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PREFACE 

This report is submitted by SRI International to the Department 

of Energy, under Contract EY-76-C-03-0115, as the final document for 

the Phase I study of the Line-Focus Central Power System. It contains 

a summary of the system analysis, parametric analysis, selection and 

conceptual design of the optimized system, and.determination of the 

commercial market for solar line-focus central power plants. 

The report is submitted in three volumes, as follows: 

Volume I Executive Overview 

Volume II Conceptual Design of the 'Line-Focus 
Central Power System 

Volume III Appendices I 
Specific tasks performed by members of the SRI International team 

were as follows: 

• SRI International 

- System analysis 

- System optimization 

- System configuration selection 

- Master control subsystem analysis and selection 

- Receiver subsystem experiments 

- Cost and performance analysis 

-· COU1T'lerc.ial. assessment 

• Bechtel National Inc.--Analysis, optimization, selection, and 
con~eptual design of: 

- Heat trans.port subsystem 

- Energy storage subsystem 

- Electrical power generating subsystem 

·v 

,1.: . ' 



- Receiver towers 

- Heliostat foundations 

• Foster Wheeler Development Corporation--Analysis, optimization, 
selection, and conceptual design of the receiver subsystem 

• Acurex/Aerotherm Corporation-... Analysis, optimization, selection, 
and-conceptual design of the collector subsystem 

. • Pacific Gas and Electric Company--Consultant to SRI International 

v:l 
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Appendix A 

METHODS OF DETERMINATION OF MOLTEN SALT 
HEAT-TRANSFER COEFFICIENTS .AND TUBE-WALL TEMPERATURES 

Depending upon the flow regime (laminar, transition or turbulen~), 

one of three equations was used to estimate the molten salt heat transfer 

~oefficient, hi. 

In the laminar flow region (Reynolds numbers less than 2100), the 

Sieder-Tate equation (eq. A-1) was used (Ref. A~l): 

as: 

(A-1) 

The maximum value of hi allowed in this flow region was calculated 

hi(max) = (2wC )/(1TDL) 
p 

(A-2) 

If the value of hi calculated by equation ~A-1) exceeds·this value, 

hi was set equal to hi(max). 

In the transition flow region (Reynolds numbers between 2100 and 

10,000) the Hauzen equation (eq. A-2) was used (Ref. A-2): 

(A-3) 

In. the fully turbulent flow region (Reynolds numbers above 10,000) 

the Dittus-Boelter equation (eq. A-3) was used (Ref. A-3): 

(A-4) 

A-3 



For all three .equations, the following definitions apply: 

hi = convective inside heat transfer coefficient, W/m2 °C 

Re = Reynolds number = DVp/~, dimensionless 

Pr = Prandtl number = C ~/k, dimensionless 
. .· . p 

D = tube inside diameter, m 

L = tube length, m 

V = flow velocity, m/s 

k = molten salt thermal conductivity, W/m°C 

p .,. molten salt density, kg/m3 

~ molten salt viscosity at bulk fluid te~perature, kg/~ 

~w = molten salt viscosity at tube wall temperature, kg/ms 

C = molten salt specific heat, Ws/kg°C 
p 

Over the region of interest, the temperature difference between the 

bulk fluid temperature and tube wall temr~rature is oDUlll; therefurt!, to 

simplify the calculations, the value of (~/~ )0· 14 was ·takeri as equal to 
w 

1.0 for all cases. 

The appropriate value of the inside heat transfer coefficient, hi 

obtained from the above equations was used to determine the inside, 

outside and average tube wall t~mperaturee. The inside tube wall 

temperature was determined from the following equationz 

(A-5) 

* The molten salt·outlet temperature rather than the fluid bulk tempera-
ture was used. to assure conservative results. 
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where 
! 

= tube inside wall temperature, °C 
.'' 

= molten salt outlet temperature, °C 

q 
. . . 2 

= heat flux to pa~el, W/m 

= convective inside heat transfer coefficient, wim
2
-°C 

The temperature drop through the wall was determined by 

which can be rearranged to: 

where 

q = k dT/dx 
m. 

dT~= q dx/k 
m 

. I 2 q = heat flux to panel, W m 
2 dx = t~be wall thickness, m 

k = mean .val~e of tube metal thermal conductivity, W/m°C 
·m 

dT = temperature drop through tube ·wall, .°C 

T = outside wall temperature 
0 

(A-6) 

(A-7) 

The tube ·metal thermal conductiv.ity was related to temperature by 

an equation of the: form: 

k = a+ bT (A-8) 

where 

k. • tube metal the~l conductivity, W/m°C 

a,b .,. constants 

T = temperature, °C . 

A-5 
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The average temperature used to evaluate k was taken as the log 
m 

mean temperature defined by: 

= (T 
0 

- T.)/ln(T /T1) 
~ 0 

(A-9) 

Using equations (A-7), (A-8), and (A-9), a trial and error procedure 

was used to calculate the true values ofT and T .• 
0 1 
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Appendix B 

INPUTS FOR S.+EAEC PROGRAM 

~-+· TCS--Time Require<! for a Cold Start 

Over~ight ~olten ~~+t i~ cir~ulated to maintain the receiver at a 

te1!,1perature qf 260°C (500°F). At daybreak solar flux is directed onto 

the receivers until t7he panel-averaged, full-load temperature of 427°C 

~800°F) is reached. A cold start is defined as raising the receiver 

temperature from 260°C (500°F) to 427°C (800°F). 

Under these conditions, the energy required to heat the receivers 

to operating condition is defined as follows: 

Q(reqd) = ~MC ) t l + (MC ) l ]t~t ~ p s ee p sa t cs (B-1) 

where 

Q(reqd) 

~steel = wei~ht of q~~~s and fins in receivers, kg. 

c p st~el 

M.sait = weight of salt in t~b~s ~n receivers; kg 

c ''P ~alt 

6t 
·~ c;~ 

ld t t t t h oc = co. ~ ~r. el!l~era ure ~ an~e, 

The following v~l,ues are ~~b,~tituted into ~qua;i,~n (B-1): 

Variable Value .. 
M = 1,01~.8?0 kg (2,?~5~200 lbm) 
steel 

c = 460.536 J(k~~c (O~ll Bt~/lbm°F) 
·P steel ,To 

0 
• 

M = 592,755 k~ (1,306,800 lb~) .;salt ',. \ ,, " 

c = 1553.26 J:/kg°C (0.371 Btu/lbm"F) p salt 
4t = 1&7~C 000°F) 

B-3 



The resulting energy is: 

Q(reqd) = 64.371 MWh (219.21 ~ .l.o6.- Btu) 

A graph of power to the receivers vs time of day exhibits a slope 
. 6 2 . 

of 175.5. MW/h (598.-76 x 10. ~tu/h) during the first l-l/2_hours after 

sunrise. Thus, .. ·the time requ:f,red for a cold start 6 is 
cs 

e ~ (2Qr~qd/slope) 112 =. 0.856 h cs 

B.2 Receiver Cooldown Parameter 

An equat~Qn similar to .equation (B-1) c~n be written for the receiver 

heat losses, namely: 

where 

q(loss) = rate of heat loss from-receiver, W/s 

6tCD = cooldown temperatur.~ drop= twi -.tamb' n.c 

66CD = cooldown time interval, s 

MC = as defined for equation (B-1) 
p 

twi = temperature _of receiver inside wall, °C 

tamb = ambient out.$ide temperature, °C 

The overall heat-transfer losses from the receivers can also be 

expressed by: 

B-4 

(B-2) 

(B-3) 



where 

U = overall heat-transfer coefficient, W/m
2

°C 
0 

' 2. 
A.= overall receiver heat~transfer area, m 

0 

At· s·hutdown, the ap_.erture door is closed, and the overall heat­

transfer. coefficient, U , can be· determined from the following equation:· 
0 . . . 

