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. CHAPTER T

. INTRODUGTION

1.1 Energy available from the‘Sune Rélatively few
people realize the tremendous‘amount‘ef energy . that is'emitted -
”1from the sﬁn?s surfaee;. Thls value has been determlned to be '

f24 x 1624 Btu per mlauteol ﬁlnce the sun 1s 93 mllllOB mllesf'

;: away from the earth very llttle of . thls energy is 1ntercepted', f”

*by the earﬁh?s atmosphereo The solar constant (the ameunt of

wf‘solar energy strlklng the earth?s atmosphere) has been found

‘jto be apprOXLmately 440 Btu per square foot per hourozz How~ o

:‘f; e‘Very not all of thls selar energy reaches the earth?s serm*'

eface for there are many factors Whlch tend to reduce 1*5e ste"
‘ 'of the 1nfluen01ng factors ‘are the length of the path through -

'rthe atmosphere Whlch the solar energy ‘must travel, Known as
‘v‘the air mass factors absorptlon by Water vapor, eloud part1~ .

_cles and gases such as ozone, nltrogen an& oxygen, and scat» ref

terlng by dust partlcles and alr meleeules@3 Taklng 1nﬁe

o lﬁncvclopedia ﬁmerlcana Amerleana Corporatlon 1958
Vola lO, Pe 331, ‘ , ‘ ,

e 2J° Eo Yellot, Pewer From ﬁolar Energy—=50me Fundamental
gFac‘Bers9 A S M.E, Paper Noe 56-=F==15=19569 Pe 4. o .

5 Bbo Frltz,,“Transmlssion ef Selar Energy Through The
3Earth*s Clear and Cloudy Atmosphere®, Transactions of the
Conference on the Use- @f bolar Energz Unlver31ty of ﬁrlzona

S | i), eEMCEESRCD | Cmensin



.aeeounﬁ the energy thaﬁ is lost to the atmosphere9 the -
" earthﬂs land area recelves an average of about 5 2 X 195
Bou/sq % per year fram the svnoh Accordlnb to Dro c. Go

- Abbot, thaﬁ by eonvertlng ‘only flfteen per cent of “the 1ntere'

‘ oepted solar energy 1n50'work .an area the 31ze of the state |
of NeW'Mex1co ‘could be used to supply 1n one year an amount

of Work equal to ten trllllon horsepower hours° 1h1s 1s more
'Jthan all the power obtalned in one year from hyérooarbon fuels »
and hydraullc power comblnedo | |

Since there has been found no very efficient and eco=

nomlcal means of- harne531ng the sun“s pcwerg man has neglected
'1t in favor of the more convenlent means of cbtalnlng pcwero,l
;Net until reeently have any advanees ‘been made- toward eonVertefelfff
ing solar energy 1nto mechanical work. These advances ﬂave " |

Vbeen stlmnlated by the alarmlng rate at which we have. been

eonsumlng our resoureeso One may argue that we have always been 7'

able to dlscover samethlng new to replace our- depleted resource3°i
'ifor example9 aﬁomle Dower 1s belng developed to snpplemenﬁ and
:;eventually revlace our now conventlonal sources of powero‘ uolar
pewer will probably not replace atomlc .power bub Wlll merely

supplement it.

_ ‘th Danlels and J. A, Duffie, Solar ﬂnervz Eesearch o
.Uhlvers1ty of wxsconSLn Press, 1948, Do 8s .

5. . Abbot, *Utilizing Heat From the Sun", Smlth=- o
sonian Mlscellaneous Collections, ‘\Tolo 98, No. 5, 19399 Ps 1o




&tomlc energy Wlll llkely be utlllzed in large ‘;ff?7

central power statlons where heavy capltal 1nvestments Wlll

”‘ -be requlredo‘ Solar pcwer may be employed ln 31mpler decen-

ﬁf:trallzed unlts involv1ng less expense‘

6 In fact a great needkT

”f ex1sts today for a small power plant to be used 1n remote

‘"uffareas of the world9 partlcularly Where transm1531on llnes areﬂ” o

unot feas:.bleo Such a small power plant could be obtalneé by'uf

’using a solar collectlon dev1ce to eonvert heat 1nto Work@,

"j jIn partlcular, desert reglons are. adaptable to the use of

?qusolar power plantse

l 2 Advantages and dlsadvantages of u31ng solar e

, Q ero‘ Gne of the maln dlsadvantages of using: solar energy

‘as. a power souree 1s the fact that the amount of power obm

'f fta1ned depenﬁs upon the 3129 of the cellectlon area exposed

e the sun?s radlatlenew Thls area becomes very large as cama‘“ R

Vf:pared to the area oecupled by present day power . sources, waa,i s

‘eVer, 1n remote reglons Where the populatlon density 1s very
,small thls presents ne great problema, In reolons of dense

ﬂf; populat1on spaee for use as energy colleetors 1s at a premlum,‘

4 'The movement of the sun 1n the sky presents another
F dlsadvantage in that 1t makes 1t necessary to equlp the solar-”f

collector w1th some traeklng de'v:.ceo The 1nterm1ttent nature .

;“;ﬂof solar radlatlon 1s a thlrd dlsadvantage of u31ng the sun

Zf'as a source @f poweraz Clouds blocklng the sun 1s ene cause f_ ERT

. - 6F° Banlels Atcmlc and Solar‘Energy, Amerlcan e
A Sc1ent1st JanO 19509 Pe 27 = — .




....

;Of the 1nterm1ttent solar radlat_mna ‘HoWeVérg thié”problem

’presented by seattered clouds can be overcome by des1gn1ng
va oollectlon unlt Wlth a hlgh heat capaclty A more dlffl»

'culﬁ problem is found 1n attemptlng to overcome the unavall=

ability of solar energy durlng the nlghto ThlS requlres

"5of;that some means be found to generate power after sunseto‘;

'”"A The use of the excess capaclty of ‘the power plant unlt to

HTi*charge electrleal 3uorage batterles ‘Quring the day for utlll— B

zation durlng the nlght offers one poss1b1e solutlone Another”

'“fp0331ble solutlon Would be the use of a salt solutlon whlch

u"gwould absoro heat &urlng the day and release heat as’ requlred j'i

- substantlal 1norease in expensea ‘

*°dur1ng the nlght@ HoWever, both of these methods requlre a

7

It may appear there are only dlsadvantages to the

'use of solar power but there 1s one magor offsettlng advann-

_tageg_namely the operatlng coste 'Whlle the 1n1t1a1 capltal

Vﬁf 1nvestment 1n a solar power plaﬂt ig very 1argeS the operatlon'

'“osolar b01ler Gested Wlll be dlscussed in a subsequent chapterq’“”'

e Ycost is rather 10W5‘ The 1n1t1al capltal an@Stmel’lt for the

‘Solar radlatlon 1s free, thereby~ellm1nat1ng the oost of

fﬂelsa The prlmary cost Would be<that of malnoenanoe and

7th1s coula be kept at a. mlnlmum by proper des1gno

l 3 Prlmarv _ﬁgeetlvee The prlmary obgectlve of

'*'thls the31s 1s to des1gn9 construct and evaluate a small -

7A‘bfb‘o5£3 Smithsonian, p. 1l.




parabollc mlrror type solar bomlero ThlS b01ler could be
‘used to prov1de steam,to drlve a small pump or generator;‘-

