximum deflection requirements 

(Section 2.3.3) were achieved, 

3.3.2,2 Emergency Dufocus 

The heliostat was focused to maximum centerline deflection, and power , 

to the focus drive was then interrupted aud the time required by the 

mirror surface to returrt to defocused position was measured. An 

avemge 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), 



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 0.848 mradlsec (1 0 deglhr) in tracking mode and 26.2 mradlsec 

(0.25 rpm) in stowing mode. 

" h f  5q 
, <m r 



The helfoatat was positioned to fully de stowed criteria (mirror  s 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 11 8 seconds, wiWin 2 seconds of design specification. 

The heliostat was then positioned to a vertical orientation with the 

stow motor, and the stepper motor was then run through 20 steps while 

rotation ttme was recorded. The average time from several runs was 

2.7 seconds (7.4 steps/second), which is within the design specification 

(0.159 revl rad  x 4.8 x 10 -5rad/sec x 200 motor steps / r ev  x 5000:l 

gear ratio = 7.6 stepslsec), allowing for the fact that a 4900:l ratio 

gearbox wae used in the elevation drive. 

3.3.2.4 Measuy~ment, af Tmage Size 

The field experiment helioatat was used to obtain focused image eize. The 

heliostat and 6 of the target panels built for the field experiment were set  up 

behind the ESD facility as shown in Figures 3-1 8 through 3-20. The test  

a r e a  shown in Figure 3-18 was b e  only relatively flat, unobstructed a rea  

within proximity of the ESD facility (latitude 37 '22 ' , longitude 122 O), where 

a mirror-to-target range of 61 meters  (200 feet) could be obtained a t  a 

favorable orientation to the sun. The area  in the background is a tes t  track 

for armored vehicles, and was unsuitable a s  a test  area. The view in Figure 

3-1 8 is in an easterly direction. The normal to the centerline of the h e l i o ~ t r t  

was 35 degrees west of true South. 

Note that the distance from the centerline of the heliostat to the end of the top 

cornei? of the fence in the foreground of Figure 3-18 is 203 feet. An additional 

target panel was moved to this a rea  after tbrs phatagraph war taken. 

The heliostat contained 28 mi r ro r  panels (2 mi r ro r  panels per row), located 

in Rows 2 through 15, counting from the end at which the focur drive 

mech9nfel11 ie located. Row 1 was not used r o  that operation of the focus 

drive could be observed. Rows 16 through 35 were not ueed becaure the 

geometry of the test  a rea  prevented setup of more than 6 target panels. 

The geometry was euch that 14 mi r ro r  rows and 6 target panels provided a 

time slot of about 20 minutes when the full image was on the target. 



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, a t  an elevation of about 0.66 rad (38 degrees) from 

horizontal at 1430 PST (1415 solar time) a t  37' latitude on vernal equinox 
f 

(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 arr ives  a t  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 a i d  the 

manual operation console had not been completed. 
0 

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 mi r ro r  section (unfacueed) was elevated- from a fully stowed position 

(mirrors  down and on the horizontal) to a vertical orientation, so that the 

image wa% r e f l s c t d  on the ground irrur?~di.ateily irr front of the heliostat. 

When the position of the sun was correct, the mir ror  section was elevated 
until the top edge of the image was slightlybelow-the top edge of the target. .. 
The mir ror  section was then focused until a @nfmurn width image (deter- 

mined by visual observation) was obtained-. 

Figure 3-21 shows the images obtained in the first test. The picture a t  the , 

top of Figure 3-21 shows the focused image, whoich 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 i s  almost perpendicular . 

to the vertical projection of the target plane, so the image is seen almost 
> 



Defocused Image (14 10 P ST) 

Figure 3-21 IMAGE SIZE TEST ON 12 MARCH 1979 



undistorted by perspective. The peaks and gapa 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 ih 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 pazt of 

the image being projected on the far wdll 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 cwn adjustments were completed prior to the second te%t, 

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 c1n1 (7  inches) apart). 

The image shown in Figure 3-22 is 7.35 meters (24.1 feet) in length, which 

irq 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. 



Focused linage at 1355 PST 

Focused .,Image at 1357 PST 

Figure 3-22 IMAGE SIZE TEST ON 13 MARCH 1979 
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h a g e  widths at several points along the image were determined by (1) scandng 

the image with a hand-held light meter along a vertical referen 

marking the points where the light meter reading was equal to the reading for 

background illumination, and (3) measuring the distance between the mark. 

The average of five 
5) P"F: 
&I$& ',; , I,\ 

The image in Figure 3-22 has fewer peaks and gaps than the irnag 

the March 12 test, and the average width is l e s s  than that obtaine 

12 test. However, the width is larger than the target width of 0.6 

feet) which should be obtained from a properly aligned heliostat 

61 meters (200 feet), to ensure that correct  focus width is achieved at ranges i:; -,- - 
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, i t  was decided to attempt alignment 

adjustments while the heliostat was focused on the target. Several problems ,L. - Ek- -$# L- 
<- , ++". ' ' ' 7  

were encountered during, this alignment work. Most significantly, it was rb. 2$4-: 
Jy'.: - I 

discovered that several mir ror  panels were distorted to a wavy appearance w, 
because of a tight fit in the mir ror  support structure. These panels were & 

., r:L 

replaced, but the problem persisted, apparently because the majority of thq?c 
?+'; 

mirror  panels were slightly oversize in width. Alleviation of this problem #A 
requires replacement of the metal frames which protect the edges cf the mi r -  

ro r  panels with thinner frames. 
' ,  

The design chosen for alignment of the mir ror  deflection beams proved to be a 

problem because four mi r ro r s  a r e  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, aad adjusting 

the height of the beam. Dynamic-alignment p~oved  to be difficult because of 

the near-vertical orientation of'the mir ror  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 
#/F- 

and focused images obtained a t  the start  of the test. The top picture shows 3 . 4 s  :!,J;$ 
' -. .I-, . 

4 - 
A , ,  

:-, - bi 
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the unfocused image. Note that the image from m.irror Row 3 crosses that 
I 

of ROW 4, and the images from Rows 5 and 6 and Rows 12 and 13 overlap, 
' * 

producing gaps and peaks. b! u, O. ! +  . - 
Ir.* A =!: $, - ,- 

S! 
+- 

.. 7 -  - -----C - 

The bottom picture shows the focused image. Note that the top edge of the -. 

image is from the lower half of the mi r ro r  section, which means that theik ' ' ,+! 

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 mi r ro r s  could 

be seen when the mi r ro r s  were flexed by hand. 

Comparison of the focused image in Figure 3-23 with that in Figure 3-22 

shows more uniform alignmentof the mir rors ,  and a more concentrated 

image. The peak in the upper right part of Dhe image (between fifth and sixth . 
tape strips from right edge of image) ia due to misalignment of Row 5. The 

measured length of the foqused 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. 

o Paints at the edge of 'image (light meter registered background 

brighhe s s ) 

e Points where brightness was approximately 10 percent of maximum 

brightness reading. 

These measured pointe 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 (&foot) width. Additionally, the width of the 

image within the * 10 percent brightness contour varies 'from 9.76 meter (2.3 

feet) to 1.13 meters  (3.7 feet), with an average width of 0.91 meters  (3.0 

feet). 
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Figure 3-25 MAP OF FOCUSED IMAGE DURING MARCH 2-0 TEST 
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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 ( 0 )  = 0.46 12.15 = 0.21 meter (0.7 foot). 

Half -width of 0.6 1 rneter (2 feet) = 2.86 a 

The normal distribution curve between - + 2.86 a contains 99.6 percent of 

the total area under lhe curve. 

TO achieve target focusing at a range of 125 metere (410 feet), the helio- 

g t a t  image must be about 0.61 meter (2 feet) at 61 meter range (200 feet). 

Zmage b l f  -width of 0.305 meter (1 foot) = 1.43 o 

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 &bout 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 & 1.22 -meter aperture at a noon equinox design point (Figure 6 -1 0). 

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 w a s  com- 

pleted because it was concluded that the procedure used for alignment was 

inadequate to assure accuracy, What i s  required i~ an aligllrrlenk fixture which 

bcorpprates a fixed light source such a s  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. 



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 a t  an elevation of 61 meters (200 feet) 

by a steel, lattice tower at each end. The towers a r e  similar in design to 

those used by utilities for transmission lines. 

The receiver aperture plane i s  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, a s  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 a t  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 a re  two alternate concepts for the steam 

generator. One alternative i s  a once-through-to-superheat concept using a 

horizontal a r ray  of tubes distributed about the inner circumfer=nce 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 

malytically established. The once -through concept has been selected as the 

baseline concept on the basis of lower capital cost and lower reflection and 
+ 

r e  -radiation 10s ses. Final selection of a concept will require more detailed 

evaluation, analytically ' and experimentally . 



Figure 4-1 ONCE-THRCUGH RECEIVER CONCEPT 
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Figure 4-2 NATURAL CONVECTION RECEIVER CONCEPT 



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 eection of overall length 1 ~ .  The receiver cavity is a cylindrical 

segment of diameter DC. Incident rolar flux is admitted through an aperture 

of width WA. The boiler and superheat tubes are  eyrnmetrically distributed 

about the circumference of the cavity in parallel with the long axie of the 

cavity in L number of groups (called loopr). The plane of eymmetry is orthog- 

onal to the aperture plane and is inclined at an angle T with the hariaontal 

plane through the heliostat field. Each loop j contains N j tubes. All tubes 

in a loop have identical properties. As shown in Figure 4-3, each loop is 

evenly didded into an upper and a lower half-loop. The midpoints of the 

circumferential arcs (Ac. ) subtended by the half-loops are displaced from 
J 

the symmetry plane by - + 0 j* The following equations define the layout of loops 

about the cavity: 
L 

s = E - sin-l (W,/D~)] / Z D , ~  N~ (la) 
k=l 

and O j  = (C. 11 + 0 . 5 A ~ ~ ) / 0 . 5 ~ ~  ( I d  

where S Ss a apacirlg factor, C imr an arc length referenced to the symmetry 

plane and positive for clockwise displacement. 



Figure 4-3 GEOMETRY OF TUBE DISTRIBUTION IN RECEIVER CAVITY 
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The spacing factor defined by Equation la yields a circu&ferential' pitch of 

SDOj in Loop j, and spacing of 0.5s (Doj + doj + 1 ) between loops, a s  shown 

in Figure 4'-4. The equivalent l inear spacings a r e  nearly equal to the c i r -  

cumferential spacings shown in Figure 4-5, because the cavity diameter i s  
. .. 

l a rge  in comparison with the tube diameters. 

Figure 4-4 SPACING BETWEEN TUBES AND LOOPS 

J 

Figure 4-5 shows the path of fluid flow in a receiver section. Feedwater, a 

enters  each half of Loop 1; superheated steam exits from Loop L. Flow i s  

concurrent in the tubes within a loop and countercurrent in adjacent 1 0 6 ~ s .  

The tlow pattern i s  arranged so  that heating of feedwater to saturation i s  

zccomplished in the outer loops by the low-energy portion of the incident 
L- 

solar  flux distribution within the cavity. Saturation boiling occurs in the 

middle loops. The majority of superheating occurs in  Loop L, which 

intercepts the peak flux intensity. 

' I I 7 
,. 
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0 

TUBE IN LOOP j+l  

I 

Figure 4-6 shows a plan view of the receiver configuration developed from 

parametr ic  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 F L U I D  WITHIN RECEIVER SECTION , 

Figure 4-6 ONCE-THROUGH CONCEPT, RECEIVER CROSS SECTION 
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LOOP TUBING I.D. NUMBER OF TUBES 
WEER (INCHES) IN BOTH sEcrxoas 

1 (1) 0.5 30 

1 0.5 30 
3 ' 0.5 30 
4 .0.5 30 
5 0.5 30 
6 0.9 16 

7 0.9 20 
8 (2)(3) 0.9 30 
(1) FEEOUATER (2) SUPERHEATER 
(3) STAINLESS STEEL; OTHERS MILD STEEL 

. . 
* 



Table 4-1 CHARACTERISTICS OF ONCE-THROUGH RECEIVER 
TUBE LOOPS 

! T ~ t e  inside / d i a n e t e r ,  
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i (Feed)  
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Pos i t i on  ( s e e  S' igcre 3 - 2  
i n  Appendix B) 
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Miid . . 

s  teei  

4.1.2 Performance 

The circurnfer entially distributed once -through concept was subjected to a 

s e r i e s  of iterative performance analyses using the covllputer model de'scribed 

in  Appendix B. The purpose of the analyoes w a s  to establish a 'feasible con- 

figuration of tubes and loops for operation at a 2:OO p.m. winter solstice 

design point in a 10 MWe plant configuration (see Appendix D). The follvwing 

parameters  were fixed for all analyses: 

61 mete r  (200 foot) tube length 

e Mild steel h b e s  for  preheat and boiling loops, stainless steel tubes for 

superheat loop 

Feedwater in a t  2 1 6 ' ~  (421' F)  

e Steam out a t  538O c (1,000 OF) 

4 Tube absorptivity 0.9, emissivity = 0. 7 

Incident flux distribution from an optimized flat North collecter field. 

30 

5 

1.96 (6.43) 2. 0 1 (1  15. 1) 

1. 20 (69.0) 

- 
Mild 
s tee1 

1. 27 (0.5) .Mi LC; 
s tccl 

I 

30 1. 22 (4.00) 
! 

I 1 
i 



A six-loop configuration using 10 each 2.54 centimeter (1 -inch) diameter 

tubes per loop was chosen as  a starting point for .the iterative analysis. The 

output of one iteration was used to modify the diameter and number of tubes 

per loop for the next iteration until a feasible configuration (rated steam a t  

required flow rate) was found. 

The analysis was repeated with eight - and ten-loop configurations. The 

eight-lo6p configuration described in the'preceding section was chosen as the 

best balance between absorbed energy efficiency and total weight of tubing. 

Further studies to optimize performance on the basis of system economics 

and rnose.'detailed 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 a re  defined as  

- 
Change in available energy of working fluid (M A A )  
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 
f . ,  

Ta = Ambient temperature 

S = Entropy 

Available energy i s  used in the efficiency computation to account for pressure 

losses a s  well a s  changes in sensible and latent heat content of the working 

fluid. 
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The performance data sunimarized in Figures 4-7 through 4-1 0 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 r ece ive r  configuration to a 

different design day. Appendix D contains these computations. 

4.2 NATURAL CONVECTION CONCEPT 

4.2.1 Description 

The natural convection boiler consists of a double screen of vertical boiler 

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

A receiver 61 meters ( Z O O  ieet) \long contains approximately 1.600 bo&ler h ~ h e s  

of 9. )-millimeter (318linch) outside diameter. The outer row of a b e s  gennr- - - 

ates and delivers saturated steam' to the separation drum which feeds the 

second row of superheater 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.' 

Figure 4-11 NATURAL CONVECTION RECEIVER CONCEPT 
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/ 
The gravity-feed natural convection boiler i s  ,equipped' with a double' ladder, o r '  "' 

double screen, of heat -absorbing boiler tubes, and appropriate shell insulation 

(see Figure 4-12). The receiver absorptivity i s  enhanced and the radiant losses , 

a r e  minimized by the screening effect of the two rows of closely spaced boiler 

tubes. The tube bundle also'acts a s  a will to reduce convective losses from 

wind blowing into the cavity. The downward tilt of the cavity traps lighter' hot , 

ai r  in the upper portion, minimizing natural circulation in the cavity. The 

cooler boiler tubes a re  on the outboard side and the warmer superheater tubes 

a r e  in the'inside. Radiant heat losses from the superheater tube's a re  partially 

recovered by the outer tube row. The eyelids a re  used to gather light 'not 

focused into the boiler aperture and to close the aperture a t  night. 

I 

I 

1. STEAM OUTLET LINE 8. BOILER l!PPER HEADER 
2. SUPERHEAT PLENUM ' ' 9. BOILER TUBES 
3. SUPERHEATER OUTLET 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. BOILER LOWER HEADER . 

Figure 4-12 PIPING SCHEMATIC FOR NATURAL CONVECTION 
RECEIVER ZONCEPT 



A heat balance model of the natural convection boiler was developed with , 

incident f lux at  the receiver  aperture (qi )  a s  the independent variable. The, 

case of zero steam flow (dry tubes) was first  examined to determine the 

average temperature obtainable a t  var'ious locations in the receiver cavity. 

The results a re  plotted 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 (1 0,000' ~ t u l h r  -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 a t  boiler 

operating temperatures of 282OC to 510°C (.540°F to 950°F). 

~ i ~ u r e . 4 - 1 3  RECEIVER CAVITY EQUILIBRIUM TEMPERATURE DISTRIBUTION 
A S  A FUNCTION OF INCIDENT HEAT F L U X  
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The model was used to examine 'conditions .at zero steam flow and a threshold 

incident flux of 6.6 kw/m2 (2,000 Btu/hr. ft.2 ). The resul ts  a r e  therefore 

a t  a f lw ' leve l  below operating conditions, but are.indicative of the effect of 

applying a load on the receiver that is just sufficient to begin boiler warmup 

a t  the s tar t  of a day. The following equilibrium temperatures werk estimated: 

t l s t  (boiler) = 283OC (541° I?) 

t 2nd Row (superheater) = 328 O C  (622' 

Cavity 

Note that the mean temperature of the superheater row i s  near the threshold 

required to begin production of steam for thermal storage. 

Analysis of windlosses  was also performed. Figures 4-14 and4-15 show 

the resul ts  of the analysis. For  example, a convection loss  of 4 percent is 

estimated a t  an  insolation of 32.9 kilowatts per square meter  (10,000 

Btu/hr-ft2) and a 4 meter  per second (13 f t / 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 f t lsec).  

The model was used to examine the performance of the receiver using a fixed 

tube pitch of 3:l. Incident flux and wind velocity were parameters. Model 

,outputs a r e  shown in Figures 4-16 and 4-1 7. At an incident flux of 26.9 

kw/m 2 ,  corresponding to 1400 winter solstice, estimated receiver efficiency 

is 0.72 a t  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 a r e  illustrated in Figure 4-1 8 for  

an 8.9 meter  per second (20 mile per hour) wind. Useful steam i s  obtained a t  

a threshold of 7.9 kilowatts pcr square meter (2.. 500 Btu/hr -ft2 ) flux a t  the 

receiver aperture (qi ) .  At 26.9 kilowatts per square meter  (8,500 ~ t u l h r - f t Z )  

rated steam a t  510° C (950° F) i s  available for operation of the turbine. 



Figure 4-14 WIND LOS'SES FROM' RECEIVER AND CONVECTION COEFFICIENT 
V E R S U S W I N D S P E E D  

Figure 4-15 TEMPERATURE DIFFERENCES ACROSS BOCNDARY LAYER FILM 
FOR CALCULATION O F  RECEIVERWIND LOSSES 
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~ i g u r e  . .  4-18 THERMAL LOSSES IN NATURAL CONVECTION RECEIVER 
t . .  (20 MPH WIND SPEED) 

: 4. '3 COMPARATIVE ASSESSMENT 

B O U  receiver concepts involve benefits and potentiallimitations which must 
, . 
be, explored through further analytical and' experimental evaluation before a , 

'final choice of conceit . \ can be made. The major ,benefits and limitations are 

:presented in this section. 
, . I 



. . 

4, 3. 1 Performance 

Analysis work to date has established that both concepts a re  feasible for . 

production 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 wirld is a potential prullem for both concepts 

because the receiver i s  an open cavity. Figurc 4-14 in Section 4 . 2 .  Z shows 

estimated convection loss for the natural convection concept a s  a function of 

wind velocity. Applying the wind conditions specified fo r  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 i s  a function of the orientation of the " 
wind vector with respect to the aperture plane. Both concepts a re  probably 

mo s t  vulne rable to a no rrnally incident wind, but the relative vulne rability 

has not been explored. Further analysis of the effect of wind i s  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 a r e  

exposed to all orientations of wind, 

4 . 3 . 2  Cost - 
It i s  estimated that the cost of the once -through concept will be lower than that 

of the natural convection concept, Secansc of sirnplcr deaigil alrd l c  o e 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 

once-through concept is  estimated to be 13 percent less  than for the natural 
----__. 

c'onvection concept. .This difference i s  one of the principal reasons that the, 

once-through concept is  the initial selection for the 100 MWe plant. 
- 



4. 3 . 3 .  State of the Art  
. :  .. . , . .  

The natural convection concept is based on standard and well-proven 

design practice. Similar designs have been in &ommercial usti for "more . . 

than 30 years ,  and there is extensive evidence in. the l i terature - to verify 

the thermal performance and stability from all  types of process heat 
. . 

input. - '  

The once-through c 0 n c e p t . i ~  not a s  well proven in  commercial operation, 
. .  , 

but is state-of -the -a r t  technology. Indeed, the selection of a once -through 
. . , .  .~ . 

point focus receiver for the 10-MWe Bar stow pilot plant demonstrates th i s  

point because one of the requirements of plant design was the use of s d t e  - 
. . 

of -the -a r t  technology. 
. _ .  . 

. . 
One reason that once -through designs a r e  .less 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 ra tes  comparable 

to those of the once -through concept. in which incident flux intensities . . . , 

reach .98 to 164 kilowatts per square me te r '  (30,000 to 50,000 Btu/hr - .  

2 . . 

ft  ) (2). . Because the maximum incident flux f rom a noon equinox field i s  
' ' 

. . 
about 43 kilowatts per squa=e meter  (13,100 Btu/hr-ftZ),  tube burnout. 

should not pose a problem. 





. . 

~ & a u s e  the s o l a r  electric plant concept uses sunlight collected by the helio- 

stat 'fields to supply energy to the receiver boilers, the. sun/heliostat/receiver 

relationship i s  the key to the control of plant output. Additional environmental. 

factors -- '  wind; clouds, etc. , -- also influence performance. Despite the 

complex parametric interrelationships, the primary controllable factors of 

plant output a r e  m i r r o r  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. Table 5 - 1 illustrates .the genera1,operating modes. 

As can be noted, al l  the data i s  channeled to and a l l  commands a r e  generated 

from the central computer. . A  steam output requested by the power plant 

computer i s  translated to heliostat commands by the central computer. 

Command actions a r e  verified by monitoring receiver boiler performance 

and off-axis seqsors. Sun angle and local environmental 

conditions a r e  monitored to make corrections. 

The components of the control system are ' t rea ted  in subsequent paragraphs. 

',, . 5.1.1 Central Computer 

As can be seen from Figure 5-2, the central computer is  the key processing 

element in the entire control system. Responding 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-axis sensors.  The 

central corrlputer~ also atores significant 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  sunr i se ,  the hel ios ta ts  a r e  destowed ( s e e  Table  5-2) and brought in to  
t racking posit ion and focused. The r e c e i v e r  eyelids a r e  then opened, and feed-  
water  l eve l s  and r a t e s  a r e  .brought in to  compliance. 

START -OF - DAY 
CALlBRATION 

As soon a s  pract icable  dur ing e a r l n l i g h t ,  each  hel ios ta t  i n  tu rn  is operated in the 
nutating mode ( s e e  Table  5-2). Through off-axis s e n s o r  feedback, co r rec t ions  to 
the hel ios ta t  elevation and focus t racking s y s t e m s  a r e  made  and verified. S e f o r e  
and a f t e r  calibration, .  the hel ios ta ts  a r e  opera ted  i n  the r u n  mode. 

RUN 

RE - 
CALIBRATION 

EMERGENCY 

RESTART 

-- -- -~ ~-pp- 

The cen t ra l  computer sends  continuous updating information on ele.vation angle 
and focus.  This  data i s  bascd on the day ' s  ephenler is  data  atored in mernory and 
cor rec ted  fo r  so la r  abe r ra t ion  by pyrhelionletcr data; During per iods  of cloud 
obscuration,  the most.  recently co r rec ted  e p h c ~ n e r i s  data  will bc used. The  
power plant computer will requcs! a s t e a m  demand which will be t ransla ted to . 
heliostat  operation by the cen t ra l  conlputer.  I n c r e a s e  o r  d e c r e a s e  in ene rgy  
required for a l l  o r  portions of the boiler will be m e t  by adjusting the focus of 
appropr ia te  neliostats.  F o r  m i r r o r  images  wandering outside thc a p e r t u r e  
boundaries,  a s  determined by the off-axis s e n s o r s ,  a t t empts  will be made  to br ing 
them into compliancc. F a i l u r e  of these  co r rec t ive  attertipts will init iate 'an 
emergency defocus and stowing action of the milfunc'tioning heliostat .  

r 

If a trend toward a heliostat  malfunction i s  detected by the cen t ra l  computer ,  a 
recal ibra t ion of any heliostat  can be commanded using the s a m e  p rocedure  a s  
the s t a r t -o f -day  calibration mode. 

In the event of sudden s t o r m  conditions' o r  plant malfunction, a l l  o r  any portion 
of the heliostat  fields can be  commanded by the cen t ra l  computer  to go into 
a defocus and stow mode. The eyelids on the. r ece ive r  would a l s o  close. 
The centra l  computer ,  however,  would continue to opera te  - updating i t s  
ephemer i s  data S O  that a r e s t a r t .  would be possible. 

In the event that plant operation has  been in terrupted by a n  emergency  m o d e ,  
command,  operation can bc res t a r t ed  by following the s a m e  procedure  a s  

. . 
s t a r tup  and. s t a r t -o f -day  cal ibra t ion modes., 

Ae rhc end of tllc opct=ating day, the  hel ios ta t  f ields will be gradually defocused 
. 

and stowed in a defined p rogram a s  the collected s o l a r  ene rgy  l o s c s  i t s  
clficacy. The eyelids ovcr  tho uninlaged portion of the r ece ive r  will  be closed 
to re ta in  residua1,epergy; this a l s o  min imizes  louses  during the night. 

MAINTENANCE 

- 

After shutdown o r  during operation,  routine o r  emcrgcncy  maintenance 
will bc pcrforrned. Scrvicc  pcrsonncl  will have d i rec t  manual control  over  
the stow dr ive  of any hcliostat  a t  i t s  loca l  control ler  cabinet .  F ie ld  con- 
t ro l l e r  and.ccntra1 cornputcr commands will be disabled during this mode. 



Figure '5-2 DATA MULTIPLEXING CONFIGURATION 

The computing task required of the central cornp~tnr  i,s not very oomplCx. 

s h a r  ephemeris data stored in the memory i s  translated to heliostst 'elevation 

angles and focus through simple geometric relationships. The data updating 

time requirements a re  not severe. It would also be necessary for the 

computer to operate in a real  -time mode. 



The r'equirements thus outlined can be easily satisfied by a minicomputer 

such a s  a Digital Equipment Corporation PDP-11. A typical configuration 

would include a real-time operating system, dual disk drives, inputs and 

outputs, and support for video terminals for operator interface. 

It would a t  f i rs t  appear that the data input/output requirements would be 

prohibitive 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 

position data. J 

Field devices can be grouped together according to data handling, For 

example, considering the geometry of the heliostat field, each east-west 

heliostat row has the same elevation angle and focus requirement. 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 heliostat con- 

trollkr in a daisy-chaifi fashion. Control of incident energy at  the receivers : 

i s  accomplished by defocusing groups of mirrors .  Receiver monitoring and 

cont)ol can be similarly treated. . - There are,  however, occasions when local' 

conditions will necessitate a correction for an individual field device. P r o - '  

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

Transmitting absolute position data results in a restrictively large data 

.rate:: -- even with device grouping. . However, considering that the only r e  - .  

quir:ement is  for the incremental position reference to which a local control-: 
+.- ,.,.,, 

l e r  c%ii *&.pond, the data volume (and hence rate)  i s  substantially reduced. 

Heliostat elevation and focus co r~ l~~ lands  a r c  cseily adjustable to incremental 

position commands. 

The data handling methodologies described above suggest a multiplexing con- 

figuratinn, such a s  that shown in Figure 5 -2. Section 6.0 contains a typical 

configuration for a 100 MWe plant sizing. A more detailed analysis beyond 

the scope of this project, is required ti determine the exact sizing of 

components. 



.As illustrated in Figure 5-2, field device commands will be sent from the 

central"computer input/outppt port to a transmitter and thence to a field 

controller via a twisted shielded pair. The field controller, in turn, sends 

the command through a parallel daisy-chain line operating through the local 

controller s. - A serial  data line can address local controllers individually 

for specific corrective data or for monitoring individual performance. This 

latter mode can present 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 cycles. 

5.1.2 Field Controllers 

Interposed between the central computer and the lbcal cnn.trollers, the field 

controller serves a s  the signal conditioning link. na ta from the tranelrll tter 

(see Figure 5-2) is-converted to a parallel data line (the daisy chain) and a 

ser ial  data line. 

The equipment itself would be mounted in the field in an enclosure at  a 

position to minimize line runs. Lines running to and from the controller 

would use direct burial, twisted shielded pairs. Several commercial systems 

a r e  available which can be used (such a s  that made by Larse Corporation), 

and no severe requirements a re  anticipated which would preclllde their uac. 

5.1. 3 .  Heliostat Local Controller 

The control w i l l  take' reference and command signals from the heliostat field 

controllers and translate them into motor commands for the elevation dpive 

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 1nca.l 

cuntrofleP will then drive the motors to cause a zero difference between the 

reference and encoder 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 tranimit  solar azimuth and elevation 

angular data to the central computer. These data will be used t'o correct 

the ephemeris angular data in the computer memory for local atmospheric 



conditions. During periods of cloud obscuration, the most recent corrected 

ephemeris data will be used until the solar image i s  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 t o  the central computer. ,Wind velocity, 

direction, and temperature cause deflections in mir ror  structures. Data on 

these parameters 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. 

5.1.6 Off -Axis Sensor ' 

Sensors a re  required above and below the receiver aperhtre to detect when the 

solar image from one or more mir rors  i s  within the opening, A scanning 

videlo-type sensor system can be employed to exactly, identify. the mir ror  ( s  ) 

which have an off-axis image. The time of day an imags i s  noted by a sensor 

can determine the mir ror ' s  azimuth with relation to the sensor (through the 

sun's azimuth a t  that time). The raster  line a t  occurrence gives a determina- 

tion of the exact mir ror  1oc.ation. By spacing the sensors a t  regular intervals' 

along the ,receiver, failure of any one sensor 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 

ALARhf 
MONITORING 

CALIBRATION 
. 

The  central computer .scans an.alarm status output o f  each o f f -ax i s  sensor. 
The  sensor 's  control analyzes intensitylposition data to  determine the presence 
o f  an o f f -ax i s  image. Upon such determination, it puts a bit on the a larm output. 
The  central computer detects this bit, addresses the sensor, and,interrogates 
the sensor control as  to the position o f  the alarm.: With this information, the 
central computer can determine which m i r ror  has malfutlctloned arid command 
appropriate action. 

The  central.computer enables the off-a>ds sensors to.view.th'e image o f  a 
patticular m i r ror  operating i n  the nutating mode. Intensity and position data 
i s  sent f r o m  these o f f -ax is  sensors to the central computer. 



Several  concepts for off-.axis sensor configurations were evolved.. The most  

promising concept consists of an electro-optic detection device (camera), ,  a 

hard-wired analog signal conditioner with digital conversion, a data proces- 

B O r  for evaluation correlation, and two-way communication with the mas te r  

control computer. A sensor i s  mounted on each receiver 'section to view 

the portion of the heliostat field illuminating that receiver segment. For  an 

~ a s t / W e s t  field axis, the camera sweeps a t  an  angle, $, relative to the 

rece iver  normal, where - 1 
'$ = tan (sin(so1ar azimuth angle) / (tan(so1ar elevation angle)) 

Each sensor sweeps the field under program control, A n  improperly aimed 

o r  focused heliostat is detected a t  the sensor aperture a s  a specular flash at 
it8 image positi.nn., The control n - y s t o d  identifies t11t 1 . o ~  pusltlon and 

addresses  the e r r an t  heliostat on a priority basis  to correct  the alignment o r  

disable (defocus and stow) the heliostat. 

