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Sun, stand thou still at Gibeon. ..and the sun stood still."

Joshua 10

il

=

three penetrating papers on

: theories of transient temperature ‘dis
are discussed is followed by a’ presentation of an alternate

SUMMARY

This Technical Report is 2 consolidation of ten papers pre-
pared by scientific consultants to the Operational Research
Office at the Air Force Missile Development Center during the
summer of 1957. e s

Each paper is the report submitted, upon the completion of
his studies, by a consultant or consultant team. Pyrheliometer
measurements showing the solar energy w
to be available to a-solar furnace located at Cloudcroft, New
Mexico, are reported in the first paper. This is followed by
anappraisal of the potential performance of such a solar furn-
ace. Thenext paper, written by two of the nation's outstanding
astronomers, explains ‘certain basic optical considerations
governing the design of solar furnaces. This is followed by
the theory of absorption and re-
onents and of the concentration

hich can be expected

flection in solar furnace comp

“of radiation through, and outside of, focal spots. Next'is an
examination of the rigid-body torsi

onal oscillation which would

result ffom aerodynamic excitation. Another study in which
tribution in a solar target

design method.
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FOREWORD
e

The order of arrangement of the individual papers was
selected to secure as logical apresenté.tion as possible for
the reader who.would choose to read the report from cover
to cover. The sequence starts with measurement of solar
energy, then to performance of the proposed Department of
Defense furnace, thento considerations governing design, fol-
lowed by theoretical studies which would pertain to'any solar
furnace, and lastly, to topics of least interest from the point
of view of optical considerations and of least immediate prac-

. tical application. The reader can stop at any point after the
second paper and still have.a fair concept of the proposed s0-

lar furnace.
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CHAPTER 1

PRELIMINARY MEASUREMENTS OF THE
SOLAR RADIATION AT
. CLOUDCROFT, NEW MEXICO

ABSTRACT

Measurements of the solar radiation at Cloudcroft;  New

Mexico, havebeenmade with a normal incidence pyrheliometer. .
From the readix{gs, an a‘fer‘age transmittarnce has been deter-.

" rmined that canbe used to calculate the available flux at any time.

Superscripts found through ‘the. text ‘re‘fer to nui'nberéd'ref-‘ .

erences.
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Introw !

Prehmmary des1gn has been made for the constructmn of a large
solar furnace near Cloudcroft, New Mexmo, to.be operated by the Air
»Force Missile Deévelopment Centerfor the Department of Deiense. For
proper utilizaticn of the furnace, knowledge of the available solar energy
is necessary. Spectraradiometric megsurements“) at nearby Suns‘p‘ot,

New Mexico, have furnished data for successfully determining the solar ‘

constantv. .Ho‘wever’, accurate' ;tmo’spheric tfansmissi‘@n‘% éata are not
available in the infrared portion oﬁ the spectrum and the amount of solar
radiation received atSunspot cannot bé conveniently calculated. Ii t.hes.e.
data were available, precise calculations' of the received sol;r energy
flux would be most difficult since intense water-vapor absorption bands

(942, 1135, 1379, 1872 and 2650 mu) are located in a spectral region

contnbutmg about 40% of the total energys Todate, transmission coef-

ficients in this infrar ed regmn are generally obtaiined from curves drawn

(2)

smoothly over the tops of the water-vapor bands.
In order that the amount of solar radxatmn be known atCloudcroft,' :

pre_liminary meaaurements at and neat the,,proposyed solar fu;na,c.e s:tg

‘were m‘ade'di‘xr;ix‘ug the‘sum‘m‘er of 1957, ..

1. 'lhatruﬁéntation
A normal incidence pyrhelioxixetér.is' gene:ally employ‘ed' for the .

‘measurement of the solar rad.xatmn.( 3 Cahbrated msttuments are.

Decl - ~- v
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available(4) “and the manufacturer's bulletin should be consulted for .
-oonét‘ruetior; details and performance characteristics of this. type of

] pyrhehometer.

- Attempts to obtam a cahbrated pyrhehometer for 1mmed1ate sum-=

mer use ‘at Cloudcroft were unsuccessful since a .delivery date of over

“‘three months was fequired by the‘supj)lier. In order’that nermél inci- :

dence readmgs could be taken durmg the summer of 1957 a pyrheh-

ometer was constructed Jomtly by the shops of the Alr Force M:.ssxle

Development Center and by the authors at Cloudcroft.

The initial sensing element of the instrument was similar to that
used for radiation pyrometers‘(s) and consisted of 10 copper-constantan
thermdcouples in series. The completed pyrheliometer had ‘a radia-

tion: sensitivity of 0.2 millivolts per langley per minute, about one-

tenth that of its manufactured counterpart. The thermopile was sub=
‘,s‘equenﬂy“ ‘redesigned, us'm‘g 8 copper-constantan thermoébdples with

the hot and cold Junctmns placed further apart. The new detectmg ele-'

ent had an 1mp:roved sens1t1v1ty of 4.1 mv/langley/mmute, but re-

i ,qmrecl/ about five mintes for 95% response and»eight finutes for steady-

state response, While the long respdnse‘time was disadvantageous for

; 'q\nck readmgs, it-was tolerated

The Cloudcroft pyrhehometer was cahbrated in Tucson, Anzona.,

on August 2 against Eppley pyrhe}iometer No. 2191 . The calibration
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: number of umt a.1r masses through wh1ch the flux travelled: The 1at-

el ;.
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curve,is shown in F’iéu;e‘l. The absicissae are the didl readinge vof
the potentiemeter used to indicate the emf produced by the Clou&eroft
instruxeent. The ordinates are the solar rladiation“;alues obtained from
the Eppley pyrheliometer. chart recording, The latter measuremer_xts
are accurate withrinv2°/u'agcording to-Donavan and Bliss.(é) A 'typical
portionv of the calibfation meesurements taken at Tucson are given in
the Appendix.

1II. ‘Measurements and Results

The moeths of July and August constitute the rainy season at Clou.d-. :
croft and afforded little chance of obteining continuous data. However,
26 readings of the pyrheliometer were obtained on the grougds of the
Cloudcroft High School or on the proposed solar ‘furnace site neerby.
For normalization, these measurements were increased by ae amount
required to correct them to mean solar distance. Figure 2 shows the

corrected radiant energy flux measurements plotted as a functlon of the

ter is taken as the secant of the. angle between' the zemth and the eleva- oy
tmn of the st % The data roughly fall on a‘ stralght line and mdmate 4 : :

that the flux (#) recewed on the surface of the earth obeys Bouguer 8

¢ = 0,7 e
% An error of less than 1% results from neglecting the refraction in the
atmosphere of the earth and its curvature up to air mass 3. :

“law, viz.,




T

sigsss
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where ‘#o is the y-‘mtex‘cept of the curvey T is the transmittance, and

m' the air mass.

A table of all values’ measured at Cloudcroft and the sn:e is gwen

in the Appendzx The correctmns introduced for thedifference in longi-

tude and latitude between Cloudcroft and the sxte are not s1gmfu:ant since

the experxmental error indetermining 4) can be as much as 5%. There-
fore the radiant flux values received. at the two places are coqsxdered
equal,

A‘calc;llation of m and the co'rrection' of 4) to mean solar dis-
tance for one of the measurements are shown in the Appendix.

The (#)0 indicated onFigure?2 is not a constant during the year but
is. equal to the intercept value of 1,78 langley/min only on April 4 and
October 5 \%hen the relative radius of the ea;'th equals unity. Figure 3
giv‘es,‘the w;ariation of (#Q asa iunctién of the time of ‘,‘zear.

. Assuming the curve ir.x Figure 2 repre‘s ents the average of fhe data
: shown, the value of 'C can be computed ‘Equation (1) then i)g‘comes‘
4) (langleys/mm) = 1.78 (0.876)™ /‘ ;

-and by calculating the pertment m, (*) ‘can be found for aﬁy time of the

“year. Calculat:ons for the value of 4) at 11:00 on December. 15 is glven ;

in the Appendix.
Analternate method for obtlaining the flux at any time can be em-

ployed, using graphical procedures, Figure 4 is a plot of the ratio of

+/+ usmgvaluea from Figure2. After the air mass m i calc‘ulated,

the ratio of +/+0 is obtained from Figure 4, and this ratio. is muln-

plied by +0 from Flgure 3, An example of a typlcal calculatmn made
in this manner is found in the Append:x. ;

while the available radiant fluxb at the top ‘of the atmosphere in-
creas_es‘ in the wmter due to'the decrease in d1stance between the earth
and the sﬁ.n (Figure 3), the amount of flux available.at the -gite can de-
crease in the winter since'the elevation of the sun is-less and the ﬂux.
will traverse a much greater air mags. Figure 5 illustrates this varia-
tion. The ordinate's:‘ are the flux + caicu;ated for 12:00 noon on ghe
15th day of each month. The graph shows that March, April, and May
are the months having the highest available flux around the"nooh houi.
It is‘ significant to note that the noontime flux for the months  of .Tﬁne, ;
July, Aug\iat, September, October, and February is only 2% less than
the maximum. Only thfee months, November, December, and January, V

‘have an appreciable _decrease which may influence the operétion of ‘the

." furnace.

F1gure 5 shows 3bouu 5% vanatmn in the'noontime flux through-, :

out the year. Th1s curve may be deceptwe for much larger vanatmns‘

: w111 occur . at other hours.‘ At'11:00 a,m, on December 15, the ava,:\l-’ L

able solar flux is 1.44 l/mm A (see calculatmn in Append1x) th1s cor-;{‘

responds approximately to'the flux recexved at 8 45 and 3:15 on Apnl‘
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15. Notevi‘also that:the fluk available at noon of December _.1'5‘is 1,44

1/min:
IV. Discussion

. It is. evident that curves given in Figures 3, 4, and 5 are greatly

dependént on (1) the calibration curve (Figure 1) of the Cloudcroft pyr-

: hehometer, and (2) the slope of the 11ne drawn in Figure 2. The data

presented in Figure 2 indicate that a d1fferent slope might be drawn for

n;orning and at‘ternoon measutements. This same morning-afterngon
éharacteristic exists for daf& taken at Tucson on August 2 wit}; an Epplley
pyrheliomeier. T‘hese data, corrected similarly to that in Figure 2,
a;resﬁh’own in Figure 6. - Also included are average data’from Miami,
Florida (sea level), and Montezuma, Chile (elevation 9,000 feet).(z)
While the measurements are limited in number, the morning-

afternoon recorded variations. of 4) having the same absorption path

(or same. air mass) ap‘pear real.” The differences could be caused by a

lack of an amb1ent correctxon to the: pyrhehometers although other work-

ers(é) do not find such an effect szgmﬁcant. The difference nught also

be due to. non-lmear scattermg or absorpt)on having a dependency on the

t1me of day. Smce the readmgs m1ght also correctly mdlcate the solar :
; flux at the gxme, no definite conclusions can be rgached regarding thxs !

apparent effect until more data are available.

Sanitized Copy Approved for R

T

The data presented in f‘igure 2are essentially gn‘ a'vérégg ‘of,ﬂ\‘ix’
measpremeﬂts taken inA.ugust‘. These measurerﬁents show a consider~
able spread bbutfeadings takeﬁ during a single day 'indic.ated good agree-
ment. The data taken on-August 26 are simwn‘v in Figure 7. Since .
seasonal and daily variat;ibns in 4) are well kno»r;rn(z), meaéui'ements'
should betaken over the year before extrapolatmn of these data to other
months. This limitation is recogmzed but the methods employed in cal-
culating data for Figures 3, 4, and 5 do not depend on the values of 4)0'
and the calibration curve. When more accurate measurements “of (%)
are made in sufficient quantity, the calculation of + for‘any time of the

day and year will be correspondingly more dependable.
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APPENDIX

Calibration Measurements

The following measurements area portion of those taken onthe roof

of the Engineering Building at Tucson, Arizona, on August 2, 1957. The

Cloudcroft instrument was located about 10 feet from the Eppley pyrhe-

liometer. Clouds dotted the sky until about 11:00 a,m.; a shifting,

milky haze was evident until 2:30 p.m. Thereafter, until late after-

noon, the sky appeared clear.

Time Dial Reading Eppley Reading
(MST) (langleys/min)

11:01 a.m, Pyrheliometer tube covered
with aluminum foil.

11:02 ) 4.3

11:04 .8

11:06 - .2

11:08 -1.5

11:10 -2.0

11:13 -2.2

11:13: Pyrheliometer uncovered.

11:14 B 76.0 '

11:15 85.5

11:16 88.2

1117 90.0

1118 90.3

11:20 91.2

11:21 : 92.0

11:22 92.3

11:23 92.8

11:24 92.8

11:25 92.8
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Time Dial Reading Eppley Reading | Measurements of (}) at Cloudcroft
(MST) (langleys/min) \

Summer 1957

11:25:10 Pyrheliometer covered.

11:27 6.5
11:29 3.0 | ' Time Air Mass m ¢ in Langleys/min

11:31 0.8 . ) (Local sun time) (corrected to mean radius)
11:32 -0.2

11:33 -1.0 ) 8:00 1.73 1.31

11:34 -1.0 . 12:00 1,03 1.55

11:35 -2.0 . | 2:49 1.31 1.47

11:37 -2.0 | 3:09 1.40 1.46

11:37: Pyrheliometer uncovered. ! 3:27 1.50 1.44

11:39 73.5 ) ‘
11:40 84.5 ‘ August 8 9:30 1.26 1.42
11:43 90.6 9 9:14 1.33 1.41
11:44 91.5 10 9:48 1.21 1.47
11:45 91.6 11:55 1.05 1.54
11:46 92.0 ‘ 12 9:00 1.39 1.41
11:47 91.8 9:26 1.29 1.44
11:48 92.0 i 16 8:57 1.43 1.46
11:49 92.0 ! 9:58 1.20 1.51
| 10:51 1.10 1.51
7:54 1.96 1.26
9:59 1.21 1.47
7:33 2.27 1.26
8:13 1.76 1.36
7:09 2.79 1.15
9:07 1.41 1.45
11:09 Co L1 1.56
2:23 1:30 1.51
3:13 1.54 1.47
3:57 1.91 1.42
4:37 2.54 o132
4:54 2.98 1.28
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Calculation of d) at Prépos ed Site.

Calculation of m and Correction of Measurement =

" for 11:00, December 15

1
. : ¥ !
of August 9 at 9:14 to Mean Solar Distance ‘
' - - ‘ o
" Time: 9:17 MST, 9:14 local suntime Latitude 8: 1320571
Latitude 8: o 32057! : - Longitude: ‘ 105°44' 3
Longitude: : }05044' b Hour angle t: 57 minutes = 14°15"-
‘Hout angle t: . . . 2hr46min = 41.6° - : ‘ Apparent declination of sund : -23%13!
Apparent declination of sun & 16010_' s ) e . : )
Measured 4}: - 1,37 langleys/minute ) ;
: - ‘sin hg = sin @ sin S + cos B.cos S cost
hy; = elevation of the sun ©op ’
sinhy = sin 8 sin & cos 6 cos & cos t - -0,2145 4 0.7473 = 0.5328
= 0,753 y i
hy = 48950 g hy = elevation of sun = 32°12!
Air mass m = secant (90 = hg) = 1.33 Air mass m = secant (90 — 32°12') = 1.88
Relative radius of earth = 1.0139 4) for December 15 (Figure 3) = 1.84 langleys /minute
- Yo
4) corrected to unit radius = 1,37 x (1.0139)2 = 4) = 1.84 (0’376)1-38 = ‘1,44 langleys/minute
= 1.4l langleys/minute
Also: ;
. » . :
= i ¢/¢O‘f‘rom Figure 4 = 0-?87. :
ek el T ¢ = 1.84 x 787 = 1.4 langleys/minute .
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‘CHAPTER .2

NOTES ON THE POTENTIAL PERFORMANCE
~ OF THE CLOUDCROFT SOLAR FURNACE

ABSTRACT

Using the specifications of the Cloudcroft Solar Furnace as
preparedbythe Pittsburgh-Des Moines Steel Company, the pre-
‘ciselocations of mirror centers and edges are determined with
respect to the principal axis of the optical system. The image
fo?mation from a single spherical mirror of the mosaic is ex-
R R : aminedatthree locationsand the flux concentration coﬂxputgd at

two of these. ‘]tis“‘shown thétlfdx; t“he‘f(lrnaceas gi)ebifi‘éd, : pla‘c; ‘,
" ingthe taxlget.at t}’xe‘se;:on;iary oif-é.‘xié focal point of>th‘e individ-
. ual mirrors produces a flux concentration oh t}';e targét equal '

to t}iat'producedbya.perfectparabola. Thig conclusion assumes °

2 uniform flux distribution across the disc of the sun.




. N g
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. 1. Introduction

irrors

The individual séhericalmirrors making up the mosaic of mi

of the condenser of the Cloudcroft Solar Furnace may be specified in a
variety of focal lengths. Inasmuch as the choice’ of focal length may be

ntration of

€
L ¢

one of the critical factors.in determining the net flux conce
the furnace, it is desirable to determine from the optics of off-axis

" image formation the optimum focal length of the mirrors in each annu-

lar ring of the mosaic. .

“ 1)
| 1I. Mirror Locations
vl oW —
|
These calculations are based on an aperture of the paraboloid of
105 it. and a focal length of 44.76 ft. The mirrors forming the mosaic
are, for these considerations, 2 ft. x 2 ft. squares as specified in the
proposal of 18 May 1956, ‘prepared by the Pittsburgh—bes Moines Steel
Company, except for certain modifications suggested below. It is as-
p " " sumed that the mirrors are to be arrangedin zones of concentric array
| ¥ . LR
around the vertex of the paraboloid,
a. Relationship between ‘arc lengths (s) of the parabola and ‘the
corresp@nding ‘ordinates (y): NN -
' 4 L
g
- ’
% »
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However, from the equation of the parabolé:

* y2 = 2px, hence: % = -5—, and:.dx - % éy

% . _l
()
= 1 d
8 + %) Y y
o .
4 5
=1 %
8= = a p2> dy . (1)
P
o

The integral in Eq. (1) is readily evaluated:

2p

Successive integral values of vy, at 2 ft intervals, are substi-
tufed in Eq (2) and the corresponding values of s are computed as
recorded in Columns 1 and 2 of Table I. In Column 4 of Table I are
recorded values of y obtained by interﬁolation, corresponding to the

integral values ‘of 5 'in Column 3. Since there is to be an.aperture

12 ft. in diameter at the center of the paraboloi'dz the compﬁted values .

begin Wi‘th’ s equal to 7 ft.

The relationship between s and y. is also shown graphicallyy
in Figire 8. : . . . : e
A record of all data computed in the evaluation of Eq. (2) ,is:

contained in Table VIin the Appendix.