'where 

u 
0 

+..!.. 
h 

0 

U = overall heat-transfer. coefficient, W/m
2

°C 
0 

r 1 = inside radius of receiver, m 

r ~ outside radius of receiver, m 
0 

k · = metal thermal conductivity, W/m°C 
m 

h
0 

= outside convection heat-transfer coefficient, W/m2°C 

The overall receiver heat-transfer area is as follows: 

where 

A 
0 

r 
0 

L 

A = 3/4(2~r L) + l/4(2wr 'L) o· · o o· 

Active 
section 

Aperture 
cover 

2 = .overall receiver .heat-transfer area, m 

= inside radius of receiver, m 

= .out&id~ radius of receiver = ri + 6x, m 

g insulation thickness, m 

= total length of receivers, m 

B-5 
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r ' =aperture cover outside radius = r. + ~x', m 
0 1 

~x' = aperture cover insulation thickness, m 

Rearranging and simplifying, equation (B-5) becomes 

A = ~L(4r + 3~x + ~x')/2 
·o o 

.(B-5') 

The highest he~t losses occur when the convective resistance to 

heat transfer (1/h) is equal to zero. (i.e., when h = ~). Substituting 
0 0 

this condition into equation (B-2) and simplifying yields: 

u 
u 

k2 = --=---,,.=--;---,-
t ln(r /t:.) 

0 0 1 

The total heat losses can be related to the cooldown time as 

follows: 

(D-4') 

• Initial values of 387°e (728°F) and 27°e (80°F) were selected 
for tw and t b' respectively. o am 

• 

• 
• 

• 

• 

A time interval ~eeD of 300 s was selected • 

The value of q(loss) was obtained from equation (B-3) . 

Equation (B-2) was solved for ~teo· 

A n~w value of tw. was obtahted by tw.' = tw. - CiteD . 
1 . 1 1 

The last four steps are repeated until tw
1 

is less than 
260°e (500°F). 

XT, a parameter that identifies how far along the cooldown curve 

the receiver has traveled since shutdown was set, is equal to the.losses 

at any time, divided by the losses at time zP.ro .. XT is therefore defiot:!d 

by the following equations: 

XT(e) = q(loss) 8/q(loss) 8=
0 

XT(8) = Xl e 

B-6 

a e 
r 

(B-6) 

(B-7) 



where 

-1 a = coo·ldown parameter, h · 
r 

XT values versus time were obtained from equation (B-6) and an. 

exponential curve-fit yielded the following values for Xl and a : 
r 

Xl = 1.00038 

Cl ·r 
= -0.13655 h-l 

B-7 
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Appendix C 

DESCRIPTION OF SYSTEM ANALYSIS 
COMPUTER PROGRAM 

The levelized busbar electric cost (BBEC) for the high-temperature 

line-focus (HTLF) system is calculated using an SRI computer program, 

written in ALGOL, resident on the SRI International (SRI) Burr~ughs 6700. 

A general flowchart for the program is given in Figure C-1. 

The program is initiated with the specifications of the various 

system parameters. These variables are passed to the optics and receiver 

analysis subprograms, described later. Table G-1 summarizes these 

initial specifications. 

Once the physical specifications are made, view factors may be 

calculated. The program then asks for "field multiple," a variable 

which, for a fixed storage, allows calculation of a ~ystem longer than 

that to meet the nominal 100 MWe production at 2:00 p.m. winter solstice. 

In this way, daily capacity factors may be increased for a given storage 

system, because the system length is multiplied by the field multiple. 

Any additional energy collected is placed into the ESS for use after 

dir~ct energy production has terminated. 

The computer program calis upon the receiv&r subprogra~ at equinox 

at. 2:00 p.m. for the purpose of sizing the system length. The receiver 

subprogram, in turn, calls upon the optics subprogram to provide the 

insolation flux through the aperture. Ari iteratipn process follows 

(described i.n Appendix D). in which the mass flow per unit length of 

receiver is determined. Frqm the velocity specification, a ~ingle 

value of the losses from free and forced convection is determined for 

the system length. 

The program forms a large .iteration loop for three day;; around the 

hout"s of solar production. Starting with sunrise, and ending with 

C-3 



DEFINE 
SYSTEM 
CONFIGURATION 

DEFINE 
CO!;TI"!(i 
VARiABLES 

DETERMINE SYSTEM 

FIXED 
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2p.m. 
WINTER 

CALCU~ATE 
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FIGURE C·l FLOWCHART FOR CALCULATIN.G BUSBAR ENERGY COST (BBEC) 
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N 

Va~iable 

.Name· 

out 

emissl 

absorpl 

emiss 

absorp 

aperture 

theta 

R 

~res sure 

tower H 

sigmasway 

. mirrorw 

nummir 

refl 

sigmal 

sigma2 

velocity 

focus 

season2 

time2 

allowedstorage 

fieldmultiple 

Table C-1 

SYSTEM PARAMETERS 

Description 

Number of mathematical nodes in 
receiver 

Node for fluid outlet in receiver 

. Emissivity of reflecting nodes · 

.~bso.rptivity of reflective. no~es 

Emissivity of boiler .tubes 
l, 

Absorptivity of boiler·tubes 

Aperture width. 

Aperture inclination 

Receiver radius 

Boiler pressure 

Inlet and outlet enthalpy . 

Tower height 

Tower sway 

Mirror width 

Number of mirror rows 

Mirror reflectivity 

Tracking error 

Mirror surface error 

Wind velocity 

Fixed focus or auto focus 

Season for fixed focus 

Time .for fixed focus 

Allowed capacity.for ESS 

Length multiplier fot; system size 

c-s 

Optics 
Subprogram 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Receiver 
Subprogram 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



sunset, the main program calls the receiver subprogram to provide the 

mass flow. If for some reason the receiver program solution starts to 

diverge (at very low flux levels early in the morning) then that data 

point is skipped, and calculation proceeds to the next hour. 

For each hour, the optics subprogram and receiver subprogram 

provide data arrays that track the power through the system. In 

particular, a stairstep of the system performance may be created from 

the following at any hour: 

•. Power on the mirrors 

• Power after cosine loss 

• Power after mirror reflection loss 

• .I:' ower after a tmospheri.r, ::~ t. tenua tion los~ 

• Power after heliostat blocking and shading 

• Power after receiver shadow loss 

• Power after aperture interception loss 

• Power after cavity reflection loss 

• Power after radiation loss 

• Power after convection losses 

For each day of calculation, the data from each array is mathemati­

cally described by a fourth-order, least-square-fit polynomial. The 

daily performance is then calculated as a simple arithmetic integration 

of the polynomials. Figure C-2, parts "a" through "j," shows typical 

applications of this curve-fitting L~chnique. The values on the right 

side of the graphs are the fourth-order ~olynomial coefficients used by 

the program for integration. 