Focal  line intensity profiles a t  representative positions along the heliostat 

lengths can be obtained by a program which directs  each heliostat to sweep 

a c r o s s  the sensor aperture. The analog signals from the sensors a r e  cor-  

related with the angular m i r r o r  tracking information to obtain the central 

position and width ( in angular units) of the focal line. If two dimensional 

image information i s  available, intensity profiles can be computed. The 

control computer can use the data to check for tracking accuracy, linearity, 

proper'  focus, and m i r r o r  uniformity. 

The mos t  promising camera concept i s  a video type employing a solid state 

charge coupled diode (ccd) array.  The field i s  scanned at standard video 

r a t e s  and imaged on the ccd a r ray ,  The silicon diodes have good optical 

response, overload recovery, and resistance to thermal damage. Self- 

scanned diode a r r a y s  a r e  a positive alternative because l e s s  complicated 

driving circuitry is required, but a t  the expense of poorer ;ensitivity and 

dynamic range . 
The optics requirements a r e  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 me te r  (200 to 600 feet). 
., .. . 



5.1.7 ' ~ e c e i v e r  Instrumentation Bnd Control 

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

control strategy a s  applied to conventional steam generators. Response time, 

operating conditions, and control actions a r e  such that individual receiver .  -.- ---.- 

sections dan be controlled on a local controller subloop basis. Only reference 

signals and subloop statu; signals need be t*ansmittedbetween the central 

computer and the receiver. 

The instrumentation and control equipment i s  commercially available, even 

with digital input and output capability. Subloops can, be controlled either by 

microprocessors o r  by standard process control. The optimum configuration 

would be determined by equipment cost and cost of satisfying computer control 

requirements. 

Basically, levels, flows, pressures,  and temperatures a r e  the measured 

variables for the boiler control. Ad.ditionally, the operation of the aperture 

eyelids must  respond to computer command. 

5.1.8 .Power Distribution 

A portion of the power plant output i s  required to provide power for the m i r r o r  

drives, receiver equipment, a r ea  lighting, etc. Figure 5-3 represents a 

typical configuration for the auxiliary power distribution. Such a configura;tion 

would provi'de for redundancy, overload protection, and' circuit isolation. 

Power would be. distributed a t  high voltage (4,160 volts) and decreased to 240 
' o r  480. volts for the use points. 

As shown in Figure 5-4, the high-voltage lines for  the m i r r o r  field and light- 

ing would be axially suspended from bracket a r m s  affixed to the sides of,the 

towers.' Substations of 100 kva tapping the lines a t  appropriate points would 

decrease the voltage to 120. to 240 volts for distribution to the m i r r o r  controls. 

Direct-burial cable would be used for these connections. A s imilar  arrange- 

ment would be used'for the lighting circuits. 

Fp r  the receiver, a high-voltage line would be suspended beneath the boiler 

catwalk. Stepdown transformers would be mounted a t  appropriate locations 

to power- various boiler apparatus, instrumentation, and eyelid machinery. 
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A t ie feeder could probably be routed underground to a . t i e  bus,, switching 

cabinet, allowing for at leas t  partial plant operation in the event of a feeder 
: . 

o r  main breaker malfunction. 

5.2 HELIOSTAT CONTROL 
. . . * . :  

5.2.1 Requirements . . 

Elevation and focus control of. a heliostat were examined in detail, based on 
- ,  

an optimum lipceiver aperture of 1.22 meters  (4 feet) andtota l  control e r r o r  

of 2 milliradian for both elevation control and focus control. These accuracies 

can be obtained f rom commercially available control components. Central 

control requirements a r e  summarized in Tables 5 - 3  and 5-4. . 

. . q . . . .  

Table 5-3 HELIOSTAT ELEVATION DRIVE SYSTEM REQUIREMENT-s 

I tem 

Speeds 

Requirement  . . 

Main Gear Backlash 

Servo Sys tern 

Total  (worst c a s e )  , 

Servo  E r r o r  

Accuracy 

1 rnrad (3.4 a r c  rnin) 

' 1 m r a d  (3.4 a r c  m i n )  

2 rnrad (6. 8 a r c  m i n )  ' 

0.1 rnrad (21 a r c  s e c )  

T r a v e l  Limits 

Tracking (max) 

Slewing (max) 

Tracking I 1 - 5 7  =ad (90 deg) 

0.048 m r a d / s  (10 deg lhr )  

26.2 m r a d l s  (0.25 rpm)  

Slewing 
- 

.. I... 3.14 r a d  (180 deg) 

Encoder Resolution = 16.. 384 bi ts  for 90 deg 
I 

Data Update 1 New elevation information f r o m  

I main computer ,  e v e r y  2 s e c  

Loads 

Inertia 

Rol le r  Fr ic t ion 

Wind (max) 

1, 000 in- lbs ' 

24, 000 in- lbs 

33,000 ia-Lbs 



Table 5-4 HELIOSTAT FOCUS DRIVE SYSTEM REQUIREMENTS 

Total (worst c a s e )  1 2 rnrad. (6. 8 a r c  s e c )  

- - 

Item 

Accuracy 

Drive Sys tem 

Mirror irregularities 

Requirement 

.. . 
1 mrad (3 .4  a r c  s e c )  

1 mrad (3 .4  arc  s e c )  ) 

Mirror 'Chord ,Limits 

1 
( 0 . 6 4  mmlhr  (0.025 inlhr)  . . 

'Focus Speed (max) 

At  0 m. 14 to 18 m m  (0 .55 to 0 . 7 1  in) 
A.t 150 m. 2 m m  to 7 m m  (0. 08 to 

Mirror Chord Ac'curacy 

, ' Servo Error 

I 

Data Update 1 New focus iniormation from 

0 . 2 8  inch) 

0 .25  m m  (0 .01 in) 

0.025 m m  (0. 001 in) 

main computer every  143  sec 
. _ - -  

r i  l h e  elevation control, shown in Figure 5-5, provides the accuracy require-  
1 

ments  and i s  cost effective. It i s  a direct  gear drive with a 200-step-per- . 

revolution, bidirectional, DC stepping motor used for tracking and jitter and 

a n  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 a rmature  (de-energized) i s  insignificant when compared to the load 
r 

torque so it can be driven during the low-speed modes, 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 sha t t  in this .. 

manner,  a component. saving io realized, 

' '. : ". .? 
, . 

  he gearbox for the elevation control i s  the primary e r r o r  component due to . 
. . . . 

backlash. The control requirements were examined by engineers at.the FMC ' 

Drive Division, whose principal product line i s  gear reducers. F rom this ' -  I. 

examination, i t  was concluded that the I -milliradian baclelash ~ e q u l r e m e n t  i s  . A 
k a i n a b l e  in practice. A gear ration of 5,000:l i s  required for proper tracking 

speed rat ios and torque multiplication$:. This requires a stepper riritre ra te  
. . 

of 8 steps per second during tracking mode, which is  well within the speed-.. .' 
? .  

torque characterist ics of the stepper motor. Also, the required slewing .-."-' 

motor speed is  1,250 rpm, near a standard speed for  AC induction motors. - .'. 

+ A commercial FMC gear box, modified to 4900:l ratio &as used in they- , . : 

experimental helios tat. 



  he encoder is tied:directly to the mir ror  shaft. An incremental encoder was 

uied for cost considerations. Because the full 2 l4 encoder bits a re  required 
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for a 90-degree rotation, a timing belt drive i s  needed to provide the proper 
\ .  

ratio. This requires memory capability in the microprocessor local control- 

l e r  to dbtermine actual shaft angle, and a reference mark for the controller to 

establish a "zero degree" point. 

3Figure.5-5 HEL~OSTATELEVAT~ON DRIVE SYSTEM 
. I 

it: is necessary' then, in the ~ t a r t u ~ ( ~ r o c e d u r ' e  to acquire this point. The point ~. 
$odd beieacquired after any power or memory losses occurred. The con- 
. . 

figuration of Figure 5-6 was developed for the focus control a s  the most cost 
, .. . 

4 

' .  

------ '1 * 
. 

I 
I GEARBOX SHAFT POSITION 

. . i 5000:l 

. ' 'I 

. . .  I - 
. LOCAL . . I 

f RACKING 

 COMPUTE^ I 
1250 RPM 

effective configuration to meet the requirements. Again a 200-step-per- 
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screw through 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 failure, the 
. .' 

stepper motor clutch is disengaged and the ball -scr&b s P d n g  drives the 
::. ; 

m i r r o r s  to a convex position. . ,  . . 
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Figure 5-6 HELIOSTAT FOCUS DRIVE SYSTEM 

The operating modes to which the local controller must respond a re  shown in 

Tables 5-5 and 5-6 and in Figures 5-1, 5-2, and 5-7 through 5-11. - . . .  

.. , ' -  

5.3 LOCAL CONTROLLER CONFIGURATION. 

At each heliostat, a local control translates commands, sent from thp c ~ v t r a l  

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

. . : ! ' 

A microprocessor (4040) acts a s  a closed-subloop for control of aiming and 

focusing. The incremental aiming commands a re  converted to absolute 

angles and compared against the value generated by the elevation encoder. 

A finite number of step pulses based on the difference: i n  values i s  sent to 

the elevation stepper by its translator. Focusing entails 'sending the 
. . 

' ' incremental commands to each focus stepper'. 



Table 5-5 ' HEL'IOSTAT OPERATING MODES - ELEVATION 
,. . , 

SLEWING 

TRACKXNG 

Mirror ' f rame i s  moved toward angular reference position by stepping motor . 
operating i n  high epeed mode (10 times normal speed). Slewing will be 
determined by the local control (eee Figure 5-7). 

'Mirror, frame i s  moved to angular reference poeition by etepping motor. 
Reference poeition ie determined by central computer and transmitted to 
local control (eee Figure 5-7). 

. . . . 
( .  . . 

NUTATING Mirror frame i s  moved at elewing spe'ed about the angular reference p o d -  
tion by the etepping motor. The excureion limits of the mirror ' in  thie mode 
is f 2 mrad about the angular reference poeition. Nutating will'be requeeted 
by the central computdr and interpreted by the'local control (eee Figure 5-8). 

~ i r r o r  frame ie moved at 0.25 rpm by the stowing motor (etepping motor i s  
declutched). The rotational direction chosen will alwaye be with the direction 
of the wind, Stoying can be requeeted by the central computer or  through an 
emergency defocueing action. Stowing limit8 will be eet by limit switches. 
When in  the ;towed position, a pin yill lock the frame in  the position (see 
Figure 5 - 101. 

MANUAL 
,- 

Mirror frame i e  moved at 0.25 rpm by the stowing motor reaponding directly 
to a selector ewitch at the mirror  eite. 

DESTOWING 

~. 

~ i r r o r  frame ie moved at  stowing speed by stowing motor toward reference 
poeition until limit ie passed. At thie point, regular tracking[eleying mode 
i s  engaged (bee Figure 5-11). In the event that the mirror  doee not deetow 
in ' tbree attempte, an alarm will be eelit 'to the central computer. 

0 . . 
~ a b l e . 5 - 6  HELIOSTAT .O'PERATING: MODES - FOCUS 

TRACKING Miiror deforming apparatue i s  moved'to reference poeition by 'stepping 
motor. Reference poeition i s  determined by central computer and trane- 
mitted to local control (eee Figure 5:7). 

SLEWING I ~ i r r o r  deforminglapparatue i e  moved toward reference position by 
stepping motor operating in high epeed mode (10 times normal speed). 
'Sieinring will be determined by local control (see Figure 5-7). 

DEFOCUSING 

. ). 
----. 

Mirrordeforming apparatus i s  moved to convex position by spring. Clutch 
to etepping motor i s  disconnected. Defocueing will be requested by the 
central c'omputer, Defocueing wi l l  auto'matically occur in  the event of 
loee of power or  loes of data from the.local control (see Figure 5 - 9 ) .  



~ i ~ u i e  5-7 OPERATIO'N s EQUENCE FOR TRACKINGIS LEWING MODE 
(ELEVATION OR FOCUSING) 
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A watchdog timer is incorporated apart f rom the mitiroprocessor so that in 
! 

' the event commands a re  not updated within a preset time, the heliostat 

is defocussed and stowed. 

Development work during the project included fabrication of a heliostat local 

controller, development of computer programs to simulate operation of the 

central computer, and programming of the local controller for use in the 

planned heliostat field experiment. A DEC 11/03 computer was purchased to 

serve a s  the simulated central computer. Tables 5-7 through 5-11 summarize 

the program logic developed for the test computer and local controller, 
1 

Table 5-7 TEST COMPUTER/LOCAL CONTROLLER OPERATION 

S t i p  ' 

. I  

2 ,  
< .  

3 

4 ' 

' , p t s c r i p t i o n  '. . . 

Get sun angles and run i n  off-line p r o g r a m  

C i e a t e  object  tape f r o m  off-line p rog ram 1 

, . 
Load object  tape into.test cbkpu te r  

Run (Set .c lock f o r  c o r r e c t  t ime and date)  . . 

a. S t a r t  up  mode 

. ,. 

ti.  racki in^ mode 
. % 

. 

c.  Slew t e s t  mode 

. . -. 

d. inquire mode 
. . 

. . 

. . 
. (0) Set s tar t ing  t ime. 

(1)  Command out of stow position eve ry  second. Maximum 
speed 100 s t eps  per  second. 

(2) Tes t  eve ry  ten seconds for  position. 
(3) Change f r o m  fas t  movement to stopping when within stepping 

motor  takeover l imi ts .  
(4) Step to s tar t ing  position. 
( 5 )  Omit zero'  s teps  until ready to s t a r t  tracking. P r i n t  s tar t ing  time. - 

( I )  When s tar t ing  time i s  reached, the sys t em auton~at ica l ly  s t a r t s  
tracking using table.  P r in t s  f i r s t  l ine.  

* .  
( 2 )  Automatic printout of m i r r o r  angle.and focus ( in  number of s t eps )  . 

eve ry  s i x  minutes. 

, ( 1 )  P r i n t  out  s tar t ing  positivn. 
.' (2)  I n c r i a ~ r ?  angle by 2 mrad  and print  out position. 

. (3) Dec re :~se  angle by 4 inrad  of s t a r t  and print' out position. 
(4) Increase  angle to angle of tracking and print  out position. 
(5) Return  to auto tracking mode. 

(1) T e s t  computer, t ransmits  inquiry code. 
(2) Local cont ro l ler  t ransmits  angle position in absolute s teps  using 

4 hexidecimal numbers  (16 bits) .  
( a )  upper 4 bits  ( + 30 hexidecimal) 
(b) next 4 bits  ( + 30 hexidecimal) 
(c)  next 4 b i t s  ( + 30 hexidecimal) 
(d) lowest 4 b i t s  ( + 30 hexidecirnal) 

( 3 )  h e a l  cont ro l ler  t ransmits  focus in absolute s teps  usicg 4 hexidecirnal 
numbers .  



Table 5-8 LOCAL CONTROLLER OPERA~ION . . 

Must act on following commands: 
I 

Step 

1 

I a. Inquiry (1) -. Transmit absolute angle and action received commands focus. 

Desc riplion 

Must ne able to receive and transmit at same time (Use a URART). Must be able to 
receive new data at  least every second. 

I b. Address (A) - Reieive command. and act on them. 

( c. S h  (5) - Turn on o r  continue on stow motnr all others off. 

d. Dqstow (D) - Turn on or  continue destow motor all others off. 

e. Stepper commands (X) or ( Y )  - Step motor X or  Y positions forward or  r e v e r e  - all other 
mo'.ors off. 

- -- ~- 

Each received transmission has 3 characters ASCII 

a: F i r s t  characler is either A or  I and addresses local controller and enable command to be 
received. If 1. local controller will store present absolute angle and focus and begin 
trillsmitting values in hexidecimalu. The angle i s  transmitted f i rs t  starting w i h  the most 
s ipif icant  d i 9 t '  (OMSD), then focus starting with MSD. Angle takes four digits m= bcus takes foi~r .  

' 

' 1  b. Second character controls the angle as  follars: 

(1) D for angle stow motor in destow. 
(2)  S lor angle stow motor in slow. 
(3) N for n ~ m b e r  of steps to stepping m0tc.r. 
(4) If the ASCII value of the angle ie.between 20 hexidecimal and 30 hexidecimal. the3 the 

number is  negative.: Negative number steps elevation.drive o r  .focus drive mo:or in reverse. 

I (5)  If the AS& value of the angle i s  between 30 hexidecimal and 40 hexidecimal, :he 
number.ia positive. Positive number steps elevation drive o r  focus drive, m d o r  k r k r d .  

I c. =hi rd character ~ n t r b i s :  focus and-cor;trols focus motors as  . in  b. 

. . .  . . 
16 . I6 . . .  . 

Notes: .If bit IT se t  (i.e. 2 . j. then transmit value 30 to 40 hexidecimals:, 11 ,b i t  1,7,clear ti.*. 2 .), then , 

, .  , . .  .. . , .. . .  .. ..., . . _  . ,; ,.._.'.,.. . 
+ . . .* , . . . t r a ~ m i t  value 20. b 3 D  hexidacir.-4, .z! .~ is .set for :angle E . .24 .  G g r d Z .  . : 11.- " .. . . . . ' , . . . . . . - .  
. . .  .. . .. . . , . ., . .  . 

. . 

4 
, . .  

Local controller &ta received and transmitted. Receives 3 characters 

. . 3mits A c h a r a c t e r s  
11 characters 



Table 5-9 EXAMPLES-OF TRANSMISSION-RECEIVED BY - ,  LOCAL CONTROLLER 

Code Meaning 
I . . .  

ADD A A d d r e s s  local  cont ro l le r ,  t u r n  o n  (or  leave on) A n g l c : D e s i o w ~ m o t q r ,  tu rn  o n  (or  Ieave on)  F o c u s  Destow motor .  

AXY A d d r e s s  loca l  cont ro l le r ,  s t e p  Angle X s t e p s ,  s t e p  F o c u s  Y s t e p s .  
I 

IDD 

IXY I Cotnrnand Iocal  c o n t r o l l e r  to r e t u r n  absolute Angle and Focus .  S t e p  Angle X s t e p s . "  s t e p  F o c u s  Y s t e p s . .  

I NOTE: I S D  of X o r ,  Y i s  the number  of s:eps. If MSD of X o r  Y =  3, then number  is posi t ive.  If MSD of X o r  

Coo~t i iand  l o c a l '  ~ 0 n t r 5 l l i r  io  . r e l u r n  . absolute . Angle and Focus,  t u i n  o n  (or  l e a v e  on) Angle Destow m o t o r ,  tu rn  o n  
( o r  leave on) F-ocus .Destow rnolor. . . 

Y = 4 ,  then n u m b e r  i s  negative. ' 
I 

A3 7 ' A d d r e s s  local  c o n t r o l l e r ,  s t e p  Angle 3 s t e p s  forward ,  s t e p  Focus  7 s t e p s  forward .  
I 

A 4 I A d d r e s s  local  c o n t r o l l e r  
I 

Command local  cont ro l le r  to r e t u r n  Angle and Focus .  

T u r n  on  ( o r  leave o n )  Destow Molor. 
. I P 

I\) S 5 3 T u r n .  on  (or  l eave  on) Stow Motor.  

X I See  halbw. I f  X posit ive then X is between 30 Hcx and 40 Hex. If. X ncra t ixe  then.X.is -between.20. Urrand 30 Hex. 
I I I 



Mode 

- 
focus) 

< 
2. Score . r ema inde r .  F o r  each t ransmiss ion;  decrement  remainder  and test .  

If remainder  i s  0 then inc remen t  s t ep  and t ransmit .  Repeat procedure.  
. . T r a n s m i t  s t ep  and go on to s t ep  3 i f  s i x  minutes has  elapsed. 

T a s k s  

?;orma1 Operation 
(for angle and 

1. Take difference f rom the objec t .  (This  i s  s teps  p e r  seconds).  . 

I .  Send inquiry and compare  with table. 

.. 

Send correction.  

P r i n t  with t ime and absolute.  

G o t o s t e p l .  

3.'  E v e r y  '6 minutes: 

- .  4. Type S i o r  Slew Test .  \ 
. . 

1. 

I ' 5. Type C for  eamrncltld tnudt? whlle running to r e s e t  clock, etc.  

SiewTTrst Mode I I .  I n q u ~ r e  about present  pos i t i nn  P r i n t  out t ime and vrlue. 

1 . Move 1 m r a d  f rom elevation. P r i n t  out. 

3.  move to -2 m r a d  f rom elevahon. P r i n t  out. 

4. Return  to tracking elevation. 

I 5 .  
Return  to normal  operation. 

Table 5-11 EXAMPLE OF TYPICAL TRANSMISSION 

XOTE: Slew routine takes  about  '20 seconds. ,  and i s  s e t  not  to  r t a r t  du r ing  
' 20 secoods,  before  next  au toma t i c  inquiry  and p r in t  o u t  which o c c u r s  

e v e r y  8i.x minutes.  - - . .  . . . . 

Descr ip t ion  . 

1 s  Y Inquiry,  Angle Stow On. S t e p  Focus  Y 

AS2 Angle Stow on. S t ep  F o c u s  Z 

IDX , Inquiry,  Angle Destow On, S t e p  Focus  X 

ADY Anslr nasrrr-r, Stap F m m m  Y 

ADW Angle Destow. S t ep  Focus  I Y  

ADU, Angle D t s t o w ,  Stcp Focus  U 

15 W Inquiry,  Angle Stow b n ,  S t e p  F o , a r  W 

ASV AnglC Stow On. S t ep  Focl~s V 

XOT Intlulry, Srap Angle U, s t e p  Fo.cus 

(Add co r r ec t ion  if needed)  

- 

PPIRI 
S Angle 

p-- 

Print  
+ Angle 

-. 

P r i n t  
3. Angle 

. . 
T i m e  
Second. 

0 .  

1 

. 2 

3 

4 

5 

6 
. . 

7 

8 

9 

10 
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6.0 100 MWe POWER PLANT CO NCEPT 

The baseline 100 MWe plant layout has been 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 the field design points. The 100 MWe configura- 

tion i s  essentially a scaling up of the 10 MWe concept (Appendix D) 

constrained by realistic piping requirements, and sized for a different desi'gn 

point day. 

The following prefatory comments apply to the baseline concept. 

' 

. The collector fieldlreceiver configuration is not necessarily optimal from an 

overall systems viewpoint. Field and tower dimensions, heliostat size, and 

other boundary conditions have not been rigorously optimized because the 

purpose of this study was to establish basic feasibility. However, these 

boundary conditions provide a reasonable starting point for a systematic para- 

metric system optimization. 

The baseline configuration contains only north heliostat fields, a result of our, 

previotls study and evaluation by the Aerospace Corporation. . The. original 

FMC concept contained north and south fields 'with receivers moulted on both 

sides of the towers. The south field was eliminated because at  winter solstice 

design point fewer heliostats a re  required using north fields. Reassessment 

of the original concept 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 requirem ~nts for the number of towers, receiver support structure, 

and pipe runs between receivers and turbine. Verification of this assessment 

should be an important element of future studies. 



. .  . . A,desfgn point of 3:00 p.m. on the equinox was used for the baseline config- 

uration for comparison with a point focus plant designed for the day of 

maximum collected energy a t  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 n ~ b e r  in the equinox field, but the additional energy colllected by 

the kmmier solstice field was not proportionately more than that colleited 

by the equinox field. Thus, we believe that. an equinox field sizing is moie 

near* 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- 

t r ic  power generating subsystem (EPGS) arc  those developed by bIcfSonnel1 

Douglas (MDAC) for a 100 MWe configuration. These characteristics were 

selected for three reasons: 

e ' The ult'kiate econoinic attradtiveness of one solar thermal power concept 

over others, will be .dictated by the fraction of total life cycle cost (capital 

plus operating) contributed . . by the solar -to-thermal energy conversion 

kubsyit&ns' (i. e. , concentrator, receiver, and thermal transport sub- 

.systems). 

A wealth of developmental and experimental data .are available for ESS 
. . . . 

and EPGS concepts from the point focus projects. 
. . 

'.'The MDAC ESS and EPGS a r e  most compatihlc with thc E'MC lirie focus 

concept, based on our previous studies. 

6,.1 DESC'RIPTION 

6.1. .1 Nant  Layout 

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

design point, i.s s h o w  in Figure 6 -1. The collector field consists of 170 

receiver oe,etions o r  'modules, ' 8,.782 heliostat 'units (36 -meter by 3.05 - 
meter glass area), and 49 half units (1 8-meter by 3.05 -meter glass area). 

6 2 The total glass area i s  0.967 square kilometer (1..05 x 10 f t  ). 



. . . '. 
. . 

Figure 6-1 PLAN VIEW, BASELINE PLANT CONFIGURATION 
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~ d = : ~ , e -  "..,; The collector /receiver subsystems a r e  arrayed in .*even field modules. \J 
module contains 27 rows of south-facingheliostats. Table 6 -1  summarize^ + 

I 
the field configuration, and Figure 6-2 showsthe spacing of heliostat rows :in 

a module. 
i: 
3 

. ,  ? 
8 . . 

Table 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 .  . 2.6 . . 

3 1 ,247 2 " 22 -? 

4 - 1,060 2 '1 8 ~.-- .,..> .- 

.5 1,295 9 26 

6 
. . . _ .  

1, 2.95 
. , 

9 
. . . . 

26 ' 

7 1,295 9 2 6  (south end of field) 
. . .  . : . . .  . . .  . 

Total 8 ,782  49  170. , 

. . .  

This particular layout i s  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 

receiver concept i s  a once-through-tb-superheat concept (Sectlon 4.1) : 
which was chosen as the baseline primarily because of lower capital cost t 

thsn  the alternate natural convectioxi concept. One ,,receiver section,. using I 

either concept, ha's been configured to receive feedwater. at 21 6qC (420° F.) . . ' ? 
and discharge steam'at  5 1 0 ~ ~  ( 9 5 0 ~ ~ )  and 10.2' ~ ~ a ' ( 1 , 5 0 0  psia). 4 .$ 

Thebaseline receiver contains 16 groups of tubes, arrayed circumferi  

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

norm-al to the receiver aperture plane. Feedwater enters the two outermost 
i 
: 
'z 

" - 



Eigure 6-2 SPACING O F  HELIOSTAT ROWS IN A MODULE 



i 
. ' 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 . _ , I '  

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-loop 

eontrol atrateply will be used. Each minicomputer will receive positional 

signals from heliostats in the field module, compare actual positions with 
1 

positions predicted 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 algorithm and data 

from a tracking pyroheliometer. 

6.1.2 Thermal Transport Subsystem 

1 

6.1.2.1 Description 

Conceptual layout of the heat 

transport subsystem fo'r the 

ba.iel.ine plant is shown in 

h'igure 6 -3. ~11;s arrangc .. 

ment will permit isolation of 
. . 
o r  valving from a receiver 

eection, groups of rece iver ,  

sections, or up. to one -half 

of the receiver sections in 

a,field module for maximum 

repair ,  maintenance, and 

operating feas2bility. The Figure 6-3 PIPING SCHEMATIC 

b 

INTERMEDIATE ,MAMIFOLD 

. .. . . - -- 

. . 
layout is  symmetrical about the north-south centerline of the baseline plant, 

which contains seven field modules. In each half of I h e  plant, n receiver 

manifold parallels each row of 'receiver sections and connects to each 

adjacent ,row and to an intermediate north-south manifold located between 



Receiver Sections 7 and 8. This intermediate manifold is connected to a . . , . i  . .. 
main manifold (near Field Module 4) which connects the intermediate man- . .  . , . , . ,  

ifolds with the EPGS. All lines a r e  sized for maximum feedwater velocities 
\. ,C . . 

between 2.1 and 3.0 meters  per second (7 to 10 feet per second) and high- 
. , 

pressure  steam velocity of 46 meters  per second (150 feet per second) a t  

maximum insolation. 

. . . . 1 . . , . I  . . 
6.1.2.2 .s team Transport 

Steam maxiifold lines will be located within 'the receiver cavity adjacent to the. ,.. 
" . .  . 

superheat tubes. Receiver feedwater manifold lines will a lso  be within the. 
. . 

cavity adjacent to the f i r  s t .  pass tubes. The manifolds will i'ncorporate . . 
. .  . * 

insulated thermal expansion loops between the receiver sections but will not , . 
, . .  . .  . .:* 

be insulated to within the receivers to permit' absorption of solar insolati.on. . . ,,' . 
. ' . 'i 

. I . .9 

Insulated vertical r i s e r  lines will connect the receiver manifolds to the - ,  . ... 

intermediate manifold, which 'will be elevated about 6 mete rs  (20 feet). ... . . , 
. . 

This elevation is sufficient to clear the m i r r o r  cleaning vehicle. An alternate 

design would place the intermediate manifold lines below ground level in open . 
., 

trenches for clearance with cleaning equipment, but this design a 

serious problem in dealing with flash-flood runoff. 
i 

, _  . . .  . L .  . I 

Thermal expansion loops at intervals on the insulated intermediate manifolds: . .  . , . . 

will minimize thermal s t resses  and the manifolds will be connected to an ,in- 
: '  . ..:: 

sulated main manifold near Field Module 4. The main'manifold will also be. , . . .  , : '. 

elevated about 6 me.t&rs to a locati'on adjacent to the EPGS building wher.e . . 

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

incorporate expaneion loops to minimize ther~l la l  expansion s t rks  seg. . .  . . :  

.. . . , 

Piping insulation will be calcium silicate, Johns -Manville Thermo -1 2 or, . . . ,. .. , .  0 

equal, of thickness recommended for steam generation service of 482 to 

5 3 7 ' ~  (900 to 999OF) for  steam lines and 204 to 2 5 9 O ~  (400 to 4 9 9 O ~ )  
' 

for feedwater lines. The insulation will be jacketed with aluminum sl&e$ng . . . . 
for- weather protection. . . . . . . 



This layout will provide receiver manifold lines small enough for location - , 

.in the 'receiver cavity where further heating of the steam .will occur and 

piping insulation will not be required. 

6.1.2.3 Feedwater Transport . . 

The feedwater system will be routed parallel with the steam system and will . 

be similarly equipped with mlves, etc. The receiver manifold will be located 

adjacent td the f i rs t  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 , .  . 

' -  

- 

* All s i z e s  a r e  Schedule 80. 
** 1.5 t o  4.0 inch a r e a s c h e d u l e  160, 4 t o  16 inches  a r e  Schedule ' ~ 2 0 .  

Number  of 
Rece iver  
Sections 

1 

2 

3 

4 

5 

6 

7 

See Appendix E for  sizing of l ines.  

