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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
thé Phase I study of the Line-Focus Central Power System. It contains
a summary of the system analysis, ﬁarémetric 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 IILI Appendices

Specific tasks performed by members of the SRI International té&m,

were as follows:

¢ SRI International
- System analysis
- System optimization
- System configuration selection | .
- Master control subéystem analysis and selection
- Receiver subsystem_experimenté |
- Cost and performance analysis
- Commercial assessment

e Bechtel National Inc.——Analysis, optimization, selection, and
conceptual design of:

- Heat transport subsystem
- Energy storage subsystem

- Electrical power generating subsystem



- Receiver towers
- Heliostat foundatioﬁs

¢ 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

vi
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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 turbulent),
one of three equations was used to estimate the molten salt heat transfer
-coefficient, hi'

. In the laminar flow region (Réynolds numbers less than 2100), the
Sieder-Tate equation (eq. A-1) was used (Ref. A-1):

/3

hi = 1.86 k (RePr D/L)1 (u/uw)O.d/D (A-1)

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

as:
hi(max) = (ZWCP)/(ﬂDﬁ) (A-Z)

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 betwéen 2100 and

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

-

/3 _ 125y (eryl/3 0141 + /L1* 3w @a-3)

hi = 0.116 k(Re2 (Wl )
. w

In the fully turbulent flow region (Reynolds numbers above 10,000)
~ the Dittus=Boelter equation (eq. A-3) was used (Ref. A-3):

hi = 0.023 k(Re)0°8(Pf)l/3/D - (A-4)



For all three equations, the.following definitions apply:

=2
(]

convective inside heat transfer coefficient, W/m2°C

Re = Reynolds number = DVp/u, dimensionless

Pr

Prandtl number = Cpu/k, dimensionless

D = tube inside diameter, m

L = tube length, m

V = flow velocity, m/s

k = molten
p ™ molten
'y = molten

4 = molten

(¢}
"

molten

salt thermal éoh&uctivity, W/m°C

salt densirty, ‘kg/m3

salt viscosity at bulk fluid ﬁempérature, ky/ms
éalt viscosity at tube wall temperature, kg/ms

salt specific heat, Ws/kg°C

Over the region of interest, the temperature difference between the

bulk fluid temperature and tube wall temperature is omall; therefure, to

0.14

simplify the'calculatiOns, the value of (u/uw) " was taken. as equal to

1.0 for all cases.

The appropriate value of the inside heat ;?ansfer coefficient, hi

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

outside and average tube wall temperatures. The inside tube wall

temperature was determined from the following equation:

Ti = Tout*.+ q/hi ' T | (A-3)

N ‘ A _ ' . .
The molten salt outlet temperature rather than the fluid bulk tempera-
ture was used to assure conservative results. : :



R

tube ins1de wall temperature, °C

Tout = molten salt outlet temperature, °C
q = heat flux to panel, W/m
hi‘ = convective inside heat transfer coefficient W/m2-°C

The temperature drop through' the wall was determined by .

= k_ dT/dx (A-6)
m. . _
which can be rearranged to:
dr-= q dx/k_ (a-7)
where
q = heat flux to panel, W/m2
dx = tube wall thickness,xm

k = mean value of tube metal thermal conductivity, W/m°C

dT = temperature drop through»tube'wall, fC

-3
(]

outside wall temperature

The tube metal thermal conductivity was related to temperature by

an equation of the’ form
k =a+blT ', (A-8)

where
k' = tube metal thermal conductivity, W/m°C
a,b = constants

T = temperature, °C



The average temperature used to evaluate km was taken as the log

mean temperature defined by:

Tlm = (To - Ti)/ln(To/Ti) ' (A-9)

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

was used to calculate the true values of To and Ti'
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Appendix B

INPUTS FOR STEAEC PROGRAM

B.1 TCS--Time Required for a Cold Start

Overnight molten salt is circulated to maintain the receiver at a

temperature of 260°C (500°F). At daybreak solar flux is directed onto

. the receivers until the 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) = EMCp)steel * (Mcp)sait]Atcs A (B-1)

where

Q(reqd) = heat required for a ”ggid start," MWh

Msteel = wéight of tubes and fins in receivers, kgA

Cp stgel‘= specific heat of steel, J/kg°C

Msait - = weight of salt in tubes in receivers, kg

gp Salt = specific hggt of salt, J/kg°C

étés = cold start temperature change, °C

The following values are substituted into equation (B-1):

Yariab}e yglgg

Mopeey = 1,013,870 kg (2,235,200 1bm)

¢p steel - 460.5386 J/kg®C (0.11 Btu/1lbm°F)
Moale = 592,755 kg (1,306,800 lbm)
cp-Salt = 1553,26 J/kg°C (0.371 Btu/1bm°F)
At = 167°C (300°F)

B-3



The resulting energy is:

Q(reqd) = 64.371 MWh (219.21 x 10° Bew)
A graph of power to the receivers vs time of day exhibits a slope
of 175 5. MW/h (598.76 x 106 Btu/h ) during the first 1-1/2 hours after

sunrise. Thus,-the time required for a cold start ecs is

1/2

8 ¢ (2Qreqd/slope) = 0.856 h

B.2 Receiver Cooldowm Parameter

An equation similar to .equation (B-1) can be written for the receiver

heat losses, namely:

q(loss) = EMCp)steel + Mcp)salt]AtCD/AeCDA ' (B-2)
where
q(loss) = rate of heat loss from~rgceiver, W/s
AtCD = cooldown temperature drop = ew, _'tamb’ “C.
AeCD = cooldown time intefval, s
A MCp = as defined for equation (B-1)
tw, = temperature of receiver inside wali, °Cc -
= ‘o
t b = ambient outside tempcrature, c

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

expressed by:

“bu)=UAAt/MD R (B-3)

- B~4



(=]
[}

overall heat-trénsfé: coefficienq,.W/m2°C

. s '2.
overall receiver heat-transfer area, m

>
"

\Kt‘éhutdowﬁ, the aperture door is closed, and the overall heat- .

transferwcoefficient, Uo’ can be determined from the following equation: -

R 1 ' _
% ~ r, In(r /r,) . : ’A(B “

k

1
+ —
h
m o

" " where

U, = overall heat-transfer coefficient, w/m2°C

]
[}

inside radius of receiver, m

= outside radius of receiver, m

2]
]

~
]

metal thermal conductivity, W/m°C

h, ='outside convection heat-transfer coefficient, W/msz

The overall receiver heat4t:ansfer area 1s as follows:

) . .

A 3/4(2wr°L) + 1[4(2“?0_L) : (B-5)
Active Aperture
section cover

A ' = overall receiver heat-transfer area, m2

r, = inside radius of receiver, m

i
L = outside radius of receiver = r, + Ax, m
Ax = insulation thickness, m

L = total length of receivers, m

B-5



2]
]

aperture cover outside radius = ri + Ax', m

Ax' aperture cover insulation thickness, m

Rearranging and simplifying, equation (B-5) becomes

A = nL(éro + 3Ax + Ax")/2 (B=5")

The highest heat losses occur when the convective resistance to
heat transfer (l/ho) is equal to zero. (i.e., when ho = ), Substituting
this condition into equation (B-2) and simplifying yields:

R
“u r_ 1n(r /r.)
Ve T Vo T

(B=4")

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

follows:

‘e Initial values of 387°C (728°F) and 27°C (80°F) were selected
for two and tamb’ respectively.

e A time interval AeCD of 300 s was selected.