The energy a.vaJ.lablc to th~ HTS and EPGS is further evaluated as 

illustrated in Figure C-3. The curve is subdivided into four sections: 

• Direct en.ergy, in which th~ plant is capable of producing 
100 MW h. 

c 
• Stored energy, in which energy in excess of that necessary to 

process lOO>MW h is sent to the ESS. . e 
• Two portions of optional energy, in which 'the energy may 

either be stored, or used in conjunction with energy from the 
ESS to produce electricity through the EPGS. 

C-6 
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At the completion of power calculations, the main program total& 

the energi~s provided by the three days and an~ualizes the results. 

The maximum solar,multiple from the thre~ days ia also reported. 

Finally, the main program calls upon the busbar electric costing 

subprogram. Using the EPRI costing model for present value analysis 

and cost data and cost parameters, the 30 year leveli~ed busbar electric 

cost (BBEC) is calculated. The cost constants in Table c-2 may h~ 

rwadily chang~d in the program for cost comparison. 

The results from each calculation are summarized in a program run 

typified by Figure C-4. 
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·Table C,-2 

COST CONSTANTS USED IN CALCULATING BUSBAR ELECTRIC.COST 

Land cost 
•' 

Heliostat cost . 

Rec·eiver ·cost 

Tower cost 

Structures and improveme~ts 

Distributables 

BOP 

Margin (around site) 

N rows (field blocks) 

EPGS width 

ESS width 

Tut.bine' pressure 

. r.-13 

Default Value 

$500/acre 

$5.05/ft 2 

. $500/ft 

$132/ ft 

$39/kW h 
. e 

$36/kW h .. e 

$38/kW h 
e 

400 ft 
' 

16 rows 

200 ft 

100 ft 

2400 psi 
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8R'I I HTERNA Tl ONAL HTLF SCILAR POWER SYSTEM 

11140139 AM MCINDAY, AUBUST 13, 1879 

SYSTEM PARAMETERS: 

Na24.0 
EMISSa0.06 

R•3.0 
TCJWERHa60.0 

Ml RRCIRS."' [2J •-. 066827 
810MA1,.0.003 

FCICUSaO.O 
.F r.::L.DMUL Tl PLE111 , 926 

OUT•14.0 
ABSCJRP,.0,8 

PRESSUREa300.0 
MIRRORWc3,0 

MIRRORSP[3Ja.00466~7 
SIOMA2a0.0 

SEASON2=0.0 

TOT~L S~STEM LENGTH (FT, • 4ol049.7 

WINTER NOON POWER FLOW: IMW, 

MIRRORS • 92-3.0 
COSJ NE LOSS II 903.9 
REFLECTION • 81~.5 
ATT>::NUATICJN II 805.9 
BLOCKINO,SHADINO II 797.8 
RECEIVER SHADOW a 786.4 
INTERCEPTION II 73E:.IS 
SOLAR REFLECTION 70~.6 
RADIATION II 663.1 
CO~'ECT I ON II IS89.6 
ELECTRIC • 233.7 

WINTER P~RFORMANCE: (MWHRfH, 

POWER 

CJPTIGNAL ENERGY a 
DIRECT ENERGY = 
AVAILABLE STORAGE a 
STCJR::O ENERGY c 
CAPACITY FACTOR • 

01 STRJ BUTJ CJH: (MWTH) 

316.1S 
.IIS71 7 
1389.0 
1389.0 

O.IS21SO 

EMISSt:o0.7 
APERTUP.E~!. 0 

HINa2C4;0 
Ml RRCJRSP[OJ" -IS .. 51311 

NUMMI R=24. 0 
SIOMASWAV.,:l. 1 

TIME2=12.0 

·. 

o.o O.D 0,0 0.0 0.0 
0.0 0.0 0.0 ~2.0 277.1S 

459.6 IS62.3 IS89.6 li55.4 447.1S 
264.0 22.6 0.0 0.0 o.o 

FIGURE C-4 TYPICAL PROGRAM RUN 

ABSORP1a0.9 
THETA•0.873 

HOUT11389.0 
MIRRCJRSPC1J•IS.31S81SIS3. 

REFLa0.9 
VELOCITY•13.4 

ALLCJWEDSTORAOEa1892. · 
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SRI INTERNATIONAL HTLF SOLAR POWER SYSTEM 

SPRING NOON POWER FLow: CMW) 

MIRRORS • 947.4 
C.,SINE LOSS D 930.5 
REFLECTION " 837.4 
ATTENUATION. • 829.7 
BLOCK I NO, SH.~D I NG " 829.7 
RECEIVER SHJ\DOW • 818.0 
INTERCEPTION a 770.5 
SOLAR REFLECTION = 738.1 
RADIATION a 694.8 
CONVECTION a 621.3 
ELECTRIC a 246.3 

SPRING PERFORMANCE: CMWHRTH) 

OPTIONAL El'tERGY 
DIRECT'ENERGY • 
AVAILABLE STORAGE " 
STORED ENERGY 
CAPACITY FACTOR a 

3.116.6 
1741.0 
1655.D 
1655.tS 

0.6023 

POWER DISTttiBUT.:ON: CMWTH) 

0.0 o.o o.o 

-. 

0.0 
0.0 0.0 -4.11.8 132.8 

491.8 G85. 1 621.3 'G89. 6 
336.1 13~. 4 -49.6 o.o 

SUMMER·NOON POWER FLOW: CMW) 

MIRRORS " 9D7.0 
COSINE LOSS 908.7 
REFLECTION " 817.9 
ATTENUATIC:·N " 810.3 
BLOCKING,SHAOING = 810.3 
RECEIVER SHADOW 798.6 
INTERCEPTION = 751.5 

· SOLAR REFLECTION = 720.0 
RADIATION 677.4 
CONVECTION 603.8 
ELECTRIC • 239.4 

SUMMtR PERFORMANCE: CMWHRTH) 

OPTIONAL ENERGY = 
DI~ECT ENERGY a 
AVAILABLE STORAGE a 
STOREO EN::ROY 
CAPACITY FACTOR 

PO~ER DI~TRIBUTION: CMWTHI 

433.6 
1963.1 
176D.O 
1765.0 

0.6714 

0.0 
336.1 
488.7 

0.0 

FIGURE·C·4 (continued)· 



SJU I NT ERMA T I ONAL H1iLF ·soLAR POWER S_YSTEM 

.J.O 0.0 0.0 o.o o.o 
0.0. ·I I, 1 84.5 238.8 37:1.4 

·49 ... 6 :176.11 !103.8 1179.9 1503.8 
3e:t.O 236.8 81.1 -17.8 o:o 

ANNUALIZED ,ENERGY FLOW CM'•IHRI: 

MIRRORS • 
CCSINE LOSS • 
REFLECfiON • 
ATTENUATION • 
BUOCKIHG,SHADING • 
RECEIVER SHADOW • 
I N!TERC:EPTION • 
SO,_AR REFLECTION •• 
RAeJIATION ,. 
CONVECTION a 
ELECTRIC • 

EPRI COSTING MODEL: 

LA~'Da7111. 78409i'37 
E$SCO~T•110721138.206 

;<ICIIa18.2021137921 
FCR•O.III873430087 

AC•347.44444579 

eoa.o 
. 3&.0 
100.0 

SUMMARY: 