Feedwater  Transpor t  System Steam Transpor t  System 

Nominal* 
Pipe  Size 
(in) 

1.25 

2.00 

2.50 

3.00 

3.00 

3. 50 

3.50 

5.00 

6.00 

.- 8.00 

10.00 

12.00 
L - + .  

Minimum Flow 
2 A r e a  (in ) 

1.481 

2.962 

4.443 , 

5.924 

7.405 

8.886 

10.367 

19.253 

38.506 

57.759 

68.126 

125.885 
- 

' 2 Flow A r e a  ( i n  ) Nominal** 
P ipe  Size 
(in) 

1.50 

2.50 

3.00 

3. 50 

4.00 

4.00 

4.00 

6.00 

8.00 

10.00 

12.00 

16.00 
..-- 

M A m u m  

1.3675 

3.35 

5.025 

6.70 

8.375 

10.05 

11.725 

15.249 

30.498 

45.747 

53.958 

99.705 
- 

13 1 21.775 

Minimum 

1. 173 

2.346 

3.519 
\ 

4.692 

5.865 

7.038 

8.211 

- 
26 

3 1 

46 

8 5 

43.55 

65.325 

77.05 

142.375 



6.1.3 Energy Storage Subsystem 

Of the thermal storage technologies now available, the McDonnell Douglas 

Astronautics Company dual -&edium sensible -heat thermocline storage con- 

cept (1 ) is judged the system 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 

system combines advantages of a low-cost solid with the flexibility, low 

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

storage system. 

Conceptually, it its simplest form, the system uses  a bed (shown.in the center 

of Figure 6-4) of an  inexpensive solid (e. g., rock, ore,  metal scrape). An 

appropriate high-temperature liquid f i l l s  the voids in the bed and circulates 

through the bed to deposit o r  withdraw energy. 

. . 

STEAM FROM 

ROCK AND HEAT 
TRANSFER FLUID 

TEMPERATURE TEMPERATURE 

Figure 6-4 DUAL MEDIUM THERMAL STORAGE CONCEPT 

In the cyclical operation, heating of the bed (charging) is achieved by r e -  

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 

\ 

141 



. - 

, top of the;tank. A fairly sharp temperature transition (a thermocline) i s  

.maintained naturally between hot and cold fluid because of the lower 'density 

of hot flukd. 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 a r e  a t  the maxirnurn.temperature and the 
j .  

thermocline does not exist., The extraction loop uses fluid to remove energy 

f rom the storage unit and produces steam for power plant operation or  other I 

plant fGctions 'such a s  equipment heating. 

The large cost saving for this type of thermal energy storage'results prin- 

cipally from two fact0r.s: (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 ~ 1 e c t i . i ~  Power Generation Subsystem 

The analyses performed to date on the FMC line focus concept have been 

based on the EPGS selected for use by McDonnell ~ o u ~ l a s .  This alternative 

i s  proposed for the FMC baseline configuration. 
;: 

, . 

Briefly, the EPGS consists of a 100 MWe (1 12-MWe rating) industrial turbine 

manufactured by the General Electric Company. The inlet steam tempera- 
0 

ture .may 'be specified a t  any range of 482 to 538 C (900 to i, 000' F )  and 8.7 

to 10'. 1 MPa (1,265 to 1,465 psia). FMC'S previous work on receiver c ~ n c e , ~ t s  
0 

centered on producing steam a t  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 a t  the higher pressures required for turbine 

operation. The thermal transport subsystem for  the baseline has been sized 

for &e inlet arid outlet conditions of the MDAC EPGS ( 2 ) .  

There appear to be 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 plact steam demand by issuing commands to . . 

5,') control the heliostats and the receivers in the field modules. A display is . 

available to the operator who can modify the commands as  appropriate or can 

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

communicates with smaller minicornpu&rs 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 ESTII'MATES OF PERFORMANCE 

.The computer model described in Appendix A was used to size the helioletat 

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 

a r e  contained in Appendix D. 

5 .  

6.2.1 Field Sizing and. Energy Output . .%.. 

\: 
, 

The optimum spacing of heliostat rows gives maximum ground coverage . ..! b 

without blocking and screening. Providing access clearance between rows .*: 
T 

imposes an additional constraint. Because of the apparent solar motion, 
r 

the optimum spacing i s  only valid for a specific time or design point. Row 
. .. 

density increases a s  the design point progresses from winter to summer . . 

solstices. For the baseline system, the equinox at  3:00 p.m. was selected :.;. 

a s  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 a t  3:00 p. m. was the design point. F ie ld  performance was f,,!~ 
calculated for the solstice s 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 a t  summer solstice a re  shown in Figure 

6-7. The net thermal power admitted through the receiver aperture for the 

170 -module baseline system a s  a function of hour of day is given in Figure 



6-7 ,for the three representative days. 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 i s  obtained on the 

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

Tableb-3 ..... .. . PARAMETERS FOR CALCULATION O F  COLLECTOR 
FIELD PERFORMANCE .. 

~ a r a n i e t k r s  1 Dimensions 

Field width 
. . .  

122 mete r s  

Receiver.  . . height 

Aperture plane angle . . 

Surface e r r o r  . . ' 2 milliradians 

61 me te r s  . . . 

45 degrees 

. . Tracking e r r o r  - 

Aiming e r r o r  ' 

2 milliradians 

2 milliradians 

. . -. 
~ e l i b s t a t  s ize  

h i...:. 
Minimum row spacing 

Quadratic spacing . I 

36 me te r s  x: 3 me te r s  

' 3.7 me te r s  

Maximum row spacing . 
/ . . 

Number of rows - 1 -  27 

6.9 me te r s  
. .  

Mir ro r  reflectance I 0.9 

Latitude I 35 degrees 

Receiver segment 61 me te r s  

Plant  sizing design point I Day.172, 3:00 p:m. 
. . ~  

Field sizing design point. 
, . 

~ a b l e g - a -  TOTAL ENERGY INTO RECEIVER FOR 100 MWe BASELINE 
' ; PLANT (170 MODULES) 

Day 81. 3:00 p. m. 

Time of year  la MW thH 
I 

Summer solstice 

Equinox 

Winter solstice 

Year total 

16.3 x 109 

14.9 x l o 9  

10.2 l o 9  

5.13 x 10 12 

4.54 lo3 

4.14 lo3  

2.85 x lo3 

1.43 x 10 6 



I .  ' " . . .. . . .  

Figure. 6-6 FLUX DISTRIBUTION OF INTERNAL RECEIVER CIRCUMFERENCE. 
FOR NORTH F IELD ON SUMMER SOLSTICE 

. . .. . . .. -. 
. .  . . . .  . 

PTH WTH) MODULE 

. . 

UOUR OF OAY 

> 

Figure 6-7 HOURLY POWER INTO RECEIVER FOR NORTH FIELID, SIZED 
FOR 3:00 P.M. ON EQUINOX 



Figure 6-8 PERFORMANCE OF NORTH FIELD, SIZED FOR 170 MODULES 

i 

. . . . 

6.2.2 Annual Electric Output 

Tables 6-5 and 6-6 show the estimated performance, of the plant concept tor 

the field des'ign day (equi'nox), plant design day (surnme,r solstice) and winter 
. . 

solstice. Appendix D contains the computations. Figure 6-9 shows the 
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estimated. electrical output over a six-month period. The e.stimate of total 

annual busbar power, assuming symmetry about summer solstice,, i s  sliown 
\ in Table 6-7. 
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Tab1.e 6 -5 PERFORMANCE OF BASELINE CONFIGURATION 
. (EQUINOX DESIGN DAY) 

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

Hour 

0700-0800 

0800-0900 

0900-100C 

1000-1100 

1100-1200 

1200- 1300 

1300-1400 

1400- 1500 

1500-1600 

Totals 

Table 6-6 SUMMARY OF BASELINE CONCEPT PERFORMANCE 

Energy input 
At receiver 
apertures 

166.6 

370.4 

531.3 

635.6 

671. 7. 

630.4 

530.2 

370.4 

173.9 

4,080.0 

Uay 

Equinox (design day) 

Busbar power 
direct operation 
(MWe) 

0 

0 

0 
.--. 

100 

100 

100 

100 

50 

0 

550 

(MWh-th) 
To thermal 
storage 

91.7 

293.9 

151. 1 

255.3 

7911.4 

249.8 

148.9 

126.6 

119.2 

1,726.9 

Total cncrgy 
to receivers 
(mwh - th) 

4,080 

Mass flow 
One 
receiver 

0.28 

0.91 

1.09 

1.36 

1.44 

1.34 

1.09 

0.68 

0.37 

Summer solstice 

Winter- solstice 

rate(kg/sec) 

Storage 

48.4 

154.9 ' 

185.6 

110.1 

124'8 

107.3 

63.8 

54.4 

62-8 

.Bus bar energy- 
(h.TWeh.1 

4,439 

2,846 

Turbine 

0 

0 

0 

120.8 

120.8 

120.8 

120.8 

60.4 

0 

Direct 

550 

600 

500 

Hours of operation 

From 
storage 

42 6 
.----..,,,. .. .*,. 

45 4 

218 

100MNr.e 

5.5 

6.0 

5.0 

7 O W e  
. . 

. . 
6. 1 

6.5 

3.1 



Figure 6-9 ANNUAL BUSBAR POWER OF BASELINE CONFIGURATION 

Tab.le 6-7 ESTIMATE OF TOTAL'ANNUAL BUSBAR ENERCY 
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Total  output 
(MWeh) 

43,400. . 

46,400 

57,660 

61,200 

64,480 

64 ,050 

337. 1.90 . 

.Month(s)  

December ,  January  

November, F e b r u a r y  

October,  ~ a \ r c h  

September,  Apr i l  

August, May 

July, June 

Annual 

 umber of days 

6 2 

5 8 

6 2 

6 U 

6 2 

6 1 

3 6 5 . . 

Average daily 
output (MWeh) 

7 00 

800 

930 

1,020 

: 1,040 

1,050 

924 
L 



. . 

The plant operates a t  an average of 5.5 hours per day at  100 MWe (200,750 

MWeh annual) and an average of 5.3 hours per day a t  70 MWe from thermal 

storage (136,440 MWeh). Table 6-8 shows hours of operation on three 

calendar days. . 

Table 6-8 HOURS OF OPERATION 

Equinox (field design 
day) 1 5 . 5  

< 

S u m m e r  solst.ice 
(plant design day) 

winter  so l s t i ce  
-. . - . - -  - 

Annual 

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

Load factor* . . 
Day 

. . 
6.2.3 . Plant Efficiencies and Power Flow 

Overall plant efficiencies and flow a t  noon equinox were computed for 

an incident solar £lux of 950 W / m  2 9  and a;suming tha t  96.5 percent of the 

collectors a r e  operational. Under these conditions,. the operational power 

Estimated hours of operation 

level i s  a s  follows: 

e Total collector area = (8.806.5 heliostats) (110 m!?heliostat) = 968,715m~ 

F r o m  receivers  
at 100 MWe 

Operational poker level = (0.965) (968,715) (950 x = 888 MW 
. . 

From thermal 
storage at 70  MWe 

Table 6 -9 and ~ i g u r e s  6 -10 and 6 -1 1 show the power flows and subsystem 

efficiencies a t  noon equinox. The subsystem efficiencies (qj  ) were derived 

a s  follows (see Figure 6 -10 for ,j indexes); 

Collector Field 
~ ~ .... 

7 1, 73, '75, 7 6 ,  computed by collector field program. 

'72 i s  an assumed value 

'14 (end losses) is  computed a s  follows:, 

The butterfly mi r ro r  a rea  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 mir ror  



surface equal to  the butterfly area is  not illuminating the, receiver.' The 

concentrator end loss effect is  the fraction of mir ror  a rea  illuminating 

the.receiver. As shown in Figure 6-1, '18 butterfly areas  a re  used in 

the field configuration. The total area of one butterfly (Appendix A)  i s  
2 . 2  

7105111 . Since the, total collector area is 968, 7.15111 . 

')4 = 1968,715-(18)(7,105)]/968,715 = 0.868 

Table 6-9 SUBSYSTEM AND SYSTEM EFFICIENCY AT NOON EQUINOX 

Figcrre 6-10 POWER FLOW FOR 100-MWe CONCEPT (EQUINOX NOON) 

Efficiency 

Collector 

Receiver 

Piping 

Storage 

Turbine 

Parasitic 

System 

Direct from receivers 

0 .712 

0.860 

0.970 
- 

0.377 

0.89 

0.20 

Direct from storage 

0.712 

0.860 - 
0.970 

0.940 

0.268 

0.92 

0. 14 

+ 

I l l  

LOSSES (11 COSltlE - 0 9 6 6  
I21 REFLECTNITY - 0 9 0 0  

111 (4) 
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~n 7 7 2  151 TOWEWRECEIVER SHAOOLV - 0.980 
I61 APERTURE ACCEPTAYCE- 0 9 6 3  
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a Receivers , . 

The receiver was cal.culated using the methodolbgy and pro- 

: gram described in Appendix B. This calculation rigorously treats 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 directly. Since receiver absorp- 

tivity i s  an input parameter, we calculated the radiation .and. convection 

. lossfactor ,  qb-fr&nthetotalreceiverefficiency,  assumingthatother : 
l o s s  paths a re  negli'gible. 

. . 

Assume q7 = absorptivity of receiver tubes = 0.9 

From Table D-13, Appendix D, overall receiver efficiency = '17 '18 = 0.860 

Since the cavity design results in collection of .much of the reflected incident 

light, the effective receiver absorptivity is  significantly higher than 0.9 and 

therefore the t r u e  value of '1 8 is  probably somewhat lower. The product, 

however, is  the calculated receiver efficiency, which i s  0.860 in any case. 

. . 

The cavity receiver design is inherently a lower radiation and convection loss  

~ o ~ g u r a t i o n  than an exposed cylinder, such a s  the receiver configuration .of - 

the .MDAC .concept., So, one .would expect a lower value of '1 8 for the MDAC 

concept. 

For noon equinox, MDAC quotes a value of 0.952 for% and a overall receiver 

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

that the line focus receiver efficiency i s  realistic and perhaps conservative. 

+ Piping Losses L 

'Iq i s  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 pipiiig network 

than the .point focus concept i s  required. For comparison, MDAC quotes 

a ~ l u e  of 0.994 for the'ir commercial concept (5). 



. ~ l e d t r i i ,  ~ e n e r a t i o r i  Los.Ei,es 
I :  

'1 10, '1 11, and efficiency of thermal s torage .are  taken from the 
. . 
. . 

performances of the MDAC commercial concept (5). 

6.3 PLANT ECONOMICS.. 

Estimates of plant investment and operational costs w e r e  based on costs 

developed ea r ly in  the project for a 10 MWe plant configuration (Appendix E). 
. . 

The JPL/EPRI methodology (3) was used to estimate busbar power costs. ., . . 

Costing factors were taken from guidelines recommended by DOE for com- 
' . ,  . . .  . . . . . . .  '. . . . 

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

Table 6-10 shows the capital costs estimated fo r the  f i rs t  plant and the 80th . ' . , 

plant. 

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

. . Structures  and improvemente . . 
Turbine plant 

. . . , . . 
. .. . . . .  . . . 

Elect r ic  plant 

Collectors 

Receiver ,  

Towere 

Thermal  storage 

I t em 

Distributables 

BOP 

Note. 

I I -- 
1. Costs a r e  in 1978 dollars andinclude burden, contingendy, and fee;' 
2. Daacd 011 500 avrwn at $500 p e r  acre. 
3. 0.95 Learning curve. 
4. F r o m  Reference 4. 
5. 0.90 Learning curve. 
6. 69 Percent  reduction f rom 1 unit due to l a rge r  coet base for 80 units. 
7. 20 Percent  of Direct  Costs. 
8. Indirect c o s t s  include A&E services,  construction management, eolar integrator, and 

plant 'startup. 
9. Distrtbutables include contractor field office, insurance (project and equipment), construction 

1 .Land. yardwork: 

D i i t c t  C o a t  .. . . .  . . 

+direct Cost 

equipment, spares ,  and taxes. . . 

capi ta l  cos t s ,  I $/kWo 

. l a t ' ~ l w t  . 

3 

. . . 

7, 8 

. . .  
80th plant. . . 

. . ' I .  

3 

Total  

l,ti40 , . 

528. , 

99:. . . . . .  

!9E 
: 

1,968 ' 

. . .  . 
1,187 . 



The pie diagram in Figure 6-12 shows the percentage costs for both the 

total plant and the collector subsystem for the f i r s t  plant. Appendix E 

contains the detail cost computations for the collector, receiver, thermal . , 
t ransport ,  and master control subsystems. Costs for the other components 

a r e  taken from those for the MDAC commercial concept (4). 

. % 

Figure 6-12 SYSTEM AND HELIOSTAT COST DISTRIBUTION SUMMARY 

6.3.2 Cost of 'service Calculation 

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

,Symbol (4) Value 

Plant . 80thunit , 

System lifetime . . N 30 years 

~ i r s . t  year of operations 
Yco 

Site 

Type of ownership 

Total capital. for 80th plant CI 

Operations and maintenance . . x o  

Annual '"'other. taxes ' I  , B i  
Annual insurance premiums . . P i .  

1990 

Inyokern 

Tnvestor owned 

$1,187 

1 percent . 

0.02 



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/V 0.27 

Ratio of preferred stock to total 

capitalization P / V  

Debt interest ra te  kd 

Annual rate .of return on common 

stock k c  

Investment tax credit a 

Depreciation (straight line) DPFm, I C , ~  

Rate of general inflation k c  

Escalation plus inflation rate for 

capital costs g c 

Escalation plus inflation rate for 

operating costs 6 o 

Escalation plus inflation rate for 

maintenance' cost gm 

Bas.e year for constant dollars Yb 

Cost of capital k 

Capital recovery factor CRFk,rl - 
Annualized fixed charge rate . FCR 

Present value of capital  investment^ GIpv 

Present value of recurrent c o s t s e  Xpv - 
Annualized system resultant cost AC 

Levelized bus bar energy cost BBEC ,, 

mills 
71 - kWeh 

6.4 COMPARISON WITH POINT FOCUS SYSTEM 

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

typical co~lcept for a point focus system. General comparisons of the two con- 

cepts a r e  offered to introduce the underlying basis for FMC1s longstanding 

support of the line focus approach to commercially feasible solar power 

generation. Specific comparisons a r e  then presented, using the concept evolved 

. by McT)onnell Douglas Astronautics Company a s  a basis for comparison. The 

abbreviation "MDAC PFS" is used when this concept i s  referenced. 



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 - 
catioa and assembly of the heliostat support structure can be highly automated 

with fewer assembly steps than required for a point focus heliostat. The e k e  

(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 

(I)  relax msnufacbxring 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 PFS 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 duet buildup studiea 

(8). This evidence clearly shows that frequent cleaning of reflecting surfaces 
w i l l  be required to maintain design performance of a commercial solar ther- 

mal plaat. If a monthly cleaning cycle is assumed (360 evening hours per 

month), then a 100-MWe plant, with about I million square meters (247 

acres) of reflecting surface wil l  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 le  laid 

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

W A C  PFS consists of a collection of discrete areas of surface, separated by 
>.7,! 

-- " - - -'*, *- ' 
888L ~,:xf:(:% ,#.>T>~Z 

2;. : ; .- , :. 
,, .:*, . ,-*- 
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open arear, and dirtributed in a complex circular arrangement. hdeed, the 

total land area required for the FMC bareline configuration is one -third 
less than that required by the MDAC PFS. 

It is concluded from this compariron that (1) the cleaning cycle time for the 
baeeline 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) tbe linear field arrangement will be better suited for development of 

a mechnni&ed cleaning vehicle, 

An illustration of a cleaning vehicle, conceived by the FMC Sweeper Divirion 

(designers and manufacturers of industrial sweeper6 and scrubbers), is 

shown in Figure 6 -1 3. The vehicle can be adapted for either wet or dry 
cleadag, In a wet -cleaning configuration, warh fluid would be 'applied at 
the front end and recovered at the rear end to comply with environmental 

requirements. 
3 

Figure 6-13 LINE FOCUS HELIOSTAT CLEANING VEHICLE 



6.4.1.2 Power Unit ~ o d u l a r i t y  
. . .  

The baseline configuration compris'es 170 power units, in which a power unit 

is defined a s  one receiver section with associated heliostat field. Ehch power 

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 illustrate one of many possible configurations. Other configu- 

rations a r e  equally feasible, with the primary constraint being minimization 

of cost and thermal losses of the fluid transport network. 

Several benefits, including the following, a re  associated with the FMC line 

focus unit concept over point focus systems: . . 

Choice of configuration for a given capacity plant to take advantage of 
.. . 

available land areas, or to minimize environmental impacts. Point 

focus systems a r e  fixed in configuration for a given capacity.. 

Increasing existing plant capacity by adding more power &its. This pro- 

cedure provides a long-term economic benefit because the installation of 

a large plant can be planned incrementally t o  match the increare in load 
. . 

demand up to maximum capacity. ~h i s ' i nc rementa l  installation is 

achieved by adding line focus power units to existing field modules. 

The fabrication of power units for a wide range of plant capacitits from 

one set of production processes and facilities. A plant size of 10 MWe 

will differ from a 1,000 MWe size only in the number of power units 

required because the same heliostats, receivers, and towers a r e  used. 

Point focus systems require different sizes of receiver and tower for 

different plant capacities, and a new field construction for each plant. 

e Maximyn learning curve cost reductionsfor heliostat, -!receiver, and 

tower fabrication and inetallation a r e  achieved with the first plant, 

6.4.1.3 Receiver Vulnerability . 

The line focus receiver area i s  spread over several low towers; a point 

focus receiver must be concentrated in a small a r e a  on one high tower. Thus, 

decentralized line receivers a re  less  vulnerable to earthquake, lightning 

strike, compohsnt failure, or sabotage with respect to fraction of collected 

energy lost given an incident. Sabotage i s  included because utility company 

facilities a re  a frequent target for violence -prone militants. 



6.4.1.4 Heliostat Control 

The FMC heliostat is controlled in elevation and focus. Because of the 

nature of the system, there is no requirement to control in azimuth once the 

heliostat is installed i n  the field. Elevation control is of relatively low .' 

response compared with azimuth control because. the sun ,elevation exhibite 
. . 

Z a small day-to-day change. -Moreover, focus heliostats are  more 

sensitive to azimuth errors,  and are especially sensitive to backlash a s  the ' ' 

age of .the heliostats increase.8 (7b), and to misalignme'nt. of the azimuth.drive " -  

(7c.). Reduction of these er rors  would increa.se, the production .coati. currently . . 

projected for. point focus heliostats .(7d). 

6.4.2 Comparison of System Physical Characteristics ' 

Table 6 -1 1 contains a comparison of phyeical characteristics of f i e  MDAC'; .". 

and FMC 100-MWe concepts. Note that  the'^^^ concept contain8 morecol-  , 

- . . 
. . 

lector mirror  area, but less  l a d a r i a ,  which reflects thehigher land utilish-, . . .  

ation of the line .focus collector. field. Note a l so  that a single loc,al contS.01.: . . . '  

unit controls almost three times the mirror area than in the MDAC PFS. 
, , 

Table 6-11 100 M W ~  PLANT CHARACTERISTICS 

I I Heliostat weight without. drive assembly pe r  35 ~ ~ / m 2  3.6 ~ ~ / m z .  
unit a r e a  (71 1bs/ft2) (7. 3, lbs/ft2) 

. .  . 
. . .  . . . % . .  . . . . .  . . . .  . .  . ' . . .  .'. , '  . ' . . .  

Number of heliostats 

.. . .  .. . ,  

Reflector (heliostat) a r e a  

Mi r ro r  a r ea  

Gsllaetar l u t l  area 

Tower height 

MDAG PFS 

38 m2.(409 ft2) 

Height to receiver  midpoint 

FMC' Line 
Focua System . , . 

110 m2 (1.181 ft2) 

242 m .  (794, ft) 

268 m (879 ft) 

61 m (200 tt) 

61 m (200 f t )  

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

R.eseiver diameter 

'Receiver length 

operatioli on winter solstice. In this sizing, the South heliostat field .required 

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

17 m (56 ft) 

25.5.m (8.4 8) .  
1:s m (6 ft) . .  . ,  

lOi 36.3 m (34,000 it): ' . 

170, eectionr, each 
61 m (200.ft) . . 



half again a s  many rows as  the North field for equivalent energy delivered , 
;. ,-! 

throughthereceiveraperture.  Economicanalysisi~dicatedthat.'theSouth~, .., 

field was not cost effective (Appendix D). 

However, the commercial plant requirements call for plant sizing on the day, 

of maxirnum energy collection, which i s  summer solstice. Calculations * 

were made for  the output of a South.field of the same sizing a s  for the ~ o r t h  

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 

indicate that North and South fields perform equally well on the summer.  ' . . . . .  

Hour 

5 .  

6 

7  

8 

9  

10 

11 

12 

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 shqws that the net 

The comparison i s  shown graphically in Figures 6 -14 and 6 -15. These data , . 

electrical output f r o m ~  a South field falls to 72 percent of the North field out- 

Summer solstice concentration 

put at winter solstice. This further reduction i s  d.ue to decreased receiver 

. (meter-suns) 
North 

2 . 0 2  

9 . 2 4  

16.30 

29.48 

43 .45  

54.59 

62.65 

6 4 . 9 7  

9 . 6 2  x lo7 
KJ/module 

efficiency a t  lower input levels. The average electrical output of a South 

Equinox concentration 
(meter-suns) 
South 

2 . 0 2  

10.61 

17 .83  

2 9 . 5 4  

4 3 . 7 2  

5 3 . 9 1  

60 .40  

8 2 . 7 1  

9 . 5 4  x lo7  
KS/module 

field is 85 percent of that of the north field. 

Winter solstice concentralion 
(meter-suns) 
North 

- 
- 

4 . 9 2  

2 0 . 7 4  

39 .79  

54 .22  

63 .30  

6 6 . 4 3  

8 . 7 0  x lo7 
KJ/module 

(meter-guns) 
North 

- 
- 
- 

1 11.15 

27 .01  

39.80 

4 8 . 7 2  

50 .92  

6 . 0 2  x 10 
-KJ/modu?e 

(meter-suns) 
South 

- 
- 

4 . 3 4  

17.82 

3 3 . 7 4  

4 5 . 6 9  

53. :5 

55 .77 '  

7 . 4 1  x lo7 
KJ/madule 

South 

- 5 

- 
- *. 

I 10 .91  ' 

23 .96  

34 .12  

$0.59 

42 .85  

5 . 2 8  x lo7 
iCJ/rnocUe 



Figure 6-14 PERFORMANCE OF NORTH AND SOUTH F IELDS,  
S IZED FOR 170 MODULES 

Figure 6-15. COMPARISON O F  OUTPUT O F  SOUTH TO NORTH 
F I E L D  SYSTEMS OF EQUAL SIZING 
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A plant compri.s.ing siamesed receivers fed by North 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 

~ysttim qadeoff may well indicate that a northlsouth configured plant is. 

economically superior . 
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Appendix A 

CONCENTRATOR F IELD ANALYSIS MODEL 

This appendix contains the model used to anfigure the FMC baseline :concen- ' 
. . 

trator field, and to examine a1te'rnate:field configurations. 



A. 1 DISCUSSION . . .  .. . .. 
. ,' 

The performance characteristics of the collector field a re  pivotal to the op: . 
eration and design of the other subsystems. The intensity of the reflected 
f lux a t  the receiver aperture, together withits spatial and temporal distribu- 
tions, impose strong .constraints on the receiver design. and the amount of 
ene.rgy 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 r e s t  of the 
system. 

'-2 . 

.The following collector field parameters a r e  treated as  variables. ~ a c $ c a n  
. . 

be s'ystematically varied in any order, the others being held donstant to :'&-. . . 

signed values. . . .  . '. : '.j . , 

Field width 
Heliostat row spacing,, constant or variable 
Heliostat row elevation, constant or variable 
Receiver height ). 

Surface reflectance 
Tracking er ror  
Surface roughness 
Axial orientation ( ~ o r t h j ~ o u t h ,  East/W est)  
Season of year . . 
Field type (North, south, East, or west)  . . 
Aperture plane -angle. 

The program calculates hourly flux intensity profiles on the aperture plane o r  
the inside receiver circumference on any solar day. Also calculated a r e  
hourly variations in mi r ro r  shaping.and screening, and end compensation 
are'as. 

Given field size and spaciug p a r m e t e r s ,  tile number and positions of helio-: 
stat rows is calculated. Individual heliostats a re  small aperture imaging de- 
vices. An ideal heliostat perfectly focused and aimed produces a sharp line.. 
image a t  the aperture, the width of which i s  determined by the optical path . 

length. The intensity across the width i s  directly proportional to the  diverg- 
: ence angle distribution. The relative intensities a t  different width distances " 

from' the line center a r e  given in Table A-1. 

Table A-.l RELATIVE INTENSITY ACROSS THE SOLAR. DISK 1 ,2  



!+-- empirical equation, the solar limb darkening equation, fits the distribution 
;to a fair degree. 

7 

The diveigence angle distribution, and hence the focal line width, i s  further 
.broadened by tracking and.focusing er rors ,  surface irregularities, etc. ,'which can 
!be expressed in angular terms. If these er ror  sources a r e  normally distributed 
:independent quantities, their e r ro r s  propagate a s  the square root of the sum 
of the squares. ? To give the total perturbation er ror ,  the perturbed divergence 
di8,tribution.i~ obtained by convoluting the initial distribution represented by .. . 
.:Equation 6 1  with a normal distribution function described by the total per- 
turbation error.  If the maximuin solar divergence angle i s  +a, the total 
':perturbation er ror  i s  a, and the actual angle i s  6 , the disf ribution of 6 can 
.be expressed:, 

" ~6 -. 6 1 6 - $ z ) ) E x p ( -  1$-)2 /2) N6 = 6 
Q,F~ x=,-&.. 

,Normalized angular distributions for tracking and surface e r ro r s  of 2 mrad 
lapiece and 1 mrad apiece, a re  given in Figure A-1. These distributions deter- 
mine the shape of all image lines. The width and intensity vary with focal 
length. 

b 

A IDEAL DISTRIBUTION 

B FOCUS AND TRACKING ERROR 
= 1 MRAD 
SURFACE ROUGHNESS - 1 MRAD 

C FOCUS AND TRACKING ERROR 

- 1 0  -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 1 0  

DIVERGENCE ANGLE (MRAD) 
(Focal Line Width X Path LengtW1000) 

Figure A - 1  IDEAL AND PERTURBED SOLAR DIVERGENCE ANGLE DISTRIBUTION . . 
, . .  . . , 

. . .  



Shadowing. factors for each mir ror  row a re  calculated. screening factors 
a r e  calculated, bearing in mind that partially shadowed surfaces a r e  opera- .. ' 

'tionally uiscreened. The location of the receiver shadow i s  determined and 
its effect is  included. . Reflectance as '  a function of iricident angle. i s  calculated. 
All loss factors a re  collected into an overall value, and the intensity profile 
of each heliostat row as  projected onto the receiver plane i s  calculated .and . 

summed to obtain the overall f lux.  The procedGre i s  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 divergence ang1.e 
distribution has been given. The initial unperturbed intensity factor,' N,, 
is: 

where 

w = mir ro r  width (10 feet) 
a = the solar divergence half angle (4'. 6 mrad) 
p = Solar limb darkening factor (0.61) 
d = the optical path length. 

This factor was obtained by integratkg the unperturbed solar divergence d is -  
tribution and equating the integral to a unit solar intensity 0ve.r the mir ror  
width, w. 

A. 3 TRACKING AND DISPLACEMENT RELATIONSHIPS 
.. . 

A cylindrical mir ror  behaves like a plane mir ror  in the axial plane, and 
like a parabolic mir ror  in the normal plane. Solar rays with azimuth angle 

and elevation angle 8 incident upon a northlsouth or  eastlwest axis cylin- 
drical mir ror  can be analyzed by reduction to. the projected angles Q in the 
north/south axis and ~ in the eastlwest plane (FigureA'-2.) It can be shown 
that: 

' An ar ray  of cylindrica1,mirror focusing on a central line receiver tracks 
the sun by rotating about the planar axis with the relationship: 

2 .  

a=( y - $ (or 4 ) ) / 2  . .  (4) 



... , I . $  ... - r  . , 

where . . . ,  . . .  . . : .. . .  :. ., 
. . . . .  ' t  . . . , j ;  

a = mirror  normal displacement, relative to earth normal .. , ., ,.. 