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

CD’

e Equation (B-2) was solved for At

® A new value of tw. was obtained by tw.' = tw, - At __.
i : ‘ i i cb

* The last four steps are repeated until twi is less than
260°C (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 zern. XT is thercfore defined

by the following equations:

XT(8) = q(loss)e/q(loss)e=0 : (B-6)

a 6
XT(8) = Xl e ° (B-7)

B-6



- where

: ai = cooldown parameter, h

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

exponential curve-fit yielded the following values for X1 and a_:

X1 = 1.00038

= -0.13655 nt

R
1
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Appendix C

DESCRIPTION OF SYSTEM ANALYSIS
COMPUTER PROGRAM

The levelized busbar electric cost (BBEC) for the high-temperature
line-fpcus‘(HTLF) system isAcalculated using an SRI computer program,
written in ALGOL, resident on the SRI International (SRI) Burroughs 6700.
A general flowchart for the program is given in Figure C-l. |

The program is initiated with the specifications of the various
system parémeters. These variables are passed to the optics and receiver
analysis subprograms, described later. Table C-1 summarizes these
initial specificationms.

Once the physical specifications are made, Qiew factors may be

' a variable

calculated. The program then asks for 'field multiple,'
which, for a fixed storage, allows calculation of a system longer than
;hat 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

direct eénergy production has terminated.

The computef program calls upon the receiver subprogram 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. An iteration procéss follows
(described in Appendix D), in which the mass flow per unit length of
réceiver is determined. From the velocity specification, a single
value of the losses from free and forced convection is determined for

the system length.

The program forms a large iteration loop for three days around the

hours of solar production. Starting with sunrise, and endiirg with

c-3



DEFINE DETERMINE SYSTEM
SYSTEM . —»{ LENGTHFOR
CONFIGURATION 100 MW,
y
DETERMINE
ANNUAL
PERFORMANCE
y
> SELECT
DAY
o ‘2 p.m,
v WINTER
_ SELECT - 1y
> TIME OF DAY
: CALCULATE
—— INCIDENT
v FLUX
\J
CALCULATE
RECEIVER - o DETERMINE
FLOW RATE > FLUID
PROPERTIES
\J
CALCULATE
AVAILABLE
THERMAL POWER
\J
HTS, EPGS | eLecrricaL rower
EFFICIENCY \tl PER UNIT LENGTH
\
CALCULATE
. POWER
STAIRCAEE
Y
INTEGRATE
. FOR DAILY
ENERGY STAIRCASE '
4
CALCULATE
ANNUAL - . .
_ ENERGY STalarcas§ - .
= - ’ ’
DEFINE :
COSTING CA'-;'-“‘-‘-"" - FIXED
VARIABLES cosTs COSTS
8BEC °
FIGURE C-1 FLOWCHART FOR CALCULATING BUSBAR ENERGY COST (BBEC)

C-4
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Variable
:Name-

out
emisgl
absorpl
emiss
absorp

aperture

* theta

R
pressure
gin’ Hout
tower H
sigmasway
-_mitrorw
nummir
refl
sigmal
sigma2
velocity
focus
season2

time2

allowedstorage

fieldmultiple

Table C-1

SYSTEM PARAMETERS

_Allowed capacity for ESS

Length multiplier for system size

C-5

Optics Receiver
Description Subprogram  Subprogram
Nuﬁber of mathematical nodes in x X
receiver o .
ﬁode for fluid outlet in ;eceiver X
.Emissivity of reflecting nodes.f X
_gbsdrpcivity of reflective nodes x
" Emissivity of boiler tubes X
Absorptivity of b;iler'tubes X
'.Apefﬁure width. i
Aperture inclination X
Receiver radius X X
Bbiier pressure X
Inlet and outlet enthalpy X
Tower height | X X
Tower sway ‘. ‘ X X
Mirror Jidth X X
Number of mirror rows X X
.Mirrér‘reflectiQity x X
Tracking error x x‘
Mirror éurface error X X
Wind velocity
Fixed foéus or auto focus X
Season for fixed focus X
Time for fixed focus 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

e Power after cosine loss

o Power after mirror reflectinn loss

® Power after atmospheric attenuation loss

e Power after heliostat blocking and ghading
¢ Power after receiver shadow loss

e Pover after aperture interception loss

¢ Power after cavity reflection loss

e Power after radiation loss

e 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 Lechnique. The values on the right
side of the graphs are the fourth-order polynomial coefficients used by

the program for integration.

The cnergy avallable to the HTS and EPGS is further evaluated as

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

e Direct energy, in which the plant is capable of producing
100 MWch.

e Stored energy, in which energy in excess of that necessary to
process lOOsMWeh is sent .to the ESS. o

¢ Two portions of optional energy, in which 'the energy may
either be stored, or used in c¢onjunction with energy from the
ESS to produce electricity through the EPGS.

Cc-6



POWER (MW, |

POWER (thh,

800

600

400

200

1000.

800

600

400

200

A0 = —5857.70
A1 = 2151.022
A2 = -258.915
A3 =14.11089
A4 = ~0.294196

6 8 10 12 14 16 18
TIME (h)

a. POWER ON MIRRORS: SPRING

20

A0 = 3139.619
Al =-1688.27
A2 = 2906016
A3 = —-18.3532
A4 = 0.3822652

6 8 10 12 14 16 18
' TIME (h)

b. POWER AFTER COSINE LOSS: SPRING

FIGURE C-2 - DAILY PERFORMANCE CURVES

c-7



PQWER (MW“"

POWER (thh)

1000 T

800
600
' A0 = 2829.458
A2=-1521.66
400 A2 = 261.9238
. A3 = —16.5438
A4 = 0.3446435
200
0 » ' 4
4 6 8 10 12 14 16 18 0
’ TIME (h)
c. POWER AFTER REFLECTION LOSS: SPRING
1000.
800
600
AO = 2871.198
Al = —1R35.66
400 A2 =.263.4013
A3= .16.6104
E A4 = 0.3460765
200
0 . { + + . + - s
e 8 10 12 14 16 18
TIME (h)

d. POWER AFTER ATTENUATION LOSS: SPRING

FIGURE C-2 - (continueq)
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POWER (MW,

© POWER (MW )

800
600
AO= 2871.198
Al = —1535.56
400 A2 = 263.4013
A3=_16.6164
A4 = 0.3460765
200
‘0 ! . + -
4 6 8 10 12 14 16 18 20
‘ : " TIME (h)
e. POWER AFTER BLOCKING AND SHADING LOSSES: SPRING
1000 ' r
800 .
- 800 AO = 2823.741°
Al=-1611.77
A2 =259.4724
400 A3 = -16.3738
A4 = 0.3410995
200
o~ — - : ‘
4 6 8 10 12 .14 18 18 20
TIME (h) :

f. POWER AFTER RECEIVER SHADOW LOSS: - SPRING

. FIGURE C-2 (continued)
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POWER (Mwm’