. 5 -I !
y 2 % ( 2 Z!
s = ! <y1 +p2> + %/zn nt );l + 2 (2)
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Table I
y ] ' s y.
7 1t. 7.00513 ft, 7 ft. 6.995 ft.
9 9.01605 9 8.984
n . 11.02764 n . 10.972
13 13.04516 13 12.995
15 15.0698 15 14,931
17 17,1021 17 16.900
L9 . 19,1419 . 019 o - 18,86l
21 21,1903 - 21. 20.814
23 23.2496 .23 22.757
25 | 25,3212 25 . 24.690
21 - 27.4041 27 - 26.612
29 - 29.4986 29 28.524
31 ‘ 31,6100 - 31 30,422
33 33.7323 33 32.310
35 35,8728 35 34,184
37 38.0282 37 36,046
39 40,1999 39 37.895

41 42,3917 41 39,730
43 44,5994 43 41,551
45 46.8282 45 43,360
47 49,0789 47 45,153
49 51,3471 49 46.930
51 53.6378 51 48.694

. 53 55.9518 53 50,443

55 58.2868 55 52.‘177

b. A meridian section qf fhe paraboloid is shown in Figure 9,

OX being the principal axis.

A spherical mirror M is tangént to theaparabol'oid at point " P,

on the centér of which imbinges‘ a ray parallel to the principal axisof -

the paraboloid. From fhe géorhetry of Figu_re 9, the values of the d‘esig’-

nated angles +, i, 0 and length L are caleulated and tabulated in Tablé II.

e et s S SR S R
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Table 111

Table II

Z.one s y 4) i A (] ‘ L vl Zone s oy Zone s Ly

1 74, 6.995.ft.  85°32'  4%28'  81°04' . 45,045 ft. e | s 1. 6 5.9980 ft. 13, 30 29.475 ft.

29 ‘ 8.984 84°16' - 5%44' 78032' - 45.191 2 8 7.9895 14 32 31,366

3 11 10.972 83°01" 6%59'  76°02! “45.459 3 10 9.9780 15 34 33,247

4 13 12,995 81%46"  8°14' 73°32'  45.703 4 12 11.9635 - 16 36 35.115

5 15 14931 - 809320 . 9%28'  71°04! 46,017 5 14 13-942 : ig Zg ggm

6 17 . 16.900 79°19'  10°41'  .68°38' ° 46.421 6 16 15.9é : : 3 Je.8e

7 .19 . 18.861 78%6'  11°54'  66°12' - -46.738 7. »18 17-333 Zz gz A0
821 20.814 76955'. . 13°05'" - 63°50' . 47.199 8 20 29-786 £l P,

e 923 122,757 75%4' . 14°16%  61°28' .47.642 9 22 21‘.732 g b A

10 25 24.690 74%35¢  15°25'  59°10'  48.172 , . 10 24 22-651 2 @ ‘ 47.312

11 27 26.621 73927 16933'  56°54' - 48,731 11 26 e . 22 > 49.568
12 29 28.524 72920'  17°40'  54°40'  49.321 | 12 28 27.5 25 2 51.310
13 31 30.422 71°14'  18%6' 52928' 49.936 o ;

14 33 32.310 70°9'  19%1'  50°18'  50.582

35 34,184 69%06'  20%54' ~ 48°12'  51.287 ‘ ‘ :

iz 37 36.046 68%04'  21%56'  46°08'  52.016 1I. Off-axis Images from Spherical Mirrors

17 39 37.895 67°03t  22%57'  44%6'  52.769 . L ) ;

18 41 39,730 66°04! 23%54" 42°08! 53,574 a.. The astigmatic image distances 5; and s, of Figure ll, as

.551 65°06'  24%54'  40°12' 54,406 .
;‘z ig i:li 220 64083' 25°;1l 38°18! 55,251 measured along the chief ray, are known to be related to the angle of
4 45.153 63%14'  26%6'  36°28' 56,146 ) . ] D

2 4; 42 920 62°20" 27°40" 34%40' ' 57.059 incidence and reflection i, the object distance s and the radius of
23 51 48,694 61°27" 28933 3294' 57,995 .- ' . (1)

24 53 50.443 60°36" 29%24! 31°12! 58.973 curvature r of the reflecting surface by

25 55 . 52,177 .59%46' . 30°14'  29%32'  59.969" i

b . it -
. : 7 ; R AL % . . . i : ‘5_+s_=‘r0051 (31
The variation of L with arc-length is-shown graphically in 2

Figﬁfe 10. S . " ; fh
; : for the primaty or tangential focus. s,, and .

It is to be rioted that the values of s and y given in Tables I :

and II refer to the mid-points of the respective mirrors, while in Table ; . . ; i— For= —C:F—l (4)

" 111 they refer to the inner edges of the mirrors.

for the secondary-or sagittal focus s ..
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Taking the object distance & as infinity, s and sé })acome

F, and F,, the principal ‘astigmatic focal points by dgfinitidn, and the

equations reduce to

1 r\
—_= ={= s . 5
Fy ricos i z (2) conk )
10 dosk _fx\ 1 -
.F—l PR 3 or F‘l <2) cos i _(6)

The distance between t‘he two principai foca} poinfs measur;dmalong the
chief ray is:
F, - F, = % tanisini,

A concave spherical mirror of square section EFGH, asin
Figurel2, forms two line images JK and LM centered on thé chief ray
BC when the incident light strikes the mirror off-axis as aléng the ' line
AB at angle i tothe normal BD. The secondary or sagittal image lies

in'a plane containing the chief 'rays while the primary or .tangential

ir‘nage stands normal to suéh a plane, 'The image distancesrin Equa- .

tmns (5) and (6) above are measured along 11ne BC
b. By constructmg a plane that mcludes BC, the 1mage JK and
the aperture w1dth (NP a) of the concave sphermal .mlrro;‘,:_one may
-show that the lengfh wof the line unage JK is: ; » o
W= asm21 i )

and, with a plane at right angles to this that includes line image LM;
30

\

the length A of this image is:.

A= atandi LR (8)

Only when an mﬁmtelynarrowbundle of rays forms the 1mages :

above are these images line 1magbsq The conical bundle of rays from

the sun of angle o in dlameter iorms an 1mage composed of a series .
. of overlappmg circles whose centers he on /e or w'as the ‘case may

be. Since the diameter of these circles is the product of the distance

from the point .in the image to the point on the mirror from which the

Light comes ‘and the angular diameter of the sum, it 1s apparent that

image JK wall have the dimensions of Figure 13a and image LM, those

of 13b, where L is tak;an as BC, JK as w, and LM as £ in Figure 5.
The slight distortion of Figufe 13b:comes ﬁ'om the fact ‘that in

Figure 12, rays HL and GL are shorter than rays EM and FM. The‘

image distortion effect in this instance is negligible since the ‘mirror

‘aperture and image lengths are small compared to' the focal length and

“will, therefore be neglected in.the dis'cussion below. »The simﬂér ei—'

fect in 1mage JK 1is to make the 1mage edge poorly defined, The 1mage

. formed on a screen placed m1dway between JK. and LM and at a dis-:

corners.. The radius of the corners: w111 be ZL ;

' ]ength of the rectangle w111 be 1/2 w o+ c(_ Land 1/2 f + & L, respec-

tively.

30
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fhe form of a; rPctangle w1th rounded, :

and the width a-nd

e e e Sy

s e



IV, Flux Concentration
a. On the assumption that the intensity across the three images '

.

above is cdnstant, the one of smallest dimensions should have the high-
est flux densi‘ty' and should, therefore, be used as' the focal point for

tHeAsépa,féte gpherical mirrors of the solar furnace array. Since

2iis aiways. smaller than a tan® i, and the third case above is

a é;n 3
interrﬁedia;e, the érim’ary or w - focus a}ipeai‘é most favorable.

- b. The efficiency of a single s;;herical mirror in sending light e
bﬂux to a target is seen as the ratio of the ar‘ea of the target when pro-
jected onto a plane normal to the chief ray from the spherical mirror,

to the area of the image of the sun on this plane as produced by the

spherical mirror. It is therefore;

2 '
(iz—i-‘— 7 sin 6

2
#) T4 o Lw

Efficiency 9)

. The flux produced at the tafget may be obtained'from:_the pro-
- jected area of the circular ring or zone of mirrors of which the mirror

evaluated in Eq. i‘)) was a part, the solar constant and the efficiency.

The flux in cal/sec contributed by‘the zone is;

Flux = é{i']T_ Y?7T) em? x 00264 cal/cm;/sec x efficiency, (10)

Declassified in Part - Sanitized Copy Approved for Release @ 50
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Considering the solar'constant as 0.,0264 cal/cmz‘/sec, the
focal length of the parabolic mirror array‘ as 44.76 ft; the mean dia-

meter ‘of the sun as 32!, and the mirrorsleach 2 ft x 2 ft, the values of

L, 8, i, and y from Tables I andII permit the efficiencies o‘f spheri-

cal mirrors as they might actually bé employed. Column 2 of Table IV
lists these calculated values. :
“Table IV

- Parabolic Mirrors

Zone Spherical Mirrors
No. Efficiency Flux(cal/sec) Efficiency Flux(cal/sec) Cumulative
' : Flux Total
1 0.941 1874 0.975 1943
2 0.906 2496 0.961 2647 4,590
3 0.864 2900 0.941 3158 7,748
4 0.817 3228 0.919 3631 11,378
5 0.771 3500 0.895 4062 15,441
6 0.720 3681 0.866 4429 19,868
7 0.672 3822 0.839 4775 24,643
8 0,622 3887 0.807 5042 29,685
9 0.575 3903 0.775 5267 34,952
10 0.529 3879 0.714 . 5437 40,389
11 0.485 3815 0.707 5555 :45,944
12 0.445 3726 . 04672 5631 51,574
13 0,406 3602 0.637 5648 57222
14 10.371 3473 0,603 . ° 5642 , 62,864
15 0.337 3321 0 0.568 - 5587 ... 68,450 .
16 0.308 Sl 0.534 - 5500 73,950
17 0,280 30100 0,501 5384 0. 79,335
.18 0.254 2846 0.468 5239 84,574 !
19 0.231 2682 0.437 5076 89,650
20. 0.209 2519 0,407 4893 94,543
t2l 0.190 2358 0.378 ' 4691 ! 99,234
22 0.172 2203 0.350 . 4483 - 103,716
23 . 0.156 2050 0.323 4262 - 107,979
24 0.141 - 1906 - 0,298 4040 - © 112,019

25 0.127 1782 0.274 3846 115,865

-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6
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T}';e lflux contx:ibution of each mirror‘ring zone 1s presented m
Column 3 of Table IV. It is to be ‘noted that the valt;es 0£ s are odd
i numbe'red for the e/:fﬁciengy calculation since values for mirror centers
‘ are réquired; ﬁowever, for. fl\nxx calculatiﬁns, s and y are for even
.r;umbered posmons, ‘since edge measurements are required.

: Unfortunately, the total flux from this calculatmn teaches a
value of only 75,634 calor1es/sec while 88, 690 calories/sec are re-
;;uired for a fl\;x density of 700 cal/cm?/sec. :

¢.. Itis a fact that the.fluxdensity' across the mirror image is not
constant as was assumed above, but is constant along the length lvor
w only when these lengths are greater than o, L. When the lengths[
or w are less than ol L, as in Figure 14, the extreme images, pro-

duced by the edges of the mirror, overlap and in the overlapped sec-

tion the light comes from all areas of the mirror. This fact permits a

i

recalculation of the efficiency of the spherical mirror in that in the

s

;vér.la};ped section, the spherical‘mir'ror is equal:in:light cohcentra-
tion eff1c1ency to the parabohc rmrror.

For the Eaglttal focus of a sphemcal m1rror "the overlap sec-

tion, if one ‘occurs, approximates the shape of the target pr,o‘])ect‘mn as

reférr‘ed to ab‘ov-e. Moreovef, if'1 ft x 2 ft mirrors are used “instead:

. of the 2 ft x 2 it ones as presently planned for the solar furnace, the

dxmenswns and area of the overlap sectwn approxxmately equal those

3 ‘34«,‘
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of the projected target.  These comparisons ére shown iﬁ ;I'able V- be-

low.
Table V
Zone Overlap Section of . . Target Projection
No. . 1x 2 ft Mirrors ;
R 4 Major . Minor

S a b Area Axis .. Axis: Area
10,4887 ft. 0.,412614t.. 0, 1315ft. 0. 41591’t 0.41'10ft. 0. 1342 £t
20,4200 0.4100 0,1344 Same  '0.4078 0.1333
3 0.4223 0.4076 0.1339 value 0.4038 -~ 0.1319
4 0.4243 0.4039 0.1329 ° for . -0.3986 0.1303
5 0.4268 0.4000 0.1318 all 0.3936 0.1286
6 .0.4301 0.3957 " 0.1309 zones 0.3875 0.1266
7 0.4322 . 0.,3901 0.1290 0.3807 0.1244
8 0.4354 0.3847 0.1275 0.3734 0.1220
9 0.,4381 0.3782 0.1255 0.3655 0.1195 '
10 0.4413 0.3718 0.1236 0.3573 0.1167
11 0,4443 0.3647 0.1214 0.3486 0,1139
12 0.4462 0.3571 0.1172 0.3394 0.1109
13 0.4492 0.3488 0.1162 0.3299 0.1078
14 0.4518  0.3399 0.1132 0.3201 0,1046 -
15.0,4548 0,3309 0,1100 0.3102 . 0,1014
16 0.4560. 0.3214 0.1069 : - .0.3000 0.9803
17 0.4566. . 0.3112. 0.1030 0 0.2896 - 0.9463
18 0.4575 0,3010 .0,0993 10,2791 0.9122
19 0.4575 ~ 0.2903 - 10,0952 0.2686  -0,8777
20 0.4568° ° 0,2789  0.0909 0.2579  0.8427
21 0.4557 . 0.2675 10,0850 . .~ 0.2473 . 0.8082
22 .0,4536.  0,2556 0.0820 : : 0.2367 10,7734
23.°0.,4506 0.2431 0.0771 b10,2260 0.7386
24 0.4469 0.2307  0.0723 . ° 0.2151 = 0.7044

25 0,4420 0.2178 0.0672 . - 0.2051 '+ 0,6703

" These data'xr}ake it appear that the proj,éctéd area of the tar;

get, may ‘all lie within the overlapped sections of the‘miri‘or‘imagbes.

ey

e S T R A ST R IR




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

Under these circumstances, the flux produced by each pair of 1 ft x 2 it

mirrors may be computed as though they were parabolic sections mak-

ieg images o L in diameter. The efficiencies of such parabolic mir-

rors, maf be calculated as:

(°LF ']Ts:me
Tr

and are shown in Column 4 of Table IV, and the flux contribufion as cal-

Efficiency = (11

culated from Eq. (10) for each zone is shown in Column 5 of that Table.

A minor error in the results tabulated should be noted here.
The substitution of 1 ft x 2 ft mirrors naturally doubles the number of
values of L, i, etc,, and’the number of mirror zones. This effect was
not considered in'the campetation since the smaller mirrors were con-
sidered as located centrally ‘in the space required for the lai‘ger ones.
A recalculation of the ilux concentration based on a more exe\ct formu-

_1at1on would tend to ra1se the flux values glven above

Column 6 of Table v is the cumulanve total of the ﬂux cont#i-

buhons of the several zones, startmg w1th the mnermost zone; On the
: bas1s of 100% efﬁmency (thh no 1oss es due to absorption, reflectmn and
shadowing) a mxrror of 19 zones would suffice to achieve a: ﬂux dens:ty

of 700 ca.l/cmZ/sec. If the entire 25 zones are used, this same flux

density may be athieved ‘with ‘an overall -loss due to above effects. of :

23.5%.

d. The calculatmns of ‘the ﬂux contributions of the several mir-

rors to the target have not considered the effect of the llmb darkemng ;

of the sun a8 descrzbed by Joae.( ) It is to be noted that in the scheme

' proposed here, the target prmectmn does not he in the center of a cir-
cular focal spot for a single mirror, and, therefore, the percentage

increase in flux ‘due to limb darkening may not be in the amount Jose

proposes .

37
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Three possible methods for measuring the alignment of the
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. ‘An Optical Method (By Dr. Fred Allison)

vThis method is based on adjustments- made possible by means of
the Gaussian eyepiece, ‘ .

The frame holding t‘he heliostat imrrprs is brought as nearly as
possible intc; the Eas‘t-West‘ve.rtical plane an& cvlamped. #With the helio-
stat so po.sitioned, the mirrors, one by one; are to pe aligr;ed with their
planes parallel by means of %ile adjustment sc;'ews .

A theodolite of hiéh precision and large aperture; sec{l‘relymount-
ed on a'cat walk in as close proximity as possible to the -heliostat
mirror, is adjus’ted so that the azimuth circle and the axis of the tele-
scope lie in horizontal planes.

In order to expedite the work of alignment, it is suggested that the
mirrors in groups of four may be aligned without resetting the theo-
dolite, in the following mann'er.

The theodolite telescope, its axis set in the N=-S plane.and the

cross-hairs of the ’Gauyssian eyepiece properly illuminated, is directed

" atthe Contigu‘ou‘S‘c_orne.rs of “four mirrors, as A, B,: C, D. (See Figs.

#Note: The foregoing paper was written early in'the summer, when it
was understood, according to temporary plans then .available, that the

heliostat mirror could be set in the vertical plane, Revised plans do not
permit vertical setting ‘of the heliostat mirror. For positions of* the
heliostat mirror other than vertical, the method above suggested, with

certain obyious modifications in the adjustment of the theodolite and the "
constant-deviation prism, should have practically the same applicability.
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i5and 16) One of these xﬁirrors, say A, ia‘adjusted by 'the sq_rews until
it is autocollimated with ’the telescvope, ‘i,e.; until the li'ght reflected
fremAforms an imaée of the cross-hairs in coincidence with the direct
irrxage of the cross-hairs as seen in the eyepiece.

In a precisely s'irnilar manner, orle proceeds with the _adjl;stment

of B to obtain coincidence of the ¢ross-hair image with the two already

in coincidence. In the same way the cross-hair image due to light re-

flected from C is brought into coincidence with the other three; and
finally, the image due to ’D. ‘Five‘cro‘ss-hair images would thus be in
coincidence when the planesof the fourmirrors areparallel. If the mul-
tiplicity of cross-hair images in the field of view should cause confu-
sion, one could first adjust mirror A, with the corners of B, C, and D
covered, then proceed to align each of these three in turn, keeping the
‘corners of the others covered.

The operatmn described above would be repeated for ether groups
of four mirrors in the same double row until all mirrors of. the helio-
stat were included.