Grlterla for bulldlng thls boller are°

1@ It must be able to collect the maximum amount
ﬁ of solar energy whlle occupylng the smallest p0331ble
‘snaceo | o

:'  2o It mnst be 31mple 1n qe31gn in order to reduce
“,fabrlcatlon problemso:‘ \ :
S 3 The de31gn must ‘be. Suﬁh that the malntenance
v?'requlrements are smallo ‘ >‘ _ | o .‘

4; It must be durable enough to Wlthstand Weather°

~5°‘ It must be relatlvely 1nexpens1ve to build°

kl b ﬁecondary obgectlve° The secondary obgectlve

‘ @f thls thes1s is to compare the performance of the b01ler

'construoted by the author Wlth the performance of tbe b01ler':"'

o deslgned by Dr. C Q. Abbot (erected on the Un1vers1ty of

Arlzona campus}, anﬂ Wlth Abbot‘s b01ler as modlfled by

1Alla1s°“f‘



E GEA:PTER{ i

v‘ GONTRIBUTIGNS TO THE FIELD QF SOLAR RADIATION COL GTION

| 2 1 Uses of solar energvo_“Thevfirst reoorde&ques‘ofkv

“solar energy 1nvolved the collectlon of the sun’s radlatlon tokl

‘““‘produce heatof In the year 212 Ba Cq 1t Was reported that

ohﬁrchlmedes used a system of plane mirrors to focus the sun?s‘.“

.1rays on . 1nvad1ng Roman ShlPSo_ By delng thls he was able to -

’f,generate enough heat to cause the shlps to burn and tempo=f_ co

”‘rarlly halt the 1nva31on of ﬁyraouseq;v The next use of solar
energy Was to prov1de early SClentlSﬁS~Wlth enough heat energy”

80 they could study the process of eombustlon° The utlllzatlon-f

of solar energy to produce heat led to the development of solar ‘ :

:‘furnaee5° at present a great deal of research is belng oon-~ _”

“f}.ducted 1n the de51gn and constructlon of these furnaceség ngh“l‘

"'<ﬁ»temperature solar furnaces are esPeolally useful 1n experxmentsf_r;:

Where eontaminatlon by flame, oombustlon products, eleetrodes

!and refractory fragments mnst be avo:v.deélo

2 2 Elat plate collectorss. The most common solar

r'energy collector is the flat metallloaplateo‘ In‘order.to -

L : lGo Benvenlste ”Burnlng Glasses, From Archlmedes to e
Q.H‘Eav0131er“ “Phe Sun at‘Workg “\Tolo 1, Noo,z Jﬁne 1956, Do ho

2Ibldo, p°,5,



..flncrease the absorptWVltYy the surface exposed to. ‘the sun

. 1s palnted black Alsos the flat plate collector is Well
insulated on the s1de'whlch is ncﬁ exposed to solar radia-
tlpn in order to prevent excesslve convective losseso Cover-
ing the side Which is exposed:to the sun's radiation are a |
ﬁnﬁber of“glaSs platés'whiCh are transpareﬁt o Shorﬁwave |

"radlatlon and opaque to longmwave reradlatlon frgm the black S

ucolle@tor surfaceo Prov131on is made 0 transfer the collect=f3'°ﬁ"

’ eé energy away from the unlto This is commonly accompllsned
byvthe use of a circulatlng llquld in tubes dlreccly in eontact
with the hot surface. - ) |

At the present tlme the flat plate colleetor has found‘

lts Wldest use as a solar Water heatero Although 1t is pos31=_ ‘f:

bl to obtain falrly hlgh cemperatures w1th this type collect="9'J"

‘ffors 1t 1s far from efflcient and. reqvlres a large amount of
space as compared to the usual type of domestlc Waﬁer heatero e

Ra 3 Concentratlng type collectoro Another type of

~solar collector that has_found'W1de use is 'theconcentra'tor°

| There are,severai different.elasées ofboncen“tré;'bgrs_'9 but thé 
most Widely used is the‘pafabolic type eiﬁhér'eylihdrical or
gspherlcal A spherlcal parab0101d type of concentraﬁor be= “
| cause of its ability to coneentrate the ‘sun's rays on a point,
is used to’ generatg‘a glghxtemperaturey which leads-to its |
utilization in a soiar}fufnééed  Thé most serious drewback to
uéihg thié type of.coneentfétor is thaf‘pfqvision’mﬁSt bé made

for it to point directlyFaﬁfthe sun at all times, A tracking



f'8*f‘
adev1ce Whlch'would accomplish thls movement of the concentrator:

_'would be compllcated and expensivee T

”eﬂjxmay be operated with a simpler tracklng dev1cee Thls tracklng

‘°*7Fdev1ce Wbuld not account for the declinatlon of tae sun, which l‘

‘;Qﬁewould result 1n a decreased useful mlrror areae' Thls type of

ﬁo;concentrator, whlch focuses en a llne, is usually ea31er to

llbuild as opposed to the spherlcal parab0101d°3

2 t Deaign ”X.Abbotaé_ A solar boiler de31gned by -  ,

'mffﬁ;Abbot was erected on the Un1vers1ty of Arlzona campus@, AL

’f{ffserles of tests were conducted on thls boller to determine 1ts rll\

' 1”ﬁoperat1ng efflclencyo After the efflclency of the erlglnal '

“‘[fb01ler was. evaluated certaln changes were made. The boiler

”}:was then reevaluated to determlne Whether or not an 1ncrease

' ;;]1n efficlency was effectede The reader 1s referred to ”&n :

g i_Evaluatlon of a Parabollc Type of B01ler” by Allals for a

"gccmplete dlscu331on of the two b01lerso(see footnote hg po 8)

| The performance of the parabollc mlrror used on these |

;f’\two b01lers Should be mentloned heree The mirror used on

o fAbbot’s orlglnal beller and the modlfled b01ler eeaalsted of ‘

7~;h1ghly reflective alumlnum sheets whlch were supporte& by

3F¢<Dan1els, “Prlnclples and Problems 1n the Utlllza=
o tlon.ef Lolar 'Bhergy®, The Uses of Solar Energy, Un1vers1ty
;,of ﬁrlzena Press, 1957, Volok , Do 38. .