11.011 
38.0 

2400.0 

YE~~y ENERGY CMWHRTH) 
SOL.,R f',UL T I PLE · 
YEA~LY ,CAPAC I 'r1 FACTCJA 

311331199.3 
24113529.9 
2208180.8 
2179754.5 
2124963.7 
2097477.7 
18:11621.4 
1774045.9 
16301185.5 
1326645.1 
5211882 .• 1 

HTSCOST•13529852.6852 
EPGSCOST•2.2404E+7 

K•0.08D05 
CIPV•31114.620868115 

7110.0 
400.0 

208.0 
10.0 

1326645,. 
2.463 

0.6003 

39.0 
200.0 

BUS$ BAR ELECTRIC C~ST (MILLS/KWHREI 

o5PRI COSiJNG .MODEL: 

66.07 

LAND:o7:J1 . 784097:;17 
ES~COST~11072538.206 

X0•14~8126038248 
;FCR,.0.111673.430087 

AC•317.638937287 

1500.0 
38.J 

1 oci: J · • 

5.011 
30.0 

2400.0 

HTSCOST:a I 35296f-2. 6852 
EPGSCOSTa2.2404E+7 

Ka0.08505 
CIPV•3213.11~2:1l68 

~2.0 . 
400.p 

132.0 
10.0 

39.0 
200.0 

FIGURE C-4 . (continued) 

STEAMGE~COST•3810630.0 
CIT•1620~211379211 

CRFa0.0830931"30112 
XPV•?815.22079116 

STEAMJEIICOS11a3910630.0 
Cl7•1481.26038248 

caF~o.os3093130112 
i:PI/•7'17. 86061556 
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SRI· INTERNATIONAL HTLF $aLAR PGWER SYST~ 

SU1111ARY: 

. YC:ARLY ENEI'OY CHWHRTH) 
SOLAR "ULTIPLE 
YEARLY CAP~CITY FACTOR 

13288415.' 
2.463 

0.8003 

·euss BAR ELECTRIC.COST C"ILL8/KWHRE) 80 .• 40 
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FIGURE C-4 (conch,1ded) 
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Appendix D 

RECEIVER ANALYS.IS PROGRAM 

This ·appendix provides a more detailed explanation of the receiver 

analysis subprogram. As mentioned in the main text, the cavity contains 

the heat balance of three processes: 

• Redistribution of incident solar flux from reflections within 
the cavity 

• Redistribution of long wavelength (infrared) radiation from 
emission and reflection within the ca'vity . 

• Conduction through the tube walls and convection into the 
working fluid. 

The receiver was modeled as a two-dimensional cavity .with two 

circumferential flow paths from each edge of the aperture towards a 

common exit at the rear. of the cavity. The receiver is divided into N 

equal cir~umferential segments along the two flow paths. 

The first two processes are ·separated in the following manner: 

first, the incident solar flux redistribution is calculated; then, this· 

is used as a driving function for the second process. To do so, the 

net incident solar flux into the jth segment may be expressed as 

where 

cpj 

€ s. 
J 

Fj.:_i 

cp' = . j € cfl. + € 
·. sj J s 

(D-1) 

- net incident solar flux falling on node j after redistribution 
into cavity 

- incident solar flux as provided by collector optics subprogram 

= solar emissiyity at 
th . 

j . segment 

- view .factor from the j th to the th i segment 

D-3 



The set of equations defined by equation (D-1) may be solved explicity 

for the $'j in the following manner: 

cp'. - e: . 
J . sj 

expanding: 

- e: )cp'.F. 1 = s. J J-
J 

e: $. 
s. J 

J 

' ~- 51[c-c.: 51)cp'1 F1-1 + ( 1-L )c:/? F1-2 + ... + (1-· y· ·~1 52 - ·sN ·:~ 

·'fl':l s [e-! )'p' F2-1 + ( 1-c.: )<P'z F2-:> + ... + ( 1-c y· 
·. 52 5'2 1 . . s2 s N 

N 

' o •• .. 
.• 

but· Fi-i = 0 

l .:; ~c -1)F s . s' 1-2 1 2 
€ (c.: -1)F1_

3 
.... E (e: -1)F1_,_, 

s1\ 53 s1\ 5N . ~ 

1 

Let the matrix of coefficients = 'I 
and the right-hand side vector - cps 

then 

' . ~I = ~ s 

D-4 

F'l-N] ' 
s

1
'1 

F2-Nl 

t: ·h . 

5N'N 

(D-2) 



and 

' m-1 • 
~ = 7 .~ 

s 
(D-3) 

The net incident solar flux may be expressed as the single vector ~, • 

The view factors F. i are determined using an approximation offered 
J-

by·Hot.tel* for surfaces which are greatly elongated in one direction, 

as is t.he long cylindrical receiver cavity. 

Hottel's method imagines line segments drawn between the endpoints 

of the two areas A
1 

and Ai for which F1_2 is desired. The view factor 

is then approximated as 

* H. c. Hottel, Radiant Heat Transmission, "Heat Transmission," (by W. H. 
McAdams), 3r~·Ed., Ch. 3, McGraw-Hill, Inc., N.Y., 1954. 
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F · = l [ (ac + bd) - (ad + bc)] 
A

1
-A2 2L (D-4) 

where L is the segment length between area endpoints, and the overbars 

are the straight-line segments between opposite endpoints. 

To make this applicable to the receiver model, the following 

description is used: 

WHERE: 

N = NODES 

a. = APERTURE WIDTH 

. IJ • APERTURE ANGLE 

A = RECEIVER RADIUS· 

D-6 



Then the view factor F. . may be calc'l.llated as. 
J-1 

Fj-i 
12 1 . { [1 - cos (Cl . - Clj -1) J~ + =-
2 ·· cx·-cx·· . . i-1 sin( j • j~l) · · .. .. 

2 
. . 

. 2 . 

[1 -· cos (cii - ]~ Clj) · .. [1 cos'(cxi Clj-1)]~ 

[1 cos:(cxi-1 aj)] ~l. (D-5) 

The aperture itself is ·considered a segment as well,. and thus. may be. 

used mathematically to account. for losses throu$h the aperture back 

into the surround~ngs •• 

. To address the second process, we employ the following model: 

. . a,· . 

where 

B = radiosity 

·1/F. N J- . 

4 
EB·= emissive power of a black body (oT) 

e: - emissivity 

D-7 
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Note that the net incident solar flux is modeled as a "current source" 
th to the j segmental node. 

The flux of radiant energy leaving a surface is the sum of the 

emitted radiation plus the reflected radiation: 

Remember that we have removed the high energy solar flux term. 

(D-6) 

The net energy upon the surface is the difference between the 

radioRi ty Rnd the irradiation ( tln~ Lutal radiation incident upon the 

surface per unit time per unit area). 

N 

ljlj = L BiFj-i + 4>j - Bj (D-7) 

i=l 

substituting equation (D-6) into· equa.tion (D-1) 

... = e: 
"'j j 

(D-8) 

To express the radiosities as a function of tP.mper.atura, rearrnng~ 

equation (D-6): 

B - (1 - e ) 
j j 

D-8 



Expanding: 

Bl 

B2 

{l-e:l)[Bl Fl-1 + B2Fl-7 + ~ • •. + · BNFl-NJ 

(l-e:2}[Bi F2-l + 82F 2~2 + .. ·. + BNF 2-NJ 

. ' 
. . .. . . 