POWER -MWm)

1000 T 4
800 1
600 ,
AO = 4029.069
A1 = —1965.26
A2 = 317.2400
400 A3=_19.6135
A4 = 0.4086159
200
4 6 8 10 12 14 16 18 20
TIME (h)
g. POWER AFTER INTERCEPTION LOSS: SPRING
1000 r
. 800 -
600 :
A0 = 3853.575
A1=-1880.23
o AZ = 3038904
400 A3~ =18.7708
A4 = 0.3910593
200
a 6 8 10 12 14 16 18 20
TIME (h)

h. POWER AFTER SOLAR REFLECTION LOSSES: SPRING

FIGURE C-2 (continued)
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POWER (MW“‘)

800

600

200

200

" & ’ 3

A0 = 4093.212
A1 =-1971.97
A2 =315.1588 .
A3 = -19.4162
A4 = 0.4044861

/

-
g

- T
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TIME (h}

i. POWER AFTER RADIATION LOSSES: SPRING
{

20

. A0 = 4228.561

Al =-2028.17
A2 =322.0714
A3 = —-19.7967
A4 = 0.4124007

. TIME (h)

" j. POWER AFTER CONVECTION LOSSES: SPRING

FIGURE C-2 (concluded)
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600 : B _
AO = 4228.561

= .. Al=-2028.17
é " A2=322.0714
4 ! B
z OPTIONAL A3=-19.7967
z ENERGY A4 =0.4124007
e .
300
: 'DIRECT : o
ENERGY = /
u '& e; - b v 4 -
4 8 12 14 ?15 18 20
TIME (h) T,

FIGURE C:3 POWER AFTER CONVECTION LOSSES: SPRING -

At the completion of power calculations, the main program totals
the energies proﬁided by the three days and annualizes the results.

The maximum solat,mﬁltiple from the three days is also reported.

Finally, the main program calls upon the busbar electric costing
subprogram. Uéing the EPRI costing model for preseht value analysis
and cost data and cost parameters, the 30 year levelized busbar elcctric
cost (BBEC) is calculated. The cost constants in Tahle C=2 may he

readily changed in thé 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

Variable ‘ Default Value
Land cost » - | $500/acre
. quiostat cost . 7'~ S $5..05/ft2
Reqeiver~§ost E : " . .$500/ft
Tower cds£ - o s :»$132/f; :
Stfucturés and imprdveme@tS‘ ; §39/kweh |
. Dist?ibutables L | . $36/kweh
BOP N | . © $38/kW_h
Marg_ip (around site) | 400 ft
N rowé (field blocks) : »_ 'l6 rows
EPGS width o 200 £t
ESS width . | 100 ft

Turbine pressure : T 2400 psi

=13



VAGH]

8R1 INTERNATIONAL HTLF SOLAR POWER SYSTEM
11:40:39 AM MONDAY, AUGUST ia, 1979

SYSTEM PARAMETERS:

N=24.0 . oUT=14.0 EMISS130.7 ABSORP120.9
EMISS$=0.06 ABSORP20,.9 APERTUFE=4.0 THETA=0.873
R=3.0 PRESSURE=300.0 HIN=22C4:0 : HOUT=389.0 -
TOWERH=60.0 MIRRORW=3.0 MIRRORSP[0]1=-8.61311 MIRRORSP(11=5,3868563.
MIRRORS2([21s-.066827 MIRRORSP{3)=.0046637 NUMMIA=24.0 REFL=0.9
81GMA1=0.003 S5IGMA210.0 SIGMASWAY =D .1 VELOCITY=213.4
FOCUS20.0 . SEASON2:0.0 TIME2=12.0 ALLOWEDSTORAGE=1892. -

FIZLDMULTIPLE=1, 826
TOTAL SYSTEM LENGTH (FT) = 44049,7

WINTER NOON POWER FLOW: (MW)

MIRRORS - 923.0
COSINE LOSS 5 803.9
REFLECTION ] 813.%5
ATTENUATION s 805.9
BLOCKINOG,SHADING o 797.8
RECE1VER SHADOW s 786.4
INTERCEPTION ) a 73€.8
SOLAR REFLECTION = 702.8
RADIATION a 663.1
CONVECTION a $89.6
ELECTRIC - 233.7

WINTER PERFORMANCE: (MWHRTH)

OPTIONAL ENERGY s .316.9
DIRECT ENERGY s 18721.7
AVAILABLE STORAGE a 1389.0
STORZD ENERGY e 13689.0
CAPACITY FACTOR = 0.8250

POWER DISTRIBUTION: (MWTH)
) 0.0 0.0

0.0 0.0 0.0

0.0 0.0 0.0 52.0 277.5
459.6 $62.3 589.6 655.4 447.5
264.0 22.6 0.0 0.0 0.0

FIGURE C4 TYPICAL PROGRAM RUN




SI-9

SR1 INTERNATIONAL HTLF SOLAR POWER SYSTEM

SPRING NOON POWER FLOW: (Hﬂ)

M1 RRORS - 947.4
CASINE LOSS o 930.8
REFLECTION a 837.4
ATTENUATION. s 829.7
BLOCKING, SHADING = 829.7
RECEIVER SHADOW = 618.0
INTERCEPTION a 770.9
SOLAR REFLECTION = 736.1
RADIATION a 694.8
- CONVECTION s 621.3
ELECTRIC » 246.3
SPRING PERFORMAMCE: (MWHRTH)
OPTIONAL ENERGY - = 346.6
DIRECT "ENEROY . 1741.0
AVALLABLE STORAGE » 1655.5
STORED ENERGY = 1655.6
CAPACITY FACTOR = 0.6023
POWER DISTRIBUT:ON: (MWTH)
0.0 0.0 0.0 0.0 0.0
0.0 0.0 -44.8 132.8 336.1
491.8 885. 1 621.3 °“889.6 @ 488.7
336.1 131.4 -49.6 0.0 0.0
SUMMER "NOON POWER FLOW: (MW)
M1 RRORS a 957.0
COSINE LOSS s 908.7
REFLECTION s 817.9
ATTENUATIEN a 810.3
BLOCKING, SHADING = 810.3
RECEIVER SHADOW = 798.6
INTERCEPTION 3 751.5
- SOLLAR REFLECTION = 720.0
RADIATION = 677.4
CONVECT | ON a 603.8
ELECTRIC . 239.4

SUMMER PERFORMANCE: (MWHRTH)

OPTIONAL ENERGY
DIRECT ENERGY
AVAILABLE STORAGE
STOREQ ENZROY
CAPACITY FACTOR

= 433.6
s 1963.1
a 1763.0
s 1763.0
= 0.6714

POWER DISTRIBUTION: (MWTH)

FIGURE-C-4 (continued)
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SRI INTERMATIONAL