: hﬁg C. Allals, "AN @valuatlon of a Parabollc Type of
{lﬁolar Bcller”‘ An tnpublished thesis avallable at the

.,,,;nUnlvers1ty of Arlzona lerarys pq lél°‘~‘ e

i‘The parabollc cyllnder concentrator, on the ether hand,fff“f



- several paraliéi bréééff}bés’; B R‘es'ults“"obtained 'ffom'te‘sts of
‘these b01lers 1ndlcate that there is 2 deflnlte need for a
'aﬁmore rlgid and more accuratelywshaped mlrroro. ﬁubsequent

.chapters Will deal w1th the constructlon and evaluatlon of

Z_the aecuracy of the shape of the newly conssructed parabollcf:-n

"m;rror@ j““



CHAPTER TIT -
: 'cememﬁcﬂom- Q’E ',T,HE‘PARABOLIC' MIRROR AND SOLAR ‘BGILER

Slnce the orlglnal mlrror wes 1naccurately=shaped a
‘.enew and more rlgld parabollc mirrer Was madeo‘ This new mlrrer»’.
‘5con31sts of the same type of hlghly refleetlve aluminum sheet
z attached to a more aecuratelymshaped and a more rlgid backlng
‘_ *than bhat of the brass=rod backlng prev1eusly usedo

3 l Requlrements of the mlrror backlng materlalo_

_In order to bulld a more rlgld and a more accurately»shaped
"backlngg the materlal used must possess the proper eharaetera‘
“/1stlcs9 whlch are° : ' , o
‘ L l the materlal seleeted must be of hlgh strength
s and toughnesss ' | '_f

:.2;1 the materlal nust be able to retain its formed |

shape, and |  . | |
3 }the materlal must be Weather re31stanta,'

) Wlth these craracterlstles in mlnd a mirror backlng
Twas made: of polyester res1n plastlc relnforeed w1th Woven fiber
'glass elothor &eneral Eleetrle ARAéBl polyester resin was

lselected beeause it is a high 1mpact low v130081ty resmn,

o lARhéB is the pro&uct descrlption number used by the
v ;General ﬁleetrlc Companyonv~ _

10



‘ilﬁ;  :

"fespe01ally des1gned for eurlng at ordlnary room temperature

l».ano preseure Wlth a’ mlnlmnm dlstortlonoz' The re51n has ex=-

t.oellent Wettlng and penetratlng propertles for hand lam1nat=
fflng, and 1t has a ehort cure tlme at Toom te,mperatureo
The flber glass cloth used 1n the backlng 1s the long

'”yshaft satln Weave, ‘style number 1584 3 Thls partlcular weave"

" ;113 one of the most pllable weaves and conforms readlly to

};ieompound curves° A lamlnate Proéueea Wlth thls material has .

'3h1gh strength in all dlrectlons and rlgldlty and is less

prorous than other weavese

The flnlsh ef the cloth refers to the process to which L

1l‘the glass has been subgected and the type of flnlsh chosen

‘for the glass cloth used 1n the mlrror backlng was the'Volan

g 4 The mannfacturer recommends that thls type of flnlsh

' :be used on glass fabrlos that are’ to relnforce polyester reslno EE

ﬂl;With.Volan WA“ flnlsh the glass Wlll absorb re81n more qnlokly f l 3

I‘and thoroughlyO‘

3 2 Gonstructlon of the moldg There are several

. methods 1n use today for menufacturlng relnforce& re51n

J"productso FleX1ble plnnger moldlng, pressure bag moldlng9

o : 2Chemlcal Materlels for Endu tfystGenefaleleotriej‘
.“Companyg April 1, 195 UL T

P 3‘Un:.glass Fabrlos Handbeok Unlted Merchants Industrlal_flf
”,Fabrlcs Companv, po 5n‘ , ‘ =

: ¢Volan BA® ig a trade neme usei only by the United
s vNerehents Industrlal Fabrlos Coo :



- vacuum bag moldlng and contact moldlng are four ef the most S

. 'fejeommen methedsoér Oontaeﬁ maldlng 1s the simplest ef the feur

":'fmetheds, and 1t was the precess used to form the backlnga In T

 “lth1s process 1ayers of the Weven glass are placeﬁ by hand on
f‘the mold and saturated Wlth resn.ne The materLal is allowed
‘ rto cure Wlthout the applleatlon of heat or pressuree The
.eplaster of parls‘mold upen'whlch the backing Was formed 1s |
tV{shewn in: Flgure 3 1o ‘ ' : |

S 3;3 3 Construetlon ef the mlrror backlnge The mold i

’°efjf“was flret coated With re51n and then a layer of cloth wa.s -

iifplacea on the re31n, after Whlch another coat ef re31n was B
lveapplled to the clothe‘ Three layers of - cloth were applled in :

'“fthls manner and Were allowed te cure overmgh‘be Next a re- -

ﬁ:f‘jlnforelng frame Was made from one»half=1nch th1n=walled tublnb 3

'1é“'and Was bent to flt the moli@ Flber glass cloth ‘was. Wrapped

n <53around the tublng and then the frame Was plaeed on the molde“

‘ fThls relnforclng frame 1s shown 1n Flgure 3 2 Agaln re51n
*'Was applled and the flnal two layers of glass cleth Were
:,placed ever the relnforelng framee' The eompleted structure
“‘,was allowed to cure two days before any attempt was made to
"ffremove it from the mold o i -

After remov1nm the plastle mlrror backlng from the |

*7ﬁfmola 1t was checked for preper contour by u31ng a weoden tem='“f”“”

"platee; Correctlons of the centour Were made Wherever necessary

"1;';7?ﬁhiéiQSS‘Fabficswﬂendbeék;'§§° 24~25,



13

figure 4.1

Plaster MNold



Figure 2.2

Fiberglass Reinforcement



to do so.

The Tfiber glass backing was placed on the mirror frame
of Abbot"s modified boiler and adjusted to the proper focal
distance. Mirror adjustments were made by the use of a system
of small diameter cables and turnbuckles. The tension iIn the
cables was varied according to the need for proper conforma-
tion of the mirror backing to the template. Figure 3*3 shows
the location of the turnbuckles. When the backing was firmly
in place the flexible, highly reflective, aluminum sheets were
attached to this backing.

3.4 Construction of the solar boiler. After the
accuracy of the shape of the new mirror was established by
evaluating the modified boiler performance, a new boiler was
constructed.

The focal tube assembly shown in Figure 3*4 was made
of 32-inch outside diameter steel tubing. Attached to the
flange and extending inside the focal tube was the steam trap.
This steam trap contained several holes which allowed the
passage of steam but which retarded the passage of water drop-
lets. The outer surface of the focal tube was painted with a
mixture of lampblack and clear shellac to improve its absorp-
tivity.

The water drum shown in Figures 3.5 and 3.6 was made
from a section of ten-inch inside diameter pipe 44 inches in
length. A three-foot gage glass was attached to the side of

the water drum for water level sighting. The water drum was

15



Figure 3.2

Fiberglass Mirror Backing









Figure 3.6

Water Drum Assembly
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'“feypositloneﬁ g0 the top of thls gage glass was on a- llne level
‘eV{}w1th the north end of the exposed focal tubee The bottom of

”‘the water drum was conneeted to the south en& of the focal

~ tube to allow Water Lo flow from the drum into the focal tube " 11.