BN (l-.e:N.) ~~FN-1 + 8 iFN-2 + .... + BNFN-NJ 

bu.t Fi-i = Q 

Therefore, 

1 ( e:l-l)Fl-2 (e:l-l) F 1-3 (e:l.;.l) F 1-N 

( e:2-l) F 2-1 1 (e;2.:.l)Fz-~ . ( e:2-l}F 2-N 

(e:N-l) FN-1 (e:N-l) FN-2 •... 1 

Let coefficient matrix = c1 

r:f.gh~-hand side vector = & 
t}:le~ .. . a. ~ = ' 

'' -1 
and B = c1 • ~ 

= 

e: crT 
4 

1 1 

4 
e:2oT2 

4 
e:NaTN 

8
1l I e:·1°Tl 

8 2·l. e:2oT2 

= . 

4 

4 

8N I 
. 4 

e:NaTN 

(D:-9) 

Thus, given the temperature distribution, equation (D-9) allows 

.calculation of the radiosity. vector s. This knowledge allows calculation 

of tbe ~et.flux vector uoing·equation (n-8). 

·The math~matic~l modal of the rece~ve,; assumes that the salt flows 

in circumferenth,l paths from the two edg~s of the aperture to a coomon 

exit at the back of the receiver: 

D-9 



m1 +m
2 

OUTLET 

m 1 .INLET 

m
2

1NLET 

RECEIVER CROSS SECTION 

Equ~tion (D-8) provides us the complex relationship between the 

temperat~re and the net flux within the cavity. We .will use this and 

the boundary conditions of salt temperature and pressure at the inlet 

'and outlet of the receiver to calculate the solution. 

First,· we assume for ·a first approximation that the ne.t flux vector 

1P is equal to ~· , the net incident solar flux. The two flow rates are 

calculated from the relationships 

. 
= 6~ ~ 1P(s)ds 

. 1 j 1P{s)ds (D-10) ~ m2 = 
4R 

sl s2 

where 

sl = flow path 1 

&2 ,.; flow p4th 2 

~H = enthalpy difference from inlet to outlet 

m = mass flow 

·~10 



The entitalpy distribution along the flow path is calculated as 

. tjJ, s. 
H. = H. ·

1
· + _J_J_ 

J J- . m 

where 

· Hj = enthalpy at node j 

s. = ~egment length at node j 
J 

(D-lp 

An average bulk .fluid temperature for each node is determined by 

the thermodynamic properties of pressure -and enthalpy. 

where 

Tf .. = bulk fluid temperatu;-~ at node j 
J 

P f = pressure .at node j. 
j 

The inside wall temperature follows from the heat transfer 

relations~ip: 

where: 
\ 

hf = fluid heat transfer coefficien.t 

T inside wail temperature 
w. 

J 

D-11 
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. The outside wall temperature follows from the heat conductivity 

relationship: 

where 

k = conductivity of boiler pipe 
w 

t = thickness of tube wall 

T = outside wall tem~~ratllre 
w. 

J 

(D-14) 

Returning to equar.ton~ (D-8) gnd (D-9), thP nPt flux diotr1bution 

is calculated from the updated temperature vecto~ T . An it~ration 
w 

loop consisting of equations (D-10) through (D-14) and (D-8) and (D-9) 

follows until the net flux vector 1jJ converges within an established 

criteria. 

To further complicate the process, the final receiver design 

prescribes the flow inlet for the botto~.flow path at node 6 because 

nodes 1 through 5 provide no appreciable influx of energy. The behavior 

of this design is analyzed in the following paragraphs. 

Nodes 1 through 5 are considered total reflecting and reradiating; 

i.e., there is no path for energy transmission nor for energy storage. 

The temperature of the segment rises to the value that balances the 

incoming flux from reflections within the cavity with the efflux from 

radiation to other nodes within the cavity. 

Because there is no flux transmission into a working fluid for 

these nodes, equation (D-8), which still describes the radiation 

behavior .at that node, takes a much simpler form: 

BiF. . + cp'. 
J-~ J 

D-12 
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Thus, the temperature which balances the incoming and outgoing fluxes 

becomes: 

4 
E:.oT. 

J . J 
= <t>'. + E:. 

J J 

N 

L: 
i=l 

B.F. i 
1 J-

. (D-15) 

This modification is ~ncorporated i-nto the iterative process for 

solution of the receiver performance. · After a temperature profile has 

been calculated from equation (D-14) for those nodal segments in_ the 

salt flow path, the radiosities are calculated as prescribed by 

equation (D-9). The temperaturesfor nodes 1 through 5 are adjusted 

per equation (D-15) so that when the net heat fluxes are evaluated 

(eq. D-8), there is no net flux into nodes 1 through 5, and the energy 

has been "redistributed" into the other noci.es, as the mathematical model 

would predict. 

As before, the iteratio·n process continues until the ljJ vector 

converges within an established criterion. 

Figure D-1 is a typical summary of the solution of a receiver 

subprogram calculation. The performance at 2:00 p.m. winter solstice 

is determined for the initial specifications listed at the top of the 

p~ge. The receiver, partitioned into 24 segmental nodes, the first five 

of which were reflecting only, had salt entering at nodes 6 and 24 and' 

flowing circumferentially towards node 14. Node 25 described the losses 

through the aperture. The columns "Phi" and "Phim" summarize the 

incident solar flux and the redistributed solar flux. rP.~pectively. 

TF summarizes the bulk ~luid temperature at each node, TWR indicates 

the outside wall temperature, and PSI yields the net flux into the salt 

at each node. The mass flow rates for each flow path (in lbm/hr/ 

receiver foot) are indicated at the bottom of the pag~. 

Figures D-2 through D-4 show the flux absorbed by the receiver for 

the various seasons. Figures D-5 through D-7 show the thermal power 

delivered for the various seasons. 
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Appendix E 

HELiOSTAT PRODUCTION PLAN AND DESIGN METHODOLOGY 

· E.l Summary 

E.l.l. Refle.ctive Panel Production Plan 

The costing methodology and detailed planning used to. generate cost 

estimates for labor, bulk materials, indirect charges ang tooling are 

.contained in Acurex Final Report No. 79-340, "Low Cost Point-Focus. 

Sol,.ar Concentrator, Phase I.Final Report." 

E.l. 2 Drive Subassembly Plan . 

The general' approach for the drive subassembly plan can be shown 

as follows: · 

Purchased .Parts - Drive Assembly Plant Field Installation 

The production cost summary, based on a drive suqassembly including 

module support bearing for a four-module hel.iostat (1600 ft 2) ~ is 

shown in Table E-1. 

E.l. 3 GRC Production Plan 
. . . 

The general approach for the GRC production plan can be shown as 

follows: 

I Raw Materials I. - · I(;RC Production Plant I IFleld Assembly! 

The plant direct-labor.requirements are s~own iri Table E-2. 

Direct mat·erial requirements are listed in Tab.le E-3. 

E-3 

... 



Table E-1 

PRODUCTION COST SUMMARY 

l\lei.ght/Qty Unit ·Cost ($) Total 
Component (]b) (ea) . Cost Labor Materi3il. Equip. Indirects Cost ($) 

Balls crew 100/1 $255.00 255 8 263 

Motor 45/1 381.00 31.3 12 393 

R-C netw·nk 2/1 34.00 3.:. 1 35 

Ballscrev anchor 3/1 1. 00/lb 3 3 

Input crank 79/1 o. 60/lb . 2 38 3 4 47 

Link 3/1 0.60/lb 2 1 3 
tz:l 
I Output· crank 29/1 0.60/lb 1 14 1 1 17 .p. 