3.0

Q0.0

487, 6
363.0

0.0
MARS)
$76.9
236.8

HTLF SOLAR POWER SYSTEM

G.0 0.c 0.0
64.8 . 238.8 373.4
803.8 879.9 60J3.8
81.1 -17.9 © 0.0

ANNUAL 1 ZED ENERGY FLOW (MWHR):

MIRRORS

CCSINE LOSS
REFLECTION
ATTENUATION
BLOCKING, SHADING
RECEIVER SHADOW
INTERCEPTION

SO_AR REFLECTION
RADJIATION
CONVECTION =
ELECTRIC

EPRI CO3TIN® MOOEL:

-LANDS731,78409737
ESSCO5T=110725386. 206
’ #X0=16, 202537321

FCR=0. 13673430087

AC®347.44444579

3533599, 9
2453529.9
2208190.6
2179764.5
2124963.7
2097477.7
1831621.4
1774045.9
1630565, 6
1326648. 1
520682. 1

HTSCOST=133529632. 6652
EPGSCOST=2.2404E+7

: - Ks0.083%05
CIPV=3814. 20666855

800.0 . 5.0% 750.0 208.0 39.0

. 36.0 : 38.0 400.0 10.0 200.0

100.0 2400.0 . ) "
SUMMARY:

YEARLY ENERGY (MWHRTH) 1326643,

SOLAR MULTIPLE - 2.463

YEAARLY CAPACI{TY FACTOR 0.6003

BUSS BAR ELECTRIC CIST (MILLS/KWHRE) 66.07

EPRI COSTING MODEL:

LAND=731.784097:37
ESSCOST=11072%598. 206
X0=14, 08126038248

" FCR=D. 15673430087
AC»317.638937287

800.0 5.05

. 3.2 _ 38.0
100.3 "

2400.0°

HTSCOST213329622.683%52
EPQSCOSTa2,2404E+7
Ke0.0850%
CIPV=3213.11923168

842.0 - 132.0 39.0
400.0 V0.0 200.0

STEAMGENCOST=3910630.0
CiT=1620.25379211
CRF=0.(93093130112
APY=788.22079116

STEAM3ENCOST=3910630.0
£1701481.2603082480
CARF+=0, 093093130112
FPve717.8606036

FIGURE C-4 _(continued)
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SRiI- INTERNATIONAL .“TLF SOLAR POWER SYSTEM

SUMMARY:
" YEARLY ENERGY (MWHRTH)

SOLAR MULTIPLE
YEARLY CAPACITY FACTOR

1326648. 1
© 2.463
0.6003

'BUSS BAR ELECTRIC COST (MILLS/KWHRE) 60,40

FIGURE C-4 (conciuded)
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Appendix D

A-RECEIVER ANALYSIS 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 reflectlons within
the cavity

® Redistribution of long wavelength (infrared) radiation from
- emission and reflection within the cavity

e Conduction through the tube walls and convection into the

‘ working fluid.

The receiver was modeled as a tﬁo-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 circumferential segments along the two flow paths.

The first two processes are separated in the following manner:
A 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 ij segment may be expressed as

: . N . . - :
"= ¢+ E - ' T -1
4-¢j ~-Fs.¢j *s 2o <l Es.)‘?irj-—i : (o ;)
R N TS J - o
where ‘ '
¢. = net incident solar flux falling on node j after redistribution
- into cavity
'¢j = i{ncident solar flux as provided by collector optics subprogram
€g = solar emissiyity_at jtﬁ segment
i P th th
Fj;i = view factor from the } to the 1 segment

D-3



The set of equations defined by equation (D—i) m&y be solved explicity

for the ¢3'in the following manner:

i 3
expanding:
0 e [fiee N\, F. o b (1ot N FL o4 g1 N F T [T
1 “sl[(l sl)"’l F1—‘1 +(1 Ls2)¢2 fl-z +(1 'sN)"N FI—N] 5,1
" ¢ [(l-e \w, F . +fl-c_\¢, F,_ + +(1L~)¢' F '| .
2 sz[( 2)1 2-1 ( ‘2)%27 sy )N T2 s,

but Fi—i =0
p— —-— p— 1 e
le c_-1\F. ¢ e -1\F € 3 1\F b &
1(52 )lZ 51(53 )1-3 sl(sN )l-ﬂ 1 s) l-l
£ e -1\F, , ¢ € 1\F, _ 1 'y c b
_s,\l(sl )Nl SN(SZ )NZ i _N_ \-SNN-‘
Let the matrix of coefficients = @
and the right-hand,side VectorAE‘(p8
then
9.0 =0 -



and

The net incident solai flux may be expressed as the single'vector ¢ .

The view factors F, . are determinedAusing an approximatioh offered

j-i
by -Hottel® for surfaces which are greatly elongated in one direction,

as is the long cylindrical receiver cavity.

Hottel's method imagines line segments drawn between the endpoints

of the two areas Al and A2 for which F1-2

is then approximated as

is desired. The view factor

*H.'C. Hottel, Radiant Heat Transmiséion, "Heat Transmission," (by W. H.
McAdams), 3rd Ed., Ch. 3, McGraw-Hill, Inc., N.Y., 1954.
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A -4,

Fy, o " [(@+5D - @+50] - (0-4)
where L is the segment length betwéen 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 -
.0 = APERTURE ANGLE
R = RECEIVER RADIUS"




fi‘hen the uview‘ ‘factor Fj-i may bc' calcu_late}d.'a's'.

EE

72'. d%,}_, . v [l;‘.,C;OS (ai-l -}.aj_l)]'%-
2 sin<fl¥——4L—> o . L 3A~'A
.[1 cos(ai ozj):' [1- cc?s(czi - qj-l)] -
1 - P D-5
[ cos( 11" J)] } . “ '.( )
The aperture itself is'considered a segment as weli"and'tnus may be.

" used mathematically to account for losses through the aperture back

. into the surroundings.

. To address the second process, -wex‘emfaloy the follcving model:

1 : €8

) : i (1-61)/e1-' )
L 582 )
.
| EB, . e——eAAA/
o B,
- —ei)(ei ..
j-N N X AM L EBN

(1 - eN)/eN

where
B = radiosity
EB

III

‘emissive power of a black body (cT )
= emissivity

)
i
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Note that the net incident solar flux is modeled as a "current source"

to the jth segmental node.

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

emitted radiation plus the reflected radiation:
. . | N
B, =¢e,0T, + 1 - ¢, . B, F T D-6
S I Jzij-i (=6
. i=1

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

The net energy upon the surface is the difference between the
radiosity and the irradiation (tlie Lutal radiation incident upon the

surface per unit time per unit area).