- 1 % ,  , .  , - 2  

Y = tan y i /h  . . . . . , .  _ .  
... . . .  ..,... . .  

. . . . .  yi = mirror  distance from receiver axis . . , . . ' .  r t  

h = receiver height. 

~ i g u r e  A - 2  ANGULAR ANALYSIS DIAGRAM . . 
.-, 

The sign convention is that angles a re  positive when pointing toward the re-  
ceiver. Upon rotation about the mir ror  axi.9, the reflected ray describes .,: ': .' 
a cone with. a constant angle relative to the normal plane . - . . . <\ - 

2 2 
tan *'= sinp/Jcos P + tsn o 



. . .. ' . . .. , . 

T h e  pith length of the ray.upbn i n t e r ~ e ~ t k ~  th'& &ei& =.is: 
' . _ . '  . .  

and the linear displacement of the interception point along the receiver 
axis is: 

In addition, if the mi r ro r  rotates in one 'axis oily, and is horizontal in 
the other, the angle, B , between the incident ray and the mir ror  normal . . . . .  . 
is: . . . . 

cos B 3 sine (coscr + sine tan (@or+)) 

1f the mi r ro r  field is not flat, the height term, h, is the height difference 
between receiver and mir ror .  

. . .  
. A. 4 SHADOWING AND SCREENING FACTORS 

The performance of an isolated heliostat would be essentially governed by 
thefac tors  described above. However, whenplaced 'n an array,  neighbor- 
ingheliostats shadow each other in. two ways: 

' ,  , . 

. 'm A mirror  can be shaded from incident solar .rays. 
A ni i r ror 's  view of the receiver can be obscured. . . 

T h e  former is called shading; the latter is screening. Shading and screening 
for the pertinent cases is illustrated in Figure A J . ' I f  Sh is Lhe center-center 
lirliostat spacing, it can be shown that the length of mir ror  N, O N  , screened 

\ by mi r ro r  N-1 is: 

;) sin ( y N  - bN) 

where 
' < 

ZN is  'the heliostat elevation and 1 is the focusing convergence angle: N 
I 

-1 .5w - d tan0 
bN =. tan ( , d  : 1 -  



Figure 14-3 SHADING AND SCREENING GEOMETRIC RELATIONSHIPS 



The screening factor, Fscr, is 

F = (W - eN) Iw. scr  
I '  I 

'(12) 
. . 

There a r e  two cases of shading, corresponding to the cases of positive and 
negative projected incoming solar angle. 

a Case 1 -- +(+)<o (Figure. 6b) 

The receiver lies between the s.& and the heliostat. Mirror N shadows 
mir ror  N+1. Then, the shaded mir ror  length, 1 is: , 

.* . . .  . ,  N '  

. . 
[ 0 . 5 w ( c o a e  N -  1 t c ~ s a ~ ) - ( s i n e ~ ~ ~ ~ a i ~ a ~ ) t a n ( ~ ( + ) ) - ' & ~ ~ ] ~ o ~ I ~ ( ~ ) ) +  

IN 
0 , . 

cos ( 4 ( +  t 6N ) (1 3 )  

Case 2 - $(+)>a (Figure 6c) 

The heliostat lies between the sun and the receiver. Mirror N+l shadows 
mi r ro r  N. 

In both cases, the shading factor, FSh , is 

Mspecfion qf Figure A-3  reveals that shading and screening a re  normally ex-  . 
clusive te'rms. When both occur simultaneously, it is always. on the same 
end of the m'irror. In this case, the smaller factor dominates. In practice,. 
one of the factors is always unity -for a given helios'tat. In the limit, for 
closely spaced fields where shading or screening factors a re  less than unity,. 
the* sum-ove r the collector field of the product of the 'sh.ading or screening ' 
factors and the individual cos B values (Equation 9)  converges to the, cosine 
of the solar elevation angle. 



When the incident direction is negative, the receiver and towerscast shadows 
on the mir ror  field. To correct for the receiver shadow, the position of the 
shadow is calculated by the appropriate equation (Equation 16 or  17). 

For a flat or linearly. terraced field, 

- h  tan ( $ ( @ ) I  
Y s -  1 - k t a n ( $ ( @ ) )  

where k = slope of terracing. 

For a parabolic terraced field, , 

2 
I '  

V1 + 4hk tan ( $ (  4,))  - 1 
Ys 2k tan ( + ( + ) I  

where k = slope of terracing. 

. > 

For a linear terraced field, the width, w, , of the shadow 2s: . 

+ d a ) / c o k . (  $ ( +  ) + tan-' k)  =br g 9 

and for  a parabolic terraced field, the width, ws , of the shadow is: 

where 

wS = cross sectional width of the receiver 

d, = path length (Equations 7 and 8) 

x, = . . linear .. displacement {Equations 7 and 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 1-eeeivcr shadowing is reduced by the factor: 

F r s = (L - 2 x s ) / ~  

. . 

where L is the receiver length. 



. . The heliostats lying"at yi + . 5ws a r e  reduced by a factor  weighted 
by the amount of mi r ro r  an3  field overlap. Tower shadows a re  calculated 

. . 
, . in 'a siinilar manner, assuming rectangular pyramid-shaped towers with a . . 

fractional opacity value. 

A. 6'  APERTURE INTENSITY PROFILES 

The aperture is tilted at  an angle, T, ,with respect to the horizontal. The 
projected beam width, wp , from each heliostat is: 

w = ' w  / c o i  (IN- T) p 6N . 

where w 6 ~  is the normal beam width for an angular divergence 6 f rom 
a mi r ro r  a t  Row N and is equal to b i d N  . The aperture plane i s  divided 
into finite intervals, the equivalent divergence angle for each increment 
is  calculated, the intensity factor3 for  that angle is interpolated from the 
divergence angle distribution c'urve, an?  the appropriate inteus iLy contri- 
bution,corrected for all losses, is added to the intensity at the interval. 

I 

A. 7 DIRECT INTENSITY DISTRIBUTION ON INNER RECEIVER CAVITY E 

WALLS 
The direct  intensity distribution of inner surfaces i s  u~ieful for the design and : 
evaluation of alternate forced -flow boiler and superheater configurations. The 
intensity distribution calculation portion of the field pe rfo rrnance prog ram was 

' 

modified to obtain the distribution around the inside receiver circurnfe rence. 

The calculation was performed using the following procedure. The principle ) 
ray of the beam from a heliostat passes through the center of the aperture 
with an angle, Y ,  relative to the vertical (Figure A-4. ) 

I 

The aperture makes an angle, T, with respect to the horizontal. The normal 
width of the beam entering the aperture i s  4/cos (T - Y ) o r  the calculated , 

divergent width, whichever is smaller. The position along the circurnfe rence, 
' 

Co , intersected on this principal ray i s  calculated by the relationship 



Figure A-4 GEOMETRY FOR DETERMINING INNER WALL INTENSITY 
DISTRIBUTIONS , 

The circurnfei.ence i s  divided into finite-size elements of length AC. The 
corresponding normal-width element, AW, i s  

AW = '  . AC sin 8 

To good approximation, the pathlength, Do , traveled by the beam element, 
A W,, i s .  . . J 

Do = ,Dl + 2.24 cos (T-Y) 

where D . i s  the calculated pathlength' from heliostat to aperture plane. 



Given the total pathlength and the normal beam width increment, the angle 
co rresponding to the angular divergence intensity die tribution function, and 
the product of this intensity term and sin i s  added into the ACo interval. 

A 

Since AC = 3A+, finite intervals can be successively calculated around the 
circurnfe rence with 

and 
. . . . 

with 

wo =. - 0 . 5 A C s i n +  o for AC<O 

wo = . 0 . 5  AC sin$ for, AC > .O 
> 

and 
. . 

- - D, +. 3 sin ( Q ~ - ~ : ' + A C / ~ ) .  . D i  

The intensity incremkital '  s-ation de *'=&bed i 8  pe rf6 -ed for  each in te +a1 
until' WA exceeds the normal beam half -width . 
Hourly intensity distributions a t  winter solstice for a north field sized for 
solar noon at winter solstice a re  presented in Figure A-5. The irregularities in 
the curves are  due to a combination of the finite intervals chosen and the fact 
that the receiver t tseestl  gaps in the near portion of the mi r ro r  field. The 
integrated'area under the curve agrees with the product of the average 
aperture intensity and the aperture area to within 0. 2 percent. 
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TYPICAL OUTPUTS O F  MODEL 

TRACKING ERROR STAMDARD DEVIATION? I N  MRAD>2 . 
SURFACE ROUGHNESS STANDARD DEVIATIONv I N  MRAD>2 
SOLAR L I K E  DA.RKENING FACTOR>*61 , 

1 1 0 4 6  6 3 4 6  0 1 0 0  
2 1 0 4 1  + 5 6 3  6 4 0  
3 . 1027b297  e 8 0  
4 10036818  1 e 2 0  

, 5 .  ' 9 7 1  6571  1 * 6 0  
6 9 3 1  6 1 9 1  .2 e00 
7 8 8 3  6 4 9 7  2 6 4 0  
8 8 2 9  . 4 8 5  2 6 80 
9 7 7 0  e 310 3 * 2 0  

10 707.289  3 6 6 0  
11 6 4 1  6'788 4 6 0 0  . . 

12 5 7 5  + 242' 4 .40 
13 5 0 9 * 0 6 6  , 4 .80 
1 4  ' 4 4 4  6 5 9 5  5 2 0  
1 5  3b3 .029  . 5 .60  
'1 6 3 2 5  6 3 8 0  6 6 0 0  ' . 

1 / 272 + 4 3 9  6 6'40 
1 8  2 2 4  6751 6.80 
19 1 8 2 * 6 1 3  7 . 2 0  
2 0 1 4 6  + 0 8 8  7 + 6 0  
2 1 115.032 8 6 0 0  
2 2 89.129  8 .40  
2 3 . 6 7  *935 8 8 0  
2 4 5 0  6 9 2 6  9 :20 
2 5 37 * 537 9 6 60 
2 6 2 7  6 2 0 0  1 0  6 00 
2 7  19 .372  10.40 
2 8 13 5 5 8  1 0  1 8 0  

- 2 9  . 9 6 3 2 3  11.20 
F I E L D  WIDTH I N  METERS::.121*93 
FIELD EDGE INNER DIS'TRNCE I N  HETERS>.O 
APERTURE ANGLE WITH HORIZONTAL (DEG):.45 
MINIMUM MIF:ROR SPACING I N  ME'TERS.>.3'. 7 
MAXlMUlY MIRKOF:  SF'ACING I N  METERS.I:.6 + 9 
I F  LINEAR 6F'ACING Ei.ITEl:t .l:::<i) 
NUMBER O F  MIKKUE ROWS= 3 7  
MAXIMUP, FIELII EDGE ELEVATION IN METERSX 

. IF LINEAR SF'ACING ENTER 1:::,1 
TOWER HEIGFIT I N  ME'TERS::.60+YL 
HIRRDK' REFLECTRNCE:::. e Y 
NLJMBEH OF 6 1  METER SEFMEN'TS).l7 
RECEIVEF: L.EE.lGTI.i= 1031.32 METERS 
TOWER OPACITY FACTOR:::. .25 
FIELB TYPE I i = N r 2 = s ~  3=W ~4=E):::.1 
LATITUDE ( DEG ):::.J'S 
F I E L D  S I Z I N G  DESIGN POINT. IlAY OF YEAR:::.E)l 

HOUR O F  DAY:915 



DAY OF YEAR= 819 HOUR OF DAY=lS.O 
NORTH FIELD 
EL. ANGLE' 35.48~ At. ANGLE= -60.279 PSI= 
ROW XDIS PDIST FSHD FSCR FCOS 

1 1.52 86.24 1.000 1rOOO 0677 
2 5.23 86.53 10000 1.000 .683 
3 8.94 87.13 1.000 1*000 +688 
4 12.66 88r05 lr000 lrOOO e693 
5 16.40 89.28 le000 1eOOO .697 
6 20.17 90.81 1.000 1.000 0700 
7 23097 92.64 lrOOO 1.000 e702 
8 27.81 94.76 1.000 lrOOO e704 
9 31070 97017 1.000 1.000 e706 
10 35.64 99.86 1*000 1.000 4707 

RECIEVER SHADOW HERE? ROW llr F= a876984 
11 39.63 102.83 1.000 1+000 e707 

RECIEVER SYADOW HEREr ROW 12r F= r590727 
12 43.70 106.07 1.000 1.000 r707 
13 47e'84 109.58 1+000 1 e000 r707 
14 52.06 113.37 1r000 1.000 r706 
15 56.38 117.43 1*000 1.000 +705 
16 60.80 .121*76 1.000 lrOOO a704 
17 65.34 126.37 1.000 lt000 r703 
18 70.00 131.27 lrOOO lrOOO -702 
19 74.80 136.46 1.000 1.000 .700 
20 79.75 141.96 1.000 1+000 a699 
21. 84.88 147.78 1 e000 1.000 e697 
22 90.18 153.94 lrOOO lr000 *695 
23 95.69 160.46 1.000 1*000 r693 
24 101.43 167.35 1*000 1.000 e691 
25 107.41 174r66 1.000 lr000 .690 
26113.66 182.40 1.000 lrOOO e688 
27120.22 190.62 1.000 1*000 e686 

BUT-TERFLY AREA= -7105 
END LOSSES- 0.00 X 
CIPC. POS INTENSITY X ENERGY 
-1 e22 . 40 03 
-1 616 1 a34 e20 
-1 * 10 2.01 r 46 
-1 *04 2.77 + 84 

- +  98 4.16 1.42 
-.91 5. 18 2.15 
-.85 5 . 77 3.01 
-.79 7.55 4.10 
-t73 8.90 5r39 
-067 10 0 33 6 . 89 
-061 11 e29 8.59 
-.55 12.87 10.52 
- 49 14.50 12r70 
-r43 16 17 15.13 
-+37 17.22 17 + 72 
-+30 18.55 20 * 53 
-a24 19.97 23 55 
- +  18 21.39 26 . 79 
- 6  12 22410 30.15 
- * O h  23 6 28 33 * 69 
0.00 24 * 26 37 . 34 
006 . 24 e 52 41 e09 
l 12 24 e 58 44 90 
r 18 24 * 53 48+61 

-50.629 PHI 
XSAREA 
-185.85 
-186.48 
-187 *78 
-189.76 
-192.41 
-195 . 70 
-199 . 65 
-204 r 22 
-209.41 : 
-215.21 

=-34.83 . 

ALFA MSTR 
18.13 . 1+000 
19.86 1.499 
21.58 1.510 
23.28 1.514 
24.94 1.511 
26.57 10503 
28.15 1.488 
29r68 1.468 
'3115 1.446 
32.37 1.418 

A V *  INT 
40 
87 

1 .21 
1 *56 
2.06 
2.56 
3 . 03 
3 37 
4r14 
4.74 
5 l 34 
5 97 



23.13 . 24 52 * 20 13.92 
030 . . 22 6 99 55 78 14.29 

- e37 21 e 47 59. 12 14 r,58 
* 43 22 00 62 50 14 0 85 . 49 21 r04 65 173 15 +,07 
.55 ' , ., 20.27 ' 6 8 + 8 9  , 15 126 
61 20. 10 71.97 15 42' . 67 19 k70 75.00, 15.56 

+ 73, . .  . . 19;'22 77 + 91 . 15.66 
* 79 .18+09  80.71 15 0 74 
e85 16+83 83.. 31 15.78 
91 . 15.45 85.75 , . 15.78 

.98 14.. 37 87 99 . IS r 75 
1 +04 12.94 90 . 02 15.68 
1.10 11a.36 ' 91 +80 15.58 

:1*16 9.78 ' 93 38 15.44 ' 
1.22 8 + 58 94 a 73 

. . 15+28 
1 e28 70 14 . 95 + 87 15.09 
1+34 ' -,. 6 * 08 96.84 . 14.%9 

' 1.40 4.88 97 t 62 14.66 
1 + 46 3483 98 0 24 14.42 
I t32 asp1 913 r /;? 14i18 
1.58 2 * 36 99.ii ' 13.92 
1.65 . 1 +69 99 . 40 i 3  + 67 
1.71 1.33 99.61 . 1.3 r 42 
l r 7 7  87 99 * 77 

, 
13.17 

1 +83 ' +66 99 t 88 12.92 
1 +€I9 e 36' 99 + 94 12.68 
1+Y5 + 25 99 +98, . . 12.44 
2 + 0 1  * 08 ' 100100 12.21 

INTEGRAfED INTENSITY= 39.83 METER SUNS 
AVERAGE S l i A D I ' N G  FFtCTOR-1 + 00 1 AVERAGE SCREENING F A ~ T Q R = ~  r 00 
MAXIMUM APERTURE FLUX TO NUMBER O F  ROWS RATIO= + 9 3 5 . '  
MIIIRCIR AREA EFF-ICIEIIC:YL- 59.46 '% 
TO'l'Al, F.:IELD EFFICIENCY= 4E1.24 % 
WORKING MIRKOFi EZI"FICIENCY* 19.32 % 
WOFaKIN(3 F1EL.D EI'FICXENCY== 56r27. % 
PLD'I' AFiRAY IN DA'TA L INES 6001 'rD A005 



I . . 

A. 9 SOURCE LISTING OF MODEL 
6 '  

SAVED 07/27' 22 : 02b.VERSION 2.4 
10 DIM X(200) rY(200) rZ(200) rW(42) rQ(36) ;~(30)'?~(42) rD-(50) ~E(50) rF(5O) 
20 DIM G(50)rB(35) 
30 INPUT IN IMAGE ' TRACKING ERROR STANDARD DEVIATION? IN M R A D P ~  : EI 
60 INPUT IN IMAGE'SURFACE ROUGI-INESS STANDARD DEVIAT.ION? IN MRADt8:E2 . 
90 INPUT IN IMAGE'SOLAR LIMB OARKENINO FACTOR#':E3 . ' .  

, 100 J2=5991 . . 

102 J3=' DATA 
104 J4='r0 
106 OPEN /PLOTDATA/sSYMBOLIC FIXE~(.~O) OUTPUT? '10 

. , 
120 E4=51SQR(Elft2+E2**2) 
130 E5=5/ ( ( 1-0 * 2416t~3) to * 0 0 4 6 * ~ 4 k R ( 2 W 1 )  ) 

140 E6=1/(E4tSQR(2)) 
150 FOR 1=1 TO SO 
160 F(I)=O 
170 NEXT I , 
180 FOR I=l TO. 50 . . 
190 E7=2t(I-1) 
200 FOR A=-23 TO 23 
210 E8=((E7-J)tE6)$*2 
220 IF E8>.227*96 THEN 240 
230 F(I)=F(I)+(l-E3*(l-SRR(l-(J/23)tf2)))tE~P(-E8~) 
240 NEXT J 
250 FfI)=EStF(I) 1 

. 260 PRINT, IN FORM'4X SB 4X.3X 5B X X ' * X X / ' : I P F ( I ) ? + ~ ~ . ( I - ~ )  
270 IF F(I)/F(l)<O.Ol THEN 290 
280 NEXT I 
290 EO=(I-l)*0+4 
300 INPUT IN IMAGEgFIELD WIDTH IN METERSC8:S3 
330 INPUT IN IMAGESFIELD EDGE INNER DISTANCE IN METERSP8:D6' 
360 S3=S3f3;2808 . . 

37.0 INPUT IN IMAGE. APERTURE ANGLE WIT,H HORIZONTAL (DEB )Q; :TO. 
400 .TO=TOIPI/180 
410 INPUT IN IMAGE'MINIMUM MIRROR SPACING IN METERS18:S4 
440 INPUT IN IMAGE'MAXIMUM MIRROR SPACING,IN METERSI':S~ 
4 7 0  S1=0 \ 

480 INPUT IN IMAGE'IF LINEAR SPACING ENTER le8:S1 
510 D6=D6#3*2808 
520 S4=S4*3*2808 
530 S5=SSt3*280Ei 
540 IF S1=0 THEN 570 
530 K$=(SS-S4)/S3 
560 . GOT0 -580 
570 Kl=(S5-S4)/S3**2 

. 580 D ( 1 ) =5.1-Dh . , 
590- FOR I=2 TO 100 
600 IF Sl=l.THEN 630 
610 D(I)=Klt(D(I-l>SS)ft2tI~(I-l)tS4 
620 GOTL? 630 
630 D(J)-K1Xc(D(I-1.)t5).+?(1-1)1.S4 . 
640 IF D ( I ) t53.S3+D6. THEN 660 
650 NEXT I 
66(j NzI-1 
670 P R I N T  'NI.JMBER. OF: MIRROR ROWS-':N 
680 INPUT IN IMAGE'MAXIMUM FIELEI EDGE ELEVATION IN METEhS#':S6 
710 Sh=S6%3,2808 
720 ~ 2 - 0  
730 INPUT I N  IMAGE'XF LINEAR SPACING ENTER 1Qg.:P2 
760 IF: P2-0 'Tt.IEN 790 
770 K2=S6/63 



790 K2=S6/S3#*2 
800 INPUT IN 1MAGE"TOWER HEIGHT 1.N METERS#':Hl 
830 Hl=Hl*3 * 2308 
840 INPUT IN IMAGE'MIRROR REFLECTANCE#':F9 
880 FOR, 1=1 TO N 
890 IF P2=1 THEN 920 
900 E(I)=K2*(D(I)-D(l))#t2 
910 GOT0 930 
920 E(I)=tC2X(D(I')-D.(l)) 
9 3 0  G(I)=ATN((Hl-E(I))/D(I)) 
940 NEXT I 
950 INPUT IN. IMAGE'NUME{ER OF 61 METER SEGMENTS08:K1 
970 L1=200f K1 
980 PRINT IN IMAGE'RECEIVER LENGTH=XXXXX.%X METERSd:L1*+3048 
990 INPUT IN IMAGE'TOWER OPACITY FACTORPm:D5 
1010 INPUT IN IMAGE'FIELD TYPE (1=N?2=S?3=W?4=E)Pm:F1 
1030 INPUT IN IMAGE 'LATITUDE (DEG)Om:L6 . 

1080 NO=-1 
1090 IF F1=3 THEN 1'110 
1100 GOT0 1120 
1110 WO=1 
11.20 I J l r W O  
1130 F2=1 
1140 IF F1=1 THEN 1160 
1150 GOT0 1170 
1360 F2=-1 
1170 INPUT IN IMAGEaFIELI~ S I Z I ~  DESIGN POINT. DAY OF YEARS HOlJR O F  DAYtP 
' :D9H 
1200 n9=o 
1210 J=H-12 
1220 GOT0 1290 
1230 Q9=1 
1240 INPU'f IN XMAGE'IST DAY# LAST DAY# STARTING TIME# 1NTERVALBg:D~D9'rH98 
? H 
1260 FOR I=D TO D9 
1270 PRINT 'DAY8:D:' TO DAY':D9:'--START ATn:H9:'? ':H:'HOUR INTERVALS' 
,1280 FOR J=H9-12 TO 9 STEP H 
1290 H8=PI/180 
1300 P=0.305626283* (D-172 1 %ti8 
1310 A = R S I M ( O + 3 9 8 7 4 9 O S 9 ~ C B E i ( P ) )  
1330 nl=SIt.( (Lb:KH8) 
,1340 Q2=COS(LbdHU) 
1350 Al=SIN(A) 
lJlU A2=CBSCA) 
1370 Wl=-W0 
1380 Tl=S1N( 151Jdti8) 
1390 T2='CQS ( ' iSt . .JdH9) 
1400 U=R2*A2*T2+Al;#Of 
1410 IF: Q.:;=O OR n3.1 ~ 1 . 1 6 ' ~  +4oo 
1440 B=PI/2--ACOS (R 
1460 X=A2-QtQ%t.T2 
.i470 Y=R~-I:JXO:L 
1480 Z a - Q f  Q2:Xl.l 

' 1490 R=IN'l'( ( X ~ ~ ! 3 1 t T 2 - ~ ' 1 ! ~ 4 2 i ~ Z t ~ l ~ T l  )/SQF< ( ~ * * 2 + ~ % * 2 + ~ # * 2  ~ * 1 0 ~ ~ 1 0 ~ / 1 0 ~ ~ 1 0  
1530 T=-ACOS ( R  
1540 IF T .:I:= 0 THEN 1560 
1550 T=T-.F:':~ 
1960 IF .I I::.= 0 'TCIEN 1130 
1570 T;.-T ' 



1630 P=l 
1635 T=WlfT 
,1640 X4=SIN(T)/TAN(R) 
1650 XS=COS(T)/.TAN(B)tF2 
1660 X(~=COS ( T ,.SOR ( SIN ( T) x#~+TAN'( B) tS2) t ~ 2  
1670 X9=SIN(T)/SRR(COS(T)*t2+TAN(B)#*2) 
1680.GOTO 3770 . 
1690 PRINT 'ROW XDIS PDIST FSHD FSCR FCOS XS ARE A ALFA 8 
MSTR' . 

1710 FOR K=l TO 200 
1720 X(K)rY(K)rZ(K)=O 
1730 NEXT K 
1750,XlrX2rX3rG8rG4=0 
1760 T4=T 
1770 IF F1>.2.5 THEN 1800 
'1780 S8=RTN ( X5 ) 
1790 GOT0 1'810 

. 1800 S8=ATN(X4) 
1810 A.I-(FI/2-G(1)-98)/2 
.I820 A 3 =  ( Pr/2-G (N.) -S8) /2 . 
1830 A4=K2%TAN.( 58) 
1840 A5=D(N)-5t(COS(A3)-(SIN(A3))#TANSS! , 

1850 IF A4=0 THEN 1870 
1860 IF,P2=0 THEN 15'10 
1870 A ~ = ( A ~ ~ D ( N ) - D ( N ) + ~ # c o S ( ~ ~ ) - ~ ~ S I N ( A ~ ) * T A N ( S ~ )  )/(A4-1) 
1880 T~l=tiltTAN(S8)/( 1-A4 
1.890 T2=1/COS (P8.tATN ( K2 ) ) 
1900 GO'TO 1950 
i9io IF SB(O THEN 1930 
1920 A ~ = ( ~ - S R R ( ~ - . ~ * A ~ P ( ~ ( N ) - ~ A Y C O S ( A ~ ) + ~ ~ S I N ( A ~ ) * T A N ( S ~ ) - A ~ ~ D ( N ) ~ ~ ~ )  ) )/(a8 : 
tA4 ) 
1 9 3 0 ~ 1 = ( ~ ~ ~ ( 1 + 4 1 ~ l t ~ 4 t ~ ~ ~ ~ s ' 8 ) ) - 1 ) 1 ~ ~ 2 ~ ~ 4 )  . 
1940 T2=1/COS(S8+r?rTN(21K'2X'Tl ) )  
1950 S9rF4rF6rS7rS1rUlr42=O i 

1960 FOR K=l TO N 
1970 DO=SnR(D(K)tt2+(H1-E(K))XcX2) 
1980 IF F1>.2*5 THEN 2020 
1990 Xl=DOIX9 
.2000 Dl=DO/COS(ATN(X7)) 
2010 GOTO 20.40 
2020 Xl=X8tDO 
2030 11 i =no/t:os ( A m  ( xs ) ) 
2040 Gb=l 
2050 IF Q9>0+5 THEN 2080 
2060 P(IO=Xl ' 

,2070 (?OTCl 2120 , 

2080 IF ABSi XI ).:::AE!S(B(K) ) TtiEN 2120 
2090 GJ=l-.(ABS(XI ) - A B S ( E { ( K ) ) )  )/l-l. 
2100 IF G620 'THEN 2120 
2105 IF, K = l  THEN 4400 
2110 G6=0 
21?0 G8=Ci133.G6 
2130 X2-X2+Xl 
2140 IF RY::.0,5 THEN 2160 
2150 B(3S)=ABS(X2) 
2160 PF l i -N  '1.1-IF::N 2180 
2170 ,42-(p1:/2-(:;( 1 + . K ) - ~ E ) ) , ~ ; : '  

. 2180 IF' Sli).:::O TI-IEN 2289 
2190 IF I(=N THE:N 2420 

. . 

2200 fi(?=:n(K.t1)... .~)K((~l:)!;(A2)-sIN(A2)%TAN(!38! )--(E(K.1.1 ) . - € ( I 0  )t'I'AN(S(J) 



2210 I F  D(KSl).:';R7 THEN 2240 
2220 A8=AS-( 'E(N)-E(h'))*TAN(SI3) 
2230 IF A8.:::A9 TI-IEN 2260 
2240 S7=5t(COS(A1)-SIN(AIj)XTAN(S8))+D(Kt1)-A9 
2250 GOT0 2270 
2260 S~=~#(COS,(A~)-SIN(A~)~TAN(S~)).~KI(N)-A~ 
2270 S9=((S7+D(K)-D(I<t1))fCOS(S8>)/COS(S8+A2) 
2280 IF S9>0 THEN 2300 
2290 S9=0 . . 

2300 F3=(IO-S9)/10 
2310 IF SU:::.O 'THEN 2350 
2320 I F  K=N THEN 2350 ! 
2330 S 7 = 5 ~ ( C O S ( F I 1 ! + C O S ( A 2 ~ - ~ S I N ~ ~ 1 ~ t S I N ~ A 2 ~ ~ t T A N ~ S 8 ~ ~ t ~ E ~ I < + 1 ~ - E ~ K ~ ~ * T A N ~ ~  
S8) .. . 

2340 s~=((s~+D(K)-D(K+~))~cos(s~))/cOS(S~~~A~) 
2350 IF F3.:':0 TtJEN 3510 
2360 IF ( A2i.S8 ) ISGN ( A2 ) :>O THEN 2390 
2380 GOT0 2550 
2370 I F  K=i  THEN -2550 ' 

2400 GO'TO 2430 
2420 F3=1 
2430 F5=RTN! ( 5 - D l f Q .  0001 57'1 /r13. > 
2440 G7=S~<(COS(fiO,+.COs(Al ) i . (SIN(AO>+SIN(Al)  >/TAN(G(K).tF5) ) 
2445 G7=G7-(€(h')-E(K-l))/TAN(G(K>1.5) 
2450 G P = ( G ~ + ~ I ( K - ~ ) - ~ ( I < )  ) # ( S I N ( G ( K ) + F ~ ~ , ) / S I N ( G ( K ) ~ I ~ F ~ + A ~ )  
2460 IF G7:::.0 THEN 2480 
2470 GS=0 
2480 G5=(10-GY)/10 
2490 ZF G5.tF3 THEN 2510 
2500 GOT0 1550 

, 25.10 F3=1 
. 2530 I F  G5.<0 THEN 3550 
2540 GOT0 2570 . . 