Some variations in the procedure may be suggested.

a. Set the telescope on the four contiguous corners of mirrors B,

'D,'E, and G, (See Fxg. 15) Instead of read_]ustmg the theodohte by the
levels,: a,d_]ust it unt11 the cross- hazr 1mage due to B (a.nd D) falls on the

" cross-hairs of the eyepiece. Then adjust E and G as above des’cribed.

50.
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The next setting'would be in the corrxers of E, F, G, H, and so on. This
process would align only two mirrors at a setting and the errors would
be accumulative.

b. Instead of working with the groups of four mirrors, groups of
two, as M, N, etc., using the same method, may be aligned across each
horizontal row,

Once the mirrors are adjusted for parallelism, the test for accu-
mulated errors intheir orerall alignment throughout the heliostatmosaic
is suggested as indicated below,

The telescope is autocollimated on a selected mirror and is then
accurately turned inazimuth through 90° looking into a constant-deviation
prism which is on an adjustable mounting in front of a second selected
mirror in the same horizontal row. (See Fig. 17) If the planes of the
two selected mirrors have been correctly aligned, the light incident on
the second selected mirror will retrace its path through the constant-

devratmn pnsm, amd the cross-hair 1mages due to the returned light ..

* will be in coincidence w1th the cross-halr 1mage of the eyepiece. By

proper adjustmen’c of the telescope in altitude, the second miirror ma.y'

be selected in any horizontal row as well .as in any vertical column of

mirrors.

Whether the methyods above suggested would yield satisfactory re-

sults could be determined by preliminary experimentation.




IL ‘A Second Optu.al Method (By Dr. Gordon Hughes)

The method to be proposed assumes that an observer and" adevme

‘may be held in a relatxvely fixed posmon within some 10 ft of the helio-

sta.t mirrors..
Suppose a relatively rigid metal tube, say some 8 to 9 ft long, is

prondedw1th 51de ports as md1cated in Figure 18, Mirror "a" is a half-

silvered surface placed at 45° w1th the axis of the tube. Mirror "b" is

full silyei'ed and placed as shown. An electnc la.mp with its’ f:lament

in'the shape of an x .is placed at the focal point of lens ‘1., and obser-

ved through lens L, with an eye lens.

Two dishes of mercury, M1 and MZ' are observed, Since these
two surfaces are parallel, two images of the light source indicate that
mirzor "b" should be adjusted until the single image of the lamp fila-
ment is seen, A color filter at point F in the systexﬁ might be employ-

ed to distinguish the Iight returned from the two floating mirrors.

-Now if the devme is placed before two of the heliostat mirrors in-

stead of the two floatmg mirrors they may be aligned w1th an accura.cy

. determined by the sharpness of the Iamp ﬁlaments and thelr magnifica-

tion,

. i the aligﬂment.procedure starts at one side of the heliostat and

progresses across the entire face, an error may accumulate of ‘suffi-

cient magnitude to render the alignment as-unsatisfactory. Since the
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insti'umenf is designsd with appreciable length, it should be possibie to

align alternate mirrors and then check between the alternate pairs,

A penta prism may be employed to replace mirrozr'b" if the defor-

.mation of the tube under its own weight throws the device ‘out of align-

ment,
Advantages of this method of ahgnment-

a, There is'no loading of the glass surface using this techmque.

b. The mirr_ors may be aligned when the ‘heliostat is in any posi- -

tion,

¢. The reference signal is from the heliostat itself with this de-
vice so that random motions of the heliostat from wind gusts w.ill not
negate the method,

d. The device will work even though it may be turned through
small angles with reference to the normal to the 'mirrors.

e. Cumulative errors in the alignment may be detected and cor-

rected.

This method ig based on the posslbﬂmes of' achievmg honzontal

adjustments ‘of plane surfaces by means of h1gh precmwn sp:\nt leveIs

of the cross=-arm type. It is assumed that in'the revxsed des1gn of the
hehostatmountmg the mosaic mirror maybe set in the honzontal plane,’

With the mirror so positioned and with amovable walk-way 1mmed1ate1y :
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" above the mirror; the procedure of bringing in turn, by the adjustment ' : Heliostat Mirrors

screws, each of the component mirrors into the horizontal plane as de-

termined by the spirit level, could be accomplished with comparative M > N <)

ease and speed. The work could be facilitated by using a number. of

workers, each provided with a properly designed spirit level,

This méthod appears to have the following advantages:

a, Precision cormparable and probably superior to that .of optical

D
A
any
I

methods.

b. No accumulative errors.

c. Highly trained personnel not required,
: (Not to Scale)
d. Ease and speed of operation.

A disadvantage as compared with optical methods: The spirit level FIGURE 15

i would make contact with each mirror, addings its weight thereto,

H131§ostét Mirromg

Light Sm_n‘cé : - i :
(Not to Scale)

* FIGURE 16
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Heliostat Mirrors ” - B CHAPTER, 4
v Al
I {\ BASIC OPTICAL CONSIDERATIONS
< 1y S \ IN THE CHOICE OF A
>—<——_ A — J : o DESIGN FOR A SOLAR FURNACE

' STAT
\ ’ Penta Prism |
) Light Source ' ' ) e v

(Not to Scale)

FIGURE 17
i
|
| ABSTRACT
X Lamp !
a‘g Simple relationships exist between the aperture of a solar
&
Lo o o @
4 4/"» & . furnace, thetarget size, the angle of convergence, the maximum
“
? 0 P sl s
== ;attainable concentration ratio, the overall efficiency, and the
— F . v 4 . - 3 5 R L e :
amount of spill light surrounding the target. For optical systems’
; .MZ 8 ‘ 3 o et oM ) : » ‘having continuous unob structed surfaces and no spherical aber-

(Not to Scale) S . .
T ration, the concentrationratiois determined solely by the angle

FIGURE 18 of convergence. Various systems differ considervablyb, however,

in the amount by which their apertures exceed that of an'ideal

system of equal performance; in the resulting efficiency at'which

56 pe e S 57
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I Introduction

. they operate; in'the associated amount. of waste lzght spxlled '
1 The purpose of a solar furnace is to concentrate as much flux as

outsu:le the target, in the distribution of this spill light; and in
possible onto a speczfled target area. There are many different opti-

the relative convenience with which they can be iabricated and L
. cal systems which might be used for this purpose, and they differ con-

atdjusted. A paraboloidal mirror with heliostat does not seem

giderably both in performance and practicability. The use of a parabo-

tobe an optimum cheice. The optical possibilities afforded by ;
. - * . loid, which has been given first consideration for the Cloudcroft fur-

other two-mirror systems are discussed and illustrated by ex- } :
: ‘ nace, does not appear to be an:optimum choice, The purpose of this

ample. We also present a structural design for a two-mirror )
' ) report is to call attention to the range of possible alternatives and to

system which appeers to possess some practical advantages
; show by example what might be achieved. It would be regrettable in-

over the heliostztt‘-paraboloid combination. ' k ‘
deed if design and construction were to proceed without recognition of
| these alternatives.

For a specified target size and a specified solid angle from which

flux converges toward the target, there is (as shown below) a fundamen-

tal upper limit on the amount of flux which can be concentrated onto the

. target. No optical system, however ideal it may be; can exceed this
uéper 11m1t. If an optxcal dystem receives more than this amouht of_
‘flux, it canriot'deliver all of the received ﬂux onto the spec1f1ed target
area, and it accordingly has two faults: (a) It is bxgger than theoret1-*v
cally necessary.‘ (h) It spills the excess flux into a halo around the

; target where 1t is- not wanted. In these terms, a parabolmdal mirror,

. -
B

of the proportzons now under consxderatmn for the Cloudctoft furnace

say, 104~foot aperture and 120° cone of conver ence) is more than
y P g

i
f
ki
i
I
i
i
i
1
i
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1.7 times larger than ideally necessary, and it‘ spreads the excess light
(44% of thg total received) over an area 7 times as large as that of the
target, While we know of no practical furnace system exactiy meeting
the éomiitions required for ideal performance, we do know of practical
systems which excel a paraboloid,

The criteria of an ideal system would be that it have no yspherical
aberration and no coma — in short, that it meet the ‘Abbe sine (;ondi-
tion, This situation is repreéehted by Figure 19, where the sine condi-
tion requires, for any particular ray, that

h = fsin8,
If the angular radius of the sun is taken to be 16 minutes of arc, and if
the target radius is r, we have

f = 215r,
The aperture under these conditions is

2h, = 430 r sin 6.
If the:target diamelteyr’ i;-S i_ndhes (r= é.S). as contempl;-xféq for the
(.Iloudcr.oft'furnace, and if the periéheral a.x;xgle eo~v‘i.s~‘60.“’, thé aper;
ture furps out to be about 78 v.feevt. This is the fnainmum ape'r'tﬁre of an
ideal system for whichva._lyl of the light can be deiiveréd toa S-inc}.x tar-
get. If there were no reilectioﬁ or absorption lossés,' the maximum
possible concentration ratio for (S = 60° would be

1T he

= (215)% sin® (60% = 34600 -

60
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Any optical system with continuous unobsttuctgd surfaces and free of
spherical abérration f:a;; produce the same concentrat:ion ratio for the
same value of 8,, but the aaaoci;ted aperture will automatically be
greater-than 2h, if the sine condition is not a159 met.. One can also
arrive at'the foregoing c’onclusions from p\njely geome»:‘trical varguments
without invoking the sine condition per ge. .

'The geometrical efficiency of an optical system having continuous
unobstructed surfaces‘ and free of spherical aberratmn will be simply

€ = n¥yz

where Y is the radius of the aperture, For a paraboloid with @ = 60°

and with a 5-inch paraxial solar image, we find 2Y is about 104 feet,

yielding:

8 =
E (104) = 56%.

This result can be laboriously verified by dividing the parabolioid (or

any other system having the same Y, f 6) into annular zones, compu-

ting the 1mage proﬁle for ‘each zone, fmdmg what fractmn of this’’ u'na.ge

actually }uts the target, we1ghtmg these zonal efﬁc1ences in proporhon

to the relat:ve areas of the zones, and fmally summing the zonal con-

tributions. This procedure-was actually carried out for twov very dif-

ferent systems, and the results (with suitable allowance for ‘obstructed’

areas) have checked the conclusions above.




The actuatl efficiency of a system wili be considerabiy lens‘than
the éeometrical efficiency &iscusged above because of losses due to
glass absvorp‘tion,‘ imperfect reflection, obstructed ‘areas, and inter-
stices between the faheta that comprise the optical elements. Opti-

’ misti'c'all.y as‘suming_two reﬂectiorts of 0.9 efficiency ahd ‘other losses

', totaling 0.1, we find that an actual efficiency of 41% is unlikely tr; be
z‘axc‘eeded by any system with a 10;1-ioot aperture, a 5-ixtch t;réet, and
.a. 12t)° cone of convergence (6 = 60°). ‘ ‘

Four important cohclusions canbe summarized:

a. If we are interested in a 5-inch targetwith 6= 60°, a 104-foot
aperture is not necessarily needed. Only 56% of the flux received by a

’ 104-foot aperture can be geometrically utilized. A somewhat smaller
aperture (theoretical minimum = 78 feet) can achieve equal performance
if.a suitable and practical optical system can be found. We do not need

I to belabor this p0551b111ty -’its importance is apprecmted when one re-
calls that costs of large constructmns vary roughly as' the-cube of the
aperture. Or turnmg the argument around, we éan. say that a 104-foot
aperture should be capable of performmg eff1c1ent1y on a target larger
than 5 inches (theoretlcal maximum = 6.6 inches),

b‘. We noted that all 104-foot ‘optical systems with continuious un-
“obstructéd surfaces and with no spherical aberration will put 56% of

> thej.r unabsorbed or unobstructed flux onto ‘a 5-inch target if 8 = 60°.
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‘They are all basically equal in that‘respect. They differ coﬁsiderably,

however, in where the 44% si)illage goes. A 104-footparaboloid spreads

this spillage over a 13-inch disc, whereas an alternative system dis-

cussed in Section III confines nearly all of the spillage to an 8-inchdisc.

In the latter case, the spillage 11es close enough to the 5-inch central'

- disc to be of frequent practical use.

c.i It is possible to design optical systemh whi‘ch‘not'o’nly are su-
perior to the_paraboloid with resprect to.a and b a‘hove, but which in
addition possess certain advantages with respect to simplicity of opti-
cal fabrication and convenience of adjustment. For example, the cases
discussed in Section III employ surfaces which:are either spherical or
nearly spherical over most of their area,

d. A substantial gain in concentration ratio is potentially avail-
able by allowing 8 to exceed 60°. Since the concentration.ratio varies
as xain2 6,>one can theoretically gain a factor of 1.18 by making 9=70°,

a factor of 1. 29 by makmg 6 = 80°%, ora factor of 1,33 by makmg [

90° (which is the absolute hx’mt for a flat target). However, va]ues of:

8 beyond 70° are probably not optically prac_tical. At 0= 70°, the
maximum attainable concentration ratio (neglecting léssas) is 40700, :
ahd the associate aplanatic aperture 2h  is 84 feet if a 5-inch target is

used.

The remainder of this report is divided into four parts. Section
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II concerns the characteristics o.f ‘a‘ paraﬁoloidal mirror, ‘Section III.
escpl(;;es what m‘ight be achieved with a ';wo-mifror system consisting
of a largeprimary and a small secondary, Section IVdiscusses'a struc-
ty.ra.I des.ign suited to the type of optical ‘systenﬁ presentéd in SectionIII,
and Séction V presents.an alternate arrangément for usiﬁg a Raraboloid

with a heliostat, The structural designs, prepared with the excellent

artistic collaboration of Mr. Roger Hayward, appear to possess certain .

practical advantages overthe proposed heliostat-paraboloid combination.

It should be emphasized that the present report.does not pretend

to be a complete survey of the optical or structural possibilities, Its

primary purpose has been to show that the various possibilities of de-
vising a solar furnace are not yet exhausted.

II.- - Characteristics of a Paraboloid

Figure 20 is the axial section through a paraboloid of rotation with
various pertinent qu‘ant'ities labeled. 'In rectangular »coord‘ixyxatee the
equation‘.for this se‘ct.ion is'simply: - ‘

i Y2 = 2RX,
where the c_nj'gin is avt the ver‘;ek V. of the pérahﬁloid, and where R is
. its ra.clius of curv;ture ir.x that.neigixborhood; The distancefx;om'the vez"-
tex to the focus s % In polar coordinates tbe equaﬁon if t}kxeparab‘o-

loid is

1 4 cos 8
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where the pole is at the focus. The normal to the surface at P makes
an angle 9/2 with the axis, and the radius of curvature at P is given

by 3/2
: S
R 1+ cos_Q

in the meridional plane, and by
. . . 1 /2

2 \
R 1 4 cos 6

in 'the sagittal plane. A pencil of rays parallél to the axis and incident
at P is brought to .an anastigmatic focus at F, so that the effective
focal lengthin both the meridional plane and Ehe sagittal plane is simply
e. If a target surface is placed normal to the axis at F, the sagittal
half-width of the solar image produced by a single facet at P is the

product of € and the sun's angular radius:

0.004654 R

b = 0.0046540 = S g

and the projected meridional half-width of the image is

a=bsec®,

' For p#raxiél, rays, a=b =0.002327 R, If the target is made to lcoin-

cide with this paraxial image; the optical efficiency of any annular zone

at'angle 8 is accordingly

S 2 n2 L g L
S (0-002357 R” o 0:25 (1 + cos 9)2 cos 0. .
a : i
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‘The fraction of the aperture area contained within a narrow zone of

width AY is X

_ 208y _ ,[R ) _sineae

AA — -
‘ Y, Y1 /(1 + cos )

wh‘ere Y is the radius of the full aperture.. The overall efﬁ;iency of

the system is therefore

' Y I

E T/&Hm-o.s% sin@cos 8d ;"
© Yo ' :

E = 0.25(1 4 cos 8))% .

which yields

For a 104-foot paraboloid with a 5-inch paraxial image, we have Y=

52 feet, R = 89.5 feet, 0 = 60°, and we obtain E = 56%. This is in

agreement (as we should expect) with the result derived from the Abbe

sine condition in Section I,
Th‘e 44% spillage of a pafaboloid having 6 = 60° is spread over a

disc ‘13.3 inches in diameter, or an area of 140 square inches. The

distribution of this 'spill’ light can be computed by finding what-fractions.

of the ellipéical solar images (2a long and 2b wide) formed by facets

at various values of 8 fall inside concentric circles of variqus_ diame-

ters between 5 inches and 13.3 inches at the focal plane. When. the:

elliptical image falls entirely inside a circle of radius r, the efficiency

for the associate‘d 'zon,,e‘a.nd for this value of r-is 100%. When'the circle
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lies entirely inside the elliptical image, the zonal eﬁicieﬂcy is r2/ab.
When the circle intersects fhe ellipse, as sketched in Figure 3, the ef-
ficiency is S/rab, where §' is the area whichthe ;:ircie and the ellipse
have in common, If oL = a/r and ¢ =.b'/r, it can be shown that the .
area in common is ; :

S . Ya 1

5=T4 20p arcsin (—l'—ﬁ-> -2 arcsix; o —l;ﬁ .

AR D) g |
This expression is rather cor;xplex-fc;r practical computation, and the
following appro;cimation is more expedient:

1

PO L I R T
ab r? (r - brzlaz)
L

When b—r, e—r/a; and when a——‘&r, £E—s 1,
Sample results are listed in Table VII and plotted in Figure 24.
These data were assembled primarily for comparison with similar re-
su.lts for another system discussed in Section I,
111, V'Two-Mirror Systems ;
When only oile ﬁrror‘ participatés Vin.‘the focusing, it must nec.;es,-' ca

sarily be a paraboloid, unless the mirror surface is a discontinuous

. curve. In general‘, discontinuous curves result in the utilization of less

solid ‘angle for the same peripheral 8 and Y, and they cansequently

offer no gain over. continuous curves.
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When morethan one m‘irr_or participaﬁ:es inthe focusing; a,x; infinite

-number of con%bina.tioris become possible, and specific cases must be
selected for investigation. Several combinations ‘inv‘olving a large pri-
mary mirror and a small secondary mirror were investigatedin vary-
ing eegrees’ of t‘ie‘taii. A particularly interesting case, diagrsmmed in
Figure 22, provides a suitable example'for discussion in the present re=
,port.b A blend of this case with anothez" ene will also be discussed to
sﬁow how the good features.of two systems might be cembinedp It must

-~ be remembered that these cases are metely examples with arbitrarily
chosen parameters, and that they do not represent optimum choices.
Much additional computing and comparing would be required to afford a
basis for the selection of an opu'm_um case.

In Figure 22 the primary mirror, which includes about 90% of the
'totalmirror area of the system, is a sphere of radius R. Sucha choice
~ would clearly be convenient both for construction and for adjustment.