Mount 100/1 0.60/lb 3 48 3 6 60 

Caisson cap 10/1 0.60/1b 1 !, 1 6 

Pivot bolts 2/4 0.50/ea 2 2 

Mounting ·:,olts 1/8 0.12/ea 1 1 

Incremental encoder 2/1 53.00/ea 5.3 2 55 

Pivots, bearings 20/5 23.40/ea 114 3 117 

Assembly of dri~e ~.2 h 6.00/h . 13 33 46 

$20 949 7 72 1048 

$1048 2 Drive cost = = $0~65/f;: 2 1600 ft. 



Table E-2 

DIRECT-LABOR REQUIREMENTS FOR GRC PRODUCTION· PLAN 

Station Stations ·Men Manhours/Mod1,1+e 

Incoming material 3 12 
Bulk material mixing 1 4 
Gunnite 2 6 
Press/mold 2 6 
Dewater 2 6 
Steam cure 1 6 

· Demold/ deflash 1 4 
Assembly fixture 2 6 
Packaging 1 4 

15 54 

Assumptions: Manufacturing.labor.rate $4/h ($1979) 

2 shifts/day, 250 days/yr 

Personal fat·igue and delay factor = 0. 88 

Plant capacity factor = 0.88 

Scrap factor = 2% 

Overall plant output is 43,200 tubes/yr 
(17.3 million ft2/yr) 

1.0 
0.33 
0.50 
0.50 
0.50 
0.50 
0.33 
0.50 
0.34 

4.50 

Manufacturing labor cost: (4.5 h/tube) ($4/h)/400 ft 2 = $0.05 ft
2 

Table E-3 

DIRECT MATERIAL REQUIREMENTS FOR GRC PRODUCTION PLAN 

· Qty /Module Unit Cost Total Cost/ 
Component (lb) (per lb) Module 

GRC (cement, water, 3iOO $90/yd3 = $0.03 $ 93.00 
sand, glass fiber) 

Tension rods, 45 $0.30 13.50 
3/8 india., 3 ea 

Spider hubs. C610.S 158 $0.30 47.40 --=--
$153.90 

E-5 
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Equipment and tooling requirements are listed in Table E-4. 

Table E-4 

EQUIPMENT AND TOOLING REQUIREMENTS FOR GRC PRODUCTION PLAN 

Station Tooling/Equipment 

Incoming bulk- Material handling/ 
material mixing equipment 

Gunnite molds G~,~.n,nite fixture 
Preu moids Pr~ss~s~ plar:ens 
D~wal.er Vacuum-equipment 
Steam cure Steam chamber· 
Demold/deflash Crane, support fixt.ure 
Tube assembly Assembly fixture 
Packaging Package fixtures, 

conveyor 

Assumptions: 10-yr equipment life 

8% cost of capital CRF 

Unit 
T9ols/ Cost 

Equipment ($M) 

3 0.67 

2. 1 
2 3 
2 o. 25 
1 2 
1 1 
2 0.25 
1 1 

14 

Total 
Cost. 
($M) 

2 

2 
6 
0.5 
2 
1. . 
0.5 
1 

15 

= 0.149 

(0.149)($15M) 
43,200 tubes/yr Tooling and equipment cost = = $52/tube 

.$0.1J/ft2 

Indirect requirements are based on Acurex point-focus heliostat .. 
(100,~00 heliostats per year produ~tion rate) .. Overhead rate is 147% 

of direct manufacturing labor. Rate includes: 

• Variable indirect labor 

- Su11~rvision 

- Engineering 

- QA 

- Traffic 

- Maintenance 

E-6 
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• Nonvariable indirect labor 

- Management 

- Accounting 

.... Purchasing 

- Personnel 

-· Shipping/receiving . 

• Fringes 

• . Facilities 

. • Process energy 

• Indirect materials, consumables 

E~l.4 Field Assembly Plan 

Field installation .is performed by standard cr~ws of six men, one 

crane operator (split betwe~n three crews),. four millwrights (an 

'electrici~n is substituted for wiring connection) and one foreman~ 

Table E-5 summarizes the labor, material and equipment requirements. 

E.2 Heliostat Reflective Panel Sizing 

'rhe heliostat reflective panel is a 10 ft by 10 ft SMC/flexglass 

panel with isogrid backing. The panel is lfne supported at minimum 

deflection points (one-:-quarter span. locations). , ·The analysis is based 

em "Isogrid Design Handbook," McDonnell Douglas Astronautics· Company, 

February 1973. 

Grid Dimensions: 

. a = 6.00 in 

h = 5.197 in 

b ·= 0.116 (avg) in WR/2 WR/2 

d = 2.17 in 

t = 0.10 in 

E-7 



Table E-5 

'S~RY OoF REQUIREMENTS FOR FIELD ASSEMBLY PLAN 

Fixed Til.me Labor 
Cost $ 

-.Operation Required (h) Hours Labor ·Material Equipment 

·offload 0.5 3 . 30 

Attach pivot bearing 0.5 3 30 '2S 

Mount drive unit ;1 4 40 s 

=Ri:g,-attach-to['que·tube ~2 "15 150 -24 

P1 'Rig, :attach panel <2 15 150 
I 

ic --40 
' 

00 
' 

Al:i_gn _panels ,l .5 50 

·-Electrical -connecti-ons .0. 5 il. 10 5 

Complet-ion tes·ts ·n.s 2 20 

480 ·64 

Ins·.tallation ·c.::>.st = $"1008 
= .$.0.63/ft 2 

·1600 ft2 

Indirect 

27 

34 

'129 

'129 

.!+3 

;9 

-18 

416 



Loading: 

w=·.W +W · . 
wt wind . 

= (Oo67lb/in3) 

t(l + 3a) 

+ Oo0033 lb/in 

.. Oo016 + Oo0033 

= OoOl77 lbiin2 ~ 

.2o84 lb/ft2 

(l = bd = {Ooll6)2~17 = 0 484 
. th (Ool0)5ol96 ° 

d 2ol7 . 
0 = - = -- = 21. 7 . t Ool7 

-~~ 
b~'d 

Sec A·A 

[ 
2 . 2 ]1/2 .. 

a = 3a(l + o) + (1 +a) (1 + ~0 ) = 32o93 

E* = (1 + Oo4~4) 2 = . 2 · 32098 E Oo0668E = 86,800 lb/in 

t * = ( a · ) t = 2 0 222 . 1 + (l 

E*t*3 
D = · = 84,686 

12(1 - n
2) 

·. Panel .Deflection: 

0 
_ wt3 = (Oo0197){120) 3 = 0 6· max 648 D · 648(84,686) 0 mr 

E-9 
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E.3 Heliostat GRC Tube Sizing 

Tube sizing starts with an equilteral triangular shape which is 

th~n reduced in altitude to·the minimum required strength and/or 

stiffness, using altitude/base ratios of 1, 2/3, 1/2 and 1/3. · The 

loads are summarized in Table E-6. 