. by the force ‘of grav1ty and “of course9 the water level in :
- f }the focal tube determlned the Water level in. the drum@ LA l/8~ e“&
‘1nch copper tube conneetlng the top of the Water drum W1th |
vm i“the northern end of the foeal tube Was used as a Water sur~fe"
'iface pressure equalléerex'”hls 1s shown 1n Flgure 3 7 \
A All welded conneetlons ln the b01ler were ée31gned\S
a aecordlng to the A S M EQ‘Unflred Pressure VesseT Code, to -
‘oeW1thstand 300 p31 and the Welds were hydrostatlcallv tested
be»e’to 600 9310 | | e
. ‘ An 1nsulat1ng hooa made of an alumlnum shell fllled e~
: ffffw1th 85% magne81a cement was plaeed on the top half of the :,
»:‘ffocal tube wnlch was not exposed to the refleeted solar raye;
’e'ﬂAll exposed parts of ‘the b01ler were covered Wlth at 1east a
1,2»1nch layer of magnes1a 1nsulaft10no Theieompleted solar
ﬂi;fb01ler unlt is shown 1n Flgure 3o 8o Figure 3.9 isie sehematic:

",7d1agram of the unlt?s plplng and 1nstrumentatlono
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Figure 3.8

Completed Solar Boiler
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n“f“jprovement ln perf@rmance Of the present b@lleré

SRR o 58 0MR POTLIR D T AN eI
‘ In thls chapter the mathematlcal analyS1s used to
evaluate the performance ef the solar boller and ¢ts compgafa:'
H7nents Wlll be presentedo, Appllcatlon of thls analysis W111,QM,*
1Yield the theeretlcal and aetual perferman@e @f the boilere e

'fThese resulbs w1ll then be compared Wlth those ef Abbot“s

‘t_,orlginal anﬂ m@dlfled b01lers to determlne the amount of LmafwufJ 5

4 l ﬁvalu&tlon of the parabolic mlrroro‘ In Flgure

ke l the plane Of the Paper is assumed to be perpendlcular to .

1'.-the aX1s of the parabollc mlrrorov The eqnatlon of the paraav"

‘~  bola»ls xz'“ lzey Where both x and y are. in 1neheso ’Wlth the

'El-tlon see Flgure b l)o . In the case of the parabolle m;rrors

*mlrror properly almed at the sun, all selar rays w1ll approach!j
"‘the mlrror parallel to the y«ax1s9 and upel belng reflected k

,ffrom the mlrror surfa099 the solar rays will converge along a Qﬁt‘iﬁ

‘ .11ne Where y 3@ 1nches and x = 002 (For sketeh and derlva— ¥ f

Afthis is a llne lecated parallel tc and 30 1nches from the 57**

1 vertex Qf‘che.m;rroro However, the rays Wlll e reflected to e

;bﬁ C;>£llais, Ah»Evaluatién,ﬂgq‘BSQ
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& line if the mirror has a paraboliec shapeo‘ Since some
errors will_oécur.in”thé curvature of the mirror (in both
slope and ordihgte)ﬁ the permissible mégnitude of these
. errors‘was invesfigatéa; . _”s -
| An error‘in the ordinaté diétance; y, of therpéfaboiic"
“ecurve will fésult in vertical translatién of_the fefléeted
‘beam., If the error, whiech is more,eritiéal at the edge of
the mirrer, beeomes great enough the refleeted beam eould
entirely miss the focal tube or could. strike the foecal tube
at some oblique angle. .The maximum7allowable error depends
partly upon the diameter of the focal tube, for the larger
this diameter'is9 the gféater ‘the maximum allowablewerroro
Eor e:cample9 wmth.&bbot”s b01ler equlppeé ﬁlth a two=1nch
focal tube the maxlmnm allowable error was 1/8;=~:|.:r1c,h“2 whereas9
Wlth the new b01ler9 which has a 3 l/2=1nch 0.D. focal tubeg
the max1mum allowable error is about l/lwlncho
- The angle at which the llght ‘beam strikes the focal

tube 1s also controlled by the slope of the mirrer eurve0

An error in slope of the curvature could cause the beam to
i entlrely miss the foeal tubeo Max1mnm absorptlvlty occurs
When the refle@ted beam strlkes the focal tube normallyo

For an angle of 45° between a 11ne tangent to the foeal tube

and the reflected ray thq‘absorpt1v1ty is about 97% of 1ts

®p. ©. Allais, An Evaluation, p. 38.




O° 3 The crltlcal valueés. for

*" yalue when bthis anglé is’9
mierrors in sloPe can be determlne@ from the follow1ng equa- -
L ' ' ' '

tion.

MaXLmum allowable error = A@ %ﬁ 0 707B (4 l)

'«where R the outer focal tube raﬁlusgzand
dlstance from & p@lnt cn the surfaoe of the

15f{parabollc mirror to the center llne of the focal tubeo. Thé 1a“

'Jﬁﬁdlstance, r, 1s equal to 30 1nches from the vertex and Ah 7

"ﬂlnches from the @uter edge ef the mlrror surfaceo The max1~ig3:

,f;jfmum error in- lepe, as determlned fr@m equatlen h 1, at’ the
H WfﬁVertex of the mirror is A¢ l 18e and at the eﬁgelﬂ¢ 0. 790

4 2 Effect of solar decllnatlon on the parabolie
5

1 andvplane mlrroro ;Slnce,Tucson ;s\locaﬁed.at 32915* N -

| latifude"the éxié of'fhe'parabolic mirrof-waS‘moﬁntéd'at an "‘
 .;anule of 320159 above the horlzontal along a northwsouth llneo. {
Because the mlrror Was mounted at thls angle ‘there are only &
r,"two days September 21 and March 21 when the sun“s rays are SR
?normal to tne axis of tbls mlrroro  @n any other day there>

‘”-5ﬂwas a small angle between the mlrror nermal and the 1ncldent

:' fsolar raalatlon Whlch redu@es the effe@tlve area of the.mlrrorei

"ffjﬂor Purp@ses of clarlty‘let‘secnwi@er‘a plane tangent to’ tnefﬁjf*;i

" - 3u. ¢ Hottel and B. B"@eertz;-WThé PerfOrmance of o
- Flat Plate Solar Heat Collector“- Trans. Am. Soc. Mech. Eng., . .
-vo:l-@ 61?3 191&25 po 970‘ ) . ‘ o . PO B . S

o, o, Alists, 4o Trsluetion, 5. 3.

5Ib1d°, ». 15.2 -
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- vertex of the naraboleid"which hereafter will be called
vfthe plane of the mlrroro, The parabollc mlrrer progected on fef

'Uftblu plane Wlll appear as a squarea Flgure 4 2a represents

'r[the progectlon of the parabollc mlrror on its tangeunt plane

and’ the mlrror normal 1s deflned as any llne Whlch is perpen-
v“ d1cular to thls progectlono Flgure h 2b 1s a-81de v1ew of‘,
.the parabollc mlrrer and a dlagram 1nd¢cat1ng solar rays
‘estrzklng the mirror- surfaceo | |
In-Fl gure 4 2a the area of the shadow, AS, which 1s

4£caused by the end plate of the parabolle mlrrors is founﬁ

o "iwfrom the. equatlon

dhg =g ax

‘fwhere S = {14¢7ay) tan Ps and ' A {see. Fl ADB)
where p ;; the angle between the mlrror normal and the 1ncl~ L

‘”1“dent solar TayS.

fﬁrSubstltutlng this expre531on for S*in‘the'above differential  '
eequatlon and 1ntergrat1ng between the llmlts cf x = 0 and o

@2 ylelds ao
' e LR
2 tan ) (Ll ? _ 120} @x,

822 tean p sq 1n, and

T

g

5 71 tan P sq i‘t : - | | | "(14';;2}

- !ﬂ

K The determinatlon of the an le (Flgg ko 2b} between

the 1nclaent solar radlatlon and the mlrror normal, p, Tre-

'-_ qulres-a knewledge of the sun*s p031t10n in the sky relatlvefi-

'