Except for the inner zone h1dden by the secondary, the facets of the
sphencal pr1mary can be adJusted very 51mply by autocolhmatmn, usr-

mg a small l:ght source at the’ center of curvature C.

The secondary mirror, whzch amounts to: about 10% of t total

" mirror area, serves to correct the spherical aberratmn of theprimary.‘
- It is roughly pa;ab‘oloidal in form and its facets can be adjusted with

adéquate precision by means of a template.

RS ATS ea

Strangely, the spherical aberration of the primery mirror serves
aus efui purpose. It prevents the effective focal length of the combina-
tion from increasingwith 8, and it thereby ke.eps the solar image small
for ‘the outer zones of the system. It is especially effective in the
meridional plane, where it also compensates for the sec 0 fector due to
the ohlique incidence of the zonal images on the target. ‘As a conse=
quence, the outer zones ef the system are the most efficient ones, asxd )
the spillage around the target xs confined to a much smaller dlsc‘than
in the case of the paraboloid.

The exact shape of the secondary mirror can be derived by impo-
sing the condition that optical path lengths must be the same for allrays

that come to a focus at the center of the target. For any value of ¢,

the path is

sl

T

Ll = =R[1=cos i+ R sec ¢+(x+p)sec + (x-:i+::)2 + (xi»p)2 tan® i
¢ 2] 2 2 ; |

: \ J o\ ) _ W
toQ to P SR GE

' where the spherical aberration of the primary is

For paraxial rays, ¢—vO and

L= R pdec.
Lo = 5t
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Setting Lq) - Lo‘.‘we‘dbtain : . R :

A% - p2 tan? d) - (c—c\)2

X= ;
2(c-d) + 2 A sec ¢+ 2p tan? o}

whe_reA‘=c+d+p‘(2cos%—1-s‘ec(?).

It follows that
y=(x+"p)tan¢,

and the final angle of convergence is

6= arctan(—!——) .
x+c-d

In terms.of R and ¢, the coordinates of the primary sphere with the

origin at the vertex are

X=R<l-cos$); Y=Rsec%.

The solar image formed by a facet of the primary mirror at Q is
strongly astigmatic, the meridional image falling at K and the sagittal

image at H, but the secondary mirror puts these component images

"back together again at F: The magniﬁcation of the secondary mirror

is thér‘efdxv'eb diife;‘ént for the two axes .of the solér image, ‘and (as re-

marked earliér) it has the desirable feature of; decreasingwith-increas-

ing ¢‘and 8, ’Fovr any particular P and Q, the final ‘sclar image formed °

on a plane normal to' the optic axis at F is an ellipse similar-to that

formed by a facet of a paraboloid, except that its' meridional dimension:

is now the smaller axis-instead of the larger axis of the ellipse. To .

-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6 . L "

' sions for the pertinent segments of the light path:

' which yields a peripheral 8 .of approximately 60° and ‘a ‘value of ‘93

“ feet for' R.

ed still' further by.blending the outer zones of the sphere-corréctor

il Deociassified in Part - Sanitized Copy Approved for Release @ 50-

compute the dimensions of the image ellipses associated with the var-

ious zones of the system, one must make use .of the following expres-

(QH) = 0.5 R sec -?- )

(QK) =.0.5R _sec% ~0.5Y tan -;i R

(HP) =y csc

‘(.KP) =ycsc¢+ 0.'5>than -?— ,

(GP) = y csc 0 .

On a plane normal to thé optic axis at' F, the meridional half-width. of

the image (semi-minor axis) is

a = 0,004654 (QK) (—%) sec @,

and the sagittal half-width of the image (semi-major axis) is

b = 0.004654 (QH) (G—P> .

HP

Some sample data for an optical system of this type are listed in ‘Table

VIH. For this case we adopted ¢ : O.ZIK and ‘d:x 0.10 R, and the‘sy‘e_l’-'

tem has been scaled to a 100-foot ‘aperture for a peripheral ¢ of 65,

The spread of th;a spill light éurrouﬁding the target can be reduc- :

: combination in Figure 22 with the inner zones of a system consisting of

2013/10/23 : CIA-RDP81-01043R002500200002-6



‘a paraboloidal primary and an ell‘ipsoidal secondary, This b‘iended sys-

tem is sketched in Figure 23, The trans‘it}ion was a-rbitraril;r chosen to
occur.at d? - 50° and the slope was made continuous across thetransi-
tion so that vneither the primary nor the‘secondary would' have any op-
tical discontinuity, It can be shown that the parabolcid;l‘ poriion of the
primary is - ‘

Y2 = YR-Xg) (X +D),
where X is'the coorﬂ'mate of the junction (0,09369 R) and erlére A

0.00484 R, The ellipsoid is given by
2

{x +0.08085 R)% N y
(0.17601 R)% (0.17357 R)2

Its eccentricity is found to be 0,1657.. For ¢ <509, all rays from the
primary pass through the same axial intercept E, and the magnifica-
tion of the secondary is found to be

m = 1.0564 + 0.3406 cos ¢
The fipal images formed on a plane vnormal to the axis at F‘ have sagit-

. ‘tal half-widths of » '

b= 0.004654 (QE) m
and meridional half-widths of .

a=bsecH,

where the angle of con{/ergence 0 is given by

8 = arcsin |L si
) csm[m Sl‘nﬂ'

The distribution of the spill light for this blended optical system of Fig-
ure 23 has been calculated as it was for the paraboloid:; Both distribu-
tions are plotted in Figure 24 for comparison.

IV. Mounting for a Two-Mirror System .

Figure 25 shows how the two-mirror optical system, described
above, may be embodied with an alt-azimuth mounting. Such a mount-
ing has a precedent in large construction — it has been used for the
Manchester radiotelescope of 250-foot .a.pe'rture. The éeparate angular
motions of altitude and azimuth may. be controlled and coordinated by
separate sun trackers with associated servomechanisms or by pro-
grammed drives.

This alt-azimuth mounting has several notable features:

a. Relative immunity to high winds.

b. Protection of optical parts from weather.

Facility for optical adjustment.
Target plane faces upward. -

>e. Primary movable to a "horizox;t.al".position for maintenance
and repair. :

Figure 25 illustrates the general appearance of the envisioned fur=
nace, while Figure 26 shows t}';ree sectional views of the furnace.’ The

main structure turns in azimuth on a circular track, and this frame
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supports the furnace proper on trunnions that allow it to-rotate in alti- -

tude.

This construction provides the observing station that is detaﬁed
in Figure 25and shown further in Figure 26, Observation ‘dir)ectly into
the Igrnace hot spot is afforded from this station. Observers maywork
on its cylindrical half-floor when the furnace is tipped, and on the level
half-floor when the furnace is pointing vertically. Experieﬁée of as-
tronomers with the prime-focus cage of the 200-inch Palomar tele-
scope serves as precedent to show that such an ‘observing system is
practical. Figure 26 shows how the observer enters the observing sta-
tion by an elevator to the trunnion level, and thence by steps.

At the hot spot, when a crucible is exposed, it will be inclined up-
ward by at least 30° and it will be nearly vertical at high noon in early
summer, A prearranged set-up for an experiment or for routine ex-

posure may be raised to trunnionlevel by the elevator indicated. From

there it goes horizontally across the cat-walk to a door in the central

shaft and chencb‘e to the hot spot by a lift.‘ This cat-w;'ilk may be turr;ed.
duriﬁg exposure, 1.5 a poéi!io’n affording minimum obstruction(‘as‘ shown
in. Figure 26, upper rig‘ht).‘ »

The artist has ghown én éz’;semble'of sloped radial vanés to serve

(1) as an aft‘enuator; (2) as the, slow shutter; and (3) as a ‘protecting

roof. The vanés are mounted so that théy turn open over the beams that
support the observing station, thereby minimizing light obstruction.

A similar but smaller ensemble of vanes (not shown) could con-
veniently be located radially (to form an inward pointing cone) and reach
from the rim of the secondary mirror to the central shaft, Such a
secondary set of vanes could serve as the fast shutter.

For adjusting the facets of the primary mirror, and aligning-the
primary with the secondafy, we envision the furnace pointed toward a
platform on a nearby tower. By bringing the center of curvature of the
si:herical part of the primary within surveillance of an observer there,
the spherical facets can be adjusted by autocollimation, as remarked in
Section III.

The facets of the aspheric secondary mirror may be adjusted with
a radial template arm (not shown) which is perpendicular to the optical

axis and rotatable around it.

If the central part of the primary mirror is paraboloidal, as dis-

cussed in' the. latter ‘part of Section III, it may be lined-up ‘simply by
putting a point light source at the focus after preliminary adjustment of
the secondary mirror. Thé parabolic facets may be‘observed bymeans
of penta-p‘risms mounted, ‘one for each zoné of fa;:ets, on the template

arm mentioned above.
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de r

Optical line-up may be carried out during cloudy weather or ‘at

%o fiux

insi

night.

3.194

Finally, it is to be noted that this furnace construction is compact,

47.81

50.36
0.314
0.994

and that it may be located in a depréssion of terrain to further protect

3.114
1. 000 .

it from winds during operation and from damage during storms, This

4.84 inches.
'0.356 |

45.12
47.81

mounting is certainly more immune to wind than one that has separated

3.034
0.403
1.000

components separately mounted.

1 image
42.26
45.12

V. Alternative System Using a Paraboloidal Mirror

paraxia
2.953
0.457
1.000

Figures 27 and 28 show Mr, Hayward's conception of an arrange-

39.20
42.26

mentusing a'"horizontal" rather than the previously proposed "vertical"

35.86

39.20
2.873
0.518
1.000

heliostat, This arrangement has the disadvantage of requiring a larger

60°,

flat mirror; but the following advantages inhere in it:

2.791
0.588
1.000

a. The working focal plane faces upward.

=
>
1
|
0
4
&

32.18
35.86

b, By means of bi-parting shutters and a retractable shed, all

peripheral 6

2.710
0.667
1.000

optical parts may be protected from wind and weather,

28.03
32.18

In this arrangement we propose using the bi-parting shutter as

attenuator, with a r_otatiﬁg half-hemisphere for the fastshutter. Access

2.629
0.759
1.000

23.15
28.03

to the hot spot chamber by a passage in one of these bi-parting shut-

S 2.548
0.865
1.000°

ters provides for the safety of personnel.

6.0
16.91
2.460
0.988
1.000

Zonal efficiencies and the distribution of spill light surrounding the target of a paraboloid.
Aperture = ZY1 = 100 feet,
16.91
23.15

‘2.5 in. -
3.0 in.
3.6 in.
4.2 in.
6.0'in.

I SNOTIBA

Inner Y, (ﬁ)
Outer Y (ft)
a (inches)
b (inches)

-
=
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CHAPTER 5

THE LOSS OF ENERGY BY ABSORPTION
AND REFLECTION IN THE HELIOSTAT
AND PARABOLIC CONDENSER OF A

) SOLAR FURNACE

)

spot in biparting

g

passage to ho

= bearing surfaces
of trunions

"
v
y
-
-
o
3
g
g
0

Figure 28

ABSTRAGT

(

bearing surface

This chapter analyses the reflection and absorption losses

conical

for back silvered plate glass mirrors -such as would be used in

\\ :
N

\

a solar furnace. Taken into account are: the amount of incident

/~~Jmirror|

N
Pt
A
s
~
flat

spherical
becaring

light reflected from the surface of the glass plate, the-amount

|

counter weight
~

solar
declinati
range

absorbedby the known thicknéss of the glass plate, the amount
Jost on reflectionfrom the silver surface', and the higher order

terms showing the losses as the light is reflected and transmitted’

Srup-off shed

back and forth within the glass.
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I The Method

If we denote by /LU the fraction of the intensity of the incident light
which is reflected from the front surface of a mirror, by A the frac-
tion of the intensity of the incident light which is refracted by the glass,
by/‘) the fraction of the intensity of the light incident on the silver sur-
face which is reflected therefrom, by /Z, the fraction of the light inci-
dent internally on the glass surface reflected therefrom, by,¢ the frac-
tion of the light incid‘ent internally on the glass surface refracted into
the air, and by /e the sum of the fractional intensities reflected by the

combination, we see from Figure 29 that
/ / / /. / / )
R=1 149 +/z/oo/M "y /z/wpﬁ@ +
Now we have the relation a_—_—(/._ /L), and it can easily be shown

that /L/= /Z, and 4/,: A, so that we can put

R=2 +/0(/-/z)2[/ #ap +(2p) TR BENC
If now we use the subscripts ﬁ and A to indicate the parallel and

perpendicular components of the light, we have according to Fresnel

fw o (5 )i (4 x)f‘

/lS [4"’” ¢ - )O/W(;éﬂ‘)(ﬂ )

where ¢ is the angle of incidence andx the angle of refraction; we

additionally note that
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wn = (eme) /) BT
where Nis the index of refraétion of the glass, from which the angle

'of refraction can be calculated provided that the angle of incidence is

given, -

For me“quantitie.s-/)ﬂ and/g)a we have the relations
= (1= N)erod ) + /< | ‘
(77 + /)"

2

(7)

fus (- /VCMQS)L*K

(1 + Newog )74 £

where Q is the index of refraction of the silver and K the extinction
cogffi‘cient, and from these equations /6/0 "and /f" can be calculated.

: Assuming the im;idént light unpolarized, the resultant /€ is. given by .
-R— ('Q;of_'?e)/z! : ol .

H. Calculation of the Reflectivity of a Glass - Silvet Mirrof .

Let ] indicate the incident intensity of the hgh;c falling on the mir'— ¥
ror, f the emergentmtenmty,/v‘v the absorptmn coefficient of the glass_

and ZL the thickness of the glass, then upon referrmg to F1gure 30 we

‘have the followu‘xg equatlons - “and so on,

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6



I
Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

’ ’ .
Substituting(/—/l) for 4 and 4 and ([ for /L, we have as. the ‘
Since/L is approximately 4%, we can write to a close degree of approx-

sum of the emergent intensities
I 20( ) imation

E/T, /z+(/—A &+ . . -
- ZE/L,- )/} PRI | pel-n)s =(/-\/z)2%0

+(1- /L) /L/J g (/-/z)/z £+ , o
—é (11) & _ 2
/Zf[/-ﬂ.)f[z +4/054/;4f)12+0('” : %0 /3/(/ 4)7

In order to calculate z we note

where we have put

T
S St ) o f=¢ o

O( whence we have

1f we let}/ =& we can further write | ZM : 'éﬂv‘/ X
/€=/l+(/—/z)2fjp[/ + /szzfal/p‘j{z.,] roH 7o { ( e fo)/m

The quantities ﬂ ,/ and P arefunctions of the angle of incidence as

11, Calculations

In a previo{zs report(l) we have calculated the energies contained

well as of the wave length,
; in various wave 1ength bands in the spectrum of the sun. We shall use

It remains to show how ﬁ) , the fractional part of-the 11ght inci~

the same bands in this report. ‘In Table IX the quant1t1es )7 /( A/
dent on a plate of glass which is absorbed by a known th].ck.ness fo ;
andK are given for the glass and the silver coating. The index of re-
the gla.es, can be determined from the measured fractmn/b of the light
L - N fraction of water white plate glass as a , function of wave length was not
transmitted by the glass, This transmitted portion/b is given by
; : S available; however, the Pittsburgh Plate Glass Company has advised

(14) it would be approxxmately the same as for crown-silicate glass. The

VEE ‘__0( ' : =
p=l-1)¢ 07‘/22(/—4)25 D A=Y=V 4.,
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i 2 ' '
values for this glass are given by Morey( ). The values of n a.ndK
(3)

were extrapolated from the data given in the Smithsonian Tables‘ .

From Egs. (3), (4), (5), and (8), the values of /Z corresponding

to various angles of incidence and wave lengths were calculated and are

given in Tablle X, ‘ )

Néx;c, from Eqs. (6); (7), and (8), thevalues off were t;alculated_
for various angles and wave length bands and are given in Table XI.

From a table given by Wight“‘) for the transmission of water white
plate glass, the factors ZS were calculated, The data were extrapo-
lated beyond 2,10 /-A/ and are given in Table XII.

From the values given in Table XII, the values of % were calcu-
lated for various angles according to Eq. (17). The results are given
in Table XIII,

From the values of /Z, K and fgiven in the tables, the values

‘ofe'fpr an angle of inci&ence of 40°, corresponding to an angle of ele-

vation of the sun of 807, and for the energy,invthe various bands as

given inb,a previous report(l), the. energy reflected from the helidstat

wa_é calcixiated, and the results are given in Table XIV.

Ong. notes that the eﬂergy reflected by the heliostat is B9.yv8% of the .

energy falhﬁg on it when the angle of elevation of the sun is 80°,

96

N Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

Next the values of /€ corresponding to various wave lengths and
angles;ﬁwere calculated, The results are given in Table XV, Only
the first two terms of Eq. (13) were used,

Taking the values of f/g)given in a previous report(l) for var-
ious angles 5 and multiplying these values by the correspondingvalues
oi¢: 9/23:1(1 integrating the energies corresponding to various wave
lengths and anglesg of 50°, 60° and 70°, ‘the partial fluxes were cal-
culated and are given in Table XVI for an angle of elevation of the sun
of 80°,

On the basis of /(3 / , i.e., unit reflectivity, we obtained the
following values for the energy“),

50° 60° 70°
53,970 69,645 83,178 cal/cm? per min,

giving for the combined reflectivities of the heliostat and paraboloid

50° 60° 70°
81.3% 81.3% 81.5%

‘while we note for the heliostat alone the reﬂecﬁvities

. 50° 60° - 70°
89.8% ) 89.8%: 189.8%

leaving as the reflectivities of the paraboloid

500 . " 60° ‘ 70°
90.,5% 90.5% - .90.8%
97
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On the Basi’s of 1.76 cal/qmzlmin-incident solar radiation, these

" would correspond to energy‘concentrations of
50° 60° 70°
731 944

cal/ cm®?/second,

Table IX,
K K N

2.20 4.84
4,05 16.41, . 1.522
6.06 36.73 1.514
8.83 77.99 1.510
12,3 151,3
15,4 ©231.2
18,5 342,3
26,3 691.9

Table X.