Y, = F, . +¢, - (D~
Y 21 Pifyer T4 Y o (0=7)
1= '

~ substituting equation (D-6) into equation (ﬁ-7)

. N . .
Cor 4 :
=€, B.F + ¢, - €.0T, -
by T Zl 1F3-1 T %5 7 &5 (0-8)
. '

. To express the radiosities as a functjon of temperaturae, rcarrange
equation (D-6):

N
4 4 .
BJ,—A(l - ej) gz% niFj-i s ejalj :



. Expanding:

, . _ - . lj

B, (l—el)'[glFl_l + BZFI_Z. + f...+AB.NFl._N] | €,0T;
B, (1-¢,) [BlF2—1 FBYE, pt e ¥ BNFZ_N] e,0T,
. . » | '-. . - . ) A, . 4
Be| [ (-ey) [BNFN_l FBFy b BNFN_N] ooty
but 'Fi-i =0
Therefore,
e o | 4
1 (51 Df2 ErDFg o (57 Fry N 1°T1
(EZ_I)FZ-I, 1 (gz I)Fz_3 oo (52 l)FZ-N 82.’ ?2°T2
-1)F €. ~1)F,_ ‘ 1] AB< €,.0T 4
(EN ) N-1 (N )Fyz - N NN
Let coefficient matrix = @
right-hand side vector = §
then L 4. B=8 | |
and ... - .g=4dat. & | | (D-9)

Thus, given'the:tempergtu;e Qistributibn, equation (D-9) allows
calculation of the radiosity vector 8. This knowledge allows calculation

of the netAfluxtyector uoing equation (D-S).‘

The mathgmatical model of the receiver assumes that the salt flows
in'éircumferentigl paths from the two edges of the aperture to a common

exit at the back of the receiver:
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m.+m

S M™rmy
OUTLET \

: my INLET .

" ' RECEIVER CROSS SECTION

Equation (D-8) provides us the complex relationship between the
 temperature 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 net flux vector
y is equal to ¢! , the net incident solar flux. The two flow rates are

calculated from the relationships

ﬁl =-£§ s Y(s)ds hz = i% s p(s)ds . ‘ (D-10)
s . o s N
1 2 -
where
8 = flow path 1
$, * flow path 2

AR = enthalpy difference from inlet to outlet

mass flow

‘D~10



The entiualpy distribution along the flow path is calculated as
. . b.s, o S
“H, =H, _+—d | " (D-11)

where

‘va= enthalpy aﬁ node j -

sj ?Asegment ledgth at node j

An average bulk fluid temperature for each node is'determined by :

the thermodynamic properties of pressure and enthalpy.

AR Ho +H,_\ & g
T = P Y "J—‘l—— - - ' ' (D—lZ)'.
£, f. 2 4
J J '
where
.Tf'A=‘bulk fluid temperétu:g:ét ﬁode_j
j . . . _ ‘
Pf = pressure at node j
3 ‘

The iﬁside wall tempefature follows ffqm‘the'heat transfer

relationship{

by = he (Tw. - Tf.) - (D-13)
o Jd J i "
whére;
: . A .
hf = fluid heat transfer coefficient
T = inside wall temperature
- Y5 L o

.D-11



. The outside wall temperature follows from the heat conductivity

relationship: -
. kw - ' :
lpj "\t Tw. - Tw. ‘ (D-14)
. . J J
where
kw = conductivity of boiler pipe
t = thickness of tube wall
Tw = outside wall temperature
J

Returning to eduations (D-8) énd (D-9), the net flux diptribution
is calculated from the updated temperature vector Tw' An ireratign‘
loop consisting of equations (D-10) through (D-14) and (D-8) and (D-9)
follows until the net flux vector ¢ convérges within an established

criteria.

To further complicate'the process, the final receiver design
prescribes the flow inlet for the bottom 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:

, N :
o, 4 .
=o=.§: F, , +4¢. - -
wj ej Bi j-1 ¢j cjoTj (D 8 )

i=1
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Thus, the temperature which balances the incoming and outgoing fluxes

becomes:

. N X
4 . : . :
oT. = 9¢. + ¢ -~ B,F, (D-15)
© ¢’J j Z i j-1i :
i=1

This modification is incorporated into the iterative process for
solution of the receiver performancg.' After ; 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 témperatures;fdr nodes 1 through 5 are'adjusted
per equation (D-15) so that when the net heat fluxes are evaluated
(eq. D-8), there is nd net flux into nodes 1 through 5, and the energy
has been "redistributed" into the other nodes, as the mathematical model

would predict.

As before, the iteration process continues until the § vector

converges within an established criterion.

Figure D-lAis a typical summary of the solution of a receiver

subprogram calculation. The performance at 2:00 p.m. winter solstice
‘is détermined for the initial specifications listed at the top of the

pgge} 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 circumferéntially 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, respectively.

TF summarizes the bulk fluid 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 page.

. 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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FECEZIVES CESIGN:

CES
APZRTUFEZ = 4 MIAR0Rr WICTH =
THE 1A = 0.873 " 8 OF-SHlRACRS =
FACIUS = 3 .
HE IGHT = 60 SEASON = WINTER
NODE 3 £S PHI PHIN
! 0.7 0.9 0 290.3n1
2 Q.7 0.9 0 28C. €59 .
3 Q.7 0.9 -0 263.4049
b4 0.7 0.9 0 251,757
S Y 4 0.9 0 236,743
6 0.36 0.9 332.458 S18.7AR7
7 Q.04 0.9 1246.06 1318.79
] 9.06 0.9 242GC.48 2351.37
3 2.056 0.9 3764.57 3I541.7%F
10 0.C% 0.9 S177.02 4793.27
11 J.06 0.9 660L.15 6CSa.%2
12 0.06 0.9 7A57.80 7174496
L3 0.06 0.3 8371.88 '7832.7
15 Q.06 0.9 7i0:4%5 6493,L4L9
16 .05 0.9 5118.09% 5615.%3
17 .06 0.9 5257 &3 LE856.02
18 .06 0e?  4730.90 ° 43%3.4%7
13 2.06 0.9 3664.29 345€.17
29 0.06 0.9 2446.89 2383.'9
21 0.06 0.9 16417.62 1477 .8S
2 0.06 0.9 681.833 835.5¢65
23 J.06 0.9 250.821 46€.8°3
24 2.0v 0.9 552934 . ..307.736
25 1.00 1.00 0 0
R I TR
TIWE QF DAY 14
ICTAL INCICENT ENZFGY = 4535C.%7
SCLAF FIFLECTION LQJSSES = 190€.193
FERACIATICON LOSSES = 1509,.6P3

FECEIVES EFFICIENCY =

I AR RS NERR AN RSN EREREN N

] : 4
» M1DCT =103.32401 o
¢ M20GT =115.01655 »
¢ MOOT =216.34056 +
] -
L ]

st oRRTORTRABOREYT NSRS

-850C608

CCLLECTGR "CESTGNS

S GO Oo

553,26

506.27
593.53

B3ITLI6
TO0.78
- 782.95
382,35

192427
1001.4

91111
830,22

757 .82

8357 .24

643.35
504 J48

- S518.7L

563.70
555 .74

"531.45
0

PRESSURE
TAS3TINT
H INLET

H GUTLET

THER

. 336.57

38G.99

373070
'364.62

353.67
554163
600.567
BL48.31
715.170
801.49
504715
i015.1
1022.7
‘930,64
847.23
774.61
710.22
65‘0.5“
6li.72
533,11
566.08
556.55

'552.17

50

- INITIAL CONDITIONS:

3ao

50
204
383

PSI

Coooo

431,378
1224.78
2244 .66

3306579

4516. 34

.58lo.66
" 6838.%4
. 7163.50
‘6677 .86

6126.51
5333.26
6636419

82244393

3317.32
2268 .27
1377.77
744.6019
380.555

224.543

3717.422

FIGURE D-1 TYPICAL SUMMARY FROM RECEIVER SUBPROGRAM CALCULATION
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'ABSORBED FLUX (kW/m2) ABSORBED FLUX (kW/m2)

ABSORBED FLUX (kW/m2) -

" 16

18

30

.+ HOUR: |

25
20
15

10

1 4 7 10 13 18 19 22 25
o NODE NUMBER :

FIGURE D-2. RECEIVER FLUX MAP: WINTER .