2550 G5=1 
2570 P1=1 
2580 SF T1:::.0 TI.iEN 2950 
'2590 L 2 = 3 0 8 ( 1 + D ( K ) / ( I i l b T A N ( S E I )  ) -E(K) / I i1 )+0 .0093~~~11 
2600 E4=D5t( L2-0.00'?3:#D:I. ) /L2 
2610 I F  F1:::.2,5 TIiEN ,2650' 
2620 ES=D(K)*TAN(T4) 
2630 L-~.L:LZ/AFC~ ( f-:IJki ( 1'4 ) ) 
2140 GOT0 26'0 
2650 ES=rl ( K )  /'l'ilN I T4) 
2600 L.2-1.2/5SN 1: 'I'.'! 1 
2670 I F  (L.2-0,00'?3tCll !:::O 'TC1EN 2810 
2600 E6=200-AB!j ( X I  ) -AIE(S (125 ) 
2690 I F  E6:::? TC.IEN 2780 
2700 EJ=(L..2-t& ) /L2  
2710 SF E7::.1 'THEN 2740 
2720 E7:zEI-.LNl (t7) 
2730 CiOT[I 2750 
2740 E7=1 
2750 [-17- ( I N ' T  (-1_1/200 ) ,ffEr:7 /K1 
2760 TI' E7::!.1 'I'HI-N 2Cil.C) 
2770 GO'TCI 2790 
2780 E!':7=0 
27'70 I::'I:-I-E4$( 3:-E7) tL2/200 
2800 GO'TO 2820 
:!tilo p:1.=s 
2820 E:4:=T21n (7+0, OO!i3$LlI ) 

I 



2'830 E7=l-(APS(Xl)+ABS(E5))/Ll 
2840 I F  E7<0 THEN 2860 
2850 GOT0 2870 . . 

2860 E7=0. \ 

2870 T ~ = ( O ~ ~ ~ ( E ~ + ~ ~ ) - A B S ( I I ( K ) ~ ' ~ ~ ) ) / ~ O  
2880 I* T3.<0 OR T3=0 THEN 2950 
2890 I F  T3>1 THEN 2920 
2900 F7=1-T3%E7t7/(7+Ot0073tI~1) 
2910 GOT0 2930 
2920 F7=l -E7X7/ (7+OtOO93$~I l )  
2930 PRINT 'RECIEVER SHAIlOW HERE? ROWm:K:'r F=':F7 
2940 GOT0 2960 ' 

2950 F7=1 
2960 F8=(SIN(E))t(COS(Al)-SIN(Al)X(TAN~S8)) 
2965 G4=G4+F8 
2970 I F  F3(1 THEN ,3000 
2980 G3=G5 
2990 GOT0 3010 
3000 Ci3=F3 
3010 I F  D(K).<15 THEN 3030 
3020 GOT0 3090 
3030 G 3 ~ 0 t 9 t G 3  . 
3040 83=INT(ABS(Xl)/200) , . 

3050 I F  B39K1 THEN 3070 
3060 GOT0 3080 
3070 E:3=Kl 
3080 F l ~ P 1 4 ( ( ~ 3 + 1 - ~ ~ ~ ( ~ 1 ) / 2 0 0 ) ~ ( 1 - ~ 5 ) ~ ~ ~ 3 + ( - ~ 3 + ~ ~ ~ ~ ~ 1 ) / 2 0 0 ) ~ ( 1 - ~ 5 $ ~ ~ ~ ~ 3 + 8  ' ' '  

1 ) )  
3090 FO=G3*F7fF8tF9fF'fG6*Fl . . 
3100 I F  K,?l THEN 3120 
3110 Bl=G3tF7:KFBtF91PI*G6/Di  
3120 E2=G3fF7*F'G*F9tPl tG6/I : I l  
3130 B2=B2/Rl 
3'140 D2='TO+G (K)  
3150 E4=2tSIN(D2)/Dl 
3160 F'3=TO-PI/2d.GtK) 
3170 F'4=0+74536tSIN(F'3) 
3180 I F  Y4=0 THEN 3210 
3190 P4=A'TN(SQR(i-F'4**2)/P4) 
3200 GOT0 3220 
3210 P4=PI 
3220 I F  P4=0 OR P4::z.O THEN 3240 
3230 P4=PI+ P4 ' .  
3240 F'+F'I/2-P4i.F'3 
3250 P6=2f ( 133+1:4 ) +ASTN( + 6hh6Bh67) 
3260 P7-2t(P3-E4)-ASIN(O.h6I! )6667)  
3270 E82=I31 t2,236068tCOS ( P 3 )  
3280 P8=E8+.31SIN ( F'4 ) 
32YO L0=1/30 
3300 E l = P b - P 5  
3310 F~5=1001.IN'T(30YPJ+Ot3) 
3320 I F  LO.:::O 7't.IE:N 3340 
3330 X (E5 )  =X (E5 ).+F'( 1 ) %GO:KS:lN (P4 ? /F'S 
3340 F'9=0.5fSIN(F'4) 
3350 r:(3li I--LO 'r[]' [<& S'rEF' LO 
3360 D.4=!SI.N i P.1-L) . . 

3370 F'9:=F"iJ.(), 5LD4 
3380 E7:=E:Elt3tD4 
3 j r io  DJ=IOO~F'Y/ES 
3400 pJ:zF:'Y+.().+ :!j#I:lr) 



3 4 4 0  X ( E 5 ) = X ( E S ) + ( F ( Z Y ) + ( F ( Z 9 + 1 ) - F ( Z 9 ) ) S ( D 3 - Z 9 ) ) * F O * n 4 / E 7  
3 4 5 0  NEXT L 
3 4 6 0  LO--LO 
3 4 7 0  I F  LO>0 THEN 3 5 0 0  
3 4 8 0  E6=P7-P5 
3 4 9 0  GOTO. 3 3 1 0  
3 5 0 0  GOTO 3 5 6 0  
3 5 1 0  F 3 = 0  
3 5 2 0  G5=1 
3 5 4 0  GOT0 3 5 6 0  
3 5 5 0  G5=0 
3 5 6 0  Z9='4% 4X,%% AXb%% 3(3 i :137! ) .  ~ X I % X  5%:,%X 3 X + 3 % / '  
3 5 6 5  F R I N T  I N  FORM ZY:KvD(K)t~304E)vI~1*:,304~1F39G5~F8~.+929tXl~A~/H8v~2 
3 5 6 7  F 4 = F 4 t F 3  
3 5 6 8  F6=F6SG5 
3970 A O m A i  
3 5 A O  a S = A %  
3590 NEXT I\' 2 

3600 L - 1  
3 6 1 0  FOR K = l  TO 2 0 0  
3 6 2 0  I F  X( IO=O THEN 3 6 6 0  
3 6 3 0  S l = S l + X ( K )  
3 6 4 0  Y ( K ) = S l / L ,  
3 6 5 0  L = L t l  
3 6 6 0  NEXT K 
3 6 7 0  L = l  
3 6 8 0  FOR K = l  TO 200 
3 6 9 0  I F  X ( K ) = O  THEN 3 7 2 0  
3700 Z ( I O = Y ( K ) $ L * l 0 0 / S l  
3 7 1 0  L-LtX 
3 7 2 0 ' M E X T  K 
3 7 3 0  L=L-1 
3 7 6 0  GOTn 3940 
3 7 7 0  PF::I:NT 
3 7 8 0  PKIN'T 
3790 PRIli lT 
381U F'KINI '  I N  I M A G E ' O A Y  OF YEAR=XX?{%v HDUA OF DAY=%%*%' :D912+J 
3 8 2 0  I F  F I = l  l'I4EN 3 8 9 0  
3 8 3 0  I F  F 1 - 2  TI-IEN 3910 
3 8 4 0  TF Fir-3 TI-IFW 3870 
3 8 5 0  PRINT Y A S T  F-IEI-Do . 

3 8 6 0  GUTCl 3 7 2 0  
3 8 7 0  PRIN'T ' WE:ST t " IELDU 
3880 Gfl7'C) 3P2O 
3 8 9 0  F'FZIMT ' NCIK'TI-I FI:EL-II ' - - 
3900 GO'TW 5 8 2 0  
3 9 1 0  PRINT ' SOlJ'l'l-I I"1L:~LI:I' 
3 9 2 0  Z7z "El. A N O I  X 9 A x  :, RNG1.-E-:X%%%. ZX v PSI-X%%?!. :!X r PtsII:-XXX. X X "  
3 9 2 9  F'RI:NT I N  :[MAGE Z7:  E / H ~ ,  7'/ti!3 v A ' I ' ~ I ( X ~  ) / I . . ~ C ~ ~ A ' T N ( X ~  )/1.11f: 
3930 OOTLl 1690 
3 9 4 0  PRIN'T' I N  IMA(:;IL" B1JTTERI"'LY AI;EA=%%%X%% 7 :, 5'29*X2 
3 9 4 5  ZS=';:' 
3 9 5 0  F'R:IN'I' I N  X M A G ~ " I ~ N D  LCISSES-%%X ,%% % '  : ( 1--G8/N! t 1 0 0 ,  ZO 
3 9 7 0  F'RIN'T ' CIFEC, 1::'C)I:; ~~!TENSITY. % ENE:FEGY AU, I N T '  
397'5 Z7z:'%X%,X% '?B 7%+%% 7B 5%.%X 9 R  7X,,X%/' 

, 

3 9 7 1  LO=O 



3980 FOR K=l TO 200 
3990 IF X(IO=O THEN 4040 
4000 IF INT(K/2)<:1</2 THEN 4020. 
4010 F:RINT IN FORM 27:(K-$OO)tO+O3048rX(K)rZ(K)rY(K) 
4020 IF X(&)<LO TtEN 4040 
4030 LO=X(K) 
4040 NEXT K 
4060 PRIN? IN IMAGE 'INTEGRATED INTENSI-?Y=%%%+%% METER SUNSm:+03048tS1 
4080 Z7='AVERAGE SHAUING FACTOR=X+%%r AVERAGE SCREENING FACTOR=%.%%" 
4090 PRINT IN IMAGE Z7:F4/NfFb/N 
4100 PRINT IN .IMAGE 'MAXIMUM APERTURE FLUX TO NUMEEX'OF RDLJS RATIO=%.%%X8 
' : LO/N . . 
4110 PRINT IN I M A G E ~ M I R R O R  AREA EFFICIENCY=%%%+%% %*:Sl$N/(N+2tR(35)/L1)8 
/G4rZ8 . 
4115 Z7='JOTAL FIELD EFFICIENCY=%%%+%% % *  
4120 PRINT IN'IMAGE Z7:lOfSlfLl/((LlXS3t2O~~E~35~fS3/(Nt10))~~SIN~B~~~Z8 
4130 PRINT IN IMAGE *WORKING MIRROR EFFICIENCY=%%%+%% %':Si/G4rZ8 
4140 PRINT IN IMAGE 'WORKING FIELKI . EFFICIENCY=%%%+%% %*:lOXSl/(S3fSIN(B8 

' ))rZS 
4390 GOSUP 6000 
4400 IF Q9.<0+5 THEN 1230 
4420 NEXT J 
4430. NEXT I 
4433 INPUT IN IMAGE'TO RUN AGAIN ENTER lr TO STOP ENTER 08': P1 
4436 IF Pl=l THEN 1230 
4440 EN11 
6000 J2=J2tlO 
6010 PRINT IN IMAGE 'PLOT ARRAY IP! DATA LINES % % X %  TO %%%X8:J2sJ2t4 - - 

6020 FOR K=l TO 5 
,. 6030 Kl=44+20tK 

6040 KO=Kl+IB 
6050 WRITE DN 10 IN FORM '4% 6%':J2fK-lrJ3 
6060 WRITE ON 10 IN FORM *9(5% %)':%X(L)rJ4 FOR L=K1 'TO KO E{Y 2 
6070 NEXT K 

' 6030 RETURN 
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Appendix B 
ONCE-THROUGH RECEIVER CONCEPT ANALYSIS MODEL 

This appendix contains the model used to simulate the performance of the 

FMC baseline receiver subsystem. 



B. 1 RECEIVER GEOMETRY AND P A R  TITION MODELS 

Figure B-1 shows a c ros s  section of the geometric model of a once-through 

receive: section of overall length lR The receiver cavity i s  a cylindrical 

segment of diameter %. Incident solar  flux i s  admitted through an aperture 

of width WA. The boiler and superheat tubes a r e  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 i s  a 

plane orthogonal to the aperture plane and elevated a t  an angle T above 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 B - 1  each 
loop is evenly divided into an upper and a lower half-loop. The midpoints of 

the circumferential a r c s  (Ac,) subtended by the half-loops a r e  displaced f rom 

the symmetry plane by*Oj. The following equations define the layout of loops 

about the cavity: 

L 
s = - sin-' (wA/DC)] 1 IDok  Nk 

k=l 
( l a ) .  . 

whets  Si is a ,  spacing factor, C is. +n a r c  length .referenced to the sylllrnetry 

plane and positive fo r  clockwise displacement. 

The spacing factor defined by Equation ( l a )  a circumferential pitch of 

SD,i in Loop j, and spa'cing of 0.55 (Uoj + DOj+l) between loops, a s  shown in 

Figure  B-2,' The equivalent linear spacings a r e  nearly equal to the c i rcumfer-  

ential spacings shown in Figure B-2, si.nce the cavity diameter i s  large in 

comparison with the tube diameters. 
, . .  . . 
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Figire 6-1 GEOMETRY OF TUBE DISTRIBUTION I N  RECEIVER CAVITY 



Figure B-2 SPACING 'BETWEEN TUBES AND LOOPS 

Figure 8 - 3  shows the path of fluid flow in a receiver section. Feedwater enters 

each half of Loop 1; superheated steam exits from Loop L. Flow i s  co- 

current  in the tubes within g loop and cuunretcurrent in adjacent' loops. The 

flow pattern i s  arranged so that heading of feedwater to saturation is accom- 

plished in the outer loops by the low-energy portion of the reflected solar  

flux intensity distribution within the r avity. Saturatiwn boiling occurs in the 

middle loops. The majority of superheating occurs in Loop L. which inter-  

cepts the peak flux intensity. 

Development of the receiver energy balance model is baaed upon a partition of 
. . 

the receiver into M. equilength segments, a s  i l lus t ra ted i n  Figure R - 4 .  Spatiit1 

segment s i s  a vertical partition containing L loop segments. 
. - . . . . . . - . .  - . * 
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Figure 8-3 FLOW MODEL OF WORKING FLUID WITHIN RECEIVER SECTION 

Figure B-4 PARTITION MODEL OF RECEIVER SECTION 
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physical segment' indexe b a re  signe d in accbrdarice 'with the flak 
direction in a particular\loop such that 

. . where ' . . 

. . tim = the . .  ... average temperature of. the fluid in loop i, 

physical segment m. - 
Separate indexing for  spatial and physical segments was used to facilitate : 
development of the energy balance model.. The general relationship be twne,n .' 

segment indexing i s  
, . 

. . 

odd numbered loops: m = s 

even numbered loops: m = M - s + 1 

B. 2 ENERGY BALANCE MODEL ' 

  he fbllowixig assumptions were used to develop the energy balance used in' 

the calculations: . . , . . .  
. . 

,o Assumption 1: Each spatial section sees the same distribution'of solar 
. .  . . . .  f l u x  intensity . . ' . . 

Assumption 2: The net incident flux intensity seen"by Loop i i s  the.mean 
. . 

, value of the intensities seen by the upper and lower ha1ve.s 

Assumption 3: Convection losses due to ambient wind are.negligible 

Assumption 4: conduction through the cavity wall is negligible., 
' 

. ' .  . . 
I 

These assumptions a re  reasonable for the purposes of concept analysis. 

Assumption 1 i s  consistent with the results of the collector field analysis 

and the projected performance of the control system. Assumption 2 was 
, . .  

rnadeto reduce the computationai requirements. and is reasonable s.inca 

the magnitude of the average f l u  incident upun. one hali of-a loop i s  within 

10 percent of the average flw incident upon the other half. Assumption 3 . 

simulates a zero. .wind condition. 
, .. . .  . . . 



. . 

The following energy , balance . model i s  difined for spatial section . ... . : 8 (block , .T 

letters denote matrixes): . . 

where : .:. . . . .. , . . . . . .  . . . . , . .  

r =. emissivity, of tubes ;.:: t . . . - 
- - 

r% = einissivity of surroundings 

. . 
'. ,. . 

o = Stefan-Boltzmann constant , . (  

lS = length of a spatial section 

.? . :  :. . , ., . . .  b . ,  . r .  

and the matrixes a r e  

Bi 5 B = the flux radiated to loop partition i from other partitions in 

s:patial section s . . ; , ,. !.-I;'l, .:: 

. . .  . . . . . .  . ' .  . . ., . 

Li 5 - L =.,area of the 10,op partition i per, unit length 

. . . . . , 
Ri 5 R = the. ne t flux incident upon loop partition i 

. . . . ., . 

-qti 5 ,  'Y = the solar flux incident upon loop i- 
, : 

, . . . . . , . ,  . >  A'. >(... . . 

4 Ti 5 ,  T , Ti = the fourth power of absolute temperature. of the tube surface 
, . . 

Fij 5 F .= the geometric view factor from loop .i to 100.p j ; 

. . : :, ' 

Qi 5 Q = the heat energy absorbed by loop partition i. 



units of flux a r e  wa t t s /m2 /m (~ tu / f t ' - h r / f t ) .  Note that the elenient of 

Vector T i s  the fourth power of absolute temperature. 

The a r e a  and view factor a r e  defined a s  follows: 

. . 
. .. 

Equations (3a)and (3b) have been combined a s  shown below into a single matr ix .  

equation for computet solution. Thus. define lM a s  a n M  x M identity matr ix  

and define the matr ix  A as fo1lo.w~: 

(dimension. M x M)  

Rearrangement of equation (3a)yields 

. . 

which. after  multiplying both.,sides by A yields , 

Rearrangement of equation'(3b) and sub 6 titution of equation (6c) into 

the resul t  yields: 



~ ; l t i ~ l i c a t i o n  of the second term on the right hand side of equation(7a)by 

ct / e t  and collection of terms yields: 

Let c = 0 [ct A-id 
. . 

and D . =  [ ( I - € ~ ) A +  ( ( f a -  f t ) / f t )  lMy] 

' Substitution of equations 7c and 7d into equation 7b yields: 

. . 

The matrixes C and D a re  constant for a given set of design paiameters a id  

incident solar flux vectors . Equations (33  and (8)are used to co.mput& for 

each spatial section by assumin'g a set of values for tube surface temperature ' 
, 

ineach loop partition. The computed Q vectors a r e  'then used to compute , .  the 
. . 

average fluid temperature tim in each loop partition as  follows: 
y ' 

Let Ap and Ah be, respectively. the change in pressure and enthalpy of the 
fluid in a loop partition. From fluid flow .theory 

I. 

2 5 
(9a) Ap=8f. m V 1 / n  NiDIigC im T im S . . . 

where 

fim = the Fknning friction factor . . 

mT = the mass flow rate of the fluid , 

v. ='the specific volume of'the fluid, . .  . 
im , gC = the universal gravitation contact 

and 

Dii = the inside diameter of a tube in loop i 



L e t  Pim, him, and ti, be the f l ~ i d ' ~ r e s s u r e  enthalpy and temperature a t  the 

entrance to. loop i, partition m. 

and 

Equation set  9 i s  used to compute the fluid properties in each physical 

segment starting from values eBecified for p renmro  aria rnthalpy of the 

feedwater a t  the inlet of loop 1. Fluid temperature and other properties . 
a r e  obtained by interpolation in standard tables of thermodynamic properties 

of water. The fluid temperature is then used to compute a corresponding 

tube surface temperature as '  follows: 

At. = Q. / U. N. DIi 1, 1m i m  1 1  

* 
and T =t ;  + ' A t ,  

i m  i m  i m  

where 
U =the overall heat t ransfer  coefficient based on the inside 

i 
tube diameter 

and I* = the computed tube sur fa te  temp? rs ture  (T* [ T*) im i 

$. 
The matr ix  T, i s  compared with the matr ix  T, .. If al l  matr ix  elements a r e  

. . 

within a convergence tolerance e r r o r  ST, the solution is accepted. 'Other-  

wige, the new values for matr ix  Tm .are assumed based on the old T, and 
* 

the new T,, and the computations' a r e  repeated. 



B . 3  TYPICAL OUTPUTS OF MODEL 

s o l b o i l 2  north 
FLUX VECTORS FOR NORTI-I F IELD WILL BE USED (FILE SOLFXVNF DATA) 

EXECUTION: 

INPUT NEXT DATA SET, TIME IS' 1 1 ~ 0 6 . 1 0  ON 2 8  JUL 7 8  
8 i n r u t ~ f l o w = 1 1 0 0 0 ~ ~ i r 1 = l 5 O O ~ s o l d ~ ~ = O 1 f l u x = O ~ 6 O ~ 4 ? 5 ~ 1 6 2 9 ~ 3 7 5 9 ~ 9 9 4 4 ~ 8 l l O ~  

' >  114479 n ~ o = l r i ~ d l t = 3  gend 
. , 

200.0-FT LOOPS DIVILIED INTO 20.0-FT SECTIONS 
APERTURE= 4.0 FTv WIND= 0.0 MPHt TAMB= 70.0 DEG F 
EMMISIVTTIES: TUBE= 0.70, SURROUNDINGS= OIYO 
S= 1.1839 FLOWRATE=11000*0 LBM/HR 
INPUT NEW PSIYPSIO? IWN 
> * 9  * 9  
CONVERGENCE. 

' ITERATION 49 MEAN DT= 1.61 DEG FI P S I =  0 .90  

PROPERTIES OF FLUID A T  INLET 

T F.' H U RE 
LOOE SECIION -DEG-E -ESIB, B IULLB EILSEC ------ 
1 1 415 .1  1 5 0 0 * 0  400.0 1 .8 .  35930.  
2 1 427.9 1498.4 417.0 i .8  '37091. 
3 1 4 4 2 . 9  1496.9 434.3 '1 .8 .  38522 .  
4 1 466.0 ,1495.4 46d.8 1.8 409544 
5 1 511.6 1493.9 513.5 . 1.8 45252.  
6 1 595.6 1492.5  612.8  1.1 ~ 9 6 1 1 2 .  
7 1 595.5  1491.3  747 .1  3.0 252806.  
8 .  1 , 5 9 5 . 1  1487.7 993.8 4.6 388620.  

FLUID STATE ENTERING LOOP 1: T= 415.19 P=1500*0  H= 400 .0?  U= 1.89 X= ;p *O  
AVAILABIL ITY= 358.6 BTU/LBM; , << 

FLUID STATE EXITING'LOOP 8 :  T- 951.89 F'=1485*3 H=1461,39 U= 1 2 r l 9  X=' 1 .00 
AVAILABIL ITY= 1350.6  BTU/LBM 

. . 
CHANGE I N  AVAKI.ABILI.TY= 95'2.0 BTU/LBMf EFFICIENCY= 86.2% , . .  

INPU'T NEXT DATA SET* TIME I S  1 1 * 0 8 * 3 2  ON 2 8  JUL 78 :/* 



B. 4 SOURCE LISTING OF MODEL 

C 
C P F R P Y S  F C F  K S f C T  A:,: LCCF:. C+:<GE : ~ X : E C T  f V X L ~ ~ J F  
C I F  A 5 3 A Y c S I Z i :  ; ? E  in , iCc iF: .  
C I h . C E X F I  1 4  C C ! J ? C : .  /:.ti/ j.i,t L C l F S  
C I h C E X E S  !?; C?*.:''?\! /:%;/ A" E i J Y S I t C L  S E C T  I C r . 9 L C C P  

SOL G G l o S  
S0L";C.C 
S O L ' J O i 1 0  
s x C n ; z P  , 

S ? L ? C i Z C  

C 
S F " V F L t ( i q 2 , C ) = :  +' C * ( ~ - A )  

C 
F'XLf!cP=>C 
" x c E c ~ : ~ ' ; o  

C 
C s L L  C E F L T . ?  

C 
C K E L C  !:EX1 C!,TA $ E l *  1 h I T I : L I Z E  CChSTA?TS F C 3  G D i A  SET. 
C 



CPLL sT!E . " (D I ; : rk I? . rT I ' . i r : !F * ' j ! ; , IE ' . :TP?y  l~;U'LI ! .~r : '~Ur T y r ~ C )  
L F ? I ~ = ' J E L C : . * F L i i S * S ? V F i J '  ( ' i F 9 V * 5 ( : C A L I r ; ) / ( S I ' . : ( l ) * ~ I C ; ( 1  ) * E ? . T ( ~ ) )  
IF (S Ik .ET .0  .) t l T > = Y = 5 I p .  
ALL:! , h=b I r ,  - T : R E + ~ ' ~ T ~ ' F Y  

C C P F L l E  AREA FEP L K I T  L E h E 7 e 9  VIE ' .  FACTCP FC?  E.LC.k L - C ?  

CPLL V I E Y ~ ( F I ~ S ~ ~ ~ ~ C G F ; ~ : ~ ~ ? ~ C P V D ~ P  ~ S ~ L C : O P S ~ F ; S E C T )  
IF(5 .LE. l . )  G C  TO 3 4 6  
CPLL FLLXSZ ( I C L C C Y ~ ~ C L ! . = ~ L : . ? P S ~ C . ~ + ' A P ? ~ S ~ C ~ I ' J I : I A  
C'R IT f  7 1 0 0  5LCCPrSCCTLrJ ;PrVYI ' !C rTE.?If!rC3S;Li7rl (E?f,LFIS rSr !=LCU 

CCi<FCTF I h  If I A L  PSSLYFTICbS FZR TUSE TCY'ERaTCRESr 
C C ~ S T A A T  V A T R I C K S  11, ~ : : F Q . ~ Y  ?LL~ : .CE  E L U A T I C ? ; ~  . 

CbLL  T T L E . E O ( I C P I F . l r T I ~ ; r  T,CLT!.Sr'.CZtTrLCC7S) 
CPLL C ~ ~ ~ Y ( ~ ~ L C C P S ~ L O C P S ~ ~ O ~ ~ ~ ~ F V E C T Q ~ F I J )  

CP1.L S * F Y  ( F V t C T R r R l l J E P S * C 2 . ' ~ V Y V r ~ c 5 ~ ~ r ~ ' ? ~ ~ ~ r ? )  
CALL P ~ ~ R ( L L ~ C T F ~ C . ~ ~ Y " Y V ~ A V E C T ~ ( ( L C O ~ . C ~ L P C F S ~ ~ ~ C )  ' 

CALL I I t ~ V ( A b E C T F r L 3 9 P S r C E T ' . ! T A * L C K V F : C * ! A . i K V E C )  

i 

CbLL S P P Y  ( L V E C T K ~ F P S L O ! :  * S I L ' ~ ! ~ Y V * L C O F S ~ L Q ~ P ~ , ~  0 )  
CALL P z c = ( ~ L ! J F ' Y L . . c v F c T ? ~ C V Z C T ~ * C C T ~ F S * L : ~ ? ~ ~  C92)  
CPLL S V F Y  ( C ~ l E C T c ' r E I G ~ ~ r C V E C T ? r L ~ O P S r L ' ? t ? S r I ) )  

CALL f " l : Y ( L i r E C . T F r : . - t t 5 L h $ r : ' I I ' - ' F S ~ I . t C i ' S r L S $ ~ $ . O )  
CALL 5 ' t ? Y  (LVi:CT,Sr ( r ? S L ' . , C - C : t C L ' : ! ' ) / E = Z L C : ; r E C v ? I J r L C C ? S * L f C F C ( 7 )  
CALL ~ J C C ( ~ V l " E S r E S " E I V r 5 U " . ' L Y \ ~ r L C i l F . 5 r L 1 1 $ . ~ 9 r O r 2 )  
CCLL ? F - I ; t ( S L P " Y V r F L L X r I : ' ~ E C T ~ r L C C P S r L C O i ' S r u " r r J r l )  

IOLGGc6rJ  
SOL*:.'7r) 
S O L r ? - e ' J  
~ 0 ~ ? . . c C > ' :  

SO? C.55 t S 
SOI -CC.S l l  
I O L " C 2 '  
SCL??I,Z? 
~ @ ~ f i ? r o C  . 
SCL9@6C:!  
S D L ? ~ J ~ ~ ;  
f O L 0 0 5 7 5  
s o L a c t u " r  
SOLOOCS? 
S O L ? C ? t :  
S 9 L ? C ? 1 0  
~ 0 ~ 6 . 0 7 2 7  
SOLOC7?0 
S O L < 9 7 ~ ?  
SOLO075_1 
SOLr;(,7F.-' 
SOLrJ377r:  
S O L 0 0 7 f  0 
SOL?C7SO 
SOLOOPO? 
SOL?r ; . l ?  
SQLC 2 . 9 p  
SC)LOrJ?lS 
S O L O C ~ 4 0  
S O L C C ~ 5 9  
S O L O C E C C I  
S O L O C P ~ Q  
SC\LOO.?E? 
SOLir??SO 
S0Lr:oSCG 
fOLr)OFl ! !  
S O L 0 C ? 2 0  
SOLCCS?'I 
SOLOCc4G 
SQf OCSL,-j 
I O L C C 5 E S  
SCL?OS7C 



VECTOC: T  IF.  Z F A T I C L  SECTIO:I, I S  
C  . . tt 256 c = l r L C C j Z * ;  

T V i C T ? ( b ) = ( ( T T L h S ( ! S c J )  + C ' T ? D ~ ) * * ~ ~ o  
,?CC I F ( c . h E . L O C F S )  T V E C T R ( J * l ) = ( T T U Q A S ( Y * J * l )  2 F T C C R l + * 4 .  

c .  . . 
C. CCVFGTE kECTOS Q = ( C P S L C F I / ( l - ' = S L O i r ) )  ( C T  + C )  AtlD SAVE I? .1  ELEI!EXTS 

CF P L T R I x  EA C C F c , E ~ F O ! ~ C I ?  1: TO P r Y S I C A L  T u F i  S F C T ! i K S  
C 

. C A L L  P F ~ , O ( C ~ E C T ? * T V E C T ~ ~ * C C ; ' ~ P Y V ~ L ~ O ~ $ * L ~ ~ F S ~ C * . ~ ~ ~ )  

. a C b L L  C P C C ( ~ L Y " Y . \ . ~ I V E ' C ~ Z ~ C ~ ~ C T ? ~ L C C F I ~ ~ ~ O ~ ~ )  
C b L L  Si;cY ( 6  LECTU r E O l ; 4 E * C L . E C T P . r L C . C P S r l r 9 )  

1 ' c c  .?IC c= l .LCC.PC.*?  
G I (  I S v c ) = O V E C T F .  ( J )  

3 1 0  I F ( d . h E o L O C c t )  S Z ( P t J * l ) = C V ' C T ? ( J * l )  
r* 
: 

. C  C C C ' F L l E  F L L I C  F P C F F q T I E S  !h L A C k  LCCP AkC F F Y X I C b L  S E C T I C h  
C 

6 

C C  9 0  da1,LCCFS 
.C' ' 

. C I R I T I A L I Z E  P P R A V E T E ~ S  Y H I C H  A3E CCRSTAYT FCR ONE LCCO 
c' 

t I f = E  I K ( b )  
C I J F l = C I u / ? 2 .  
C I J 2 = C I c * D I u  
CCJ=CC ( c )  

DCdF T = D C i / l i o  
~ C I J ~ = . ~ I ; ~ * O I ; E * C I \ ~  . ' 

E h ' T < = E h l ( J )  
C I i t i ' C I J ? * C h T J  

' C L T F C \ = C L T P C l /  ( t I J 5 * E ~ 1 T J * E L 1 T J )  
K T = " T L ( c I  
C C L L ' C C E F F l ( k C T C E E ( K T ) ~ Z I i F T ~ C r ! J F I ) .  
A P L A L d = b R E f  ( c )  * I E C T L  ' 

@ L T C t K = l . / ( P I * f ~ h T J * D I J F T * S E C T L )  
C .  
C  C C C P L T E  F L U I D  S T L I E  I K  E L C H  S C C T I C I  CF L t C P  J 
c. 

CC iC' t ' = l r t ;CECT 
c 
C  . S T b T E  F R C F E R T I E S  CT I k L E T  TC Z E C T I O N  V 
C . .  