A

1,25 2,25

L0413 . .0397
.0408 .0400
.0410 .0395
L0411 .0395
.0414 . 0400
.0419 .0401
.0427 L0412
.0443 0427
0469 .0444

. Table XI.
A
1.25

- .975
974
973
.974
1974
L9714
974
.974
973

; B
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Table XV,

5{0 - 15° 200 25°

.991 _ 857  .857  .857
.997 ‘ . ©.940  .940 - .939
.991 : .950  .949  .950
.980 .932° .93 932
927 840 837 . .837
.912 : ..815  .813 ,809
.911 : .810  ,808  .805
.901 : L7194 .789  ,787

Table XII,

Table XIIL

.875 1.25 1,75
<991 .980 .927
.991 .980 9217 |

.991 .980 .927 60° 70°

.991 .980  .926 . 13,642 16,302
.991  .980  ,925 17,452 20, 872
.991 L9799 .924 9,510 11,427
2991 .979 .923 10,290 12,260
991 .978 921 . 3,558 4,319
2991 .978  .920 900 1,072

665 792
. ; : ; 636 751 :
Table XIV (The heliostat) o \ 56,653 67,801 cal/ cm?/min,
Angle of elevation.of the sun w'80° RO : : : :
A R 2 - R
: .857 44 2377
.939 .48 .451
948 28 265
.929 32 LW 297
.8217 T4 J116
.756 .04 .030 -
«752 - .023
TL735 0 .022 e
Sum ~1.58 cal/cm? per min,

Table XVI,
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FIGURE 29

Reflection of Light from a Plate Glass Mirror

W
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. Transmission of Light by a Sheet of Plate Glass
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CHAPTER 6

CALCULATION OF THE CONCENTRATION.
OF THE SOLAR RADIATION THROUGH THE
"FOCAL SPOT OF A PARABOLIC MIRROR

ABSTRACT

This chapter is an analysis of the power, or the energy per

. o .
unit area per unit time, falling on the focal spot from a para-

boloidal mirror. Itis unique in that it takes account of fhe dis-

tribution of intensity over the solar disk as a function of wave

) léngth. . 'The results are bompared with the work of two other

men who used different assumptions.
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I The Method

The energy fallifxg per squai'é centimeter per m‘inute on the focal
spot of a parabolic mirror has been calculated by Bli‘ss(l) for a uni-
form sun. and by José(z) for a distribut‘ion curve of the inter{sity‘ over
the sol?.r disc averageﬂ for all the wave lengths, In ihe present repsrt
we shall t.ake account‘ of ‘the fact that the distribution of intensity over
the solar disc is a function of the wave: length. o

Suppose we have given for a certain wave length band first %& X,)
where A is the ratio of the intensity I ata distance /U from the cen-

ter of the solar disc to the intensity l-o at the center of the solar disc,

ie., let I/Io __'%(x)
(1)
1= /l/ 'QS (2)

being the radius of the solar disc; and, secondly, let 4, be the
S € :

where

energy in calones per minute fallmg on one square centimeter of area
(no‘mal to-the direction of the sun for the ngen wave length’ band.

et R be the radms of the imagé of the solar disc formed m‘ a
plane which ‘is perpendxcular to the-axis oi the cone of light reflected

-from a projected area of one’ square centzmeter. The power passing

through this dxsc is 4 cal/cm per second ‘L0 may be determined aav ;

a function of R ; we have
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.
/“W i(’l)bmm /irrfeizzm)m‘”
0

* 80 that

L 6/277/?2/,{/%)7(% i
4/277/%’ B

/f/%)ld;){, (6)

The focal spot of a solar furnace is considered to be the circular
area in the focal plane which is produced by the sunlight which is re-
flected from the vertex of the parabolic condenser. The radius R‘b of

~the spot is given by OQ&{, = FOC/Z , Where /Eis the focal ]eng.th of
the conde‘nser and(X is the apparent angular diameter of the sun. The
cone of ]Jght whuh is reflected from any.point of zone Angle: 5‘ has the

circu \ar cross sectlons,

&) WV&J 2'"" (/‘/’W@)

R?ﬁé(/z- & ve(_';- 2R
o " /‘

Y(hei'elo is the. dlstance from the pomt on the paraboloxd from whnh

the light i is reflected to the focal point since it can be shown that

@ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

/0= 2/-/(/+c4ﬂ9) e
In the wvicinity of the focal plane the reflected cone of light has a

circular base of radius R . The flux through an elliptical area .cen-

tered on the circular section of this cone is the part of the total flux

which it ‘passes through the focal area, This elliptical area is the pro-
jection of the focal spot on the circular section of the cone.
The semimajor axis £l of the ellipse ‘is RJL . The semiminor

,(9 is /2% Cr0 6 . The energy passing through the ellipse is

4+
Els)= 4 [Tn)adl-n) [T(n) 2nncn
a S 0

where

95 MC@% Cw'/ﬁ_(’f__% /'»b(m)

Gt
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Changing variables, we can write

. 2 e
5@:,-4‘, R, g/x)wm |

/

4 //? 7, f(%)byz%

‘where

55(1) Mcm/w/&/(m cm&)

He “//@:\ (1+ b))z
b oo 0l

; Substituting for -10 ita value, we have

,F/p)— —;@ /%[l)?g(l)?(,&%

f/ﬂz)mh( z:/é)+ Lz(&)‘

(15)

50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

E(é) is the energy passing through the focal spot from light re-
flected at an angle 0 to the axis of the paraboloid per unit aréa of inci-

dent light projected on the paraboloid for the chosen wave length band.

‘The total energydi(é) reflected at the angle 5 is ‘proportional to

the area of a. ring of radius Zﬂ'ﬁéin 9 and of width ﬁdé , ghat is
&CE{&? = E/é) Zvﬁ/)z/h’w ual TR

so that the total energy Z(&i) over the whole paraboloxd is given by

¢lo)= 4T F / E(8) b 08 -
(/+(4~06§))‘

where 67, is the angle of opening of the paraboloid,

The concentration C()\) ‘is the total energy passing through the

focal spot divided by the area of the focal spot so that we have

-c()) 7 arF?

70(2':/4 (/ * bfa &)L
19

.if. F/é‘)d«m@dﬁ
" The cdh‘centrationf()z) re‘pr.e'sen‘ts fhe concven’traﬁovn due. to the

chosen: wave length band. The total concentration Cz_ is obtained by

111
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summing the eriergies concentrated in each wave length band, that is where

G .is given by NS ’ ) ‘ y :
: t . ) ?[l QLC(Mm (/%Ly-o@) / (12)_
tee 3
w“nere.the summation is extended over all the wave length bands ‘in the: R then calculate

specfruﬁ’n of the sun. &
b v : )

S P it (N = 32 [E(8)s, bl
Given %('L) an&ae, for a given wave length band, determine rXZ (/ + (/:':’) &) L

from the equation
Finally calculate O-t- , where cz— is given by

/ﬂx)’ﬁ&% | | 0, = ZC(A)‘»

III. Check of the Formulas for a Uniform Sun

The concentration factor for a uniform sun has been .given by

L/~(/+C4"U§)/Za e | : Bliss!!)

Next determine ll and Zl from the equations,

. We will seeif the formulas developed ‘above give the same

result

(/-*CJO@)(W&)/Z Ly : | _ Foraumformsun#/(l) /and/ /Zsothatwehave .

 Then determme E()from the fu:mula, Zl

, e Eo)- L 4/#1)%’(.@ )14 /
: 5)
E&) e /{(x)¢[z)xm+"/ﬂ1)na% ] | /e/ﬁ/in 1,-T1, )*‘“ (41
‘ o : I . o
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so that

? 4.(/%%/‘? é)(cw é)/4
Subsntutmg this value in Eq. (17), there results

C‘ 3” fdfm//@m&d/ﬂ

0(2
(‘/‘5 Wz@/)/xz @)

whereé is the concentration factor of Bliss, which gives

C = (4 s, ) & : ’
( I, 6/ / | This checks Eq. (19) of this paper since C = C/L

This checks the result given by Bliss,
IV. Calculations
As a further check lets us compare with the formula given by TR

2! ; By interpolation from Tab1e814( 3), the values given in Table
Jose( ) for the concentration factor.
were derived.

According to Jose, thls is given by

/K:LMMM

where RZ/ is given by

Ry = E& 12 o 18
L (/+m@)m@
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From the values .g‘iven in Table XVII, the values of %(l)lwem cal- _ : The values of e given in Table XX were taken from thé paper by

culated and are given in Table XVIIL ‘ - . : | Wight(4). The value of the wave length at the center of the band as
Table XVIIL x f (x) well as the wave length interval are also given in Table XX,

z 425,625 875 1.25 1,75 2,25 2.75  3.75° - ) . )o
.00 .000  -,000 - ,000  .000  ,000 -.000  ,000: .000 ' - ' S :2‘;’ _
.30 2293 .293 ¢ L2960 .296 298 . .299 299 .299. » : C g7
.50 453 0,468 477 484 490 490  .492  .494 ‘ 125

60 .513 .54l .,557 568  .581' -.581  ,583  ,588 ‘ . ‘ S ) 175

. W70 .558. 1599 | .627  .645. .666 .667 671  .678 . : 2.25
.80 .568 628 678 - 708  .742 745 .75l .76l v . 2.75
.90 519,618 .694 .739  .794 .802 .8l4 .835 SRS 3,75
.95 497 575 .668 721  .795  .807  .826  .855
975  .379  .524 631 .692  .772  .794 - .8l6.  .853

From the values for e given in Table XX and the values of jgiven

i he ¢ and Q/J were calculated
From the values given in Table XVIII, the values of Ja/f(-z) L z ) in'Table XIX, the constants le/”J n

iven in Table XXI.
were calculated and are given in Table XIX. and are given in Table

Table XIX, Partial Integrands for ‘J . Tarle XX J
i Y/ ; © 156 o 1,188
Kooooazs oy 875 1,25 . L75 2.25 ERC 1 : .62 J761 L 1.295

: ‘ . [ : : . . ) 419 P 658

0230 " .0440 .0 44,0444 © 0447 .. .0449. -, R . A 25 464 729
.30-.50  .0746 077 0788 L0791 .0793 i . : B St 195 S ,307
50,60 °.0483 ; - 50536 7.0536'; .0538 . : : . L0556 - .0874
.60-.70  .0536  .0570 . .0! : 0624 ‘ 770633 : el ; L0414 L0650
.70-.80 0563 . 5 : 0704 ., =71 G el L0411 C.0646

- ,80-.90 0544 o ,0768 ) : i . 1 a
.90-.95" 0242 . [ 0397
.95-,975 .0103  .0l: ) A . .0196
.975-1.00 0047 3 .0097

.3704 L4258 L4557
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: ‘ . The values %, — X e split up into intervals and the value
The values of 1,/ and ZLwere calculated and the results are given values 2 2, Were St up into interva.s and the vat

Tkl XXfI of :lé(l) calculated for the end points of each interval. . The results
in Ta X o . . .

are given in Table XXIII.

Table XXIL o :
TR 5> BL== %y

1.000 .000 , . .
.978 015~ . | 3 Toberyals sz L ¢(Z)
912 " .058 Lo A
1 015 . .978 .+ 1.571
.808 .125 : ©.993 .000

.676
.529 - .293
.3175
.229
.102 .485
.000

.058 912 1.571
.970 .000

.808 1.571
+933 .000

676 1.571
L1179 693
.883 .000

.529 1.571
.627 4792
.725 L466
.822 .000

.375.. 1,571
.469 193
563 533
657 323
.750 ..000

+ 42290 1,571
3395 670
.4500 . .415
.5605 J242
L6710 .000
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‘ | ON | ettt 1)
Corresponding tothe sameintervals, thevalues of %{Z)were cal- Fromthevalues of Z’Z givenin Table XXIland thoseo 1 Lda
culated by intérpolation from Table XVII and the results entered in givenin Table XIX, the values of the integrals /:1_(9) were calculated.

able ; : i : i iven i XVI.
Table XXIV. Table XXIV.£ (X - ) The results are given in Table X

X T425 625 .875 1.25 1.75 2.25 _.2.15_ 3.15 X\

978 ~ .342 -.531 .569 .625 .697 ~ .716 .718 .770 T T T LB
“912 551 .667 755 .806 -.871 .B81 .B9T  .922 ‘ - a3 0393
.808  .699. .777 .841 880 .924 - .928 .936  .950 : 4353 . .5125. . ' i e
676 .811  .866. .903 .928 .956 .957 - 963 .972" 4004 4643 - .2472  .2803 .1216 .0
179 7.728 . .800 -.857  .893  .933 .936  .943 . .956 3342 .3807 .2003 .2254 -.0970 0277
529 0,891,927 .946 .96l  .987  .977 - .980  .986 2468 .2770. .1443 1612 .0689 -.0196
627,840  .890 .919  .940. .964 - .964 949 .977 ' 1575 .1745  .0901 .1004  .0427 .0122
1254775 - .837 .883 .913  .946 948 .954 .965 0854  .0939  .0482 ° .0537 .0229  .0065
J375. ,950 962 . .973  ,980 .988 .989 .991 .993 0399 . .0435 .0223  .0247 .0105 . .0030
469 917  .943  .958 .970 .982 .,982 .985 .989
; : ; s 954, . ; .985 P
Z:; .SZ Z"ll: Zig 323 Z_Z,; 3;; ZZ: ,?)74 The results entered in Tables XXV and XXVIwere added to give /=
.2290 .982 .983 .989 .991 .995 .996 .997 .997 . ;s
03395 .963 .970 .979 .984 .990 .992 .993 .994 and are entered in Table XXVIL

4500 924,961 .961 .972 .983 .984 .986 .990
.5605. .875 .916 .940 .955 .973 .973 .976 .984 Table XxVIL £ ()

.425 .625 .875 1,25 . 1.75 2.25
L3175 .1389 - .0398

From the values of the constants given in Table XXI, the values of

: 4383 L5172 .2185
¢(7L) gweanablexxmandthevaluesof—T/(%)gwenm'rabmxxxv the/s . ; 4177 . .4854  .2604 . .2958 1287  .0367

;3761 4276 2283 .2578  .1113. .0318 -
. 3109 .3469  .1850 .2078 ..0892 . .0256
: vThe mtervals given m Table XXIII were used ’ : : 5 e : ; ,2352 .2573 1372 -.1538 .0658 ~ .0188
: ' : L1605 L1723°.0921: .1004 - .0440 .0125.
0974 -.1024  .0551 ,0613 .0260 10074

. integrals F ﬁ were calculated and the results are ‘givenin Table XXV

_ Table XXV, E, (6)‘

425 625 .B75 1.25 1.75 . 2.25
.00298 . 00466 ..00275 .00334 00157 .00046
0173 .0211 0132 .0155 .00706. .00204
w0419 .0469 .0280 '.0324 - ,0143 ,00409
0641 -,0699 .0407 .0466 .0203 .0060
L0777 ,0828 -,0471 .0534. °,0231 .0066
.0751 © .0784. .0439 0467 - .0211 0060
.0575 - 00589 .0328 . .0366 0155 0044

120
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R o
Next the values of the function 4408 /(1 4 4o 57) were cal-

culated and entered in Table XXVIIL.

Table XXVIIL .

2
aun é/(/+ cN@)
.0442 o
.0909 -
144
206
.284
.385
.522

From the values of E{ﬁ) givenin Table XXVII and the values of

dzyly, 0 (/—f w él) 2-g'1ven in Table XXVIII, the values of the elements
— . R 2/
L E()em 6)] (14 b)) 46
0093
- were calculated and entered in Table XXIX.

~ Table XXB(;.

5

875 - 1.25  1.75
397 453 198
764 868 378
1060 1200 . 517
1230 1380 593
1260 603
1140 541
929 438

Byé.dding the values given in Table XXIX, the values of ¢ (/\) were
obtained for various values of /\ as givenin Tablé XXX. Thevalues were

added to give the final values of the concentration for 9 = 50°,60°and

70°.

Table XXX. C (A)

B =50 Bt B =100
425 14,510 18,660 . 22,290
.625 15,276 19,776 23,646
.875 8,162 10,562 12,631
1.25 9,212 11,872 4152
1.75 3,975 5,125 6,110
2.25 1,138 1,465 1,745
2.75 848 1,093 1,303
3.75 809 1,092 1,301
53,970 69,645 83,178

These final results give the energy' in cal/ cm2 per minute concen-
trated in the focal spot, The corresponding values in ca,l/a::mZ per sec-
ond are given by

conc.. - . ;
50° . 896 cal/cmz/sec.
600 1161 " nooon
700 1386 moomon
' These values are on the basis of a total of 1.76 éal/‘crhz per min
received at the earth's surface. !
Comparing with the values obtained by Josel?) for a total of 1.94

cal/cm® per min, we find:i
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. Simon . . . Jose Ratio S/J

500 53,970 55,300 v .976
60° i 69,645 < 71,800 970
7095 83,178 ¢ 85,500 973

Or, if we calculate the concentration ratio by dividing these values

respectively by 1.76 and 1.94, we obtaén'

: Simon : " Jose . RatioS/J
500 30,700 28,498~ 1.076
60° 39,600 37,016 1.069
70° 47,300 44,104 1.072

'The difference is aﬁparently due to the fact that Jose has used an

average distribution curve for all the wave lengths, while in this report

distribution curves corresponding to various wave length' bands have

been used. While the concentration ratic obtained by Simon is 7.2%

higher than that of Jose, the total energy used by Simon is 9.3% lower

than that used by Jose, which accounts for the fact that Simon obtains

an energyconcentration 2.7% lower than that of Jose. However, Simon’

‘calculates the concentration on the basis of the energy reaching the sur-

face of the earth (Wight) while Jos% calculates the cdncentration on the

bas;s of the energy striking the outer atmosphere, ice., he neglects

atmospherm absorptmn.

k

)

(2)
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CALCULATION OF THE CONCENTRATION :
OF ENERGY AT POINTS OUTSIDE THE
FOCAL SPOT OF A PARABOLIC CONDENSER

ABSTRACT

¢ oy b ,. This chapter is. ‘an analysis of the distribution of intensity -
and of energy falling' outsxde of the cu'cular pro;ecnon of the

" cone of reflected. radlatlon coming from-all 1n£m1tesuna1 areas‘ i

. of the surface of a paraboloidal mirror. vThe method integralv:es‘

- the qnergy' and ;gtensity falling in th; area éwépt i:'y thg major
gemi-axis of the ellipses subtéhded‘b‘yr‘ the focal plane. The' ‘re-

sults are tabulated and graphed.

|
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The energy collected by an infinitésimal area on the surface of the
parabolmd mirror is spread in the focal plane over the area of an el--
lipse of semin'ilajor axis»/\),‘/CM 9 and semi;ninoz‘ axis eq\ial to>/€ =
whe_re/Q is the radius of the base of cone of light whose axis makes an
angle 6 with the axis of the patabolmd and whose center lies at the cen-
ter of the focal spot. As the axis of the cone moves around the parabo-
loid at ‘constant angle 9 , the major axis of the ellipse will rotate so
that the energy collected by a ring of radius Mgand width dé ’
where P is the distance from the ring to the focal spot of tl;e parabo-
loid, is spread over a circle of radius R/Cf)ﬂ 9 .