‘”5egfto the nermal of the mlrrorm~ The r—'"un?s posiﬁlon in the sky S

'7$“}w1th respect to a p01nt on the earth is the result of two
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”Bl_i.f

| ";‘simultaneoue motionsa the earth?s motlon about the ax1s of

" the sun and at the same time the earth?s splnnlng about its
" own. ax1soéei' S | | | R | .f
The zenlth angle 1s that angle whlch is ineluded be=

| tween a llne extendlng toward the zenlth and another llne

“feewhlch extends toward the suno, This zenith angle varies WlthA‘

,the latltude9 the time of day and the solar decllnatlono~ The‘

'solar decllnation refers to the angle between the sun ‘and the o

1~1‘equatoro The latltude p081t10n for Tueson is 32015? Nu The

’e‘tlme of day refers to the loeal ‘sun tlmeo 12:00 noon sunttime

‘—;oceurs when the meridian of the partieular loeation is dlreetly

»Zunder the .sun, For exam.ple9 12:00 noon sun time occurs at

“e fl2 2? P.Ms M S, T, on Deoember 30 1n,Tueeong ~The dlfference

le,between loeal tlme and sun tlme varies durlng the year° The‘~

zenlth angle ean be evaluated by u51ng a "Normal Incldence

. Solar Radlatlon Table” for 32015* N Lat1tude°7. Angle p can

M'VAAIbe found by subtracting 32015? from the solar zenlth angle, Zro.

.p=Zm320159 B T e 3)

A small area on bhe north end of the parabollc mlrror,

i labeled A in Flgure Lo Za9 does not refleet radlatlon dlreetly'{j"f‘

. P
. to the focal tubeo~ If %here were no ‘plane mlrror Wlth 1ts

S , 6Fa Krelth Prlnclples of. Heat Transferg Intefnational~:“
”f>Textbook Company, Seranton, Pas, 1955, Po 218. Lo :

g 7Ava11able at the Instltute of Atmospherlc Physies,
**Unlver51ty of Arlzona TucsonQ.Arlzonao' . -



face perpendlcular to the parabollc mirror at its north edge

"~ the radlated energy whlch 1s ‘reflected from “the area Ap would -
e dlrected baok 1nto spaceo ‘The equatlon for the area AP is~
determined by 1nspect10n of Fig. L. 2o The area Aps in square

. feet, may be ealeulated_from |

A

Hi

p 7X 205 't&np ) ) . )
= 17.5tanp | (4ol)

The equation for the area A§ shown shaded on the
| projected plane of the pérabolio mirror in Fig. L.2a was
determined by inspeétionp‘ This area in square feebt is

A g‘Diao;bf alﬁminnm hood E? - 2.5 tan p = 1.22 tan P]

or Dia, of focal tube =

‘The snaded aréa,‘At,vvarieé in sizeg'ﬂeﬁending_gpon:whether
the focal tube. isVéévered by tnevaluminum hobd'br left ex-
pdsédo For the uncovered focal tube |

Ay "%%2 [7 - 2.5 tan p ~ 1. 22 tan p] V'

= 2 0bh - 1. 086 tan P R o {(46)

‘For the top of . the focal tube eovered Wlth the- alumlnum

shleld

1
Lo5h = 2, L1 tan D s : {(ho7)

by = Lofo [7 = 2.5 tan p = 1.22 tan p]

i

The net area of the parabolic mirror projected on
its plane is Amo It is equal to the total projécted area, A,
. minus the shadowed and ineffecti#e‘portionsa : |

A= b= Ay~ Ay - Ay ' i - - (4.8)
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For the uncovered focal tube, the expression for the area

1n souare feet is

A - 49 - (2.04 - 1,086 tan p) - 175 tan p
% - 5.71 tan » |
= A6 96 - 22,12 tan p - (4e9)

~.For the mlrror when the focal tube is covered tne area may

hhohé ~ 20,8 tan o o a0y

| The plane mlrror whlch 1s plaeed perpendlcular to
ﬁand at one end of the parabollc mlrror9 serVes a twofold
purpose in that 1t reeelves reflected radlatiOn from the area
denoted Ap ‘and reflects 1t back to the focal tube0 This plane
mirror also refleetsedirect radiation from the sun to the
'area-AélwhiehAin tnrnidirec£ itvte the foeal tﬁbeo‘_The area

of the plane mirrdr ig found as follows (see Fig. 4.2a,

Po 29} ’
, _ Apm = dy. A A2 a‘A 42/
| 2 (1.7 x 42 - //— 120 ax)
where & = }&h L h |
£ 72 (147 x 42 - {mziz,]hz)
1hk | 360 1o

Ay = 5.71 sq Tt

133 X b2 - 1 17 sq £
iy

= area of the shadow of the focal tube or hood -

Ra
N‘,
il

W
b- .
L

on the plahe mirror (for the unco?ered focal
tube Ash _.073 sq £t and Tor the foeal tube
‘eovered w1th the hood A h l 68)0‘
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- The: net area of the plane mirror for the uncovered foeal tube

equals ' _ , , v
Apm = 5,71 % boh? =.0. 73 9 AS sq ft . (k.11)

and for ‘the covered foocal tube the area is o
10% 18 ~ 1.68 = 8, 50 sq £ (412)

'.~p,4
, In order to properly ealeulate the solar energy

refleeteé tc the focal tube, areas Aﬁ and A must be pro~
'r_geeted on a plane'whleh 1s perpendlcular to the 1nc1dent
stolar radiatlone The effectlve areas normal to ‘the sunﬁs
rays are calculated by the follow1ng equations |
| .f;ffﬁm = A ecs p |
hwhere;ﬁ = the area A that is progeeted on a plane normal

| 5o sun9s rays, and ‘ R ‘

A;LWhere Am = net effeetlve area of the parabollc mirror (see
: Flgure 4 2&)9 and ‘ -

nd‘l A cos p # A sin'p

Where *'And the normal eomponent of the parabolle mlrror

area A (see Flgo Lo 2a) which refleets rad1a=_

p?
lultlon te the focal tube by Way of the plane mlrror,'
plus the normal component Qf the plane mirror, 3
lﬁpﬁ; whiehfrefle@ts fediatlon to the focalvtube
L wb'y Waj of the parabollc mlrroro‘_ |
For the fecal tube w1thout the- 1nsulated hood the: areas in
V sqgare feet are;. |

CApn {§§596l§l22¢l2‘tan p) cos p

46,96 cos p - 22:12 sinp (%e13)

e

10
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and - And = 16 8 tan p (cos p) % 9 45 31n o)

t62ssmy G

and'forfthe focal tube Wlth.the 1nsulated hood the areas ln.:f-T T

= Vsqﬁéré:_feét axs,ei e :
(440@6 =205 8 tan’ p) @os'p | |
fh 46 cos p = 20 8 sin P sq ft : (40152 "i

n -

, ‘,_Anm

TE

Ll

\ 16 1 tan p (cos p?f% 8950 sin p“'

o Bpa :
| 24060 sinp . o o (4@16)_./

un'

The total normal effectlve area 1s
o Anp s Apy A Am |
’ then Ior the bare focal tube thls area in square feet is
‘ 16,96 cos p - 22 12 sin p % 26 25 gin p
L6, 96 cos p i 4 13 sin p ; ‘ (4o17)

'RI]

An

Hﬂ

and for~the'covered focal tube thls area in square feet is
’.Aﬁx_g h& L6 cos. p - 20 8 sin. p L 2h,, 60 sinp '
4L 46 cos p s 3. 80 sin p - 'v‘.,‘,' (h718}

[

. The maximum value of A, t can be found by settlng the B

aerivatlve Wlth respeot 4o p of equatlons 4 17 and Lo 18 equal

to Zero and solv1ng for p. “The max1mnm value of An¢ for equam
'tlon bod7 occurs when P equals 4 75° and for equatloa Lo18

- tHe maxxmnm value of Apy oceurs When p is equal t0 4.62°, |
The minimum value of Ant ocecurs when the value of p is at a.
maximnmo  The maximum value of p that oceurs throughout the
year 1s 23°; |

4 3 Radlatlon dlstrlbutlon along- the focal tube.