30
25

20

10

1 .-4 7 10 13 .16 19 22 2
NODE NUMBER

' FIGURED-3 RECEIVER FLUX MAP: SPRING

30
HOUR: A

26

10

5

1 4 7 10 - 13 16 19 22 25
NODE NUMBER :

FIGURE D-4 ~ RECEIVER FLUX MAP: SUMMER
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400

POWER (MW, }
N
8

OPTIONAL ENERGY
DIRECT ENERGY

STORED ENERGY

8 10 12 14

TIME (h)

16 18 20

' 317 thhh
1572 Mw(hh

1389 thhh

FIGURE D-5 DAILY PERFORMANCE OF R.ECEIVER: WINTER

600

400

POWER (MW, )
(%]
8

OPTIONAL ENERGY -

DIRECT ENERGY

STORED ENERGY

OPTINNAIL FNERGY
DIRECT ENERGY

STORED ENERGY

347 thhh
1741 thhh

1666 thhh

.434 MW, h

1963 Mwmh

1765 MW,ph

o . —
4 6 10 12 14 16 18 20
TIME (h)
FIGURE D-6 DAILY PERFORMANCE OF RECEIVER: SPRING
600
f.‘.. 400
z
2
@
3 200
0 — * — » ’
4 6 8 10 12 - 14 18 18 20
TIME (h) '
FIGURE D-7 DAILY PERFORMANCE OF RECEIVER: SUMMER
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Appendix E

HELIOSTAT PRODUCTION PLAN AND DESIGN METHODOLOGY

"E.1 Summary

E.1.1 Reflective Panel Production Plan

" The costing methodology'apd detailed planning used to generate cost
estimates for labor, bulk materials, indirect charges and tooling are
_contained in Acurex Final Report No. 79-340, "Low Cdst Point-Focus .

" Solar Concentrator, Phase I Final Report."

"E.1.2 Drive Subassembly‘Plan<

The general approach for the drive Subassembly plan can be shown

" as follows: -

Purchased Parts|. ~ |Drive Assembly Plant| = [Field In#tallation

The production cost summary, based on a drive subassembly including
module sgpport bearing for a fourfmodule heliostat (1600 ftz); is
shown in Table E-1. '

E.1;3 GRC P:oduction Plan' 
The general Appfoéch for ﬁhe GRC ‘'production plan can be shown as

followsi

Réw Matefiais .= [GRC Production Plant - ‘.Field Assembly

The plant directFlabor.fequiréments are shown in Table E-2.

Direct material requirements areﬂliSted in Table E-3.
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Table E-1

PRODUCTION COST SUMMARY

1600 ft"

: Welght/Qty Unit -COSF (3) Total
Component (Ib) (ea) . Cost . Labor * Material Equip. Indirects - Cost ($)
Ballscrew 100/1 $255.00 . ' 255 8 263
Motor 45/1 381.00 313 12 393
R-C network 2/1 34.00 | 34 1 35
Ballscrew.anchor 3/1 ~1.00/1b -~ oo 3 | 3
Input crank 79/1 0.60/1b . .2 - 38 3 4 47
Link 3/1 0.60/1b - . - 2 1 3
Output crank 29/1 " 0.60/1b 1. 14 1 1 177
Mount 100/1 0.60/1b 3 48 3 6 60
Caisson cap 10/1 0.60/1b 1 3 1 6
Pivot bolts 2/4 . 0.50/ea ‘ 2 2
Mounting bolts 1/8 0.12/ea 1 1
»Incremental‘enéoder 2/1 53.00/ea : - 53 2 | 55
Pivots, bearings 20/5  23.40/ea o 114 3 117
Assembly of drive 2.2 h 6.00/h 213 - _ 33 __46
' $20 949 7 72 1048
Drive cost = —JEHXEL§.= $0;65/f:2



Table E-2

~ DIRECT-LABOR REQUIREMENTS FOR GRC PRODUCTION.PLAN

Station Stations "Men - Manhours/Module
Incoming material '3 12 1.0
Bulk material mixing 1. 4 '0.33
Gunnite ‘ 2 6 0.50
Press/mold 2 6 0.50
Dewater 2 6 ' 0.50
Steam cure 1 6 0.50

" Demold/deflash 1 4 1 0.33
Assembly fixture 2 6 0.50
Packaging 1 _4 0.34

15 54 4.50

Assumptions: Manufacturing labor rate $4/h ($1979)
' 2 shifts/day, 250 days/yr '
Personal fatigue 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)

Manufacturing labor cost: (4.5 h/tube) ($4/h)/400 fe? = $0.05_ft2

. Table E-3

DIRECT MATERIAL REQUIREMENTS FOR GRC PRODUCTION PLAN

" Qty/Module Unit Cost Total Cost/

Component - (1b) (per 1b) Module
GRC (cement, water, 3100 $90/yd> = $0.03 $ 93.00
sand, glass fiber) ' A
Tension rods, : 45 $0.30 13.50
3/8 in dia., 3 ea . '
Spider hubs C610.5 158 $0.30 47.40
’ $153.90
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Equipment and tooling requirements are listed in Table E-4.

Table E—a

EQUIPMENT AND TOOLING REQUIREMENTS FOR GRC PRODUCTION PLAN

: Unit . Total
A . Tools/ Cost Cost .
Station : Tooling/Equipment Equipment (sM) (M)
Incoming bulk- Material handling/ . -3 0.67 2
material o mixing equipment o
Gunnite molds Gunnite fixture 2. 1 o2
Press molds Presses, plarens 2 3 6
Dewaler ~ Vaéuum .equipment 2 0.25 - 0.5
Steam cure Steam chamber ' _ 1 2 o2
Demold/deflash Crane, support fixture 1 ) "1
Tube assembly Assembly fixture 2 0.25 - 0.5
Packaging Package fixtures, 1 1 1
' conveyor ’ __' B
14 ' 15
Assumptions: 10-yr equipment life .
8% cost of capital CRF = 0.149
. ‘ _ _(0.149)($15M) _ ..
Tooling and equipment cost 43,200 tubes/yr - $52/tube
S
1$0.13/f£c”

Indirect requirements are based on Acurex point-focus heliostat
(100,000 heliostats per year produdtion_raée)._ Overhead rate is 1477

of direct manufacturing labor. Rate includes:

e Variable indirect labor
= Supervision

Engineering A

- QA

Traffic

Maintenance

E-6



e Nonvariable indirect labor
- Management

Accounting

'Purchasing

'PerSOnnel

Shipping/ re'oeiving -
. Fringes.