Inside a circle of radiusk the intensities add, being equal to

oﬂIc,_= - .2/7/04444&5{9 L
W—
where dic represents the differential w:th respect to (9 of the mten-

sity inside the cu'cle of radms R and ﬁ Trepres ents the solar constant, .

2
The energy spread over a cu‘cle of radius Q s given by k dIQ .

that is

e - nef Wﬁm&d/ﬂ , "v<;°->\

but the total energy CZE_ cpllécted by th’evming is given by
» il i
AdE = ¢ / o B dg

129
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léaving an amount of energy 0{.54 given by

cﬁEA,, 2‘/7_3‘/244;4&(/’ o 19) &Zﬁ

(4)

to be spread over a riﬁg in-the focal plane of inner radius Qand outer

radiiis IQ/MO 5 : This energy falls on an area /4”' given by

44 (’T/?Z/w—vlé) TRY

hence, the correspondmg intensity dI/L
d.I4 .2775/ o ¢9[/— <o 4)m2,9 48,
7R %0

2ep*(- %&)w—oz@d&
R

'Substltut:mg for Q its. value/ou/z where O(, is the angular dia--

~meter of the sun, we have

ﬁﬁlc (fe/dz)m &m 6 M

' xz (d’e/g(/- wb) mlﬁ M
G 6

@ 50-Yr 2013/10/23 : CIA-RDP81-01043R002500200002-6

If now we choose a circle in the focal plane of radmsg where
/e > Qﬂ, , the radius of the focal spot, up to a certain angle ﬁz_
given by R)_= b all the circles of radius [Q < /l will lie within
the circle of radius /l , while all the circles such thé‘c Q > /Z will :

lie without the circle of radi‘us /Z . For the radius IQZI wehave
'Q; o 2-&4/{/7‘% 6’2>¥ A
whence
oo by = (2Ra/n)- 1 -

The outer radius Rs of the ring over which the energy d/_:a

is distributed is given by

Rs/%@a 2@4/(/+cw&3)m& o5

mpj ; /+//+<m4/a

. Now provxdeu that 4_ < R’ where @/ is the radius of the base

of ‘the cone of light correspondmg to.the maximum value 0, of the‘ :

parabolmd, ‘we have as the resulting intensity ‘[ﬂ ingide a circle of

radius /D
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while if R, <N/l 'Q/Cn &
Tl s

¢ b
o wh11e if /L > /e,/Cm 0 the resultmg intensity is zero,

The resulting functions can all be easily mtegra.ted We have for

. @tmue,

while for /'2/» 4 Vi < !Q//&w ﬂ/

T - (4e/x)[ers 6 - (b))

+(M (9/)/2 %934- (/7‘6%35
~(e85)/2 zg 3)' '

while finally for /& > @, /M 0;, we haveI = 0 §
It is of interest to calculate the values of 91 and Q? ‘for various

special.cases,

Firstly, for /L ROL we have 01 % , 8o that for

this case we have the result

I- (J’e/xz)(m"&,)/z ~

which is the result gwen by Bhss( ) for the mtenmty in the focal spot.

o Secondly for/l R, & 0 orfor&,:éO"A (4/3)04 |

Thlrdly z'or/l R//m &/ 0'3 d} when i 0

" For Q 60° this corresponds to avalue of /L/ 4 Sf2.67

‘ Thevalues of m 0]_) L ("’ m &2)

m&3) ?2(/74.% ) and@wa&i;)/~ ot

were calculated ¥nd are given in Table XXXI,
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The results givén in Table XXXI were combined to give the quantities

in'brackets in Eqs. (16} or (17) depending on the value of /L/Ra’ and

'

are in the second column of Table XXXIIL, ' The ciuantities in the second
column were divided by .375 to obtain the ratio I/Iﬂ, gﬁven in the
ﬁxird column. To obtain the ratio of the total energy E 'falling within

‘the circle of radius /l to the energy En falling within the focal spot,

«57( 14 W%)

it was noted that this quaﬁtity is given by the equation

E/Eas= __m(J +Zis1) an,
”"Qét 2La

where am is the mean radius of a ring of inner radius /ZL and outer

(18)

Cod) Gy

radius /I‘L + / and thlckness /J/L This reduces to the equatmn

E/Ea. (-/-L +IL+/ a4 00
: : i VQ&(« -

From this, equatxon the values in the fourth column oi Table XXXII i

v

‘were. cal_culated .

a

MV‘H’\\DF&O\ONQ‘\O
T S

—1—4-—4-—4—1—4—1NNNN
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' TABLE XXXIL

oL

1.0000
6909
.4533
.2755
1995 -

alb661
1397
1141
.09413
.07680
.06293
.03760
01867
<0000,

B W= o

O IV © 0 ®No-!

DO IV TV T = e e b s e S e e

N‘e'\édle‘ss to say, these values are obtained on the basis of a uni-

form sun.

The values ofJ/_L‘and /-/E as a function of ﬂ/&have been

plotted in F1gures XXXI and XXXII,

Fmally, 1t is of interest to compute the fractional part of the total !

‘energy concentrated in the foca.l spot and.compare thh rosult glvenlln
= Table XXXII We have as the energydE collected by a ring of radius

:ﬁﬁMM%me/“Qnmmm&mmhm“V
dE aZ/r/DM@M

and a8 the tota] energy E collected by" the paraboloid
) . :
. N :
E. [elr f Y4 b B

7 ) .
Substituting foz'/o its value 2 F/(/‘)L MJ) this becomes

E= [ine Flombdl
7 (+woe)*
which-gives for & the value
E=-dme FY- m@,)/(lv‘m ﬂ) o
Fma_wmﬂmms
E=4me}FY3
For the foca] spot we had as the intensity
Tl emit)fe
50 that the total energy E , collected by the focal spot i given l:y : -
B Rt

Substituting in this expression for a its value F°< 2 L we have :

Eo=1F% m?&/ o

For-ﬁ & 60° this becomes ;
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so that we have for the ratio

Eufex 3o e S 137

Comparing this with the values given in Table XXXII, namely

LB looo/L19427 = ST/ %

. we see that the agreement is very good
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CHAPTER 8§

RIGID-BODY TORSIONAL
OSCILLATIONS OF AXIALLY,
SUPPORTED HELIOSTAT MIRROR

ABSTRACT

The rotational oscillations of a large-scale flat mirror :

structure are studied on the basis of random input response of

Lo
‘m‘

i
St
o]
Y
It

SR

a second order linear system. The excitation is supplied by the

random pressure distribution across the mirror surface under

various,assump"cions pertaining to the turbulent cha\ract]eristics"‘
of wind.

CItis concluded that the ‘axial suppo'ﬂ:, as.proposed in the

Total Energy as a Functi‘oii of Distance from Center of Focal Spot

existing pr'eliminary design, has little 'chahce to peff_orrq within .
the expécted tolerance specifications above a few mph averauge"

wind velocity. Suggestions of principie are made for radicallff ;

different support designs, ‘leadigg .to imprdve& perfdrm’ancye,

and possibly some cost savings.
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I.  Introduction

Discussed ?n this i‘eport are the torsi;nél oscillations‘of an un-
usually large-scale flat ""heliostat" mi;‘ror intended to be part of the
Department of Defense Solar Furnace in Cloudcroft, New Mexico. Ihe
prelimiixéry design sketches and the'éxpected operating charactefistics
have been examined by the.1957 Summer. Researph Group, Operations
‘Resear;:h foice, Air E;orce Missile Development Center.‘

The purpose of» the group activity is to secure an independent and
possibly more general apprai‘sal of the problems involved and solutions
proposed thereto. It is definitely intended that the findings be interpret-
ed not as alternate designs but rather as orientations for tbé unext de-
sign steps.

The heliostat mirror discussed here is eséentially a:145-ft x 145-ft
flat plate, composed of 4-ft x 4-ft plate glass second surface mirrors,
a‘rrange‘d in-a mosaic ax‘fay to cover ?he 1:efle.cting surfac‘e required for

"the solar furnace operation, *

; Tfle normal to the heliostat surface is intended to follow the sun's

apparent diurnal motion so that the reflected ray originating in.the cen-

ter of the solar disk be coincident with the (fixed) horizontal axis of the

* The numbers quoted here are mieant to be representative, based on
various reports,, design notes and verbal information received from

« the Air Force Missile Development Center monitoring group and the -
Pittsburgh-Des Moines Steel Co. Minor changes in these numbers will
not essentially affect the conclusions reported here.

143
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' parabolic concentrator within % | minute of arc,

On: the basis of astronomical data at 33° latitude, the maximum
azimuthal motiep of the sunis & 103%, and the maximum altitude above

' the horizon is‘about 80°.

' tion between + 15° and + 40° altitude around the honzontal axis, .
It is desu‘able though not essential, that the mirror may:be placed
: completely horizontal for cleaning and alignment purposes.
.. The supporting and actuating structures are unusual with respect
to: g : b :
a. The extraordinarily large dimensions,‘
b. The close tolerance specifications on the variable poeitions,
.C. The severe environmental conditions such as wind, insula-
' tion and corrosion.
The :p:o'blvems of évtrx‘xlctur'al ri‘giciity», seﬁkexcitegl vibreti;ops*axj.dr
' effects. of Karvma_n‘vertices were . considered:-by other membef“s of_the

: grroul.;r.' ;

g xsﬂt_he ‘r1g1d-body motion of a flat plate elastically supported at its cen-

‘tral-horizontal axis. (See Figure 34)

) The axis. of the hel1ostat must thus be onentable byi 51", ; cen-

tered on South around the vertical ax1s, it. should also assume any posi-

Some expenmental mdlca.tmns are avallable on the effect of ther--

mal stresses in the plate glass su"faf‘e. The problem d1scussed here
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Itis aQeumed that .the structure is, repres,eni:ed by the ‘flat plate
AB having t‘he same‘wei‘ght and dimensions as the actual h‘eliosta.t‘frame.
The 6' dlameter drum (shaft) is said to pomnon the frame on the trans-
verse supports C D, EandF, it being understood that none of these
pxesent tors:onal ngldxty. The positioning and torsional rigidity is pur-

portedly assured by the gear and pmmn assembly in G. Whereas the

' operatmn of gears with" the required torques and accuracies may pre-

sent a problem of rio inconsiderable magnitude, it is felt that one of the:

main objections against such an arrangeme}xt is found in the poor rigid-
ity characteristics of the drum-shaft,

The problem voi elastic shaft deformation cannot be eliminated by
multiplying the points of rotational support. The torque-position syn-'
chronization between a number of such supports is  almost impossible
within the tolerances required,

The’ensuing discussion is based on the sketches now‘a‘v‘ailable,'
1.e. o ; single dmvmg gear located at about 25 ft from the nearest tor— :
sional support. The p0551b1e motion ‘around the (honzontal) shaft 15.

studied under random turbulent wmd exc1tatmn. S

I, Numerical Data

a’ ‘Heliostat Mirror.Structure

The weight of 1/4 inch plate glass‘, based on 200 1b/cu. f.t, is

approxlmately 4, Z lb/sq. ft. The metal support and adjustment struc-’

- ture can be estimated at 6 1b/sq: ft. with an addmonal 51b/sq. it for




the étrﬁctural steel frame itgelf. On the bas%s of 15 lb/sq.. ft., the
weight of the total 145 ft. x 145 ft, frame is 315,375 Ibs. The mass
moment of inertia of the mirror (in simulation of a rigid plate) is' then:

. = L M |2 - (Thickness)2| A& 1 ¥ 12
1"‘?:0: 1z b »#l 1Z g

17.16 x 10° Ib. ft. sec?

14 4 :
: L 145 4
I, = =4 ft =

6 44
L ) 36.8 x 10° ft*,

The torsional spring can be taken, for the purpose of 'this dis-
cussion as shown in Figure 35 the 6-foot diameter one-inch wall thick-
ness drum beingsubjected to the driving torque reaction (idealized here
by thebuilt-in end) and the torque T transmitted from the mirror frame

to the drum, The 25 1t free length may appear excesswe in view of the
: mechamsm. Infact. however, the assumptlonof havmg all the frame

ports are located at 50 to 120 ft from the dnvmg gear,

sprmg‘constant under these 'assumptiolns is:’

G = Tors_ionai Modulus of Elaéticity

G = 12x 108 psix 144 (1bs/st?)

146

(with respect to the horizontal axis) and, the area moment of inertia is

comparatwely small space needed to accommodate the dnvmg gea: S

: reactmn in, thls point is also unreahshc since the. other torsxonal sup- .

The gor,sional
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=T (- rhmome (wheret<<r)=ZTf33—12- (#th

' : 1 = 25 ft,

9.75 x 108 oot
rad .

C = 17x106 It
. degree

The stz:uétutal damping may be safely neglecte;i with respect’
to the viscous forcesv of aerodynamgg origix‘u one possiblebw‘ay to evalu-‘
ate damping is to assume that the differential drag due to the torsional .
oscillations is responsible therefor,

Let Gy, be the drag coefficient a21.1 for flat plate,

Vo = the average wind vélocity (15 ft/sec assumed) '
6 = mass density of air at 8800 ft altitude,
{~ 1.84x 1073 slugs/£e3.
The force on a double stnp of length L, mdth dy, 1ocated at
dzstance +vy ‘rom the axxs is: »
By cp»% (’(vo $av)? L dy ,;nd’l-“ii = C,,‘% C({fp - a?L éy‘ "
~which act as a bcou'ple" on ‘both s;des of the a‘xi;“so't’h“at‘ the‘”velemen'tar)‘; :
torque iq: kat lever arm-''y") ‘ : ; ‘ .
‘ dT < ¢, % 6[(v° +av)? - (V- d‘})zj Ly

T = ’c3%€4v°de;}'dy




’ } s On the other hand dv =y :0 if @ 'is the angle thru which the plate

% . (heliostat) rotates and there is no wind gradient with respect to y,
ives, ¥ = 0O L,

s :

|

T m %420y )L04 VodvLydy +C4

=

o= 42
At
The aerodynamic viscous dampir{g torque; from the second-term,

is found by integration:
St Y2
g = ‘4CD‘eV° L [dvydy ‘

(4

But: dv = ﬂ =
Y T yw

%
G = 4CpPV, LW [ y2 ay
o

3772 :
,:4CDEYOM{%’_] |
: ; “o N ¢ |
, 3
‘_4c ev L(U[L ]
o 3x8
e D ,
. =5 CpPVo it or 2 CpOVo Ly ()

Because, L, = é‘_ :

o ..@a_g. CDQVO L4, or 2 CDeY"‘” I_xx ;

‘ @ ,’=. ‘damping coefficiept.
e e
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For o = 0; this may be nun"xerii:all‘y evaluated for various
constant values of "w" and of "Vo"'
This analysis is good only for the ""steady state ca;e. Vo= a
constant,
? =2C, €V, Ly
o
¢ = 1.84%10°3 slugs/st3
Vo = 15ft/sec
o 145t 4

Lxx T ft4 = 36.8 x 10 ft

€ = 2.23x 106 —n?d—/—ﬁ— It is necessary to observe that the

_damping will increase with the average wind velocity, The mirror

structure is seen to be idealized as a second-order system with trans-
fer function

1 o 1026 rad
Iy §F gs+C 17.16 82 ¢ 2.23s ¢ 9715 ft.Ib.°

F(s) =

"~ b, Nature and ngnitude of Excitation Torquéks

The: actual wind velocity distribution is unknown and largely
unpredmtable at the chosen solar furnace site. ‘The presence of moun-
tainous areas and art1f1c1a1 obstacles (such as the parabohc concentra-

tor at not more ‘than 250 ft. dxstant) renders the available micromete-

orological data u‘napplic;able.




We shall assume here that in the presence of turbulent f_lc;w

(a) thevavérage wind veldcity Vo canbe aﬁproximated by the analytical

Vo = Ve é-e_% TR

Voo = velocity measured at altitude not
influenced by the surface"

expression:

h = altitude

h, = characteristic altitude of the air
flow, representatively 20 to 30 t,

(b) the fluctuation of wind velocity with respect to the average is sta-

tionary, random with known probability distribution (possibly function

of the average value Vo)

(1) Steady State Wind Torque

Call H the altitude of the shaft, y the distance from the
: shaft, and»‘p* the Pressure acting on a sfrip Ldy, as shownon Fig-
" ure3. Then " i e ‘ el
Sl L e i,
b PV Ph C‘D 2 evh : i
. p = "‘pressurev"
Cp = drag coefficient
= dexiéity v

: Vi = velocity at altitude

fe
Vi =V, li-e h,)

.
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The elémentary’torque on the shaft is

h 2

. . . . 2 ) ;
al = Lp,ydy = cb.z.fvm 1-e Lydy.
K The integfation can be simplified by replacing the actual wind profile

by its first-order approximation at the’ center:

AN e g SR
: £ by = 290 by = V4 .
Vy’%v-é-———ah y Vot hae oy +,¢<?’

: +5
L t-c—eL\/‘(V-‘-/t(Y)zde"
‘ L
* Tz

H
Talo rtyleey;
T2 Ro °
: ve _H i -6
‘E=le.cm€1_,4f-°- € ko \l-2 h, (2)
e S ,

The ratio of this'wind gradxent" torque to the one supplied by the aver-_’
: { age wmdveloc1ty at the center on one- half of the plate is of some mter-'v

est.

fas;
(1]

Altitu(:ie of :shaft

'Charécieristic‘ of wind
profile (See Eq. (1))
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“ This relvationship, put under the forhﬁ

Tﬁ_ Lot Jrum e
e 3 H h

° i
- €

is represented on F1g.37 for the largest % value possxble. % is ex-

pected to be around 1.5 50 that the actual gradxent torques could easily

‘be about 35% lower than represented. - ! ‘ g
: The conclusion is that unless h; is very'sx"ﬂallr (say 5to
15‘ft) the gradient ;t'orque is ektremely signiﬁeant (20 to 40%) with re-
epeéf to the aerodynamic tcrque acting on any half-portionef the helio-
stat vmirror.
Numerical‘example on Eq. (2):
1 Cy o= ,'1'1;0’
¢ 1.84 % 1073 slugs /a3
145 1t,
5it/sec
15 ft
75 1t
. 1035‘1b..'ft. ;
50 ft/se6 (’n\:’ 34 mph)’

35 1t P

553,500 1b, ft,

Declassified in Part - Sanitized Copy Approved for Release @ 50-

It is seen that, in the presenre of morierate winds a.nd reasonable grad-
ients, the net torque is smallcomparedwlth the shaft stiffness computed
previously. The above 553, 500 Ib. ft. torque would cause a rigid-body -
rotation of the mirror of abou‘t 1.9%f ‘arc‘ with G'= 9.":75 x108 lb.ft/rad. '
or 17 x 108 Ib.ft/degree.