Gnly on two days durlng the year is the refleeted rad1at10nﬁ'”



36 -

evenly distrlbuted on tne foeal tubeo This occﬁre ﬁhen the
isun“s rays are perpendloular to the plane of the mlrror, |
that is, when the- angle P = O;'-At any other time the 1ntene
| 81ty ofAthe.reflected solar~radiation Will vary along the
fecal tube. Flgure Lo2b represents a side v1eW of the para-
bollc mirror and the eenter line of the foecal tube0 This
dlagram.also jndicates seme:selar rays,belng 1ntercepted by
'<the mifrof during-a pefiod*between Seﬁtember 21 ahd ‘March 210

| _ For calculatlon purposes, the focal tube is divided
1nto dlfferent sectlons aeeordlng to the amount of reflected
lsolar energy that 1s 1nterceptedo' The d1v131ons are

~ Ln = northern seetlon of foeal tube Whlch receives

| refleeted radlatlon from both the plane mlrror ‘and 1nd1recﬁly ,?

o from ﬁhe parabollc mlrrorsf‘f L

c
_ only dlrect refleeted radlatlon from the parabolle mlrror,‘

Lyt = the small southern seetlon'whlch receives refleeced
radlatlon from the edges of the parabollc mlrror not shaded
by A, and L |

Ly = tﬂe’soﬁihern section of the foeal‘tube ‘which
recelves no radlatlon because 1t is eompletely shaded0 The .
equatlons for calculatlng the lengths -of these seetlons were

determlned by 1nspeetlon of rlgure h.2b, These equatlons are

w.

2,5(2) tan p = 5 tan p £, L (4.19)

wo.

2.5 tan D ft R j;‘, R - | (4.20)

‘-L- = the eenter seetlon of the focal tube Which rece1ves7jqf‘
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Lév 5‘1023 tan p ft‘ and o | (AOZi)

e 7 B (I’n 7’4 Lg /‘ Ls LTI R k('m_Zi?_.t)-'jﬁ-*r"-

V Uiéhev Performance of the solar boﬂ,ero The‘boilef
efficieﬁeyg' Og'ls the ratlo of the amonnu of heat energy
absorbed by the fluld to form steam per unlt tlme (the net
heat rate, qn) to the amount of avallable energy per unit
time, e KneW1ng the pressure, temperature and the weight
of steam produced, the net heat rete may be evaluated; The
available.enefgy'is evaluated by'multipl&ing the nefmel

~ef1ect1ve area Ant’ by the solar flux@;iThe‘equation for.

',vthe avallable energy is ‘

N qavl =e}[Ant X solar flux] Btu/hr S (he23)y
and the eQuatlon for the b01Jer effleleney is '

EO = q

n . “ B H =e (AGZQ).
Qavi. ‘ - ‘ '

The mlrror effeetlveness is the ratlo of the actual
| reflected energy by the mlrror9 Qg to the theoretlcal re-
 'flected energy by - the mirror, qu The aetual amount of
esoler energy reflecteq to the mirror is eqaal to the net
 v.heat ra'te9 qn9 plus tne total amount of heat losses qt,
d1v1ded by %he absorpt1v1ty of the foeal tubes O<° The equau

%

_1on for qa | | |
a, = In A 94 | |
a = ot Btu/hr o (Lo 25)

If an accuratelyeshaped mirror were used all of the

incident solar radiation striking theﬂmlrror Would:be refleeted



to the foeal tube., This enefgy being reflected'to the
focal tube is called the thecreticéi mirror output, 4o

The egquation for QI is

qIJg kr Anm A r A d) x *solar'flﬁx:]Btu/hr (4026)

“The'part*of the parabolié mirror, Ay,
which reeelves dlreet solar radla’tlon9 refleets thls energy
-to the plane mlrror Whlch in turn reflects thls rad1at¢on

to the‘foeal tubeo_ Slnce only 80"of ‘the 1ncident solar

radvatlcn is- refleeted by the parabollc mirror to the plane .

mlrror aﬂd 31nce the plane mirror feflects only 80% of the
reflected energy received from tne barabolle mirror to the
_ focal tube the double reflection areag Apgs must be multi=

plied by r2 = (O 8)2 to account for thls double reflection

. of the- solar energyo

Dividing equation 4.25 by equatlon L.26 ylelds the

expression for the mirror effeetlvenesso

Me% o (ke

4t

‘Since it is intended that the steam produced by this

boiler shallidrive'somefprime mover,-a reciprocating engine

ﬁill be assumed to be drivén‘by the steam, The maximum

efflclency of the 1deal engine 1s expressed by the efflcleney

of the Ranklne engine.,

i

 hy = h
Bp = 2L~ 2 (L.28)
o by = hey |

where L
enthalpy of steam entering the prime mover,

uhi-

(see Fige LoR)

38
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ho "enthalpy of steam leaving the prime mover, and
hfz = enthalpy of the saturated 11qu1do

- The maximum overall effleleney of the system 1s&'

By = BB, | | - (4o29)
and the actual overall effleleney is. [.. . ‘ e

'E‘a:%ﬂﬁ} EEE T (4.30)
'Whefe;“F englne efflclency of the prlme mover. | |

e .

. h}5f Methbds”used igldetermininguheat lOsseso Heat

"tfanSfer‘frem;the‘Varioﬁs parfs'of ﬁhe solar boiler occur in
~three different modes? Coﬁ.ductioh9 conveetiensland”radiationo
»LosseS‘by conduction Whleh ocour through the plplng which was

" 1nsulated Wlth 85% magnesia were found from the formula for

_heat flowvthrough the walls of a eyllnderqa

) _ __RNKL _ .
%‘q,m 1in (rz/rl) (tl tz) Btu/hr . . ‘ (hoBl)
Where  X = con&uetlv1ty of 1nsulaﬁ1ng materlal evalnated

"at average tem;perature9 Btu/hr ft Ops

length of cyllnders ft

0.

L
LR fl = 1nner radlus of 1nsulatlong
To o= outer radius of 1nsulatlen9
fti temperature of inner eurfaee of 1nsula‘c;.on9 and
g

0

1

temperature of outer surfaee of insulation.