¢ Facilities

.o Process'energy

e indirect‘materials,'consunables i

E.1.4 Field Assembly Plan

Field installation is performed by standard ‘crews of six men, one

" crane operator (split between three crews),. four millwrights (an d

" ‘electrician is substituted for wiring connection) and one foreman.

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

E.2 Heliostat Reflective Panel Sizing

The heliostat reflective panel is a 10 ft by 10 ft SMC/flexglass
panel with isogrid'backing. The panel is line supported at minimum
deflection points (one-quarter span-locations) . The analysis is based
on "Isogrid Design Handbook," McDonnell Douglas Astronautics Company,
February 1973 '

T -
i

" Grid Dimensions:

6.00 in | ' W
'5.197 in R M

" 0.116 (avg) in S wes2 ) we/2
= 2,17 in

= 0.10 in



Table E-5

‘SUMMARY OF REQUIREMENTS FDR FIELD ASSEMBLY PLAN

1600 ft°

Fixed Time Labor Cost 3 ~
-Operation Required (h) Hours Labor ‘Material «Egui-pme‘n‘t Indirect

0ffload 0.5 3 30 . 27
Attach pivot bea-lrin‘g 0.5 3. 30 TZE- 27
Mount drive unit 1 4 40 S 34
‘Rig,- attach -torque ‘tube 2 15 150 24 '129
Rig, :attach panel 2 15 150 1C -40 129
Align Hpanéls A 5 - 50 43
‘Electrical -conmections 0.5 1 10 , 3 9
}C'omp‘l-etion tests 0.5 2 20 i3 . _18_

480 48 64 416
Installation -cost = —29—08—2- = .'$A0.-63/ft2 } ‘



"~ Loading: -
W= W + W w:l d N
= (0.67lb/in )
t(l + 3a) W A
+ 0.0033 1b/in 5 '
= 0.016 + 0.0033 7\ /\ ,
= 0.0177 1b/in® = %é’—r
. ) » b

2.84 1b/ft>

Sec A-A

bd _ €0.116)2.17 = 0.484

* = Th T (0.10)5.196
_d_2.17 _ .,
§ =7 017 21.7
- P 5 qL/2 y
g = [3a(1 + 87+ (L +a) (L+as )] = 32.93

* (1 +0. 4842
E == 32,98 E= 0 0668E = 86,800 lb/in

k¢ &
D = —EET — - 84,686
12(1 - o)
. Panel .Deflection:
0 wil (0.0197)(120)°

max ~ 648 D ~ - 648(84,686)  0°6 UT.



E.3 Heliostat GRC Tube Sizing

Tube sizing starts with an equilteral triangular shape which is
then reduced in altitude to-the minimqﬁ 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

Wind Speed . Lateral Load Torque

SR (mph) ° ©(lb/im) T T (dn=lb) T T
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 analysis are combined
flexure and torsion, which result in extreme fiber tensile and shear

stresses:’

Mode Stress ‘Deflectfon

Flexure BA; BT 0 = 54 BT
. ) 1
‘ < L -2
Torsion . T = ZtAz 6 = G
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For the‘triangular'tube:

kb A%t
U
(h - £, +¢)
U= (b-£)+2 s
- . bg
- 1yp b2, Dot
Asl2 Fr-7

Large corner radii are assumed.’

Bending shear is also checked for bugklihg of the fLat torque
tube sides. -

T, = X%%I o ' R An = area to side of axis .

".centroid of area

T

Cl £ '
=~ for upper area

c2
2

A 4=: (69) (0.5) + (;s)(aé%) 0.5

for lower area

cos a

s+ LS

cos a

”(Dimensions are in inches)l‘
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By shear flow:

,ZSlrl + rZSZ =T

ZSl cos a =T - ZS1 x

.(Zrz

cos a)

1 2r2 cos a

[a]
"

2 ZS1 cos a =T - 2S

wn
]

X
1

(2r2'cos:a)

, T i
I 2cosa (1+ 2 r2)

T
S—
2 1+ 2r2
I R a2
1 A1 lt 2 Zzt

3 3
T - bnd  boh _m? BoP
1 tan 8’ "2  slu B’ "xx. 38 3% " yy 48 48
h h
bh 0o '
- 28 _ = + =h-f, - = b -
A T N T g Lyt h - £y -5 b = b -2y

Table E-7 summarizes the section properties.
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£T-d

Table E-7

SECTION PROPERTIES -

I

t2 '3 Yo 1 € ooy Area o 1w "
(m) (in)  (in) (in) (in) (dn’)  (din’) (dn)) (in") (deg) (in) 1b/in (ft°)
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
66.81 39.84 . 38.58 . 13.28 14,600 33,000 47,500 85.72 49.1 1.09 . 6.50 1,830

26.56



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

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

E-14

conditions.
_Table E-8
TRIANGULAR TORQUE TUBE TORSIONAL STRESSES
Span Shear Load (1b) Shear étress (psi)
(ft) 10mi/h 39 mi/h 70 mi/h 10 mi/h 39 mi/h 70 mi/h -
Case a: . h = L9,92: a = 30°; £2A= 69; r, = 6.64 |
20 68.4 1040 - 3250 1.9 30.1 - 9
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°; 22 = 69; r, = 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 5.0 764 239
Case ¢: h = 39.84; o = 49.1°; 22 = 69; r, = 13.28
20 33.0 500 1570 1.9 14.5 45.5
40 ° 65.9 1000 3140 3.8 29.0 91
80 132 2000 6280 7.6 58.1 181
Case d: h = 59.76; a = 60°; 2, = 69; r, = 19.92
20 22.2 338 1060 0.6 9.8 30.7
40 44.5 675 2120 1.3 19.6 6l.4
80 . 88.9 1350 - 4240 2.6 39.2 123



-

Table E-9 summarizes the torque tube bending stresses and torsional

deflections for two cases and wind speeds.

Table E-9

BENDING STRESSES AND DEFLECTIONS

Length Wind P %
(ft) . (mi/h) (1b/in) . (psi) (mr)

Case a: h = 29.88 in

L = (78.4)(0.0785) + 250 + wind = 8.65 + wind
T = 7580 in® | -
T, = 18.9 W
0, = 0.175 ¥
20 . 10 '8.96 170 0.157
vt = 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 = 1.756
. | 70 23.67 1792 . 3.304
Case b: h = 19.92 in, L = (72.1)(0.0785) + 250 + wind = 8.16 + wind -
‘1 = 3020 1a® - |
T, = 31.66 W
0, = 0.0438 W
.20 10 8.47 268 0.371
wt = 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 649
. 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-10

BENDING SHEAR 70-mi/h WIND

h A2 y g | W o v T
(in) (in°) . (in) (ft) (1b/4in) (1b) (psi)
19.92 47.8 6.64 20 23.2 2780 . 585

40 » 5560 1170

29.88 49.7 9.96 20 3.0 2844 . 371
40 - S 77 5688 742

39.84 52.5 13.3 20 % 2880 275
~ 40 5760 550

59.76 57.5 19.9 20 . 25.3 3036 187
: 40 : 6070 374

E.4 Heliostat Steel Spaceframe Sizing

2.25ft 6:50ft 4.60fr 5.50 tt 2251
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E.4.1 Critical Conditions