Table E-6 

LOAD SUMMARY FOR HELIOSTAT GRC TUBE SIZING 

W!ml Spt:!t:!u Latt:!t'l:l.l Luad Torque 
(mph) · (lb/in) - (in-lb) . ~ ··'- - -·-

10 0.3 227 

39 4.7 3,450 

70 15.0 10,798 

The predominant loads are the lateral dead loads, wind drag, and 

pitching torque. The principal failure modes for a~alysis are combined 

flexure· and torsion., which result in extreme fiber tensile and shear 

stresses:· 

Mode Stress 

"Flexure 

Torsion 

Deflection 

'3 w.t 
e ;;; 24 E! 

TR. 
e =KG 
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For the triangular tube: 

(h - f2 + t) 
. u = (b - fl) + 2 cos. a 

A = 1/2 

Large corner radii are assumed. · 

Bending shear is also checked for buckling of the flat torque 

tube sides. 

· (Dimensions are in inches) 

E-ll 

An = area to side of axis 

y = .centroid of area 

Cl = 2: for upper area 

= C2 for 1 
2 

ower area 

(:.!)( 69) A= (69)(0.5) + J 0 . 2 

= 34.5 + ll. 5 
cos a 

.0.5 
cos a 



By · shea:r flow: 

251r 1 + r 252 = T 

251 cos a = T - 251 x 

(2r2 cos a) 

r
1 

= 2r2 cos a 

52 = 251 cos a = T - 251 X 

(2r2 cos a) 

31 -
I 

2 cos a (1 + 2 r2) 

52 
T 

= 
1 + 2r

2 

51 s1 52 
1:1 = -= -- 1:2 = --

A1 R.1t R.2t 

c1 
h 

c2 h - c . = -· ::0: a 3' 1' 

t t 
£1 f = = o' B' tan '2 ::~.lu 

= -l~h) tan ~; B = -l~h/3) tan . b/ 2 

bh3 b h 3 
hb3 h b 3 

I 
0 0 T 

0 0 
= --- = --- 4'8 XX· 36 3b yy 48 

= b - 2£ 
' 1 

Table E-7 summarizes the section properties. 
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Table E-7 

SECTION PROPERTIES 

I I j Area f A 
i2 i3 to cl c2 XXX yy. 

Wt m 

(in4) 
.4 (i~4) (in2) 

a 1 
(ft2) (m) (in) (in) (in) (in) (in ) (deg) (in) lb/in 

67.26 59.76 58.39 19.92 39.84 37,114 37' 114 74,228 102.66 60 0.87 7.78 2,010 

65.3 19.92 18.84 6.64 13.28 3, 020 .· 27,000 30,100 72.1 30 1.87 5.46 670 

66.32 29.88 28.7 . 9. 96 19.92 7,580 30;100 37,700 78.4 40.9 1. 34 5.94 991 

tz:l 
I . 

66.81 39.84 . 38.58 13.28 26.56 . 14,600 33,000 47,500 85.72 49.1 1. 09 6.50. 1,830 ..... 
w 

• y~·- ' .-' .· 

·.·· 



Table E-8 summarizes the torque tube torsional shear loads and 

stresses for various spans, shapes, tube cross sections, and wind 

conditions . 

Table E-8 

TRIANGULAR TORQUE TUBE TORSIONAL STRESSES 

Span Shear Load (lb) Shear Stress (psi) 

(ft) 10 mi/h 39 mi/h 70 mi/h 10 mi/h 39 mi/h 70 mi/h ,, 

Case a; h = l9.n: g = ~oo; !1.2 = 69; r2 = 6. 64 . 

20 68.4 1040 . 3250 1.9 30.1 94 

40 136 2080 6510 3.9 60.2 . 188 

80 273 4160 13000 . 7. 9 120 377 

Case b: h = 29.88; a = 40.9°; ll. = 69· :2 , r 2 = 9.96 

20 43.4 659 2060 1.3 19.1 . 69.8 

40 86.7 1318 4130 2.5 38.2 120 

80 173 2640 8550 5.0 76.4 239 

Case c: h .. 39.84; a= 49.1°; ll. = 69· 2 , r 2 = 13.28 

20 33.0 500 1570 1.9 14.5 45.5 

40 65.9 1000 3140 3.8 i9.0 9i 
80 132 2000 6280 7.6 58.1 181 

Case d: h .. 59. 76; a • 60°; ll.., 
"' 

= 69; r., 
"' 

= 19.92 

20 22.2 338 1060 0.6 9.8 30.7 

40 44.5 6, 2120 1.3 19.6 61.4 

80 88.9 . 1350 . 4240 2.6 39.2 123 

E-14 



Table E-9 summariz.es the torque tube bending stresses and tqrsional 

deflections for two c~ses and wind speeds. 

Table E-9 

BENDING STRESSES AND DEFLECTIONS 

Length Wind w .Tt 0 t 
(ft) (mi/h) (lb/in) (psi) (mr) 

Ca~e a: h = 29.88 in 

L = (78.4)(0.0785) + 250 + wind = 8:65 + wind 
. . 4 

·.I = 7580 in 

T = 
t 

18.9 w 
0 = t 0.175 w 

20 10 · ·a. 96 170 0.157 
. wt = 1476.* 39 13.3 252 0.232 

70 23.67 448 0.413 

40 10 8.96 680 1.256 
wt = 2952* 39 13.3 1208 l. 756 

70 23.67 1792. 3.304 

C~se b: h • 19.92 in, L = (72.1)(0.0785) + 250 +wind .. 8.16 +wind 

· r = 3o2o in 
4 

Tt • 31.66 W 

~t Ill 0.0438 w 

20 10 8.47 268 0.371 
wt Ill "1358* 39 12.8 405 0.561 

70 23.62 733 1.02 

40 10 8.47 1070 2.97 
wt • 2720* 39 12.8 1620 l&.'49 

70 23.2 2940" 8 •. 14 
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Table E-10 shows the bending shear stresses of the torque tube for 

various cases. 

Table E-io 

BENDING .SHEAR 70-mi/h WIND 

h A -
(in2) 

y· 2. w v T 

(in) . (in) (ft) (lb/in) (lb) (psi) -
19.92 47.8 6.64 20 23.2 2780 585 

40 5560 1170 

2Q.R8 49.7 9.96 20 ZJ.i 2844 J71 
40 5688 742 

l9.84 Yl. ~ 13.3 20 ?.it l880 ~75 
40 5760 550· 

59.76 57.5 19.9 20 25.3 3036 187 
40 6070 374 

E.4 Heliostat Steel SJ2aceframe Sizins 

2.25 ft &.&Oft 4.51\ ft 5.50 tt 

12 in 

5.0 ft 5.0 ft 5.0 ft \ 

20ft----.------~-, 
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E.4.1 Critical Conditibn~ 

·The cr:l.t:i,cal cond·itioris fo~ heiiostat spacefra~ sizing .are as 

f9llows: 

• SO mi/h wind normal to o~eration, stress n:mit 

• 13 ~i/h wing, deflection limit 

E.4.2. Loads 

w= w· ·+w. +W. 
·wind · structure panel 

= 3.8 lb/in + 2.5 lh/in + 2.4 lb/in = 8.7 lb/in 

For sililply supported beam,· unifornuy loaded 

M max 

2 
w =- z 
8 required 

l.f 
= -==ma=x-T . 

allow 

Deflectio~ is bas~d on concentrated loads at panel support point: 

t. a .,14 
. . I! 