, C 2 L L  L ~ E ~ ~ J ( F * ' F * ' ~ * ' J F ~ ~ G ~ ~ ~ . T R F Y , , L ; L ~ \ , P U ~ T K * C P )  
, c: , 

C  CCwF.CT< Z F C , C I F I C  V C L L ? E *  V E L C C I l Y * .  P.CYt,CLDvS kc.9 E T C  .OF F L C I C  

S O L O l ? . ? r l  
S O L 0 1 1 4 3  
~ n t n i ~ c : ~  
S I ) L : l l C 3  
S O L W l 7 9  
S 3 L " l l ' ( !  
S o L n i l S o  
S 3 L 5 1 2 C r :  
S C L 3 1 2 l C  
SDLG l i ? , ?  
S C l C 1 2 3 0  
S G L ? l % * O  . 
S O L C I S 3  
S C L " I Z F 0  ' 

S O L f l i 7 O  
S O L ? l i f ? ! l  
Z C L C . l i F O  
E C L O l 2 9 Q  
S O L C l ' l ' l  
SCLC1!2CI 
S O L  0 1 3 3 6  
S C L C ~ 1 ? 4 0  
E O L C l ? E C  
9 C L 3 1 ? 4 O  
SoiC!'i@ 
S O L P i Z E G  
SOLr31?S@ 
S ' J L 0 1 4 0 0  
S O L C l 4 1 0  
S O L 0 1 4 2 0  
S O L 0 1 4 ? C  
S O L G 1 4 4 0  
S O L G 1 4 5 0  
S O L G l 4 C O  
S O L O l 4 7 C  
SOLO14f!O 
S O L 0 1 4 4 0  
S O l ? l C , O O  
SOL'llC,l(I  
S O L C l C 2 G  
SoLc1F:C 
S O L C 1 5 9 ?  
S O L 3 l r 5 3  
s n ~ t  1 5 6 4  
S O L 0 1 5 7 C  
S O L O I E E O  
Z C L 0 1 5 9 0  
S O L O l E C f ?  
S O L G l C l O  
5 O L G i t Z ; G  
C O L G l C ? O  
? o L f i i r : - a g  
S O L 9 1 6 5 0  



C S 9 1 3 1 P 9 0  
6 C  CLTUEE=CLTCSk*:J*U!XY S O L O l S O C  

T ~ L ~ c Y ( F ~ J ) = T  + C L T L ~ E  S O L 9 1 4 1 0  
F = P  - CELI+'.F S O L O l ' i 2 0  , . 

I F ( F . L T . C . )  s c  1 0  9 3 5  S O L C I ? ? ~  
k = k  4 F L I S i l * G J  S O L C l 7 4 ! !  
I c ( . P . . L i . C * )  t C  70 93@ S O L O . 1 4 5 2  

c c  C C P . T I L \ E  S D L D ~ S C O  , 
S t  C C t . 1  ! ' iCE S 0 1 0 1 9 7 @  

l - c l i J T = t  S O L C 1 4 8 t  
PCUT=C SOLO 1 9 5 3  

C S O L 3 2 C C O  
C  C E T E R V I h  . I F  CCYFLTEC E ASTL').'EO TUCE T E I ~ ? ' E ~ ? E T C R E S  H A V E  C O K V F C G E C  S O L C 2 d l O  . 
C S O L O Z C E O  

CLLL 1 l L E E l ~ h ~ E C T t L C C P S r C E L T A r ~ ' I A X I T P r I P C L T r 3 2 5 0 ~ 3 4 2 O G ~  S O L S P C ? O  
C ' S O L 0 2 0 4 0  
C  CCP.Vc%Ef;CE. F R I B T  F R C P E P T I E S  O F  F L C I C  S O L 9 2 9 C . O  
c SOL'!2C.'I) 
' 4 i C C  R F % I ? , C  S S C L C 2 0 7 D  

I F ( k F R I h T . t C . 1 )  LO TC 4 2 0  ' S O C C 2 G k O  
k R I T f ( 7 r l O l : )  . . S . 0 1 ? 2 ? 9 0  
CZ 4 i ~  c = l r L C G F S  $ 0 ~ 9 2 1 9 ?  . 
Ic=S'TLC*) S O L C P l l C  
% F . A C ( S )  T r F  r k t L F L r i ? E r C L : L  S O L C Z 1 2 C  
L U T ' _ ( 7 r 1 9 ; : 1 )  b r I i r  T r D r k r U F L r : ! C r Q I ; J L r - I ~ ~ ( . J ) r D O ~ ~ ) r k P T ( l o r E h T ( J ) r  SOLCdl5G 

C F L U X f J )  f C L G i l 4 c l  
I F ( K P R l h T . C S . 2 )  G3 TO 2 1 0  S O L C i ! C O  
. t 2  4 C 5  "=%r:;SCCT S O L O 7 1 6 U  
R E b r ( 5 )  T r l ' , r k r L F L r R E t < i U i : L  S C L @ 7 1 7 C  

, 4G5 ' . ? I T F  ( 7 9 1 0 2 0 )  ,,c!.' r  T r P r t i r U F L r a T r C ' J P :  SC,LOSlP i r  
4 1 0  C C A l I h l F  S C L G i l 4 0  
4 2 0  b 6 . I 1 E ( ' I r l 3 3 0 )  S ~ I F : ~ S T ~ C F . C ( ~ ) ~ I ~ ~ T I ~ ~ ~ P I ! ~ ~ F I ~ ~ ~ F L I ~ \ ~ S ~ J A L I ~ ~ P V L I ! I ~ ~  S O L G i i O l ;  .. 



9 ? 0  L ~ I f E ( t r S C Z C )  " i k  
C P L L  D ! 4 T 4 P & ( h C E C T q L O C ? S )  
r , r . i i  4220 

5 4 C  Y u I T C ( € r S 3 4 C )  . 
c-n T C  I r .  

5 5 0  L ; I T E ( € r S O 5 C )  L C C P S I W L L S C P ~ ~ S E C T ~ ' . ' X S E C T  
cr T C  1.: 

999  E T C P  
1 0 0 0  F C R ? ' J T ( * O I A F L T  h E x T  C b T L  S E T . . T I ! ' E  I S  * r > P . r *  C q e r 1 2 r l Y A 2 r I ? )  
1 0 1 0  F C F ' : T ( * O * ~ ~ ~ X * ; ~ C I ; E H T I E ~ ~  C C  F L L I D  P T  ! r . L E T e / /  , 

. A  i E X * T * r 7 X * ! ' *  . 7 : i q H * r 7 Y * C * , S X * ? E *  * ? X * S . * +  
E 1 7 X * ? I f : * r E X * C C  P T L  E K T  T C P C 7  F L L X * /  
C L L ' L C C P  ' S C C T ~ L ~ ' ~ * Q ~ X ( ~ F , G  F F S I :  ?f l j /L:  F l / b E C ' *  

. . C  . : e X * ; ( G X * : h *  J r  l 4 X * 3 T 5 / i i 5  - S C F T * /  . 
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SUBROUTINE COEFF~(TKTUPEIDIIDO) 
C 
C COHPUTES FRICTION FACTOR? WEAT TRANSFER COEFFICIENT IN TUBE 
C TH IS  ENTRY I S  COMF-'UTATION FOR EVAPORATION PHASE (CONSTANT H)  
C 
C .D I rDO=INSIDEr  OUTSIDE TUBE DIAMETERS.(FT) 
C TKTUBE=l'tiERMdL CONDUCTIVITY OF TUPE (BTUXFT/HRXSQFTtDEF F )  

UISATP=HISATP , 
C 
C CONSTANTS I N  ALGORITHM .FOR H I  I N  L I Q U I D  8 SUFERHEAT'FHASES 
C 

CHILAM=4.364/DI 
CHITRB=Oe023/DI 
RETURN 

C . , 

ENTRY COEFF2(N?RE?FR?TKFLU~F*UI) 
C 
C COMPUTE FRICTION FACTOR? OVERALL HEAT TRNS. COEFF. OF F L U I D  
C N = l  I S  SINGLE-PHASE; N=2 I S  SATURATION PHASE 
C RETURNS INVERSE OF 0VERALL.HEAT TRANSFER COEFFICIENT 
C 

IF(RE.LE.O.) GO TO 9 2 0  . 
IF(RE.GT.3000.) GO TO 2 0  

C 
C LAHINAR FLOW REGION 
C 

F=64 /RE 
GO T O ( l l r l 2 ) r  N 

11 HI=CHILAEC#TKFLU 
UI= t i ISATP + 1 . /H I  
RETURN , 

12 UI=UISATP 
RETURN 

C 
C TURBULENT FLOW REGION 

21 HI=CHITRBXTKFLUX(REttOtB)t(PHt*0*4) 
UI=HISATF' + I *./HI  
RETURN ' 

2 2  UI=UISATF 
RETURN 

C 
9 0 0  WRITE(6 r9000 )  

STCJP 
910 WRITE(6 r9010 )  

STOP 
9 2 0  WRITE(6?9020 )  

STOF' 
9 3 0 .  WRITE(6r  9 0 3 0 )  

S lOF  
C '  

9 0 0 0  FORMAT(' TUBE ID<=O.',) 
9 0 1 0  FORMAT(' TUPE TK<:=B.') 
9 0 2 0  FORMAT ( ' RE.::=O I ' ) . , 
9 0 3 0  FORMAT(' FLUIO TK<=O.') 

ENO 





SLFG:LlT?:E F L t i E i ( P . r r ? : k r L * U ? V E P 2 * S * C C )  
C 
C CC?FL:F? t V C ? A G E  F L ) J Y  Ia;PUT TQ Em.Ch L 3 0 P  L S I ' G  D I ' ~ P I ~ ~ ~ ~ I C I  
C CF u C i E : u ' T f  'EFLKCTi 'P I!;TLhS!TY F::i? SCLAR C.4y \ ? *  b'jlJP .!~h 
C *EASLF.CC AT P C I t i T 5  <!. C . j V I T Y .  CICL' !JFEREl, iC 
C 
c A C = ~  : - L L ~  C \  ;PC+ LCC:F I ~ . F U T ' F ~ C V  C A L L I Y ~  F X C F ~ M  , 

C ' . 3 = l r i  r ? :  -1':TEF E C L S I I S E *  C*iL!',!9%r S L Y ? <  3 SCLSTICE 
C ; i f = 4  : I! iP l iT  FLUX E I S T Q l C U T I 3 : r  FSSY T E 9 F I t i 4 L  
C 
C I ~ T E ~ s I T Y  VCCTCQ FCS ( l " 0 1 t t )  STQFEO I!. F I L E  SQLFLCXP CATA* , ,. 

C S E C C F S  L L ? S E P = h P O ( k i )  + ( k F - b l ( ? i C ) ) / l C C  
C 
C. i C V E ? Z = b A L F - ' a I r T t .  CF APERTLPE ( F T )  
C D C ~ G )  = ? b T S I 3 E  CISKCTEF OF TU2E ( I & )  
C E A T ( i ) = N u " E E k  CF TL7ES I N  LOOC J.  f J = l  r * o e i L )  
C C C h ( J ) = C ? ( J ) * E h T ( J )  - .  - 

s :IFSCII*:G FLCTS? SOLCOlCCl , . 
c c  = C I P ~ E T E R  C F  C A V I T Y  . ~ F T )  ' S C L C ~ I C ~ Q  
F L L # I R f  ,,):FLUX. riGOWaL T O  CPVITY tlRCU!'FEirC:rr'CE AT C X r  I O L D O i O G  
b+ERE C X = C ~ 5 * C C * b F C S I k t % / ( O * 5 . * O C ) ) *  S O L P F ? l C .  
AhC P =TI-I: PHCcECTI::' CF C L  I'.Tt; T t E  CFERTURE P L L h E  SOLP'OS1F 
TkE QbLCF: OF. CX' I S  CJ l r l IE  FT TI: CJ!'AX FT 1': I F . ' C R E R E I \ . T S  OF CELTb.C . SCL:P,?3C 
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F L L : ~ ; L = F L L ~ I A ! * ~ I ' ~ )  + C . L T C I * ( F L L X I L : ( 1 ( 2 ) - f L I ~ Y I h ( K ; P l ) ) * ( C * i c - C X N 2 F 1 ) C O L O l 1 1 G  
C1C 5 L G L X = c C C X l c * r l . l . ; ~ ~ ' r  ~ q ~ n l l i l l  

I f  tr,;L!.Ct:.c) [:;' if? b ;  .S.O L  G 1 1 ? '1 
c o  7 (  < = / 1 ~ : ~ ~ : : * 1  .SOL~II~Q 

7 0  S L k - l X ~ x i " ' L x  t F [ . l j i l : . ( Y )  SOLOLlCO 
c s o i c  1 1 6 0  
C  . CCFFLTE i L E ' i c E E '  FLUX. I':CRE*!E*.T T C T l L  Ih ; .TEhSITY C V t 9  ' i / 2 e  . EOL0117i ;  
r, f O L ? l ! t " I  

EO FLLU(,.)=FLL!.r(,!) + S':P.FLr/i(3LT S O L @ I . l S 3  
74C T:*:=CxlJ sOLf!l?o? 

C Y l d = - C ' l i J  s o L l ? l ? l n  
e C C  C X i J = - T r 7 P  , S O L C l i i O  

FLCY (,,)=C.='*FLLX(J) EOL.01150 
S C  F L L X P L ~ F L ~ J S P L  4 FLL'X ( J )  * b I C T r i J  S C L 3 1 2 b 7  

FLLY!,Lr:.*FLCXL'L SOLO1 2 5 0  
UETLFb. .SOLOl . i6O 

t SOLG157C 
5CC b;ITE(Ce4CGG) ( I r C P Y C . ( l ~ I ) r C A Y C ~ 2 ~ 1 1 ~ 1 = 1 ~ 4 )  S O L C l i P O  

R E L i  ( 5 9 1 0 2 0  * F ? C = 9 5 4 )  ?.C SI)LG!?SO 
5 C  TO ? ' SOLO1'C3 

5 1 0  ; R I T T ( L * 9 O l C )  IP;*TNVAX SOL 0 1.21 0 
EC TI: 1: ' SCLP1?2:! 

5 2 0  Y ! + I T E ( L . * S O i t )  ! . IF*CAYS( l rF !C)  * D A Y Z ( ~ * ? : ~ ) . , I ? ~ ( Y T : ) ~ H L ( ' ~ : O )  S O L 0 1 ? 3 0  
G E 6 C  (C'11C2C qE&.2=9 ' :S )  l!H. 5 O L G 1 5 4 0  
FC TC 2 2  S C L @ l ? S O  

5 2 0  L F I l 7 ( 5 * 3 C Z J )  I F F I P ~ P I L R E C L  S O L f  l ? 5 G  
5  T  C ? S O L n l 1 7 O  

5 4 0  L !? ITT  ( l j rT1C45)  I h l E l A r ' * K l * K 2 ~ $ 1  J *X?J  S O L F l ? e O  
5 5 5  IT:? SOLrJlZS'O . 

. C  SOLO14CC 
l G C O  FC5 ' f hT ( *5 I : ;PLT  ?,I:I J X C  + A X  CI3CCYFE?Eb:TIAL F C S I T I C \ S . * )  S O L O l b l O  ... 

' 1 0 0 1  F C P ? Z T ( *  I i . ! D L J T * * I 4 * *  FLUX V2LdjTS C ? C K * q F 5 . l q *  F T  1 %  ' 9  , SOLO1420  
b F ? . l q * - F T  I!.!CRE!<Ef<TS. 1 3  Y A L U E S / L I N C * )  S O L 3 1 4 ? b  

1 0 1 0  FC?"bT !  1SF':Z.O) SOL0!44C 
1 0 2 0  FCFNPT(!SY).  . S O L 9 1 4 5 0  
1 0 1 9  FC;"?.:( *: F,LLX S ICTPIELT IOF ;  FCP. ' *2P.?**  k T * r I ! ! . * *  Y C U R Z * / *  * )  2 0 L 0 1 4 C O  
9 0 0 0  F C F t J I T ( *  I P i V C L i f  IKCEX F C 3  C A Y .  V A L i C  I ' i C E Y E E ( V C )  A ? E : * r  S 3 L O l O 7 C  

4 4(/* f ; D = * r I ? r * : * r ? A 2 ) / *  'ETYPE ' V C * )  SOLC14EO 
5O lG  F C F . " ! * T ( I 4 * *  I1.:FCT FLUX \ALL'S F.YCEEDS ? b X  4eRAY S I Z E  C F ' r I E )  SOLO!SSC 
5 0 2 0  F C ; V ? . T ( I L ; , * *  I F  IF!VALI!: TI '<E F O : * r % A S * *  D A Y .  V A L I C  RANGE I C  * *  SOLC 1 5 ? b  

b I ? * *  T 0 * r I 5 * .  RETY?E I ! C L R O  I C L F 1 5 1 0  
5 0 3 0  F C ? ? : i ( *  g?.?PS10 CF909**I?*** ; :?=* * I F * ' *  L R F C L = *  * I = . )  SOLQ I F ? ?  
9 0 4 0  FCF.?AT( *  S U .  F L U X 5 2  E!?POP.: , I ~ i ~ ~ b X ~ K l ~ K 2 ~ Y l J ~ , X 2 J = * ~ ~ I 5 ~ j ! F 1 O e 1 )  S O L 3 1 5 3 0  

EhT: S O L T ; l 5 4 0  ' 



PI:= 1 0 
10 N=MINO(N,NS)  

i ' .  
W R l " ~ ' E i 6 ? 1 0 0 0 )  iMyM=Nl  r N )  
W R T T E ( 6 , 1 0 1 0 )  ( H T W ( l )  ,,WTW(2) v M = N l r N )  
110 :!O J- l . rL  

20 W R I T E ( h r 1 0 2 0 )  J, ( T T ~ J E A S ( M Y J ) , T T U E C M ( M L J )  I M = N ~ ~ N )  . . 

I:F ( N .  t:R. NS)  I?ETIJiiN 
NI=:i.J+l 
N-N t 10 
GB TO 10 

1 0 0 0  FCIRH,?'~ ( (0' ,(?X'TE~HPERATLJRI::[:;~ , 
A ' 114 EACI.1 SECTION (DEG F ) ,  l ' A  I S  LAST ASSUHED VALUE', 
Ei ' . TC: I S  LAST COFIF'IJTEZD VCiLLJI': ' i / l .0l l2) 

1 0 1 0  FORHAT ( ' L..DCP' ~ 2 0 A 6 )  
'1.020 F:T)RHi+'T( 1:S i  l : < i 2 0 F 6 , 0 )  

END 



THE SIJBROUTINC: STEAPI F'ET:F'ORi.IS LINEAR INTERF'OLATIUNS FROM 
TABULA'TECI i:iU'l'lilE!i Ot:' TEMPERA'I'UKEI S r E C I F I C  VOLUilEr EN'TROPY r 
CILJALI'TY r Vl!SC:i)!iTTY r'TtiERi1AL CONLIUC:'I'IVI'l'Y rANr1 SF'ECIFIC HEk'Tr GIVEN 
THE S'I'iillE: OF I'IiE S'I'EAi.1 <IT A S P E C I F I C  PRESSURE AND Ei.(THALF'Y, 
1'HE SI.)l::I~OI.I'I':Cf.(E F'ISCC:R'TAII..S I F  'I'HE S'I'A'I'E I S  W I ' I 'HIN THE SATURAT I O N  
DOME? OK I F  'TI.iE CiTA1.E L I E S  WI'I 'I iIN 'THE SUGCOUL OR SUF'ERHEA'l' 
I?EFIo~'~s. I F  'I'HF: F'IRST CASE, TI.lE:i*I Tt.IE SPECIF'IC I-IEAT I S  SET TO . 
1.0. IF: TI-(E * - - -  atl.bI\lO CASE? TtiEi4 1'l.IE 'T1'IIYf:'ERATURE I S  ESTIMA'TEI1 

FROM TtiL":DEVIA'TI131.I 13F ENl'tiAL.PIES? 'THE SF'ECIFIC VOLUEiE VG1 AND 
THE QUr3L.l'I'Y ARE SE'F TO -0.0,  Ai4D THE S P E C I F I C  HEAT I S  SET TO 1.0, 
I F  TtiE T I i IRD CASE? 'I't.IEN TtiE SF'ECII'IC VOLUHE V F 1  I S  SET TO 0. r 
QUALITY I S  SET TO 1.07 AN11 THE S P E C I F I C  HEFIT I S  CALCULATED F'ROI1 
DELTA H/IIELTA T AT CONSTANT F'RESSURE. THE SUBHCUTINE ELEMENTS 
HAVE THE FOLLOWING ENGLISt i  UNI'TS-- 

P 1. 
H 1 
T 1 
V F 1  
VG 1 
S 1  
X 
V ISC 
COND 
CP 

P S I  A 
BTU/LPM 
DEG. F 
CUFT/LBM 
CUFT/LHi1 
ElTU/LBM-DEG. F 
DECI l lAL FRCICTION 
LEiH/FT-HR 
ETU/HR-FT-UEG. F 
BTU/LBII-DEG. F 

DIMENSION VV(38rl5)~HH(38r1J)rSS(38~1S)1TC(19~18)rVIS(25~18) 
REAL CNVISC / 2 4 1 , Y l E - 6 / ?  CNCOND /0.57779E-3/  

COMMON/STilDTA/ P(51)r'1'(51)rVF(51)rVG(51)?HF(51)rHG(51)~ 
1 SF(51)rSG(51)rPP(38)rTTi15)r 
2 PCON(19)t'TCON(lS)rFVIS<251rTVXS(18)~ 
3 V V 1 ( 3 8 ) r V V 2 ( 3 8 j ~ V V 3 ( 3 k 3 ) r V V ~ l ( 3 8 ) r V V 6 ( Z 8 ) r V V 7 ( 3 8 ) r  
4. V V B ( 3 O ) ~ V V Y ~ 3 8 ' ) ~ V V 1 0 ( 3 8 ) t V V l 1 ( 3 8 ) t V V 1 2 ( 3 8 ) ~ V V 1 3 ( 3 8 ~ ~ V V 1 4 ( 3 8 ) ~  
5 V V 1 5 ( 3 a i  ~ H H l ( 3 i j )  ?t.(t.12(38) ? t i H 3 ( 3 8 )  r H H 4 ( 3 8 )  ? H H 5 ( 3 a )  r t i H 6 ( 3 8 )  r 
& H H ~ ( ~ o )  r ~ ~ 8 ( 3 8 )  r ~ l . i 9 ( 3 8 )  t t . 1 ~ 1 0 ( 3 8 )  t l . i t i l l ( 3 8 )  t t i ~ 1 2 ( 3 8 )  r i i ~ 1 3 ( 3 8 j  r 
7 H H 1 4 ( 2 O ) r H H 1 5 ( 3 8 ) r S S l ( : i 8 ) r S S 2 ( 3 8 ) r S S 4 ( 3 8 ) r S S 5 ( 3 8 ) r  
7 S S 6 ( 3 R ) r S S 7 ( 3 8 ) ? 5 6 3 ( ~ 5 8 ) 1 S S 9 ( 3 8 ) ~ S S l l ( 3 3 ) t S S l 2 ( 3 3 ) r  
9 SS13(38)rSS~4(38)rSS15(3U)rTCl(19)~TC2(19)rTC3(1Y)rTC4(19)r 
1 T C 5 ( 1 9 ) r T C 6 ( 1 3 ) r T C 7 ( 1 Y ~ ~ ~ I ' C 8 ~ 1 9 ~ r T C 9 ( 1 9 ) ~ T C l O ~ 3 . 9 ~ ~ T C l l ~ l Y ~ r  
2 . T C 1 2 ( 1 Y ) ~ T C 1 3 ( 1 C ) r T C 1 4 ~ 1 9 ) r T C 1 5 ~ 1 Y ~ , r T C 1 6 ~ l Y ~ ~ T C l 7 ~ l ~ ~ r T ~ ~ l 8 ~ 1 9 ~ t  
3 VIS1(25)rVIS2(25)~VIS3(25)rVIS4(2'5)rVIS5(~!5)rU.I56(25j?V~S7(25)r 
4 V I S ~ ( ~ ~ ) ~ V I S Y ( ~ ~ ) ~ V I S ~ O ~ ~ S ~ ~ V I S . ~ ~ ~ ~ ~ ~ I V I S ~ ~ ~ ~ ~ ~ ~ V I S ~ ~ ~ ~ ? ~ ~ ~  
5 VXS14(25)rVXS15(25jrVIS16(25)~VISl7(25)rVISl8(25) 

STEAH TABLE ARRAYS ARE I N I ' T I A L I Z E D  I14 BLOCK DATA 
NCSS F I L E  t4AtIE I S  SOI-S'iMElU FORTRAH 

SF'ECIFCI HEAT EOU;iTION FOR LICJUID REGION 
A-LICIUIPI '1EfIF:'ERi'ATLjKE ('IIE~G F )  
NOT GOOII F C ~ R  n.:::o6 I:IEI; F 



CXOt# 'Y l 'EST FOR SUPERHEAT AND SUBCOOL STATES ,. 

C 
C X X Y t X S A T U R A T I O N  DOME CALCULATI 'ONS 

. . 

c 
T i  = T ( N 1 )  + R l % ( T ( N ) - T ( N 1 ) )  
CF '=CF 'L IOF(T l  ) 

V F 1  = VF'(i-41) f l i ' l ? ( V F < N ) - " J F ( N 1 ) )  
VG1 = V G ( N 1 )  + R l # ( V G ( N ) - U G ! N I ) )  
S F 1  = C c ( ~ 1 )  I R I U C S F ( N ) - S F ' ( N 1 ) )  
SG1  = SG(N1- )  + R l f ( S G ( i . 0 - S F ( N 1 ) ) .  . '  . 
GO TO 120 ' 

110 T 1 ~ 3 2 .  + R l * ( T ( 1 ) - 3 2 . )  , 

. C P  0 1.0 
V F l = V F ( l )  
V G l = V G ( l ) / R l  
S F l = R l L S F (  1.) 
S G l = S G ( I )  ' $  

120 X = ( t i 1 - H F l ) / ( t I G l . - t i F l )  . 
S 1  = S F 1  + X t ( S G 1 - S F 1 )  
GO TO 4 0 0  . 

C  
C****~SUBCOOL' C k L C U L A T i O N S  
C  

600 C F ' = O . S * ( C F ' L I C J F ( T ( N l , ) . )  + C P L I C I F ( . T ( t J ) ) )  : 
T l = l ' ( N l )  + R l $ ( T ( N ) - T ( N 1 ) )  - ( ( t i F 1 - H l ) / C P )  
V F 1  = V F ( N 1  ) + R l I ( V F ( N ) - V F ( N L ) )  
si = s F ( t d i ) i R i e t s F c N ) - s F ( t g i )  
GO TO A20 

610 T l m 3 2 .  + R l ) K ( T ( 1 ) - 3 2 . )  
CP = 1.0 
V F l = V F ( l )  
%d=RL*,SF( 1) 

620 VG1 = 0.0 
X = 0 . 0  
GO TO 4 0 0  

C  
CJ* l t l *SUF'EFi t iEAT C A L C U L A T I O N S  . 
C  . .  . 

. 300. I F ( P I . L T . F ' F ' ( 1 ) )  G O ' T O  4 1 0  . ' 

L = l  . . 