‘The criticallgonditiqhs for heIioétat spaceframe sizing are as.
follows: ‘ ’
¢ 50 mi/h wind normal to operation, stress limit
e 13 mi/h'wind, deflection limit
E.4.2 Loads
W= Wotna t w'st_:vrv.u:‘t:ure * Wpénel

= 3.8 1b/in + 2.5 1b/in + 2.4 1b/in = 8.7 1b/in

For simply supported beam, uniformly loaded

| 2 o
M ==z = X
ma; 8 required 'Tallow'

Deflection'is based on cqnqen;:ated loads at panel support point:

Pa

ST 7y

DSE—]

P .., : . '
. . A bx N 2 R 2
Ya GEIL @2(2 - x) - b - (2 x)]
. Maximum slope error due to paﬂei—é;:ucturé deflection occurs in
end panels. . In all cases, these déflections resulted in less than

0.1 mr structural deflection (panel-pointing errér).

- E-17



E.4.3 Sizing of Lateral Structural Members

— 33.36 in - ' e

12in |

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

(2.88 1b/£t?) (5 ft x 10 fr) + (3.8 lb/in)- (10 ft x 12/2 ft) =

sin 8 sin 10.8°

= 372 1b
UTP '= 400 1b
F=—b o410 __ 5180 16

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

Axial load:
1180 1b
1xl - (0.874)

F
® =2

7 = 9400 psi

. 4y’EI | :
P_ = ;13—+ = 32,700 1b (pinned ends)

CR.
= 8200 1b (hinged ends)

E<18



Panel deflection due to deflection as a result of compression of
lower member:

-

L - P2 sin 19, 8° _ (1180 Lb): (35.45) (stn 19.8°)

= 0.1 mr

CEA (33.36°10) 300608y (0.126 1n?) (33.36)
Table E-11
MINIMUM SECTION MODULUS REQUIRED
, ' A | N
' | Zmin - - +
- Module Length . M pax ' ¢ 15,033 psi . ' T
. (ft) . (in=1b) . (in”) |
20 62,600 4.2
40 250,600 16.8

60 - 563,400  37.8

E.4.4 Member Sizing

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-13.)
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" Table E-12

SECTiON MODULUS REQUIRED

Member Size ~ Spacing, d ' 23
(in) (in) (in™)
2x2x3/6 - - 12 13.0
3 x3 x 3/16 12 20
3 x3x1/4 12 . 25.7
4 x4 x 1/4 16 46.9
Tablc E 13
TOTAL FRAME WEIGHT
' ‘ Length’ - Total
~Item Description Size 1b/ft (ft) lb/unit Qnty Weight
1  Main member = - 2x2x3/16 4.31 20 86.2 2 172.4
2 Panel support 1x1x.063 0.79  5.56  4.39 4  17.57
' member _ :
Support diagonals 1x1x.063 0.79 4.04 3.19 12 38.30
4  End brace 1x1x.063 0.79 - 3.6 2.84 4 11.38
5 End brace 1x1x.063 0.79  3.71  2.93 4 11.72
diagonal
6 Eud main member 1x1x.063 0.79 2.4A 1.94 2 J.88
diagonal , ' _ o
7 Main member 1x1x.063  0.79 2.63 2.08 6 12.47
diagonal :
8 Edge member - 1x1x.063 © 0.79 14.5 11.46 2. 22.91
Bearing pust  Jx3x1/4  8.80 1 R.A8N 2 17.6_
‘ ' 308 1b
For 20-tt module: Wy = 308 lb, 15.4 Lb/ft or 1.54 1b/£t?

oo

For 40-ft module: (8.8 1b/ft) (40) (2) = 704 + (135.6) (2)

= 975.2 1b, 24 1b/ft or 2.44 1b/ft>

=
)

For 60-ft module: (12.02 1b/ft) (60) (2) = 1.442.4 + (135:6) (3)

Wy = 1849 1b, 30.8 1b/ft, or 3.08 1b/ft2
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E.5 Heliostat Steel Tdrque 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 deflectlon limited to 5 mr longitudinally
and 1 mr laterally, maximum determined at either end

®. Rib dimensions based on web buckling -

A

70.00in — : —1 L‘}. |
”2WE§H
—__f

RIB

TORQUE TUBE

The analysis assumed a simply snpported 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 assumptions:

e Cost of steel = $0.30/1b
e Cost of GRC = $0.014/1b

e 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-inch GRC due
to manufacturing limitation

¢ Optimum tube diameter is that for reqnired stiffness at minimum
wall thickness



Table E-14 .

TORQUE TUBE PERFORMANCE

Torque Tube : Rib

[44ict

Span : Longitudinal'
Deflection Length Size Web x Thick. ' Deflection
(mr) (ft) (in) Weight/ft {in) : Weight/ft © (mr)
0.5 20 8 OD x 0.087 7.4 6 x 0.107 '5.23 . 0.5
0.1 : 40 15 OD x 0.105 16.8 12 x 0.118 9.77 - | 0.1

0.1 60 22 OD x 0.105 24.6 6 x 0.107 - 5.23 0.1

-



Figﬁre E-1 shows the relativé cost of the steel and GRC torque

tubes as a function of the module size.

0.60 |
oso |
0.45
0.40 _
0.36 STEEL
0.30

0.25

020

STRUCTURAL COST ($/ft2) -

, CONCRETE
0.15 :

" 0.10

0.05

T T ] T T
20 ft 40 ft 60 ft : 80 ft

MODULE SPAN (ft)

FIGURE E-1 COST COMPARISON CURVE FOR STEEL
" ANDCONCRETE TORQUE TUBES

The concrete cost curve in Figure E-1 does not increase as
rapidiy as the steel curve because at small sizes the 1/2-inch wall
thickness)feQults in an overstiff tube design. Based ;n'part on this
comparison, as well as tha; between the GRC torque tube and steel

spaceform, the GRC material was chosen.

CE.7 StructureVSQmmégx

,'Téble E-15 shows the summary of the cost, weight and longitudinal
defleccioﬁ of the three types of structures considered. .Althbugh the
weight of the GRC torque tube is greater, its cost ahd deflection are

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

OVERALL STRUCTURAL SUMMARY FOR HELIOSTATS

Material

. Longitddinal
Size ’ Deflection Cost
Design (in) Weight/ft (mr) . ($/£t?)
Steel torque 20 ft length 1.4 5 0.42
tube 8 0D x 0.087 f
40 ft length 2.3 5 0.69
15 ob x 0.105 '
60 £t length 3.1 5 0.93
22 0D x 0.109
Spaceframe 20 ft length 0.8 | 0:24.
2 x 2 x 3/16 : oo ’
40 ft length - 2.4 1 0.72
3 x3x1/4 .
60 ft length 3.1 1 0.93
GRC triangular 20 ft length 7.5 . 0.05 0.11
tube 40 ft length 7.5 0.6 0.11
60 ft length 7.5 2.2 0.11
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