(2) Fluctuating Excitation Torques

It is our assumption ‘that in addition to the average aero- :
dynamic pressure accou»ntedbfor in the preceding section, a fluctuating -
pressure ¥ is applied to the mirror owing to the turbulent cha‘ract‘eris?‘
tics of the air flow. An approximation of the net fluctuating torque can
be computed by subdividing the mirror area in "cells' of side (\ where-

in the pressure is a statmnary random function of time uncorrelated

with the pressure fluctuations of any other cell * .The only assumption
necessary is the shape of the distribution function of pressuré’. i
— :

W (p) dy. is the probab1l1ty that w111 remam between

Y

P ‘and p + dpat anyvgiven _time.‘ Owirig to the stationary character= ;

istic assumed, such d1strlbut1on is tlme-mvanant and the time average :

properties can be 1mmed1ate1y obtained from the d.letnbutmn.

* It is to be noted that moderate scale correlatlon (5 to 25 ft) would in-
crease the net fluctuating torque.’

2013/10/23 : CIA-RDP81-01043R002500200002-6
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In particular, tHe variance is obtaingd by .

; : @’
o 2
Te = 3w
i 3 . e ‘ ‘
so thai, for example the \Gaussian Distribution
Wip) ’ LRt L
e
o~

The "Equiprobable" distribution

Wp) = L hes

. Th‘é‘ ze,r‘o-‘ordéi{ Poisson distribution

Wy = L 2
: (y) 5

e . has 5% = 258

And the fii'st-ordgr Poisson distribution

W(p) =%e " has :""Fz = 6‘52
P ‘

- From the preceding examples, it is plain that the nature of
the assumed distribution W(p) will not essentially change the conclus-
sions for variances of the same order of magnitude.

A fluctuating pressure T (y) acting on a cell of dimensions
2 3 A 2 = Ado=? 3
(\ produces a force variance oy (y) = 3" (y) and, since there
are % such cells in the strip distance (y) from the shaft xx", the var-
iance of the total force acting on this ’stfip isog z (y)= LA3.Q";,2 (y)and -

thus the variance of the corresponding torque is

~ly = {L A2 (ya_ (n N2

‘n = number of cells'
n A A Yy . : :
The total torque Yériance, is, therefore
v o
e Anten

51555 5
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In’ part:cular, ifap (y) is mdependent of y (umform tur-

= 75 ft,
; bulence charactenstlcs over the whole mu-ror surface), °

= 51b/sq.ft.*

‘ 442 2 S : ' : T A 49,400 Ib.f1,
‘O‘t,*LA5¢‘f k_)‘__.L ; .

; . : III. - Response to Random Torque Excitation
using the approximation ; : . ' ‘

: The input-output felationship of the torsional systembeing charac- : :
2 : ; n ‘ : :
ne= Z'n 4 1) (204 1)

: " terized by the transfer function

: : ; i
ossi ; 20 ‘ CF(s) = T
Another possible approach is to assume that A is'a . . i I8+ @s re
linear function following the velocity distribution across the ‘height of the power spectrum of the output is
. the fnirror

8(s) = {F (s) Fs*} T (s)

8 (s) = Power spectrum of output (angle)

so that ..

T(s) = Power spectrum of input (torque)

l“"or‘ real excitations s = jw and s* = '-jw s0 ghat ;

8w = [F(aw)] "Ew)

Numerical Example

* Correspon‘ding roughly to'a 15 mph "gustiness'f,

SaRET Ry 4 ;
*,Ugmg the approximation Ln3 5:4,—2;1— for n a2 10 to 14,

B Declassified in Part -
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" From the préviously determined torque fluctuation and Parseval's

' theorem*: i
)
Tw)dw
° ; Lo
W, = Ma.xlmum frequency present in.
the torque ''signal".

On:e’ﬁovssible view is that the torque signal is ''white", i.g’.,.c;rries_

: equal spectral power density at all frequencies between O and.w); then

Eti, (5) becomes

Tiw) = T(w) = 222

e -

We

Naib

(c-:wz)nng

dw

'The maJor portion being supplied in the presence of small dampmg by

the close-to-resonance componenta Wy

: *H. S. Ts:en, Engmeermg ‘Lbernetxcs,
(1954, p. 116.
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(damping ratio) wa = TC

Equation (6) can be transformed in .

Mo
ZIgwf

wfth W o=

ot = =
[
Numerical Example:
17.16 x 108 Ib-ft-sec?
2.23 x 108 Ib-ft-sec.
9.75 % 108 1b-ft-raa!
12,5 rad/sec (2 cps)
4.94 x 104 o, gt
7.4k rad/sec (l.Zcp,sv).

- 1.3"arc R.MLS. - ‘

The same f1gure w1th a turbulent cell s1ze‘of 15 ft, ‘w1th wmd pres.- '.
; sure fluctuatxon of 1 1b/sq. ft., R M S., would reach about 2 34' arc
R. M S. :
When mterpretmg such f1gures, it should be ren%embel"ed that
(1) ; Correlatxonbetween adjacent cells wpuld substantially ihcrease :

“the fluctuatipn,




(Z) The fluctuatmn is added to the” steady-state d1sp1acement andv
to any elastzc deformanon of the plate 1tse1f, . . ' iy
(3) The fluctuation ’would again‘be substantially int‘:reasve.d if ‘the -
excxtatlon torque would contain substannal power concentratlon in' the
resonant domam of the plate-shaft combmatmn.
A On the other hand the dampmg used here did neglect structural I
damping in the plate and shafvt‘itself and may be considered on the low
e b e 7 ot ‘
V. Gonclissions
Ugder conservative w’ind ‘gradient and turbulence estimates,"{he
sfe;dy state and R.M.S. rigid-body oscillations of a 145 ft x 145 ft he-
iiostat mirror are shown to be easily of the order of magnitude of the
required construction tolerance of <+ 1 minute of arc,
: This situationfis«‘a,ppa‘réntly‘ due to the *elan‘vely poor'stiffness :
characteristxcs of the rotatlonal support and possxbly to the a.hsenc.e of . A

: structural dampmg. In the pres ence of the Llose posmon tolerances, it

s suggested that ar

qxal dampmg and a more rational supportmethod

Deciassified in Part - Sanitized Copy Approved for Release @
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stiffness but also lower bendi‘ng deformations would resul‘t. Figure 39

shows one possible arrangement, Appropriate dampmg can eas11y be

inserted in the driving wheel shafts,

P81-01043R002500200002-6
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FIGURE 34 ‘ “
-
4 145" -
¢ 25" oy
B.on n-n g d '
6 :
> ‘
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. FIGURE 35 -

TORSIONAL SCHEMATIC

TORSIONAL SPRING
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FIGURE 36
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. CHAPTER 9

TRANSIENT TEMPERATURE DISTRIBUTION
IN A THERMALLY [RRADIATED BODY
WITH VARIABLE HEAT-TRANSFER COEFFICIENT

ABSTRACT

Two methods, 'one numerical and the other graphical; are
presented for the calculation. of transient’temperature distribu-

- tion in a thermally eradxated body with heat 1osses Whlch are?r’ )

- non-linear in temperature dependence The numencal method

is derwed on'the’ basxs oithe method of superpos n'and mak’es
; use of analytxcal solutxons for the case where he net radxant L
‘mtenslty absorbed is constant “The graph cal method is haLsedf e
_on that of Schmxdt Although the graphxcal method i

and convement the nu.merlcal method is recommended for b

accuracy.
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I. Introduction
In the calculation of transient temperature distribution of a body
exposed to thermal radiation, the simultaneous existence of convective’

and re-radiation heat losses has to be taken into consideration, Terms

- accounting for these heat losses, in particular re-radiation loss, are .’

non-linea;-« in terynperatu;'e defendeqce. This non-linear relationship
nﬁt only resulté in greé; difﬁ.cultie.s i;x ob&aining an ,a.nalytica‘l solufion-
of a particular probiem butalsoprohibits the use of the method of suéér-
position by the addition of known solutions available in the literature.
Because of the low temperature attained with incident radiation of
low intensity, the above problem can be linearized without undue error
by the use of an average over-all heat-transfer coefficient to account
for the heat losses. However, for radiation of higher intensity, fhis :

technique is quite inadequate because of larger variations in the value

_of the over-all heat-transfer coefficient. Two methods, one numerical.

and the other graphical,» are presented in .this re»pob_rt for the solution

" of such a problem,

The numerical method is derived on t‘he"basis of the metiwd’of

superposition and niakes use of ‘analytical solutions for the case where :

the net radiant inténsity ab‘sc;rbed‘ is consta.nt'.‘ The validity’of this

method is further demonstrated by comparing the results obtained ,the::e,—

from for the case of constant heat-transfér coefficient with tyh‘os‘e_qf the -

)
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exa.ct solunox;. Th1s method is also 111ustrated by an example ‘where
‘both emlss1v1ty and convective heat-transfer coefficient aré £unct10ns
‘.gf’ temperature. .
i 'i‘he‘&s‘él of the graphical ;néthod ---a modified Schmidt'meth;:d ---
is illustrated by an exa.mple. For better accuracy, however, the'nu-
. mencal method is recommended. :
l II. Resul-ts ;
Two methods, one num'eric.alv" and the other graphical, are present-
ed below“ft‘:r ‘the solution qf trax;sient' temperature‘distribution of a
‘thermally irradiated body when the heat losses due to convection and
re‘-radiafiqn‘ are non-linear in temperature dépendence. Although the
éiscqssi‘on will be devoted méinly to a simple case ofa one-dimensional,

'semi-inﬁnite, opaque solid with constant density, thermal ‘conductivity,

. tui-e and »‘;o a therma;l' radiafion of gonsté.nt,intensity wifh no résultihg
: ‘e‘aporahor;. meltmg, mass transfer and chemical reactmn, all these
restnctlons are not necessary.. The methods can be used to deal with
. t;xore general problems. i

a, 'Nu.mencal'Method“ {

L1y Theoretical Cbnsidefation& .

w1th a constant absorbed mtens:ty I and an over-all heat loss haT,

specific heat and reflectivity, exposed to a constant ambient tempera-

F1g 40a shows a thermally 1"rad1ated semx-mﬁmte solid, -

Declassified in Part - Sanitized Gopy Approved for Release @
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where h is the variable heat-transfer coefficient and AT is the differ=
ence between j:he ihstantane;ué values of surface and ambient tempe:;‘a-
ture, Because of the heat loss, the netabsorbgd iptensity I ;r/ouldvary :
with time as is shown qualitatively therein,
’i‘he modelused in fhe lnumericalmethod is given in Fig. 401; .V
There the contmuous variation of the net absorbed mtenslty is repre-
’ sented by a broken curve, The temperature distribution at any instant-
| t is then computed by the superposition of the results obtained in the

following events:

’ (a) From the’in>itial inst;nt of irradiation till the time in
question, there is a constant absorbed intensity of I, - &l
(b) From the time t}, the instant when the intensity ‘sud-
denly changes from I, - AIl to Iy - AI;, to the time in question, there
is a constant ""negatively absorbed' intensity (or constant heat ioss) of,
Al - AlL.
S ‘r(c) f:ofn the time 't,z, fhé instant when the iﬁteﬁsity sud- .
,‘~ ‘.denly changes from To= AIZ to I - AI3, - to the t1me in questlon,
there is another constant heat loss of & I3 -A 12. ;
. : Etc. , etc,, till the time in question.’ ‘
’Sinc‘e solutior;s for the (;a.se-,of‘ irradi;tion 'af a c.onstant
net inténsity are readily avail%ble, the s;lpe;posiq:i?n methoé« suggest-
‘ ed above permit; éhe coxﬁéutaticﬁ gf the trangyiex‘xt te&xypergﬁir‘e ;ydi‘stri-’

butié'n at any instant.

0-Yr 2013/10/23 C\A-RDP§1-01043‘R002500200002-6
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For a given problem, however, the curve of t};e et é.b;
spr‘;)ed intensity versus time is at. first gnknow‘rx. In othef vc'/_o'rd.s, ‘the
question still remains as ‘iu;w to final AIl, 415, etc. This clar; be
achieved t'>y any familiar method of succes sive»approximations} for ;x-
arhple,' the ‘first approxim;tion of A L is equal to the overlal"i heavtloss
co;fesponding to conditions attained at a time equal to t1/2 due tc; a -
‘éonstant riet‘ absbibed intensity at the initial instant of irradiatio_n; . If
necessary, its value can be improved by computing a new heat loss at’
time t1/Z corresponding to a constant absorbed intensity corrected by
the first approximation. Similarly, the first approximation of AIZ is
equal to the over-all heat loss corresponding to conditions attained at a
time equal to (tl + tz)/Z due to an absorbed intensity of I, - AIl; the
first.aﬁproximation of AI3 is -equal to the over-all heat loss corres-
ponding to condition attained at a time equal to (1:2 + t3)/2 due to an
-absx?rbedintensi_ty ofHIo = AN I1 superimposed to those attained it a ti;ne
squal & -ktz ¥ t?")/z - t‘l' -due to an ‘al-:;sor.ﬁedvintensity o; IM1 'f‘A.IZ;
etc.’. These vallJ:es qaﬁ .in.;rfh;er be improveci by ‘successiv‘e4approxi‘n‘1a-
: >t‘i6ns', althéugh‘thi_s has not been found necessary in the work fo be de-
sc;ibe& beloit;. ‘ :

(2) A Special Case ;

- As it was pointed out earlier, the present numerical method

is derivedon the basis of the method of superposition and makes use of .

. analyticalwsélutions for the case where the net radiant intensity absorbed

is constant, To further demonstrate the validity of this method, the. re-

sults obtained therefrom for a particular example are compared with.

. these of the exact'solution,

The example chosen is the case of a one-dimensional, semi-

infinite, opaque solid, exposed to a thermal radiation .of constant inten-

‘'sity and losing heat to a constant-<temperature surrounding with a con-

. . TR
stant heat-transfer coefficient, ‘The solid is further assumed to have

constant physical properties, to be homogeneous throughoutat all times,
and to be initially at a uniform temperature equal to the ambient tem-
perature. The equation and its boundary conditions for such a problem

are as follows:
| 2
9T _ 4 2T
ot 3;7

T (x,0) = T,

K %"E‘(o,‘t).,: 95 h[T (o,t')f-v ":ra] /

T (o0,t) = ATa~

" The symbols are definied in Appendix I

: Solutions of this'problem with either zero ‘or constant heat-

. transfer c‘oeffi_cient can be easily obtained by standard techniques in- -
. cluding the method of Laplace Transformation. Bec'auée of space limita<

tions, only the final results are’ given below:
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(a) Zef6 Heat-Transfer Coefiicient

k(T- vz ‘ x% x X
= ﬁ“?(w BCy ‘(Mf) i

‘(b) Constant Heat-Tranéfer Coefficient’

<

o : -1 o8 .
K(T - T,) Wo'(_t\ ; 1n heE /|
Tt o\ k) exp—q%_}f(,‘%*‘—%ﬁ ; >< (

-

x hyot
i + 28
where
o .
erfc( >-l 1= erf( )- AL exp (— vz) dv (7)
2\ 2V :
: s x/ 2Vt

For the case of zeroheat-transfer coefficient, there are
two dimensionless groups; viz:, k(T - Tg) /1 Xt and x/VXt. For

‘the case of constant heat- transfer coefficient, there is a. tlurd dimen-

sxonless .group, INQ /k. Various other d1mmsmn1ess groups .can, of

pourqe, be formed by combmmg the ores g1ven above. *
©.Curves’ showing the solutmn for the case"of zero heat-

‘transfer coeffuuent may be fuund in the. htera.tute, euges reference(l)

,The aolutlon for the case of constant heat-transfer coefﬁcmnt is shown ;

in Figures 41, 42 ‘and 43.

Because of the presence of more than one variable of phy~
sical interest in the abo.ve dirr;ensionless groups, these groups, or a
combination of them, cannot be conveniently used to give a clear graph-
ical picture of the transient temperature distribution. Three figures
are thus presente& to show separately the effects of some of the impor-
tant variables, Fig.4l shows clearly the‘effect of heat-transfer coeffi-
cie;ﬂ: on the temperature attained at a bgiven ‘position ‘and .time, Fig. 42
shows the temperature distributidﬁ at any instant for a given heat-
transfer coefficient, and Fig.43shows the transient temperature change
at a given position and for a given heat-transfer coefficient. It is to be
noted that two new dimensionless groups, h(T = T,)/I, and hx/k have
been used in Fig. 43.

Fig 44 shows £he transient temperature change at two posi-
tions for an arbitraryvalue of the heat-transfer coefficient. The change

in suriace temparature for zero value of the heat- tra.nsfer coefficient

15 also 1nc1uded. Shown for companson are also pomts ca.lculated by

the numencal procedure outhned in the, Theotetxcal Cons1derat1ons*

‘The égre'ement’ indicated therein further ‘demo_nstrates the validity of |

the method,
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% The first few steps of the calvcula.tion‘are shown in Appendix II,
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In Fig.45is shown thetransient variation of the net radiant

_intensity abgorbed obtained from the exact solution for the 'qeﬁe prob-

lem,: The dashed line shows the variation obtained in the numerical
method,
Although a unit of centimeter has been indicated in Figs.

44 & 45, it is to be pointed out that any unit of length can be used in the

interpretation of the resﬁlts’, so long.as all the variables are expressed.

in'terms of a cons‘istent set of units.
(3) A Numerical Example
The numerical method presented here has been used to
_calculate the transient temperature distribution of a semi-infinite solid
of tungsten, until the surface begins to melt. The emissivity is agsum-
ed to vary directly with the. absolute temperature and the heat-transfer
coefficient due to natural convection is assumed to vary‘ directly with

the one-thlrd power of the tempera,ture d1fference accordmg to a eor-

'relatxon obtamed for steady-state processes. The computed results.

a,re shown in F1g 46 wluch also mcludes a tabulatlon, of values of the

Y physuzal propert:es and of the mcxdent radmnt 1ntens1ty absorbed. The

temperature rise is mdxcated for ‘three dxfferent posmons, w:th that' :

correspondingto the case of zero heat loss shown by the dashed curves.

Because of the small ratio of heat loss to ra.d1ant mtens1ty absorbed,.

v .
i

even when the surface starts to melt, the effect of heat loss on the tem-

perature variation is rather small. This effect, of course, is even

. smaller at a position farther away from the surface.

Figb. ;17 shows, for the case.corresponding to Fig.46, th_e_~
tfénsient variation of net rediant intensity a.bsbrbed‘, together with that
of heat losses due to natural convection and fe-radiation. Excebt dur-
ing the first seqond of irradiation, the loss: due to natut'al convectien
is negligible as compared with that due to re-radiation.