PI =' 1 



CtXtt tVISCOSITY CALCULATION 
C 

400' L = 1 
I F ( P l . L T . P V T S ( 1 ) )  GO TO 4500 
n = i  

410  L l = L  
L  = L t 1  
IF((FVIS(L).LE+Fl)+ANII.(L+LT*25)) GO TO 4 1 0  
I F ( T l . L E . I V l S ( 1 ) )  GO TO 4505 

411  H1=M 
n = n+i  
I F ( < T V I S ( M )  eLE .T l )  +kE.(Cfa (MeLT. 1B)) GO TO 4 1 1  
RP = (PI-F'VIS(Ll))/(PVIS(L)-PVIS(L1)) 
RT = (Tl-TVIS(Ml))/(TVIS(M~-TVIS~I41)) 
US1 = V X S ( ( L ~ ) ~ ( M ~ ) ) ~ R F ' ~ ( V ~ S ( L T ( ~ ~ ) ) - ~ I ~ ( ( L ~ ) ~ ( I ~ ~ ) ) )  
IF((X*GE.l.).OR.(X.LE+Oe)) GO TO 412  
PVLPl=PVIS(L+l )  



V I S L F ' l = V I S ( L . t I  r i d )  
~ I V I S I S F = ( L ~ I S ( L ~ ~ ~ T E ~ ) - V I I ~ L P ~  ) / (F 'v Is (L+~) -FVLF '~)  
VS2=VISL.F'1 - DVIS l lF 'O (PVLF '1 -P I  ) 

GO TO 4 1 5  
412 U S 2  ,I: V I S i  i L 1 )  , I I ) + ~ R F ' % ( V I ' S ( L , M ) - V I S ( ( L ~ ) T M ) )  
4 1 5  V I S C  = ( U S 1  + R T I i V S 2 - V S l ) )  

GO 'r0 4 1 6  ' 

4500 I F ( T l . G T . T V I S ( 1 ) )  GO TO 1510 
4 5 0 5  V I S C = U I S ( L r l )  

GO TU 4 1 6  
' 4 5 1 0  DO 4 5 2 0  H = 2 r 1 8  

I F ( T l . L E . T V I S ( H ) )  GO. TO 4 5 3 0  , 
4 5 2 0  CONTINUE 

M=18  
4 5 3 0  'MI-M-1 

. . C'ISC = V I S ( l r H 1 )  + 
A ~ , V I S ~ ~ ~ M ) - V I S ( ~ T M ~ ) ) Y ~ T ~ - T V I S ~ ~ . ~ ~ ) ) ~ / ~ T V I S ~ M ~ - T V I S ~ M ~ ~ ~  

416 V L S C = C N V I S C X V I S C  
C 
CXXXXXTHEKMAL C O N O U C ' r I V I T Y  C A L C U L A T I O N  
C 

h - 1  
I F ( F l ; L T , P C O N ! 1 ) )  f i l l  T n  500 
M = l  

4 2 0  L1=!. . . 
L = L S l  
IF((F'CON(L).LE,Pl).ANDe(L+LT.19)) GO TO 4 2 0  
I F ( T l . L E . ' T C O N ( l ) )  GO TO 505 

4 2 1  M l = H  
H = H t l  
I F ( (TCON(M) ;LE+T1 ) .AND. (HeLT*18 ) )  GO TO 4 2 1  
R F  = ( F l - P C O I . I ( L 1 )  ) / ' (F 'CON(L) -F 'CON(L1)  
RT = (Tl-TCDN(Ml))/(TCONCM>-TCON(M1)) 
C C 1  = TC((Ll)r(EI1))tRPT(TC(t~(Ml))-TC((Ll)r(Ml))) 
C C 2  = T C ( ( L l ) r M ) + R P # ( T C ( L t f . I ) - T C ( ( L 1 ) r M ) )  
COND = CNCONDt(CClt@TX(CC2-CCl)) 
RETURN 

500 I F ( T I + G T + T C O N ( l ) )  GO TO 510 
505 COND~CNCOEID.%TC(L r  1 > 

RETURN 
, 510 DO 5 2 0  M = 2 r 1 8  

I F ( T j . . L E + T C O N ( M ) )  GO ,TO 530 
3;zQ t O N T I t 4 U E  , 

M = l H  
530 M l = M - 1  

C O N D = T C ( l r M l )  + 
A ( T C ( ~ ~ M ) - T C ( ~ ~ M ~ ~ ) ) ~ ~ T ~ - T C C ~ ~ ( H ~ ) ) / ( T C O ~ ( M ) - T C O N ( I . ~ I ) )  

COND=CIdCONDICOND 
RETl Ih'N 

C 
900 W R I T C ( 6 r Y O O Q )  

STOF' 
710 bJRTTE(L . rPO10~  

STOP 
9000 FORMiiT(  ' SIJDROU'TINE STEAI I  ERROR: Ft?EBSURE.C-0' ) 

9010 FORMAT ( ' SUDROLITIHE S':EFttI EKlfOFi: EN'THkL-F'Y.:::=O0 ) 
. END 



!.;L!B!ii?iJ'rTEIE 'T'1'1!.~:;1:0i:IC:A!'?L~1rTIrTi!rtlSrI. .)  , 

C:C!;dr.II'l'EL:; '!.b! I TIFIL.. I'rC.;S:.liiF"T:COI'!!:~ FC)ii TCJTiE SI.!T\'F'tICE TEMPEIKilTlJRES 
.,, 1'1: .?, , :~:l , , :?C l:t~ll,..l'i"i Z i'1!35.i.!t41~El t 7 i ? 4 ~ ) L .  ~iF:hVl '~ t~~2'~ l I l~E: ;  (LIE[; F )  
C L,=:p.!~.::~j~i:..:b( 01: L.OC)l:!i. t4S=:P!l!ML:E!:Fi OF :;k:i:'l'lOb!!!;/Lilt)P ' 

C 
I: M;:R;IY:.: r:!)r: J-.~)I:II:*S 0bJI.l :;Er.;.r~c)t~!:; 
C; j;!p;.::::l:':; 11.1 C:Llj.rtll~:.i,'~;ii/ A,~[:I VII:C:'TC)R TSECT ARE I.CIC)F'S 
'C IiJT!L.;.:IL!i; :lil OiJl':fIC1l'li;~Sl:2/ ARE I::'tl'(filC~?tl- SEC'T~'I~~JYLI')C)F' 
C 

I:II~~:::!J:;:~c!>~ ' I 'S [ :CT(~Q)  . . 
i:'l!i.rHO?i,'kli/ 1:lIi.I i 2 0 )  r HTt. (:!0) ENT ( 2 0 )  ,FLUX( 2 0 )  ,DO ( . ? o )  r [ION( 2 0 )  , FL.UXF'1.r 

A AliEA(:!O) ~F'. t .J(20?20) 
C:o1~i?i<.It!,/AR2/ TTLlEAS ( 2 0 0 9 2 0 )  T OA ( 1 0 0  r 2 0 )  r TTlIEtCH ( 200 r 20 ) UTCA ( 2 0 0  r 20 ) . 

c 

C 
C TEST FOR COE.I?'E:RGENCE OF COEPU'TED TUBE TEMPERATURE MATRIX 
C: CJITI.I AT;SIJ~:ETI V A L L J E S ~  1:l.r IS CC)FI.UERCENC:E ERROR IDEG F ) .  
C PSI: I S  Cllr'!'lEFi'l'jENC:~~: F+DJUSTHEE!T I='AF<AMETER 
C NC I S  M A X  NI.IME!Ii:li' OF COI'(LIEROEi.(CE: TRIES ALLOWED* 
C 

K . r l  
IC=IC+t 
I.F(IC,GT.NC). GO TO 50 
SUIITILT-0. 
DO 39 .J:ilrL 
Ti !,i 3 0 ti T 1. 9 N S 
T;TCA ( i 4  r J ) -TTUBCH ( M ? J ) -TTUEIAS (M r .J ) 

I:IEI.'T'A~I)I'~S (TITCA ( M  v J )  ) 
EiT l  TI) ( 2 1 9 3 0 )  r K  

?I  IF~D!~~L~TA.I-E.~IT) GU TO 3 0  
p; = 2 

15 0 $! l.; >i f:t 1,- '?' ~1 !.;I.! I4 11 I= T ,t TI F 1- T'(A 
AL'1:Il ... 'I' =::!5l..Jll \:ll,. T / l:.'l,.. N5; 
!:F.(:I:IJ.l ... 1'.3) 1!1';I'TE.~(S~rl.OG0) I C ~ C ~ V L ~ L T , P S X  
I t " ' iK , I : :R . l i  GO T.0. 4 0  
I F - ( : I : w . ~ ~ . I . )  cnu. vrc.rni.;.n(EIs~l.-) 
TI:(I:~SIO.C.;T.O. ) .  C;O r o '  250 

, Llrt:I:l E i  h r  l.05?) 
1 1  -3 v I. 0 .  I, 7 I: 1 : :  F'S I r l:'S :i. Cl 7 T b!t! 
l i ! J J 0 ! l J . !  1W:::l 'WPI 

.,r ., . ..rr. ;.!I) :*00 .J....L v L 
1:li'i 300 n=l.  



-. . 
~ 0 1 . )  T 1'1.1 I;::,$; ( E l  . \.! ) ::= 1-Tl.1 Ci15 < ?i . .,I ) .k F'S I *Cl'ri;A t M 9 ..I ) 

C 
C SCII'E? E!E:W 'I'A'S '[NT'O A!:;C:I.:EID:[NG C)IFCIER WITHTEI SECTION. ' 

C 
r11') s5() ?I:: 1 , N<i 
1: :; ;: 1.1 5; .I. :L i.1 
UO TS I. 0 ..J:. 1 . 1.. , :' 
'r :;cc 'r i ..J > :::'I>'I! I.:::>!;; ( 1.1 , ..J.) 

310 :t'F.'iJ.fJl.:.L.j TSI : :C 'T~Jf~ l i - '~TL! l iA:?(XS~. ! -C1)  
.l::l,.. 

520 ... J?':l,=..l 
-1 .= .I .- 1 
Xf'i..J.l::R.O) GO TO 3 4 0  
'TEiiFa:.'r$;EC:T (Jp1 ) 
IlO 3:!9 .J.J:=1 r J  
I F  ('TEKf:'. GE TSECT( J.1) ) GO TO 3 3 0  
T!iiEC:'l'( ..IF':L )=TSECT( JJ) 
J'SECT i ..!.J) zTEHI' 
1'EMI::'-TSET.'r ( Jp1 ) 

330 C:C)till'I EIIJE: - 

l;13 TO 320 
3 4 0  DO 3 5 0  J - %  sL .2  . 

TTl!l:;fiS ( / l r , . l !  =TSI:-CTI I \ 
350 IF(.I.NE,L.) T'TLIFAS( I S ,  J . t l  )=TSECT( J.11) 

RETI.IAN 1 , 

c 
C CONLIESGENCE 01- TTUNclS 8 TTllBClY VECTORS TO WITbiXN DT IlEG F. 
C 

40 I F ( I W + E 0 . 4 )  GO TO 4 5  
W R T T E ( b r 1 0 0 1 )  
WR'l 'TE(6r 1000) I C P A V D L ' T ~ F ' S I  

45 I C L - O  
IF(IW."LE.~) CALL PRTARA(NS,L) 

. . RETUl<bl 
C 
C MAX.  NUMBER OF I T E R A T I D N S  EXCEEDED. RETURN TO I N P U T  STATEMENT 
C 

. 5 0  W R T T E ( 6 r 1 0 1 0 )  ' 

I F ' ( I W . L E e 2 )  GCI 'TO 55 
W R I ' T E ( b r 1 0 0 0 )  I C Y I ~ V B L T P P S I  
QFTURN 3 

$5 C A I  .L F'R'TARA (EIS IL ) 

KF:l'l,JKtJ 2 
Y5 HI':Wl:E!n 4 . 

100 I.?E:TI.II;N 2 . . 
1000 F'Cl!?tli:'l'!' ITEfEATION'r  T 3 r '  t M E A N  D'T= ' rF7 .2 r  ' DEG Fv P S I = ' r F 5 . 2 )  
1 0 0 1  F'I:!I;XA'T ( ' CI:I:.JVE.I.;'f;F.i.li:F: ' ) 
10:LO I7f!l::Mi? l ( 'Ot.i l lX. h'lJi>iPii:l::. [IF 1Tfi:li'ATIONS EXCEE~IECI' ) . -  
1 ()?;() F~ [ : l i . ! l ~~~ ' r  8: ' i: rJf)l lT f:'!:; :I: (j F:'s]: ' ) 
10:;i ~ ~ ' ) ~ : ~ ~ ~ ~ . ' ~ ( ~ ? ~ : l ~ ~ > , ( ~ , ~ : l ; l ' ; l )  

1 0 5 2  F:'IlFitl~.)'l'(' 111:.-11r I:IEW F'c;.~,F:~T~:T.o,I'uN~) 
r.:N i'f > 
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Appendix C 

HELIOSTAT FIELD EXPERIMENT PLAN 

This appendix contains a description of the field experiment blanned for 

th'e .Central Receiver Research Study. Construction of the experiment a t  

a site near the ESD facility was started in October 1978. . Construction , 

was stopped by the Department of Energy in January 1.979 due to funding 

constraints, and the field experiment was deleted by DOE from the project 

scope of work. 

. . 
C. 1 OBJECTIVES / 

There were three prime objectives for the heliostat fi.eld experiment: 

1. Demonstrate fe'asibility of heliostat control logic. 

2. Measure the distribution of flux within the image from the 

heliostac 

3. Estimate overall heliostat c,ollection efficiency. 
. . . . 

A half -section of an FMC Line Focus Heliostat Module was to be tested:to 

demonstrate. that the heliostat can focus incident solar radiation to within 

a &foot vertical image, to measure the fraction of .incident radiation 

within this concentrated image, to measure t h e  distribution of solar tlu* 
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 t6e con- 

trols can be found in Section 5. The control iogic 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 .can 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. Figure sC-3 shows 

part of the completed guidance track, looking West* 'The test site was 

constructed on a Ci'ty of Santa Clara landfill located six miles from the' 

ESD facility. . . 

- The target (Figure C-4) was composed of eight louvered panels, each 3.05 

meters  (10 feet) square. A panel consists of a steel frame which supports 

aluminum 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, , 

. . 
a s  shown in Figure. C-2. The trolley was driven by engqgement of a 

sprocket gear with a drive chain mounted on the south side of. the center 

gui'de'rail. The drive assembly (Figures C-5 and C-6) was to be mounted 

on the west end of the trolley. The drive sprocket i s  opposed by a spring- 

loaded guide wheel. Two guide wheels be& against each side of the guide 

ra i l  a t  the east end of the trolley to ,restrict 1.ateral inotiqn, 

The heliostat module was installed aboard a flat-bed trailer, a s  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 fo=datioq platform for 

the heliostat during testing. The use of a flat-bed trailer a s  the hcliostat 

foundation reduced the technical and logistic problem of moving -the 

heliostat to a new test position and eliminated the requireme1 ! s for 

constructing (and dismantling) three concrete foundations. Leveling jacks 

on the trailer were to be used for sighting the heliostat a t  the target plane. 

Sca.nning.of the image fr,om the heliostat was to be accomplished by a 

sensor which was mounted on a h o v i n g  scanner assembly. scanner 

assembly (see Figure C-8.) was mounted vertically in front of the louver . . 

panels. Horizontal traverse of the assembly is accomplished by driving 

a set  of wheels mounted at the top and bottom of the assembly. Each 

set  of wheels rides in a channel mounted ok the louver pane1.s. 



Figure' C-3 COMPLETED GUIDANCE TRACK 

Figure C-4 TARGET ASSEMBLY READY FOR TRANSPORT TO TEST SITE 



Figure C-5 TARGET DRIVE, BOTTOM VIEW 

Fdqw C-6 TARGET DRIVE, TW VIm 



Figure C-8 SCANNING SENSOR DRIVE ASSEMBLY 
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The drive system was designed to simultaaeously drive the assembly 

horizon tall^ at a speed of 3.94 cm/s (1.55 inla), and the photocell 

vertically at a speed of 28.4 cm/s (1 1.2 in/s). The photocell travel8 

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 aad . 

to transmit all sensor signals to the tart computer in the instrument vsn: 

Slide contacts mounted on the trolley ride in .the busbar chaagels, The 

busbar war i n s t l e d  on the bot~th side of the track. Figure C-9 rhowr 
a detail view of the! inrtallrtiorr, 

Figure C-9 DETAIL OF BUSBAR INSTALLATION AT TEST SITE 



A four-channel chart recorder was to be mounted on the target to record 

the following on a continuous basis for the duration of a test run: 

Scanning photocell output. 

Photocell position (cam actuation of relay every 6 inches of 

vertical travel of scanner. ) 

Horizontal travel of target (cam actuation of relay every 12 inches 

of. target travel. ) . . 

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 

chart tracing to generate flux distribution and compute integrated image 

Ynten'sity .. 
.. . . 

An' instrument van was to be located a t  the West end s f  the test  track to 

contain the following instrumentation: 

PDP 11 /03 computer to cornrnunicate with the heliostat local 
. I 

controller for elevation and focus control, collect data on 

tracking performance, and to perform emergency defocus control. 

Tracking pyroheliometer (mounted outside of van. ) 

Strip chart recorder with time synchronization pulse to record 

p y r ~ h e l i o ~ e t e r  output. 

' Weather station with visual display to measure ambient temperature, 

wind speed and direction, and relative humidity. 

C. 2 TEST PLAN 

Five specific tests were planned. Section 5 describes the associated control 

logic to be cxsmined and verified in t h e ~ e  tests. 
< 

Stowing IDestowing 

Purpose : To demonstrate that stowing/destowing control strategy works 

as planned. 



Procedure:  'with t he  heliostat module operating. with 'm i r ro r s  temporarily 

defocused, the tes t  computer will alternately stow and destow the heliostat: 

Tes t s  will be conducted for several  different wind, vectors (if possible. ) 

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. 

P r o ~ e d u r e :  ( ~ o m m a n d  Control). The heliostat will be commanded tn 

focus and t rack the sun. A simulated emergency defocus comrna.nd will 

be issued via the test  computer. 

Expected Results: If the emergency defocus i s  operating, the m i r r o r  will 

defocus (i. e. , re turn to a convex cu.rvature) within 0.25 second. The 

change in image intensity will be recorded by the scanning sensor on the 

Procedure:  (Target  Horizontal Tracking Control). The inboard se t  of 

vert ical  image sensors  will be commanded to focus and track. 

Expectcd Results : If the emergency defocus system i s  operating properly, 

power to the heliosta't will be automatically cut off when the outboard set  

of vertical sensor; detect the image. This will cause the hefiostat to' 

defocus and stow within 20 seconds (design goal). 

Procedure:  (Target Vertical Tracking Control. ) The heliostat will be 

commanded to focus and tra=k. After manual t r ~ c k i n g  i s  eslahlished, 

the heliostat will be comm.anded. to rotate ( increase elevation angle with 

respec t  to target center)  until the upper row of sensors  detect the image. 

d 

Expected. Results: In normal operation, the heliostat will immediately 

defocus and .stow. The tes t  will be repeated for the lbwer row of 

.sensors. 



' I , . . . 
Focus Performance .r 

Purpose: Verify correct operation of mir ror  focus control. . , . ., 

. .. 

Fbocedure: The defocused heliostat will be commanded 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 L 

change in image size and intensity. 

Expected Results: The focus motor will cause the heliostat to focus r 

the image on the target to within a four-foot vertical height a t  all test  

positions and for  varying wind conditions. 

i 

Tracking Performance 

Purpose: Verify correct operation of mir ror  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 parameters. 

Expected Results: The deviations between measured tracking parameters .. 

and reference: parameters should not exceed system design requirements " 

(Section 5.2). . , . . .  . 
. > 

Image htens'ity L I . . 

Purpose: Measure the distribution of flux a t  points within the solar image . 

concentrated upon the target by the heliostat when operating normally. 

,- .* 
I 

Procedwe : A normally operated heliostat (all. tests described above a re  

euccessftll) 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 .. 
,. . N . 

run. One run will las t '  for 6 0  -90~minutes~ depending on the time of year  . 

and heliostat position (see Figure C-1). The geomktry of the test site , . ' .. . . . . 

is such that the solar image will be incident upon the target between 1030 

and 1430. The specific period again depends upon the t h e  of year and' 

heliostat position. 



The target will be positioned a t  the West end of the track. The heliostat 

will be initially commanded to the defocused position, and will be 

commanded to begin elevation tracking a short  time prior to the t ime a t  

which the solar  image is predicted to be incident upon the target. 
. . 

The heliostat will t rack in defocused 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  position message 

to the local controller every six minutes. All recording instrumentation 

will operate during the test  r-an. 

Expected Results : The solar  image should remain c0ncentr.ate.d upon the 

target  with a vertical height of 2 -4  feet, depending upon the m i r r o r  

curvature and heliostat-target distance. Predicted m a x i m  intensity 

is approximately 2 t imes normal incident flux (suns) a t  4-foot concentra- 

tion, and 4 to 5 juns a t  2 -foot conce'ntration. Predicted, collection 

efficiency 'is 0.7 -0.9, depending upon time of day and'heliostat position. 

Detailed predicted performances corresponding to specific test  conditions 

will be computed during the tes t  period. 

C. 3 STATUS OF CONSTRUCTION . .  

At the time "MC was instructed. by the Department of Fnergy 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 t ra i ler ,  .and from the t ra i ler  to the busbar, and ( 2 )  installation 

of the test  computer and other equipment in the - t ra i ler .  

Grading of access  roads from the enclosure to each heliostat test  

positioi~ was culnpleted. Each test  position had'been graded and eleveled. 

Surveying of alignment marke r s  for the heliostat had been completed.. 

The marke r s  defined r e f e ~ e n c e  lines to align the long axis of the heliogtat 

with the target: track. 



Elevation sightings from reference points at  each test  position to the 

North concrete pad had been completed. Sightings were taken a t  1'8.3 

meter (60 foot) intervals along the.length of the track. The average and 

,maximurn 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 in). These measurements were well within the 

tolerances specified by FMC to the construction subcontractor. 

1n.accordance with the revised scope of work, dismantling of th i  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 .' 

. . . . 

 his 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. 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, 

~ a c u s  Central Rkceivei Solar Thermal Power system, and (2) the 

thermal-to-electric power conversion cycles evolved by the McDoimell ' . . 
~ o & ~ l d s  A,stronautics Company (MDAC). The MDAC power conversion , 

cycle was selected because the flow rates and steam conditions required 
. . 

by the MDAC thermal storage and =lectric power generating subsystems best 

.matched the 'FMC receiver concept. 

Performance data for the once-through receiver (Section 4.1) were used 

for all sizing computations. ~ h e s e  data were generated early in the 
q .  

project, using an assumed system operating pressure of 6.9 MPa (1 000 . .. 

paia) . . and . the following operating. temperatures : 
. . 

: . feedwater to receiver inlet a t  216O~ (422,%),, , 

s t e a m  at receiver outlet a t  538% ( 1 0 0 0 ~ ~ ) .  

The conditions ,vary from the MDAC operating requirements, which were 

published after the analysis phase of our project was completed. The 

MDAC requirements a re  : 

l feedwater to receiver a t  2 5 0 ~ ~  ( 4 0 1 9 )  and 13.8 MPa (2000 psia) 

l receiver steam to turbine at  510°c (950°F) and 10.1 MPa (1465 psia). 

The pxoject budget did not permit general re-computation of receiver 

data, so only performance data a t  specific design points 

were re-computed.with the MDAC requirements to permit realistic plant 

siz'ing. ' All other performance data were generated with the original 

xeceiver data (enthalpy of 838 kg-callkg at  538O~ steam). Since the 



. -; . 

MDAC turbine requi res  steam a t  a somewhat lower available energy . .. . . ,  , .-.. . .  

content (enthalpy of 810 kg-callkg a t  5 1 0 % ) ~  the use  of the original . . .  . . . 

receiver  data allows, in effect, fo r  a 3 percent heat loss  in the piping . . . .L 

between the receivers  and-turbin'e. 

D. 1 10 MWe PILOT PLANT 

Two concepts were evaluated. The f i r s t  concept was based on North and A -  

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)  which 'specified turbine operation a t  477O~ ( 8 9 0 9 )  10 MPa 

(1450 psia)  input steam, 56. ?OC (135°F) 0.16 MPa (2.5 psia) exhaust 

steam, and operation f rom thermal storage for 6 hours a t  7 MWe. These 

conditions differ f rom the final MDAC specifications '(2). The original 

eizing and performance computations a r e  presented in the following 

paragraphs because time did not permit  recalculation with the final 

epecifications. However, note that fewer receivers  would be required, 

as shown by the following computations: 

.I.:.. .. . . 
MDAC 2:00 p. m. .winter solstice design point, 10 MWe power'to .busbar : .  .. ..... . 

0.7 MWth/kg . . ,  . - .  . . 

' a absorbed thermal energy from receiver (3)  = 32.6 MWth 

= 28 x1o6kg-ca l lh r  

a flow ra te  to turbine (4) 46,46 7 kg/hr (102,440 lb/hr  ) 

.a. turbine inlet s team conditions (5) = 5 1 0 ' ~  ( 9 5 0 ~ ~ ) ~  10.1 MPa . . . . . .  . . 

(1,465 psia) . . . . , . , '  a ,, ,: .. i . . . 
- b: 

Under. these conditions, design point sizing i s  a s  follows, using 5 3 8 O ~  

(1000.%) s team from a North receiver section, and 3 percent heat losses  

between receivers  and turbine:. 

flow ra te  from nor th  receiver (Figure D-1) = 2550 kg/hr (5620 l b / h r )  

.enthalpy of steam to turbine = (0.97) (838) = 81 0 kg-callkg 



enthalpy of feedwater to receiver = 222 kg-callkg ? - ' fl . ." 

number of receiver sections required = 46,46712550 = 18.2 . .. . . . .a-  . .-. 

net absorbed energy by 19 r.eceivers = (19) (2550) (8.10-222) . , . ,. . , - .. 
6 

= 2 8 . 5 x 1 0  kg-cd/hr  , . ' . t  . . 
= 33.2 MWth 

. . 
\ r 
. . . . Thus, 10 NorthISouth receiver units a re  still sufficient to meet' the design . , .  .. . 

point requirements. The remainder of this section' contains the perfor- . . .,*. .. . 
mance estimates based on the preliminary MDAC data. .. , 

, i.2 

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. . ? i  

. . - 1 I 
r - + 

 table^-1 NORTH/SOUTH FIELD SIZING FOR 10 MWe PLANT CONCEPT , .x . ,- 

- . . . . .. 

Note 1: Two m i r r o r  sections (3.05 meters  by 18. 3 meters)  per  heliostat. . , .  . ., 

e 

. , 
. . . . 

The followtng parameters were used to compute receiver. per formhce  .. 

Field 

North . 

South 

with the simulation model described in Appendix B: 

Number of 
heliostat rows 

' 2 1 

2 9 

~ e c e i v e r  6.1 meters (200 feet) long, containing North and South 

Total number' 
of heliostats 
(Note 1) 

432 

578 

receiver cavities. Each cavity contains eig,ht banks of tubes . . * , -  . .. 

Butterfly a r ea  

[rn2(lo3ft2)] 
. . 

9,105 (98) 

10.590 (1 14) 

610-meter (.2.000-foot) leqgth 

distributed about the cavi,ty circumference (Section 4.. 1 ). . . . ? .  

': ,! 

' 

Average number 
per row 

33'- 1 ;I3 

33'-113 , 

Feedwater introduced into the.outermost bank of tubes at 6.9 MPa . :<.: 
(1000 psis) and 216O~ ( 4 2 ~ ~ ~ ) .  

Number of 
m i r r o r  sections 

700 

967 

Emissivity and absorptivity of the tubes, respectively, 0. 7 and 0.9. 



. F i gu re  D - 1  COMPARISON O F  OUTPUT F R O M  NORTH AND SOUTH BO.I.LER 
SECTIONS A T  2 P.M. ON WINTER S O L S T I C E  

b 

F 

P = 1000 PSI A 

SATURATED STEAM 

" C  " F 

MViTHIHR MBTUIH - t 
IIiO -- 

LBMIHR 3 4 5 6 7 8 9 

t 

KGlHR 1.5 2.0 2.5 3.0 3.5 4.0 
i 

MASS FLOW RATE PER 61 M SECTION (X 10 3) 



Superheated s team extracted from the innermost bank of tubes where "' ,". " 

the flux density i s  highest for transmission to the turbine or  to  

storage. 

Performance of a North boiler section was computed for a range of feed- 

water flow rates at  hourly ,intervals for winter .solstice, equinox, and 

summer solstice insolation. The computer programs developed for 

collector field optimization were used to generate the circumferential 

distribution bf solar flux intensity from an optimized flat North field 

(Appendix A). 

Peformance of a South field receiver ,section was simulated only for the 

baseline design point to minimize expenditures for computer time. South 

receiver performance for other times was estimated from North receiver 

performance data with a set of scaling factors. The scaling factors were 

derived from the relative performance of each section a t  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. winter solstice for 
. . 

a nominal operating pressure of 6.9 MPa (1000 psia). 

The number of receiver sections required to produce 10 MWe net at  the 

baseline design point was computed a s  follows: 

Total steam to turbine (6)  = 51,400 kg/hr (1 13,000 lblhrj. 

Flow rate from North section for steam at 477O~, 10 MPa , 
=2700 kglhr (5950,lb/hr). 

Number of receiver sections required = 51,40012700 = 19.04 

Enthalpy of steam a t  turbine inlet = 792 kg-callkg (1425 ~ t u l l b ) .  . Enthalpy of steam a t  turbine outlet*=514 kg-callkg (925 ~ t u l l b ) .  
6 

Net power input to turbine=51,400 (792-514) = 14.3 x 10 kg-callhr. 

*cIsentropic expansion assumed. Exhaust steam a t  5m Hg (6). Estimated 

final steam quality = 0:8 for isentrbpic expansion. 



Thus, 10 double-receiver sections (one North receiver and one South 
. . . . 

receiver per sedtion) w.re selected for the baseline design point, with ' 

: the output of 10 North receivers and nine South receivers routed to the 

turbine, and the output of the remaining South receiver routed to thermal 

. storage. Because the above computations a r e  based on. steam from North 

receivers and because the performance of South receivers is different a t  
. . . . 

t h e  same flow r a t e  (see Figure D-1), performance was recomputed a s  

l isted in the following paragraphs for a flow r a t e  of 2700 kilograms per 

hour from North and South receivers. 

Properties of 'steam 'from North receiver:' 

' o' "Temperature: 496OC (925OF) 

Enthalgy: 803,,kg=ca1 per kg (1,446 ~ t ~ l i b ) .  

Properties of steam from South receiver: 

Temperature: 465 O C  (870.O F) 
. . 

' 0 .  Enthalpy: 784 kg-cal per kg (1,412 Btullb). 
. , 

Net power input to turbine: 

10 North section x 2,700,kglhr x (803 - 514 kg-callkg) 
. . . .  

t 9 south section x 2,700 kglhr x (784 - 514 kg-callkg) 
6 

. = 1 4 . 4 ~  10 kg-cal/hr = 16.7.MWth. 

Thus, the steam from 10 North r c c e k e r s  and nine Eauth receivers eaeh 

61 meters  (200 feet)  long will produce 10 MWe net power at  the baseline 

design point. 

The output of one South receiver is routed to thermal storage at the design 

point. The following assumptions were made to compute gross thermal 

input to theriAal Y torage: 

0 Steam input a t  3430 C (6500 F) and 6.9 (1,000 psia) 
. r 

Steam condenses to saturated liquid'at 2500 C (4800 F), the average 

temperature of thermal storage (6). 



Thus, at the baseline design point: 

Flow rate from the South receiver (Figure D-1) = 3,200 kg/hr 

(7,050 lblhr). 

Enthalpy of input steam = 725 kg-callkg (1, 305 Btullb). 

~ i t h a l ~ ~  of output liquid = 280 kg-cailkg (505 Btullb). 

Net input to thermal storage = 3,200 kglhr (.725 - 280 kg-callkg) 
6 . , = 1 . 4 ~ 1 0  kg-callhr (5.6 x 1 0 6 ~ t u / h r )  ' . 

. . 
= 1.6 MWth. 

. .  . 

The following operating schedule was assumed 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 3 4 3 O ~  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 a re  capable of generating steam at turbine operating 

temperature, enough receivers a re  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, al l  output is routed to storage at 343 OC until steam at that 

temperature can no longer be produced (afternoon storage period). 

Steam at 275 OC ( 5 2 5 O ~ )  and 2.7 MPa (385 psia) i s  generated from i 

the energy in thermal storage to run the turbine at 7 MWe net power .' 
a .  

output. 

The morning and afternoon storage periods for each of the three solar days 
. . 

were estimated from a time-based plot of maximum attainable steam tem- 

perature (no-load stagnation temperature). Table D -2  shows' the operating 

schedule used for each solar day. Figure D-2 shows'the'time -based plot.. - 



Figure D-2 ESTIMATED MAXIMUM. TEMPERATURE OF OUTLET STEAM. 
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*->. . ., . . < .  - C .c., ._ . .  . .. ....., . . . I .  . .. . . .  . . 

Table D-2 OPERATING SCHEDULE FOR PERFORMANCE COMPUTATIONS'. 
. . .  . . . .. . . . 

. .. .. 
. . 

~ a c h  period was divided into intervals of one-half -.  ho& , .  o r  onehour and the : 

Solar day 

Winter solstice 
. . 

.Equinox 

Summer eolstice 

properties of receiver steam at the midpoint were used to make the following . 
computations. 

~ o r n i n g  siorage. . 

0800 - 1000 

0730 -,0900 

0700 - 0900 

Numb&; of Sections Required t& ~ ~ e r a ' t e  Turbine ( N d  

N T =  QTG I m T ( h  T - heal:,. (Dl) 

where Q p . ~  = gross energy input required to generate 10-MWe net power '. , ' 

= 16.6 MWth (14.'3 r l o 6  kg-callhr) . 
m~ = mass flow rate in one receiver.section (kglhr) 

Direct turbine 
operation 

1000 - 1400 

0900 - IS00 

0900 - IS00 

. . 

T = avk rage enthdlpy of steam from North and South, receive'= 
. , 

sections , . 

Afternoon rtorage 

1400 - 1600 

1500' - 1630 

IS00 - ,1700 

heXt = enthalpy of exhaust steam from turbine = 514 kg-cal/kg. 

Mass flow rate in one receiver section (mT) was selected so that the average. 

temp,erature of the steam from North and South sections was equal to the 
' operating temperature of the turbine. 

:Net Electric Energy Generated by Direct Turbine Operation (E ) 
. .; . ., 

T- 
The value of N ~ , f r o m  Equation ~ ~ ~ ' ~ a s u s . e d , t o ' " s e l e c t  the number' ofNorth 

, - . . I  

and South receiver sections ,to be used for..di.rect tu;bine operation. E =was 

then computed as follows: 

. . . . .  wlie re 'NTN '= number or NPrthreceiver sections to the'turbine 

NTs = number of South receiver sections to,tlie .turbine : 
h T N  = enthalpy of nte;m from North 'receiver' se;tidn 

h TS, = enthalpy of steam from south receiver section 

249 



q =.thermal cycle efficiency of turbine = 10 MWe netl l6.6 MWth 

ideal 

= 0.6 

and the units of PT a re  MWe. 

Net energy generated during the time period is given by: 

ET = (AH) (PT) MWhe 

. . 

where AH = time period. . 