Losses by’convectienywere deﬁermined from the genera1 

%ﬁ Ho Gledt Princ;ples of En 1neeri Heat Tranefers '
D. Van Nostrand Co°9 Prlneeton9 N 39?“19 , po 1o \




. was used or noto For the case where the hood Was nob used

‘40 -
equatlon for convectlve heat ‘transfer,Q
4 = hyhat Btw/nr - (4.32}

where . A = heat transfer area, sq Tt

it = difference between the surface temperature
' and the témperature of the fiﬁid at some
| locatlon far from the surface9 °F9 ané
' hA = average eonvective heat transfer coefflclent

Btu/hr-somft oF

The magnltuae of the average convecﬁive heat transfer-‘-
coefflclent depends upon Whether the 1nsu1atea alumlnum hood }
the tube was con31dered as a clreular cylinder in a crossflewelQ '
Then the.value of Ia.c ean‘be determlnedﬂfrom the equation
for the avérage Nussel® number, 4The'eipression for determin- -

ing the Nusselt number is -

N, é'e(Re)n SRR T L (4.33)
where Ny = average anselt nnmber = hc Do '
' K
T

' ﬁo z:outer dlamater of ﬁhe foecal tube, ft,f
K£ = eoefflglent of ﬁhermal conduct1V1ty evaluated
?at average fllm temperature9 Btu/hr»ftm O
'fRe';‘Reynolds nnmber Z@g;
e =" 7

o 9F° KreLth, Prlnclgles of Heat Transfers Inter="
national Textbook Compan.y9 Scranton9 Pa09 195§9 P Lh.

loIbldas Do 3770



SR

‘rV.g veloclty of fluid flow1ng normal to cyllnder”

; fﬁ/secg and

“;Zg Klnematlé V1s§031ty evaluated at average fllm

_ temperature9 ‘sq ft/seco.l | |

Lhe values of c: and n vary Wlth the Reynolds numbero 4P6f1
Reynolds number between 4O and QOOOQ ¢ = 0,615 and ne= 0,466,
‘ and,for Reynolds number bebween hoocbénd AO OOO c 0, 174 v

ahd n = 0, 618 1l Fop fluids flOW1ng normal to ‘a 51ngle

cyllnder or ere Meédams sugges»s mnltlplylno the rlght hané

side of eqnatlon 4 33 by (1 l)(Pr 0431 ) to correct for the “;
‘varlatlon in the Prandtl numberol2 -
.Prfgﬁ;e -
Ke o
E 7Whé?é°t'i‘z;= dynamlc v130051ty evaluated at average fllm |

1 temperature lb/secmft and .
&cp: v snec;flc heat of alr at conétamt pressure and  ;f
| at an average fllm temnerature, Btu/lb~oFo‘
‘ffIn order to ealculate “the convectlve heat losses_‘Aﬁ

 ibetween the foeal tube amd hoodg'lt was flrst requlred to

‘V;detenmlne the veloclty of the air f10W1ng through thls spaceo,;;

 ﬂ. ¥The follOW1ng equation Was used for thls purposeo ;,

2 S
],L pvg A e
TE o

llT Krelth Prineln19309 po 376

Co L2y Ho-McAdams Heat TransmL381on9 34 edog m@&rgw;’:';f
' Hill Book 6009 1953 ' ‘ . R



- where ”k{edeﬁsiﬁj Ofvair‘éntering %hefspaceg 1b/cu ft;'
| fg5s'density df air 1éaving‘the,spaceg lb/éu £,
Vi = veloclty of air enﬁerlng the spaceg ft/see,
Vé'g velaclty of air leav1ng the space,. ft/secg
L 'g'lengtn of path9 Tt, | |
D = equlvalent dlameter of space, £t, and
J// g,frlcclon faetoro

 The equlvalent dlameter can be evaluated from the formnla

o ) (eross~seetlonal area) ‘ ; !
B o (4o35)
Wetted perimeter -

Bince 1t was assumed and later verified that the flow through
the space was laminar, the frietion factor is 1ndependent'of_
the surface roughness. Therefofes the friction fadtor'can ;n
be evaluated from the equation | |

. Sk S S (4036)

‘ Substituting these‘valués into equétion Lo 3k and soiving for'r"
V,? yields | | |

2 ' S 4 RN
R ‘Vl A P ©(5.37)
[ L % 1 ﬁ? C ' - S
Re D 4 .

Once the ve1oclty is determlned by equation L:37, the heat

_,transfer coeffleient hcs can be found from the formula for

lamlnar 1low in tubes 13 R , |
oy 3. 65 4 :0068 (/1 Re B} o (4e38)

,_Kf SR % -0k (d/l Re Pr) 2/3

'N'%awo Ho‘Gie@t}p'Principlés,]pe'155n
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The method used to flnd the losses from the un- .-

"t[;eovered focal tube by radlatlon'was te con31der the focal
"f;tube as radlatlng to al black bodyo- Thws assumptlen is valld:aiffe
‘*31nce very little 1f any of the energy radlated from the o
1,focal tube Wlll ever be reflected back 1ne formnla used Wasek
i 4= Aéf [Tl“;= T, b1 Btu/hr‘ ‘",A»]‘3 o (h 39) ; ,;:
"}where f‘&;, area of radlatlng body, sq- 5, B ‘

R

’Vf,f;e’em1531v1ty of radlatlng body evaluated at . the
. *!temperature of . the body,r“f o 5_U, o )
-a[“ f¢;ngtefan=Boltzmann constant 0174;if10f3,33u/hr7,
s e - ,jy'» 'f"“ if_“A "‘ H
'jeefieatemperature of radlatlng bo&y, oR, and
‘[3§§; temperature of recelv1ng body9 9R3 in thls caseia
’"et  the temperature of ‘the alre | » o
To flnd the radlatlon losses from the pertlon of the rf‘f7

tube Whlch was shlelded by the 1nsulate6 hood the follOW1ng

formvla was used lh

R ; n"&l - (é“'l) Tl Tz o Btu/hr - (LPOIPO) REREE

tl '___.j".” .

i Wheref ﬁiep area of focal tube sq ft
o M'Az
';ézr

area of 1n31de of hood9 sq ft

L

L]

em1531v1ty of foeal tube evalnated at temperaa."

ture of focal tube,

L ‘14M Jacob and G Ao_Hawklns, Elements of Heat Transfer i(“‘
‘and Insulatlon, John'Wiley and Son,’ Ineos 1933, D. 185,




/A

‘Hl

emissivity of aluminum hood evaluated at

'temperéﬁare”of shield,

temperature of focal tube, oR, and

temperature of shleld, oRo

W




| CHAPTER V.
- e‘xemmmmn ATD TEEGR?ETICA‘L RESﬁLTS

In thls chapter the experlmental and theoretlcal
iresults of the tests are dlscussedc ‘The resu;ts are pre»
sented to evaluate the design and operatioﬁoof the solar
boiler, Also;'the cost of‘opefating a solar boiler fo pro;'
" duce power is preeenfed'togethei witﬁ suggestione for further
Sstudy’ 0 : 4 | |

5.1 Instrumentationo Iron=odnstantan thermocouples

‘ wefe‘used'in connection with aﬁ,entomatic‘tempereture recorder
in order to measure temperatureso Three thefmocoubleslwere
placed at dlfferent 901n$s on the foeal uube to obtain &
'e'measurement of surfaoe temperature3° one in the middle and
one near eaoh end of the focal tube. A thermocouple probe
was placed inside of the northern end of the focal tube to
‘»measure temperature of the steamok To measure the Waﬁer ten~
peraﬁure in the supply tank two . thermocouples were placed on
the water tank one at the bottom and one at the topo Two
fthermooouples placed near eaoh end of ﬁhe alunminum hood Were
used to measure the hood surface temperatureso For the exact |
loeatlon of the thermooouples see Tlgure 3o 9 |
The thermoeouples were. callbrated at a low aﬂa a high
temperature. A twovdegree error was Qetermlned for the high