The broken curve in Fig.47shows the step changes in the
net radiant intensity absorbed used in the calculation of the transient
temperature‘distribution.

b. Graphical Method
The graphical method described below is based ‘on that of
Schmidt(z). For the specml case of a one-dimensional, semi- 1nfm1te

opaque solid, the b‘ound’aryv cqnditien at the irradiated surface is

Tk @{) = 1= he (Tg = Tah ’GTE i
i 8 R * Y £ " ; ‘.> :

: k/h

<ﬂ> ) Ts = (Ta - Io/hc -O'E,Ts /hc)
s ! ] |

\9 X

. As shown in F:\g 48 the numera.tor An the r:ght-hand member of Eq. (9) ;

is plotted as ordmate at a distance. k/h Arom the surface. A stra1ght
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1me Jommg points A and B g:wes the slope (—%—9 and the ordinate at

the mtersectlon with a f1ct1t1ous ‘planeé at a distance of = 0.5 4x from
‘ the surface 1s designated as ‘T*. Asan approxlmatxon, (—a—’-() is re-
placed by the chord slope (T* = Tg, 5) /A x. Then, according to the
: Schmidt method, a heat balance on the shce from the 1rrad1ated surface
;to ‘plane . "1"; which is at a d:stance Ax away, gives

o (T, l2 v 00
: where T0 5 is the newtempesature inplane "0.5" at a time Atlater.

Here Ox and At are related-as follows:

(Ax? jxat = 2
Heaf b;aylances’for the interior layers give further
Ty = (To54 Tz [ 2 (12)
=(TL5+T&9\/2 £ (13)

Fig. 48‘Ii11\’1strdi;es"the use of the 'g:aphicai methbd for a semi-

mhmte sohd ongmally at a umiorm tempera.ture equal to the ambient

;temperature. In order to s1mp11fy the f1gure, the valuee of k/hc y Ty

nd ,1 /,h are assumed to be constant. These restrictions are, of

. course, not necessary.

Although the graphu:al ‘method presented here is s1mp1e and

‘convenient, the numerical method is recommendedwhenbetter agcuracy

“is desired,

" References -

Hottel, H. C. and Gardon, R., "Temperatures Attained
in Wood Exposed to HighIntensity Thermal Radiation",
Techmcal Report No. 3 Fuels Research Laboratory,
Massachusetts Tnstitute of Technology, 1953.

McAdams, W, H., "Heat Transmission”, McGraw-Hill

' Book Co., Inc., New York,.1954, pp 48-49,
or

.Schmidt, E., Forsch. Gebiete Ingemeurw., Vol. 13 .

(1942), pp 177-184.
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'APPENDIX I
Nomenclature |
' h E ‘ Heat-transfer coefficient
‘ 1 i Net absotbed radnnt mtensxty
.k g Therma-l conductzvity
q Heat lyou
t Time ‘
T Absolute temperature

Distance from irradiated surface

x
oL ' Ti:ermal diffusivity
€& Emissivity
o Stefan-Boltzmann constant
s-buriphs: : :
e Refers to incident radiation
‘,t.z,..,' Refer to va.lu.es at successive instants in the nu-
P . merical method and at succesaive pla.nes in the,
aplncal method . ;
a = : . ‘nefre‘!e to ambient c.ondvition‘
e ‘_ll‘te'iexv-s to convection ' -
i = Me;s;o re-radiation
s i . }lei&s to .itradiatea surface :

" seperscript * refers to condition at a fictitious plane

Primes m:hcate values at- successive inntantl in the gnphictl
mdhn\l. ;

APPENDIX II
. - sample Calculations
’ : The numerical method presented in this report has been used to
calculate the transient temperature distribution for the special case
considered in the Results. The first few steps of the method are given

below.

According to Eq. (5), the surface terf\p'era.ture for the case of zero

heat-transfer coefficient is computed as follows:

! = k(T = T.)
ﬂzi fo = =Vt (I-1)

Let o t) = 0.1 cm? and h/k = NT/2 em™L. Then,

oL, ;h(Ts°T)at«t 0.05 c:mz
% I

or, with,Eq'.‘ (I-1),. . .

8L _ .2 h005 =0.22%.
I .¢1‘1'7 k et
T, - 1)

Hence, ‘the temperature rise interms of—~ at' acn“mecor- i

o
reapondmg to a value of 0.1 cm ior D'.tl and " due to a net absorbed

intensity of I = AII is equa.l to ‘
( - SNy = 0.7764 JOUT = 0.2455
o). . e

by

it
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Next the surfacetemperature rige.at ol ty = 0’.2 cm? is to be cal-

. culated, At & value of &t -equal to (0.1 4 0.2)/2 cm? or 0,15 cm?,

‘ k(T
the net rise in terms of!ﬂzf _._Ts__i) is
) R 0

o

. a1 ' - :
( _,_I..i)m = 0.7764 \0,15 = 0,3002.

© A, h(T -1 ‘ A :
AL (Tg aa.to(t=0‘-15°n"1 = 0,3002 .

Io e Io

: , k(T, - T,)
Atu(tz w 0,2 cmz, the net rise in terms ofj-zf- -_I-—j- is

then the sum of the following two terms:
‘ I
(1) Risedueto I, - A I1 = -
= 07764 0.7 m0.3472
Al = AL
{2) Riseduetodl) - AL = I \luﬁ;z - t)
= (o 2236 - 0. 3002) V0,1 = -0.02422 -

. or, the net rise is the differencebetween 0, 3472 and 0.02422 or 0 3230.

Next, the sm‘facé temperature rise at a time correspondmg to a . e

vn.ne ovE 0 3 cm for eLt3 is to be calcula.ted. Atolt = (0 24 0 3)‘

»I = 0 25 cma. thq not rlu in terms of [23‘1" ﬂ’f’TI_TP_) {s the sum
o 0 :
; of tha fnuowmg‘

a1 e
o ( —io%fif-vom(gdo.za -;o.‘vaaaz'

o L3 Verrey ;
‘m_h (—i;'—') o((t 1) - ), 076H w0, oz%s

| or 0.3885.

_here is

A1, = }_‘(Ts -Ta) atott =0.25 cmz
vlo i Io

= 0.3585
and the net temperature rise at oLt3 = 0.3 cmz is as follows:

e = T skl .( _ “T‘L)m; (“*I “2)«:&;“_‘:5
0 o 0 - {

z-
AL, - Al :
+ (_il—i) Vo(ty - ) = 0.3722,
T v

Eq. (5) is also used to calculate the temperature rise at any posi-

tion and time, For convenience, it is written as follows:

o ) xrefii)

2 o, <t

For x = 0. 4 /\/"n‘ cm and &Lt) = 0.1 cm?, the right-hand side

of Eq (II-2) is equal to 0 1558, Because of the heat loss, the net rise

g k"r-f . ‘
\/_:’gT-_ L = a ='<1 All) (0.1558)

o 0

= 0.7764 x 0.1558 = 0.1210.




Similar\ly,‘ at x = 0.4 /YT em and o« t, = 0,2 cx_nz, the right-
" hand 'side of Eq. (II-2) is 0.2753.- Thus, the net temperature rise at
this instant is’ : ‘

: K(T=T) [ Al AL <AL\
yp LR o o (0.2753) +| ——2) (0.1558)
2 I ) R :

w020l e e
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,v‘(a)‘ Exag:‘t i .

'MODEL USED IN THE NUMERICAL METHOD-

. FIGURE 40
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 GRAPHICAL METHOD

_FIGURE 48
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CHAPTER 10,

A'SOLAR FURNACE USING
A HORIZONTAL HELIOSTAT ARRAY

ABSTRACT

A two-component solar furnac‘e, condenser-heliostat com-
bination, is described in which the condenser faces dowhward
at 30° towards aheliostat comprised of numerous rows pf plane
mir:lors mounted onahorizontal turntable. It is s&xown ‘t’hat for
a South-facing condenser, and by limiting the angle of the final
flux beam. to 30° below the horiiont‘al, the Tows of heliostat
mirrors maybe mounted 50 they overlap, resultmg ina rer‘iuc-,‘

’tlon of the edge losses occurrmg when the helmstat :
are all held ina smgle plane The overall size of the helwstat

: turntable is calculatedior a6 hour workday throughout the year, .

~and a suggestmn is made for using the hehostat control mech- :

_anism to provu‘le shutter actlon. The. savmg in flux possxbierwy,

by the elimination ofan 'mdepcndent shutter is estxmated at about

. eight percent.
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| 1. Introduction
The design for a solar furnace presented here has been developed

’ as a studyto overcome some of the less desirable features inthe present

| . design of the Department of Defense solar furnace to be built near Cloud—

croft, New Mexico. Some of these objectionable ieatures are:

! ’ : i a. The required construction of a very large movable structure
s which must be t11ted and rotated w1th con51derab1e accuracy.

b. .The required construction of severaladditional movable struc-

tures.

¢.. The horizontal direction of the final flux beam,

and

d. The lackof protection of the optical elements from the weather.

The first of these objectionable features willmake the furnace more

| : y L ' i : difficult and expensive to construct when windy weather is taken into
i ] i

! s e ‘ Ciii : ; S Epi ; : account. The horizontal directicn of the fluxbea,m will limit the useful- . e
ness of the furnace for metallurgmal work._ The last of the undesirable

features mentmned may limit-the use of the furnace after storms of‘ “

‘sleet, snow, hail, ‘etc.

Lo s ‘ : el S ; SR TheCondenser and Its Housmg e

In the productxon of high: temperature alloys and" ceramu:s “heat

flux mcxdent from above is a distinct advantage, if: not a necesslty. It

an angle of 30° is. suffxment for the purposes ant1c1pated in' alloy:mg;,‘

|
g‘ :
|
I
zzt

52 & . AL . i Tl ¥ %
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: studies,'then this proposed solar furnace may be x‘nade‘ ina sirnplé man-
‘ner. If a larger angle. of incidence is ‘required, the design becomes
more complicated.

; Smcethe deslgn calls for nolarge movable structures above ground

level wind load problems are reduced to a minimum, One tall station-

ary building is requu'ed however to house the condenser 'mirror with
_space enough unused to house all the laboratorles, shops, offlces, etc,,
that ‘may be‘ required. This single tall building,. except for its open
front, is in no way unusual and xnight be constructed in the manner of
factory buildings of steel frame and corrugated Transite walls.

The condenser mirror, as previously stated, is hous ed in the single
central building, and thus protected from the weather. Since it faces
slightly ‘downward, it ls somewhat protected from dust. The heliostat

.mirrqrs, as shown later, are mounted in long rows and may be faced

i : downwardwhen not in use so they too are somewhatprotected. If facing

: the hehostat mn'rors downward is not suiﬁment protectxon, a low metal 5

shed structure mxght be constructed to roll over the entu-e helmstat'

Asmce it will be at ground level.
: F1gure49md1cates the general scheme of the furnace;
The tall bulldmg, facmg aouth carries the condenser Just under
1ts roof iacmg shghtly downwatd toward the heliostat mxrror. The

‘ hexght of thle condenser mu'ror‘abovve ground depends on the choice of

tion may be calculated from

angle of the final flux beam with the horizontal. For the 30° angle, &
building 58 feet by 105 feet by 142 feet hxghwould accommodate not only’
the' mirror but a spectrograph1c laboratory dlrectly behind the center

of the’ m1rror and numerous workmg spaces below the mirror. Inany

‘case,‘ the condenser mirror should be mounted high enough so: that the

heliostat mirror may be constructed completely outside ol the main

building. .

The target house is a .lz-foot diameter cylinder, tilted so that its
axis is parallel to the principal axis of the condenser mirror. The floor
offthis house . is r\n'ade similar to stair steps, their size and shape de-
pendent on the tilt angle.

If a shutter is thought necessaryin this design, it should beplaced
in the plane of the target house as in the Cloudcroft design.

11I.. The Heliostat

The heliostat of this proposed solar furnace consists of a num‘ber‘

‘of parallel rows of flat mn‘ro‘rs‘, 4x4 feet mounted on a honzontal'

ground level turntable. The extreme cases' of heliostat mn'ror posi-

the a1t1tude and az1muth data oi Table'

'XXXIII whu:h is correct for-a locatmn at North Latitude 33 e
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" Table XXXII

Hour Angle . Azimuth Altitude

ot S 180° 80° 30"
-3 910 37" 49° 33"

g 180° C 33%400

-3h Co13e04nr. 19° 41!

: The minimum slope angle ‘of the hel‘i.os‘tat mirrors, assuming a

30% angle of incidence of the flux onto the target, is determrned from

_the December 21 altitude of the sun of 33% 30" at noon.‘ All other hours
and days'of the year require a larger angle." A choice of ’1° and 45' for

the minimum slope angle for the heliostatmirrors for thishour and date

will ' permit a slight spacing between the upper and lower faces of adja-
cent mirrors if the rows of mirrors sliéhtly overlap, and in they are 48
inchee rvide and 1/4'inch thick. Figure'50indicates the angles which

_-occur in the extreme case.
The mirror rows of jthe beliostéf'should slightly .overlap one:a-

: nothen,~ the one closer”to the'condenser overlappingthe next rowlfarth’er‘

= away in order to minimize the reﬂectmn loss dLe to mlrror edges A

auggested spacing is 471/2" inches, If the mlrror edges are sharp, the '

loss in reﬂectmn at the edge is due to the ‘cone of the sun and. to the fact .

that the mirrors are back surface reflecting as shown in Figure 51,

Comparing the edge loss in ov.erla.pping m.irrors with that in flushn“
rrrounted mirrors, as in the present design for the Cluudcroft furriece.
it is seen that the loss;due to the ‘cone of the sun is pres ent in bothtypes
of mounting.. Any spacing between flush-moqntedadjacent mirrors pro-
duces aloss notseen in overlapped mirrors. This apphea to thebeveled
-edges of the mirrors as well. ‘The fact of back surfacing. ptoduces a
loss common to both types oAf‘mounting. frhxs back-suriace loss in-
creeses with increasing‘angles of incidence on the mirror and there-
fore would belarger with aSouth-racing solar furnaee than with a North-
facing one. ‘

The rotation of each row of heliostat mirrors about its horizonta}
axie should be controlled by a sun-tracking servo system which might
be mountedin the unused center part of the heliostat turntable. _It should
bepossible to introduce an error signal inte the sun-tr'acking servo net-

work in order to defocus the optmal system qu1ckly. If such could be

s accomphshedl then the need for an mdependent shutter m1ght be, ehrm- ‘

" nated completely wrth a resulting mcrease in ava:lable flux of a.hout 8%

above that of the present plan.

IV. The Turntable

The several TOows of hehostat mirrors are mounted as a uniton a

- large turntable whose ax1a of rotation may comc:Lde at the ground level

with the mtersectmn of the condenser mirror axis and the ground or it
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’ may rotate about any point in the furnfablé. provided that point isvon the
center line of th;e- optical systemb.‘ The turntable is larg‘e,. but ;ince
it may be éupported on a nu.mf)er of concentric horizontal tracks its
rigidity requirement should not be excessive. If an angle of ‘30° be-
tween the condenser mirror ax1;s and- the horizontal will suffice, then

" the h;liostat mirror .supports may be mountgd in a horizox;xtal‘ plane.
if‘this argle is not sufficient for the furnace user, then the‘turniable
surface must be raised on the side tow;rd the condenser t};rough an
angle equal to the difference between the desired angle and 30°,

If the turntable surface is to be horizontal, then its shape for a
particular instant must be an ellipse, and for a 105-foot condenser at
39° the ellipse will have a minor axis of 105 feet and a major axis of
210 feet.” For use from 9:00 a.m. to 3:00 p.m. over a period of ayear,
the extreme rotation of the heliostat turntable will occur on June 21 in

e : -the amount of 45° 36' to the east and west of the noon position. -

As 's,téat‘éd above, the rotation of the heliostat turntable may be a- :

- bout'a numbét of points but for the sake of economy éhould ‘be about that

! point where the total area of the turntable is a minimum,: The ':sha'pe of

the heli’ostatv,as ‘re'quire‘d for center rotation, is ‘"shcw‘n ‘in Figdr'e52. The -

afgaé for ’fétationf’o.f the t\;rnfablé about its ‘center and about one end are
< approéci:ﬁate_ly as. follows: Y
: Rotation about one end 52,000 ft%

 Rotation about the center 27,500 £t

204

Since these represent the extreme cases, it is obvious tﬂat cer;ter rota-
tion is the desirable'type.

The areas above and the dimensions of Fig.52 have been calculated
ag though the sun were a point source. It can be show;-x that the dfmen-
s_ioms of the surface of the heliostat should be enlarged on each sidé by
an-amount 042 where &% is thé me‘a_n angular diameter ;>f ti\e sun and }.
is the distancé from a particular point at the edge of the heliostat to the

corresponding point on the condenser. These additional widths are

given in Table XXXIV for the points as indicated in Figure 52.

Table XXXIV.
Points Addition to the Width

a,e 0.88 ft
b,c,d 1.25 ft
f,g:h 0.41 ft
jrk 0.56 ft
1,m ‘ 0,70 £t

V. Conclusion

A cdmpafison of the advantages and disadvantages of this proposal
and the present design for the Department of Defense solar furnace is
presented as a conclusion to this report.

-2, Advantages

(1) One high stationary structure required rather than one

high stationary plus one movable and one high accessory structure.
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(2y ‘Fact_biy type construction maybe used for the main build-

ing. |
(3) ;All wor’kiné vs‘p‘aces will be under one roof.“
(4) ‘ ‘Radiation flux i; incident on sampie {ro@ ébave.
(5) Heliostat mirrors may.be lalignéd and cleaned from ground

'1evel.

‘ (6)  Condenser mirror is protected and should stay élgan for

long periods.

(7)  Condenser mirror may be realigned or repaired :Fn bad
weather down-time of the furnace. “

(8) - Heliostat mirrors may face downward when not in use and,
if provided with shed cover, may be cleaned in adverse weather down-

time of_the'furné,ce or at night. -

(9). Eliminates. a difficult wind lqadbprobleni for an eﬁqtreniely

lar ge t‘ilting' structute.

(10) ~ This proposal brings the target house lower to the ground. -

A (il) ) The shutter mfght be elviminat,ed‘ with a s’av‘ing/"in{ﬂux.
: b. Disadvantages . : b
(1)‘ "The: Qingig structure requi;ce& is some 50% hfgher. ‘
: (2) ’farget h‘ouse‘ xsta\‘nd;~ at_an angle with some iess wori(ing

spaée available.

)
|
|

L
o v
|
|
|
|
i
|
|
* L}
|
t ]

(3) ' Heliostat turntable is somewhatlarger in area inthis pro-

posal but will carry some less load.

(4) Shutter, if required, will cause somewhat greater loss in

flux and, being larger, will be somewhat more difficalt to construct.
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