·' 

. ~1aximlim slope error due to pariei-structure deflection occurs in 

end panelS. In all case~, these deflections resulted in less than 

o.l mr structural deflection (panel-pointing etror). 

E-17 . 



E.4.3 Sizing'of Lateral Structural Members 

p 

1+-~~------- 33.36 in-----------~ 

P = panel weight and wind load (for 10-ft panel width) 

= (2.88 lb/ft2) (5 ft X 10ft) + (3.8 lb/in) .. (lO ft X 12/2 ft) = 

= 372 lb 

UTP·= 400 lb 

. P · 4 in 
F = = = sin e sin 10.8° 1180 lb. 

'. 

For 1 x 1 x 1/16 inch.square tubing, 
. . .. ~. 

Axial load: 

F 1180 lb 
8 ~- = ---==;.;..._=-- = 9400 p~i 

A lxl - (0.874) 2 

2 
PCR = 4Y2EI = 32,700 lb {pinned ends) 

= 8200 lb (hinged ends) 



Panel deflection due to deflection. as a r.esult of compression of 

lower member: 

Pl sin 19.8° 
a=-

EA (33.36 in) 
= (1180 lb)· (35.45) (sin 19 •. 8°) = 

(30·6o6r (0.126 in2) · (33.36) 

Table E-ll 

MINIMUM SECTION MODULUS REQUIRED 

zmin 

Module Length M @ 15,000 psi 
max 

(in3) (ft) . (in-lb) 

20 . 62,600 4.2 

40 250,600 16.'8 

60 563,400 37.8 

E.4.4 Member Sizing 

0.1 m~ 

Assume square tubing for structural members for torsional stiffness 

required for "thin".overall section of spaceform and ease of fabrication. 

(Refer to Tables E-12 and E~l3.) 

E-19 
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SECTION MODULUS REQUIRED 

Member Size Spacing, d z 
(in) (in) (in3) 

2 X 2 X 3/6 12 13.0 
3 X 3 X 3/16 12 .20 
3 X 3 X 1/4 12 25.7 

"4 X 4 x 1/4 16 46.9 

Table E 13 

TOTAL FRAME WEIGHT 

Length Total 
Item Descript:ton Size lb/ft (ft) lb/unit Qnty Weight 

1 Main member 2x2x3/16 4.31 20 86.2 2 172.4 

2 Panel support l:iclx.063 0.79 5.56 4.39 4 17.57 
member 

3 Support diagonals lxlx. 063 0.79 4.04 3.19 12 38.30 

4 End brace lxlx. 063 0.79 3.6 2.84 4 11.38 

5 End brace lxlx.063 0.79 3. 71 2.93 4 11.72 
diagonal. 

6 Eml wain member lltllt. 063 0.79 2,un 1. 94 2 3.88 
diaion.al 

7 Main member lxlx.063 o·. 79 2.63 2.08 6 12.47 
diagonal 

8 Edge member lxlx.063 0.79 14.5 11.46 2 22.91 

9 Bearing, lJU::it Jx3xl/4 8.80 l 8,80 2 17 ._6 

308 lb 

For 20-tt module: WT = 308 lb, 15.4 lb/ft or 1.54 lb/ft 2 

For 40-ft module: (8.8 lb/ft) (40) (2) - 704 + (135.6) (2) 

WT = 975.2 lb, 24 lb/ft or 2.44 lb/ft 2 

For 60-ft module: (12.02 lb/ft) (60)' (2) = 1.442.4 + (135;6) (3) 

WT = 1849 lb, 
. 2 

30.8 lb/ft, or 3.08 lb/ft 
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E.5 Heliostat Steel Torque Tube Structure Sizing 

Structural sizing for steel torque tubes was based on the following 

assumptions: 

• Minimize weight by designing with nonstandard structural shapes 
sizes to minimum strength requirements 

• Torque tube flexural deflection limited to 5 mr longitudinally 
and 1 mr laterally, maximum determined at either end 

• · Rib dimensions based on web buckling 

jooll~~l------- 70.00in .,.l__t· .· 
i;::======::::;_:::=:=~~==:r====:::;i 1/2 WE~ 

bJ:::=--t 
WEB 

TORQUE TUBE 

The analysis assumed a simply supported and uniformly loaded beam. 

Table E-14 shows the steel torque tube deflections for various spans. 

E.6 GRC vs Steel Tubular Shape Comparison 

The cost of round tubes made of GRC and steel were compared, 

designed for the same stiffness. The comparison was based on the 

following asslJmption~: 

• Cost of steel = $0.30/lb 

• Cost of GRC = $0.014/lb 

• Simply supported beam of 20-, 40- and 60-ft length with 
concentrated panel loads 

• Minimum wall thickness of 0.06-inch steel and 0.5-irich GRC due 
to manufacturing limitation 

• Optimum tube diameter is that for required stiffness at minimum 
wall thickness 

E-21 
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P.l 
I 

N 
N 

Deflection 
(mr) 

0.5 

. 0.1 

0.1 

Span 
Length 
(ft) 

20 

40 

60 

Table E-14 , 

TORQUE TUBE PERFORMANCE , 

'Torque Tube 

Size Web x Thick. 
(in) Weight/ft (in) 

8 OD x 0.087 7.4 6 X 0.107 

15 OD x •0.105 16.8 12 X 0.118 

22 OD x ·0.105 24.6 6 X 0~107 

Rib 

Weight/ft 

5.23 

5.23 

Longitudinal 
Deflection 

(mr) 

0.5 

0.1 

0.1 

j 



Figure E-1 shows the relative cost· of the steel and GRC torque 

tUJJeS as a fl.lnCtion of the module size~ 

0.60 

0.50 

cl 
0.45 

::: 0.40 !! 
1-
II) 0.36 8 

. .:.. 0.30 c( 
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COST COMPARISON CURVE FOR STEEL 
AND CONCRETE TORQUE TUBES 

80ft 

The concrete cost curve in Figure E-1 does not increase as 

rapidly as the.steel·curve because at small sizes the.l/2-inch wall 

thickness. results in an overstiff. tube design. Based in 'part on thi.s 

comparison, as well as that between the GRC torque tube and steel 

spaceform, the.GRC material was chosan • 

. E. 7 Structure Summary 

Table E-15 shows the summary of the cost, weight. and longitudinal 

deflection of the three types of structures considered .. Although the 

weight of the GRC torque tube is greater, its cost and deflection are 

the least and,. therefore, this construction is. superior. 
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Table E-15 
..... -... 

OVERALL STRUCTURAL SUMMARY FOR HELIOSTATS 

Longitudinal Material 
Size 2 Deflection Cost 

Design (in) Weight/ft (mr) ($/ ft2) 

Steel torque 20 ft length 1.4 5 0.42 
tube 8 OD X 0.087 

40 ft length 2.3 5 0.69 
15 OD X 0.105 

60 ft length 3.1 5 0.93 
:!:! OD K 0.10.5 

Spac~frame 20' ft length 0.8 1 0.24. 
2 X 2 X 3/16 

40 ft lengt:h 2.4 1 0.72 
3 X 3 X 1/4 

60 ft length 3.1 1 0.93 

GRC triangular 20 ft length 7.5 o.o5· 0.11 
tube 40 ft length 7.5 0.6 Q.ll . ; 

60 ft length 7.5 2.2 0.11 
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