Gross Energy Input to T ~ e r m . .  (Qs) 
The opeiaiing charactaristics described in the MDAC report for the thermrl 

storage subsystem were used to compute the gross energy charging rate and 

-net energy output. 

where m ,  = mass flow rate from a receiver section (kg/hr) ' , 

h SN = enthalpy of steam from a Northreceiver section (kg-callkg) 

h ss = enthalpy of steam from a South receiver section (kg-callkg) 

h ,,,= enthalpy of exhaust from thermal storage 

= 280 kg-callkg (saturated water at  250°C) 

and Qs' = gross energy input to storage (MWhth) during time period AH. 

As in ~ ~ u a t i o n  Dl, the valueof m was chosen so that the average tempera.- s 
0 ture of steam from North and South sections was 343 C. 

. . \ .  

Net 13aily ~ n e r g ~  Output from Thermal Storage (Es) 

The MDAC 'data (7)  indicates that 187 ~ ~ h t h '  a r e  required from thermal 

storage to generate 42 MWhe net'(7 MWe for 6 hours) for,an 6verall thermal 

efficiency of 421187 = 0. 225. This efficiency was used in the calculations. 

Thus: 

- 6 
Es , = (1.163 x 10 ) (0.225) CQ, MWhe net from storage. (D5) 

250 



The duration of ,operation from thermal storage a t  7 MWe net output is 

given by: 

HS = ES 17 (units of hours. ) (D6j 
. . 

Epat ions  Dl through D6 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 a t  371, 427, 482, and 538'~ 

(700, 800, 900, and 1000%). Table D - 3  shows the daily performance 

summaries for direct turbine operation a t  482'~. 

Table D-3 ,  SUMMARY OF DAILY PERFORMANCE FOR DESIGN POINT SIZING 

P a r a m e t e r  

Net  power  (MWe) 

Hours  of operat ion pe r  day 

Winter so l s t i ce  Equinox I S u m m e r  eoletice 

Operat ion G r o s s  ene rgy  input (MWhth) . 
f r o m  
t h e r m a l  Maximum, charging r a t e  (MWhth) 
s t o r a g e .  

Net ene rgy  (MWe) 
< 

Hours  of operat ion @ 7 MWe/day 

~ l i l ~  Net ene rgy  (MWhe) 
s u m m a r y  

Hours  of operat ion/day 

b a d  factor*  

Mean power output** (MWe) 
* Laad fac to r  = ne t  ene rgy /21  hours  x 10 MWI 
**Mean power  output - net  ene rgy /hours  of o p  

8.6 
net c;.pacity. 

D..1. 2 North Fields Only 

The second 10 MWr plant 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 N o ~ t h  receiver sections is used. 



Table D-4 NORTH-ONLY FIELD SIZING FOR 10 MWe PLANT CONCEPT 
, , 
. . \ I .  ' . . . . . .  : .. . . . .  . . . # . . . .  

I I 1 

The assumptions and equations'used in Section D. 1.1 were used with the 

Field 

exception that the terms for South receiver sections a r e  dropped from 

Equations Dl through D4,'and enthalp&s and flow rates a re  for North 

Xumber rows 

receiver sections at t k b i n e  operating tcrnperature. The modified 
. . 

I 

equations a r e  as follows: ' 

, . 

NT = Q /mT(hT - h TG ext  1 

610-meter (2,000-foot)length 

'- 6 PT= (1.163 x 10 ) 9 mT NT (hT .'.h ext) 

BuUerily area 

[ r n ' [ l ~ ~ f t ~ l  Number - 
per row 

- 6  
Q s =  (1.1.63 x 1 6 .  ) : ( A H J ~  . . .  . , ( 2 0 .  ~ ) ( h  - 11 s '  T s exs 

Total number 
of heliostats 

' Nutiibci bf 

mirror eections 

. . . .  . . , . ,,. ., . 
I i . .  , 

Where mt, m, , ht, and hs a r e  mass flow rates and ehthalpies from a 

North receiver ,section. Table D-5 ~ h o w s  the daily perfo~xnance 

summaries a t  the baseline design d i y  for diroct turbine uperatloa at  481 '~  

(900%). 

. , . , . . .  . . 

.D, 1.3 Cost/Performance Comparison 

Annual generating capacity and total investment cost were estimated for 

the two. pilot plant concepts, Table D-6 shows the comparison of system 

characteridtics. 

D, 1.3.1 Annual Generating Capacity 

Annudl generating capacity for each system was estimated from the daily 

outputs computed for 3 solar days, a s  shown in Table D-7. The annual 



Table D-5 DAILY PERFORMANCE . . FOR ,NORTH.-'~~IEL,D-ONLY DESIGN 
-- 

Mode P a r a m e  te r , - I winter '  bolrt ice I . Equinox. . 1 S u m m e r  solstice 
1 I 

Direct  
ope ration 
of turbine 

Operation 
f rom . 
thermal  .. 
a torage 

. *Load factor = net  energyl(Z4 hours  x 10 MWe net capacityJ 
. **Me.am power output =ne t  energy+ou.rs of opeiation/day. . . . . . . . 

Daily 
aurnmary 

I Table D-6 CHARACTERISTICS OF: 10;MWE BASELINE SYSTEMS 

Net  power (MWe) 

Net energy (MWhe) 

Hours of operation p e r  .day 
. . . . 

. Gross  energy input (M ~ h t h )  ' 

Maximum charging ra te  (MWhth) : 

Net energy. (MWe) 

Hours of operation @ 7 MWe/day . 

Net energy  he) 

Hours of operationXday . 

Load factor* 

Number of 6 1 -m receivers I 

' 10.0, 
. . 

49.6 

.. . .5.'0 . 

. 106.6 

. 33.4 .. 

.' 24.0 
I .  . 

. . 

10 (double) 

3.4 

. 74.,0 

8.4. ' 

0.31 . '  

Number of 6 1 -m towers C 1.1 I 21 ' 

10.2 . 

61.,2 

6.0 

109.4 

25.4 

,24.6 
. . 

'I- 
Mean power output** (MWe) I 8.4 ' .  

North-only system . . 

. 782 . 

. Subsystem characteristic 

Number of heliostats 

Collector area (krn2) I 0.121 I 0,094 
I . . 

10.2 . . 

60. 8 

, 6.0 

114.0 

19. 5 

25.7 

3.. 5 

85.8 

. 9 . 5 .  ' 

0.36 

. . 
North/routh myitem 

. . 

1, 0i0 

3.7 

85. 5 . 
. 9. 7 

0.36 

9.. 1 8.9 



capacities, 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 estimate . . 
capacities for July-December. 

Table 0-7 DAILY PERFORMANCE FOR DESIGN POINT SIZING 

S o l a r  d a v  

S y s  t e m  

D i r e c t  " ' ~ e t  power  ( M W ~ ) .  
o p e r a  tion 
of t u rb ine  Net e n e r g y  IMWhe) 

Hours  of ope ra t ion ldav  
-- 

Opera t ion  C r o s s  e n e r g y  ir ipt t  (MWhth) 
f r o m  
t h e r m a l  Maximum cha rg ing  r a t e  (MWhth) 
e  t o r a g e  

Net e n e r g y  (MWe) 

Hours  of ope ra t ion  @ 7 MWe/day 

Dai ly  Net e n e r g y  (MWhe) 
s u m m a r y  

Hours  of ope ra t ion /day  ' 

Load f a c t o r  
8 

Mean power  output2 (MWe) -- 

Winter s o l s t i c e  1 Equinox 

Nor th /  Nor th  Nor th /  Nor th  
sou th  lonly  1 south  lon ly  

S u m m e r  s o l s t i c e  

Nor th /  North 
south  I only 

1. Load f a c t o r  = ne t  er\ergy/24 h n ~ ~ t s  x 10 hdWe nc t  cap@si ly .  
2. M e a n  power  output = n e t  e n e r g y / h o u r s  of opera t inn lday .  

Table 0-8 COMPARISON O F  ANNUAL GENERATING CAPACITY 
FOR BASELINE* SIZING 

- 
T u r b i n e  opera t ing  
t e m p e r a t u r e  'C (OF) - 
371 (700) 

. . 

42 7  (800) 

482 (900) 

538 (1.000) 

~ l e c t r i c  e n e r g y  
output, lob kWH 

hfea a .U br~rua 1 
Load f ac to r  

Nor th /  
sou th  

29 .8  

30 .4  

31. 1 

30. 9  

M e a n  dai ly  powor, 
MWe . . .  

Nor th /  
south  

0. 34 

0 .35  

0. 36 

0. 3 5  

Nor th  
only 

27. 2  

30. 1 

30. 5 

31.0 

NOE th / 
south. 

8. 9  

9 .0  

8.9 

8 . 8  

Nor th  
only 

0. 31 

0. 34 

0 .35  

Nor I11 
only 

8. 4  ' .  

8. 9 

9 .3  

8. 9 



D. 1.3.2 System Investment Costa . . 

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 production 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' 

receiver system (9). , 

. . 
. . 

Table D-9 summarizes the subsystem costa and TIC for each system. 

The lower TIC of the North-only system is due to the requirement of 

fewer heliostats to achieve equivalent .a'mual generating capacity of the , . 

~ o r t h / ~ o u t h  system. The numbers in parentheses a r e  the cost per unit 

a rea  (m2) of collector surface. 

Table D-9 INVESTMENT COSTS FOR BASE.LINE SYSTEMS 

. . . . 

Busbar energy costs were computed for each baseline system. The 

Aerospace corporation Power Plant Econo'mic Model (PPEM) was used ' 

Subsys tern 

Collector 

Receiver 

Control 

Storage 

Genera Ling 

Other 

System c o s t  

to make the computations. 

Subsystem inveetrnent costs (1976 dollars) for the 10 M W ~  plant..using a 

~nves tment  cost, milliona of 1976 dollars 

4.82'~ (300%') turbine were used to compute investment costs per .KWe. 
. . 

I 

Northleouth eyetem 

2 6.4 . (521m) 
. . 

1'. 8 . (15) 

(37) 4. 5 

3. .3 

9 

5.2. 

29.1 (241) 

North-only s y s  tem 

4 .9  (53/m2) 

2.3 (2 5 

.4..3 . . (46 

4.2 

6.9 
. . 

4. 3 

26.9 '(286) 



The default values in the 'PPEM program were used for the input data 

parameters, with the exception of the following: 
&. ' . 

Investment Cost Year (YRD): 1976 

Y.ear of Constant Dollars (YRO): 1976 

e Plant Capacity Factor (PCF): 0.36 

North field only 0.35 

Annual Operating .Expenses (OPEX): $100/KWe 

Annual Intlation Rate (.XINF): 0.05 (5 percent per year) . 

Table D-10 =ontains the results. 

Table 0-10 SUMMARY OF .'PPEM OUTPUTS 

The data in Table D-10 shows that the ~ o r t h - s y s t e m  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. 

Plant s i z e  

Sys tom , 

Total capital investment to year 1 of 
commercial  operation (dollarslkw) 

Busbar costs  in 1976 dollars (milslkwh) 
Year 2 of commercial  operation (1991) 

Net cash  flow i k  1976 dollars (rnils/kwh) 
Year 2 of commercial  operation 

Table D-11 summarizes net busbar costs (1976 dollars) as a function 

of turbine operation temperature for North-only (20 single boiler 

10 MWe 

sections) and North/South (1.0 double boiler sections) concepts. The 

numbers in the columns titled MIN a r e  the minimum number of boiler / 
superheat sections required to operate at  10 MWe using turbine inlet 

eteam'at 6.9 MPa and 482'oC. 

Nor th/sauth 

5 ,648  

139 

63 

North only 

5 . 2 9 5  

136 

6 1 



Table D - 1 1  NET BUSBAR COST IN YEAR 2 OF OPERATION (Mils/Kwh) .. . , 

- 

D, 2 100 MWe COMMERCIAL PLANT CONCEPT 

D. 2. 1 Selection of Desien Points 

Plant size 

~ u r b i n e  operating 
temperature OC(OF) 

371 .(700) 

427 (800) . 

482 (900) 

538 . (1.000) 

A limited t rade study of energy collection versus  field size was conducted 

MIN 

to establish a reasonable (but not necessari ly optimum) plant configura- , . .  

tion. Initially, a design point corresponding to the day of maximum 

North/ south 

systeli.1 

.2:2 

20 

20 

19 

10 MWe 

energy collection (summer solstice).was selected. However, it was 

. No:rth-only . 

system . 

2 2 

20 

1.9 , 

18 

North/ south 
system 

146 

142 

,139 

143 

found that the number of heliostats in an optimally sized summer solstice . 

field was la rger  than that for an optimal equinox field., but the incremental 

energy collected by the . summer solstice 'field was not proportionally 

North-only 
system 

1'53 

139 

136 

137 

greater .  Table D-12 shows the comparison. , 

Table D-12 COMPARISON OF EQUINOX AND SUMMER SOLSTICE 
DESIGN P0INT.S 

Design point 

Number of helios ta ts 

Fnergy a t  receivers  (mwh-th) 

e Equinox 

,o Summer solstice 

Winter solstice 

0 Annual 

Summer solstice, 3:00 p. m. 
point relative to equinox, 
3:00 p. m. 

- 1.07 

0.96 

1.08 

1.00 

1.04 



It is possible to size both the field and the plant for the design point day, I 

6 

which i s  ,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  - 
. . sponding to an equinox design point with a plant configured for maximuq 

output on 'summer solstice. When operating over the ye&r, 'this configur- 

tion, which.contains 7.4 percent fewer heliostats than the summer 

solstice field sizing, achieves the 100 M W ~  /420 MWhe re.q~.iisements, 

while collecting 97 percent of the energy c.ol1ected by a field sized for . ' . . 

summer solstice. 

D. 2.2 Plant Sizing 

The number of receiver sections required for the commercial concept ' . 

was based on the performance a t  3:00 p.m. summer solstice of a North- 

only collector field optimized for 3:00 p.m. equinox; reciver performance 

with an equinox field was not generated, because of funding constraints, 

so the performance data for the once-through' receiver (Section 4) was . . .. .. 
used td estimate performance a t  the new design point. . 

Energy a t  the receiver aperture was computed from Figures 4-7 through 

4-1 0 and .replotted a s  a function of flow rate for final steam te'mperatures 

of 34P~ (6500~) and 538O~ ( 1 0 0 0 ~ ~ ) .  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 made. 

assuming a receiver 'working pressure of 10.3 MPa (1500 psia) to verify 

that the performance of the baseline loop configuration was reasonably cIo,se . .. , 

to the performance required by the MDAC EPGS. 

Table D-13 l is ts  the' computed values of fluid state exiting each receiver 

loop (average of upper and lower loop halves) and the average i ~ c i d e n t  . . 

flux across each loop. Appendix B contains the corresponding output 
- ,  . . 

from the computer model for the once-through concept. 





~ab ' le  D - 1 3  FLUID STATE IN BASELINE RECEIVER CONCEPT AT 
. . , ; LOOP EXITS 

Loop 
Tem era tu re  P r e s s u r e  8 

O c  ( F) M P a  (psia)  
Flow r a t e  
m/s  ( f t l s )  

Average incident 
f l u x  
kw/m2(btu/hr-ft2) 

2 Preheat  

3 I 4 

6 .  I . Boiling 

..(. 8 '. Superheat 
> < \.. 

* Note's: . . 
. 1. At noon equinox 

2. Mass  flow r a t e  = 1.39 kg / s  (3..06 i b s f s )  
3. Net energy. absorbed by working fluid = 550 kg cal /kg (992 btu/lb) 
41. Receiver efficiency '= 0.86 
5. Final  s team conditions: 511 O C  (9520AF), 10.2 m P a  (1,485 paia), 

3.7m/s (12.1 f t / s )  flow r a t e  2 6 .  Maxim- flux incident on loop 8 = 42.9 kw/m2 (1 3,068 ~ t u l h r - f t  ). 

Let  the output of the receiver  be superheated s team at 1 , 0 0 0 ' ~  and 1,000 psi  

for  d i rec t  power generation. Let  the output be 6 5 0 O ~ ,  1,000 psi for  opera-  

tion into storage, a n d  l e t  the re tu rn  water to the receiver  be 4 0 0 ~ ~ .  Let  the 
. . 

turbine be multistage with an outlet of 1 10 OF into 1 psi, and s team quality, 

x = 0.8 (isentropic expansion to saturation assumed):.  
*.i.~' . i i . . .  . > 

Enthalpies : 

Steam a t  1,030°F, 1,000 psi, h 1 ~  = 1.504 Btu per pound 

Steam a t  6 5 0 ' ~ ~  1,000 psi, ht 1 , 288Btupe rpound  

Steam a t  110'F, 1 psi, ha = 1 , 1 0 9 B t u p e r  pound 

i. ' 

Water at  4 4 0 ' ~ ,  1,000 psi, hR = 420 Btu per pound 



If a multistage turbine is used which bleeds a small fraction of sukerhbated : 

steam between stages to preheat the re turn water to 4 4 0 ' ~ ~  this quantity of 

heat is constant in th; system and is deducted f rom t h e  total heat used to 

calculate .the turbine efficiency, 'It 
. . 

If 0.75 mechanical and 0.9 electrical efficiency is assumed, the total, . , . .' 
. . 

generating efficiency, "er is .. *, . 

/' 
. . 

. . 

"e = 0.569 (0.75) (0.9) = 0.385. ' 

. , 
. . 

. . , . 

This efficiency is highbecause of losses  involved in the bleedingstage., how- 

ever, the number. compares well'with the 0.377 figure reported for the' M M C  
commercial plant specifications (1 0). The 0.377 efficiency value will be ured. . 

Let piping losses  be 5 percent of sensible heat, then 

= ?lo F (between receiver outlet and turbine inlet) 

At turbine input, T = 960'~. 1,000 psi, hT  = 1,483Btu/lb. ' . , 

. . , .  .. . . . . ,.,.., 
' .. ' . ..: 

. . 
I 

. . 

'Using the parasitic loss  value of 0.89 reported by MDAC (lo) ,  the maor -, ' 

wg, for 106 MWe is:. 

The heat input a t  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 lblhr) .  
- 

, .. ., . , .  



1 I " + a  

' thus, the number of receiver modules, N, is  

At solar noon, the power i n  3, is  3.742 MWth per module and WM = 
4,870 kglhn (10,736 lb /hr )  and the total field output i s  

. . 
. Power factur = 1.9 - - 

. . 

The charging rate to thermal atorage is computed as  follows: 

d .  

. . .; ,&kperheated steam (960°F, 1,000 psi, or 650' F, 1,000 psi) i s  input to .: 2: : 

the desuperh'eater and outpit a t  650' F, 1,000 psi. The ateam i s  con- 
0 .  . ' 

, densed in the thermal storage heater: o ~ t l e t  i s  water. at  480 F, 1,000 ' 

pqi (h = 465 Btullb). The efficiency of the TSU is  0.98 (1 0). 

Assuming the heat in the 480° outflow water i s  conserved and can be r e -  

covered to regenerate the 440° return water, the thermal storage efficiency, 

. . 
. ..  - ' h ~ - h ~ )  ? TSH 

. , .. ..,+. . . 'TS - h -krr 
I, , . . T 

. . . . 
Calculation of hourly heat partition 

1. ~ e t e r m i n e  input power flux for one redeiver module on a particular 
. . 

- :day and hour from Figures 4-7 through 4-1 0 (use half -hour curve a s  

average value over the hour. ) 



2. If P < 2.265 MWth /module, read W M  from 650°F curve of Figure 4-10, 
0 .. . 4  .. . . 

It P > 2.265 MWth /module, read W M  f rom 1,000 F curve. . . :  . . _ , . ,  

3a. . If PI < 2.265, calculate heat to storage 
' 

. 
. > 

Mass flow to s torage 

3b. It PI > 2.265 MWth /module, calculate flow to storage, 
.' . . . . . :. 

. , 

. .  . . . , . .  
W s  = 1,70(Whf) - 956,900 ( lb /h r )  

- .> . 
:, .* . 5 

Heat to storage . .  . 

7 .  . . 
' . I ? . "  . . 

Typical Calculations for  Summer Solstice 
-- - 

Assume symmetry about 1200 to use curves in &'ig<res 4-7 U~rough 4-10. 
. . 

.>.  . 

0800-0900 (use curves for 1530, Figures 4-9 and.4-10,) % .  



900-1000 (use curves for 1430) 

PI = 2.423 MWth at 1, 0 0 0 ° ~ ,  

.. . 
. h . . . .  . ,. . . , ' . . . . . .  . W s = 1 7 0 ( 6 , 2 8 3 ) - 9 5 6 , 9 0 0 = 1 1 1 , 2 1 0 l b / h r = 5 0 , 4 4 4 k g / h r  ' 

, . 

. PS= 11 1,210 (0.000293) = 32.6 MWth 
I 

. . 
. . 

1000-1100 (use curves for 1330) 

PI = 3.094 MWth at 1 , 0 0 0 9  

. . . . Ps = 493,500 (0.000293) = 144.5 MWth 
- , .. . 

... . . 
Po = 90 MWe 

ti. : . . 

..I i-..:.:,:./- Other h ~ u r s  are  similarly calculated. The estimates f n r  the three solar 
days are  shown in  a able D-14. Figure D-12 shows the estimated daily 

plant output over July through December. 



Table D-.14 HOURLY PERFORMANCE, NORTH FIELD SIZED FOR 
3:00 PM EQUINOX 

Summer Sols tic 

Hour 

116 1 60.9 0 

1.840.5 MWthH 

MWe Total Output 

0 Direct 600 MWeH 

Total 1.054 MWeH 

0 

0 

600 MWeH 

Equinox 

Hour ps 
MWth 

91.7 

293.9 

151.1 

255.3 

290.4 

249.8 

148.9 

126.6 

119.2 

Total Output 

Dire* 550 MW'eH" ' ' 

Storage 426 MWeH 

Total 976 MWeH 

Wg 
x 103kg/hr 

0 . 

0 

434 

434 

434 

434 

434 

217 ' 

0 

Winter Solstice 

. Hour 

P o  
MWe 

0 

0 

100 

100 

100 

100 

100 

50 

0 

w s ps . 
x 103 kg/hr MWth 

190 100.3 

330 173.8 

568 20.9 

152 98.4 

209 134.6 

158 101.7 

568 20.9 

328 172.9 

190 100.3 

883.8 MWthH 

550 MWeH 

P o  
MWe I Total 6utPta; 

Direct 500 MWeH . 
Sturagc 210 \fWcH 

~ ' o t a l  '"718 M ~ V ~ H  



Figure 0-12 ANNUAL BUSBAR POWER OF BASELINE CONFIGURATION 
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Appendix E 

COST ESTIMATES FOR 100 MWe BASELINE PLANT CONCEPT 

This  appendix contains support ing data used to develop es t imates  of sub-  

s y s t e m  cos t s  f o r  the f i r s t  100 MWe plant  configuration using the FMC line 

focus concept. 

Cost  e s t imates  for  the hel ios ta t ,  he l ios ta t  control ler ,  r e ce ive r ,  and . r ece ive r  

suppor t  towers  a r e  based on actual  cos t s  of p a r t s  and m a t e r i a l s  used to 

fabr ica te  the t e s t  helios tat section and hel ios ta t  c o n t r o l l e ~ ,  and es t imated 

cos t s  of fabricat ing 1,000 hel ios ta t  units  (two sect ions  plus a control ler )  

and 20  once-through r ece ive r  sections.  These  es t imates  w e r e  made  i n  

l a t e  1976 for a n  economic evaluation of the FMC concept i n  a 10 MWe 

plant configuration. 

Inflation and discount fac to rs  w e r e  applied to the 1976 es t imates  .to 

r e - e s t ima t e  the costs  in  1978 do l la r s ,  and account f o r  the much  l a r g e r  

quanti t ies requ i red  fo r  a' 100-MWe configuration. These  fac to rs  a r e  noted 

where  applied. x 

The cost  of the r e ce ive r  suppor t  towers  i s  based on the tower configuration 

shown i n  Section E. 4. 2. A detai led es t imate  was  made  fo r  the the rmal  

t r an spo r t  subsys tem based 'on  the conceptual piping network desc r ibed  in  

Section E. 5. 2. 
v 

', 
Costs  for  the remaining subsys tems  ( ene rgy  s t o r age ,  el ,ectr ic power 

generation,  m a s t e r  control ,  ba l ince  of  plant ,  etc. ) were  taken fro+ 

published data  fo r  the McDonnel-Douglas concept fo r  a 100 MWe point 

focus sys tem.  - \ 
\ 
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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 ra te  is 5,000 kilograms (1 1,000 pounds) per hour through 

a receiver'  section. 

Inlet conditions: 10.99 MPa (1,600 psi) and 2 1 6 ' ~  (421°F) a t  '859 kilbgrams 

per  square meter  (53.5 lblft3) 

Outlet conditions:! lo.  3 MPa (1,500 psi) and 508OC (946'~) a t  31.8 kilo- 
3 

grams per square meter  (1.98 lb l f t  ). 

At 1 1,000 pounds p e i  hour, the volume flow is 

11,000 = 0.057 f t3 /sec  inlet 
' 53.5 x 3,'600 

11,000 = 1. 543 ft 3 / sec  outlet. 
1.98 x 3,600 

and the required feedwater line flow a rea  is: 

057 144 = ' 1. 173 in2 minimum per  unit 
7 

The required minimum steam line flow a rea  per unit is: 



\ . . 

Check of Pipe W a l l  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: 

Water weight per foot = 31.1 pounds. 

Total pipe loading: 

64.33~ 25.34 + 31.1 = 120.70 pounds per foot. 

Estimated maximum bend moment from thermal s t ress:  . .  . .. . 

120,000 pound-inches. 

Static pad bend moment: 

at2 120.78 x (25 x 1212 -= 
12 

= 75.488 pound-inches, 
12 x 12 

From ASME piping code: 

where 

P .= Internal design pressure, psig 

D ' = Pipe outside diameter, inches 

' th =, Nominal wall thickness 
MA= Resultant moment bending loading on cross  section due to weight, 

etc., i.a pounds. 

Z = Section modulus 

i = s t r e s s  intensification factor (2.1 ) 

S = Basic material allowable s t ress  a t  maximum temperature. 



Seamless  carbon s tee l  pipe, ASTM A1063, has an allowable s t r e s s  value of 

15,000 ps i  for  service  to 6 5 0 ' ~ .  

1 

Steam: 

1011-.120 pipe 

Pipe = 89.20 pounds Weight per  foot 
t Water = 28.0 

Total 'weight per  foot = 180.5 pounds. 
. . 

Maximum bend moment: - 
120,000 + 180*'5 (25 l Z ) L =  232,813 pound-inches. 

12 x 12 

1,500 x 10.75 + 0.75 x 2.1 x 232,813 
Maxim-. strkss iri pipe = 4 x 0.843 60.3 

' 

Seamless  alloy steel  tubing ASTM A21 3 T22 (2-1 14 percent cr, 1 percent  mo)  

ha s  an  allowable s t r e s s  of 11,000 psi at 9 5 0 . 0 ~  and 7,800 psi  at 1 , 0 0 0 ~ ~ .  . 
This i s  acceptable, but marginal. Temperatures  higher than 950' C wi l l  

require  heavier  piping. 



I I, 
. Figure E-1 SCHE,MATIC, STEAM TRAMSPORT SUBSYSTEM 
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Appendix .F 

RESULTS OF MIRROR REFLECTANCE MEASUREMENTS 

F. 1 . SUMMARY 

T,Ms appendix contains the results of measurements made by Sandia Labora - 
tories at Albuquerque on one sample mir ror  .panel. The measurements 

were made during January 1979 by R. B. .Pettit, J. Freese and B. Hansche. 

The sample consisted of one panel selected a t  random from the panels 

fabricated by Mechanical Mirror Works, ,hc., 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" a reas  of the sample. These gray areas  were not present when 

the panels were received from the manufacturer. However, recent inspec- 

tion of other mi r ro r  'panels at FMC revealed that some panels had similar 

areas. No attempthas been made  to determine the origin of the gray 

appearance, howev=r, it is possible that the phenomenon is an effect of 

ageing. The'mirror 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 shipping crate, so deterioration from expo- 

sure Lo light can be ruled out. ) 

In summary, the Sandia investigaters estimated a specular reflectance of 

0.85, and an RMS .surface shape dispersion e r ro r  of 1.2 mrad in the long 

dimension of the panel (the dimension that is deformed by the, heliostat 

' focus mechanism. ) For comparison, the performance studies discussed in 

the body of this. report were based on assumed value8 of 0.9 and 2 mrad for, 

respectively, heliostat reflection efficiency and surface dispersion error.  



> 1 
. . .  

The lower dispersion e r ro r  should balance the lower refle'ctance because 

with a tighter beam,spread, a greater fraction of reflected solar fluk will be 

. focused within the receiver aperture. Figure A-1 in Appendix A illustrates 

the effect. Curve C in Figure A-1 is the dispersion distribution that was 

used in the performance analyses. A distribution based on 1.2 mrad surface 

e r r o r  and 2 mrad focus and tracking er rors ,  peaks about a third of the way' 

between Curves B and C. Since the integrated beam intensity a t  the aperture 

plane. i s .  about 1 5 percent higher with Curve 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 

dispersion would be less  than 0.5 mrad with a mir ror  mounted flat. In fact, 

mi r ro r  panels a r e  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 i s  concluded that the 

results of the performance analyses would not be significantly affected by 

'the changes to mir ror  performance. 

F. 2 MEASUREMENT OF SURFACE FIGURE 

A 61 c A  by 51 cm (24 in by 20 in) section of the panel was used to measure 

surface figure with 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 mir ror  was supported (see Figure F-1. ) The 

results suggested that when the measurements were taken the mir ror  was 

-slightly bent, which may have been due entirely to the way it was supported. 

'l'he maximum slope e r ro r  compared to a flat surface was only 5 milli- 

radians (mrad). A parabolic fit to the surface shape was unsuccessful 

because the effective focal length was very large. When the results were 

analyzed assuming that the mi r ro r  should be flat, then the root mean square 

(RMS') slope e r r o r s  were calculated to be 2.4 mrad across the short dimen- 

sion (20 inches) and 1.2 mrad across the long dimension (24 inches). 

Obviously, the way in which this mir ror  i s  mounted in the final heliostat 

assembly may strongly affect its shape .and thus its focal properties. The 

investigators estimated that the RMS slope e r ro r s  would be below 0.5 mrad 

with the mir ror  mounted flat. 
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Figure F-1 MIRROR SAMPLE SUPPORT FOR 'LASER RAY TRACE 

F. 3' MEAS'UREMENT OF REFLECTANCE PRO.PERTIES' 

The spectral hemispherical reflectance properties f rom 450 n m  to 2500 mn . 

were measured using an integrating sphere reflectometer while the epecular 

reflectance properties a t  500 n m  were measured using a specially con-. ' 

structed' bi -directional reflectometer (see Solar Energy Vol. 19, pp. 733- 

741, 1977). When viewing the mir ror  with a d a r k  background, it was noticed 

that there was a "grayish" appearance on some areas  of 'the mi r ro r  while , 

other areas  were "clear". The 'grayish appearance 3 s  associated with 

the silver glass interface, not the outer glass surface or  internal to the 

glass. The reflectance properties were measured from areas'within both 

regions. 

The hemispherical 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 - + 0.01. 

This value is typical of silvered float glass of this thickness. 

297  



The specular reflectance properties were measured using a small incident 

b e a k  (7  mm diameter) in order to isolate the propertie$ of the gray and 

clear. areas. On a clear area,  the specular reflectance at 500 nm was 

w'ithin 0.5 percent of the hemispherical reflectance value at  the same 

wavelength. Thus there appears to be no appreciable 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 spe&lar re'flectance 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 regionsnor the origin of the gray appearance. 
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