~ temperature measurement and there was no error at the low

.45
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 temperatﬁre méasuremeﬁt; JA.Brown'ﬁléeﬁronik9‘twénty=point,
_rtemperature recorder Shan in Figure 5.1 was used to record
Qééqh tempefature meaSuredtby the-tﬁermocouples.dﬁring.the
liénﬁire‘testa“‘ - | | | |

L The pressure readlngs Were obtalned from a recorﬁlng

’1-;Foxborc Pressure RecorderO

5.2 - Solar radlatlon measurements@} The"total‘amount‘of;f:fﬁ

'“f ”s0lar radlatlon reeelved by a bedy-on the earth’s. surface is

'~'equal to the sum. of the dlrect radlatlon from the sun and the

W  alffuse or 1nd1reet radlatlon scattered from the atmosphere.
The latter usually amounts to only about 10% of the total
-radiation-on clear aaYS and 100% of the total radiation on
eémpleﬁelyzavereasttdéjée The Solaf‘radiatiqn'was measure&'
by a_normal incidence pyrheliometer¢j, -

56 3 Test proceduree; Inﬁordér to keep'thé conditions-

¥"dvr1ng each test as unlform as poss:.bleS tests of ‘the 'solar

 boiler were made only on clear days Wlth as low a w1nd veloclty_,gff

:;“as poss:.ble0 One reason for ch0031ng days when the Wlnd veloc=i;f
V-lty was low was to keep the heat losses by forced conve@tion |
-teva mlnlmnmo~‘Keep1ng the heat losses_by forced convectlon

at a minimum_#alue would eﬁable thésboiier to-operate aﬁ,a

relatively higher effictency. Another reason that aays with

low wind veloclty Were chosen to operate the b01ler was that

‘1 ,all the tests conducted W1th.&bbot?s b011er were operated on

days,when therecwas axslight breeng- S;nce«the performanee

- of thé’tWO‘boilers'Was to be éompaféd’it,was‘only fair to



Figure 5.1

Brown Electronic Recorder
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operate the boileﬁs at asvnear’the eame atmospheric=conditions
as p0331blea, |

Before eaeh test was started the dust on the mirror
'surfaee was Washed off with dlstllled'water and then the sur-
face was cleaned with alcohol to  remove spetse

. Thevboilerywas‘plaeed into operation and the time to
reach thelboiling temperature of the Weter was noted. 1In most
of the tests the boiler Was‘etartedeat approximately 9:00 A M.
 While the boiler was eperating underwthe desired temperatdre
and pressure condltlenss the amount of steam produced was
collected and weighed. Throughout the tests several measure-
ments were made with a surfaee‘the:mQMeter'of the outer sure
face temperature of theAinsﬁlation;eovering'verioue parts of |
the bovler uﬂlt@ N |

5.4 Effectlveness of the plastlcmbacked parabolle

J mirrof ) As soon as the old parabollc nirror was replaeed on
the modified boiler by the new mlrrors a serles of tests were
'eonducted to determlne the mirror’effectiveness, Mo, Iin Table
5 1 the results of two of these tests;, one abt hlgh pressure
and one. at lOW pressures are llsteﬁ under the Getober 17 and
Nbvember 20 eolumns. “pese results are.eompared with those
obtained from the test of the seme.boiler which was equipped
‘with the brass-rod-backed mirror. The teste show thabt the
mirrbr‘effeetivenees was ihoreased From eboutv50%‘te approxi-
mately 82% |
The values: tabulated in Table 5.1 1ndicate that by

1nereas1ng the accuraey of the shape of the mlrror9 the pounds"
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’TABLE‘B;i
hXPMRI?ENTAL AND TH@GRwTICAL PERFORMANCE OF THE IWPROVED
MTRROR BACKING ON THE MODIFIED DESTON

u**%****$*$***$$*&$$ **x**%*$***#*px4*$xx»x$x*$x*x¢*$****xx$*$*'Q
‘ ’ Dec 30,% Jan 3,1. Vct.17,° Nov 20,2

, : . 1957 1958 1958 1958
Items - ~Units: 11:15~- . 1:38~ 11:08-. 11:30=
B 12:15 . 2:38  12:05 12:%0
Steam temperature ~ OF 208 398 380 208
Aréelor - - OF Bl . 485 . . 450 348
Ambiént;air temper- o . o .
ature . OF, 67 81 - 8g . 75
§oundsuqf“steam RERE - - R o o .
produced ib/hr - 3.69 .816 7.1 7.0
 Net heat rate qy Btu/hr 3590 676 5970 © - 6810
Heat ‘losses A o |
Qi =.1lnsulated = . . B o '
© ' areas Btu/hr 312 743 438 880
gy = focal : Co - ' o
. tubeé _Btu/hr" B8 2746 2796 - . 890
AP = a9 # a4  Btu/hr 1050 . 3482 3228 - 1170
ﬁffectlve mirror .  ."‘> c o o
area, Ant ’ sqf:  452 45.2 47 .88 45,9
Solar flux Btu/hr . | -
- sqft - 0 Bl0 - 283 348 . 307
davl . Btu/hr 14,030 12,800 16,500 14,100
Actual heat - L R ’
absorbed, qad Btu/hr = 4640 ° . Leak 19198 7980

Theoretical - ‘
mirror output, R —— .
ar - - Btu/hr 10,700 9770 13,000 10,700



'TABLE 5.1 (continued)

|

Theoretical |
absorbed heat, . - _ .
A - . Btu/hr 9350~ 8%40 11,300 9550

Theoretical‘net ' : . . :

- heat rate ' Btu/hr_ -_8300’ 5058 8072 - 8380
Mirror effect- T .
iveness, M = % - 49,6 51,1 81,2 - 83,5
Estimated focal B o
tube temperature oy 361 551 590 ‘ 380

' Actual efficiency, | o _
EO ‘ ‘ . % 25@6 L 5,28 ) 360

48,3
' Theoretical P e e |
efficiency,EBo® % 59.1  39.5 49,0 . 59.k

Time to reach
.operating condi- N : ,
tions minutes = 65 ¢ eeem . LB 30

1, MOdifled design equlpped W1th brass rod mirror backlngc

- 26 Mbdlfled desxgn equlpped w1th plastlc mlrror backlngo
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- of sieam peﬁ uhit time produced‘werekihcreasedn 'For.the low
A‘pressure test the steam output was 1nereased from 3, 69 to

7.0 pounds per hours and for the hlgh pressure test the in-
crease was from. 0 816 to 7.1 pounds per houro Attentlon is
called to the fact that the heat losses from the focal tube

to the atmosphere were greater during the November 20 test
~thén during the December 30 test0 The highér focal tuée heat
.losses for the Decamber 30 test wére due to the larger temperae
ture dlfference between the focal tube and the amblent air. -
.The hlgher focal tube temperature for the November 20 test re»v

‘sulted from more reflected solar radiation strlklng the focal
‘4 tubeo _ . | ,
Even With'the'higher‘totalwheat losses (1170 Btu/hr)

from the boiler during the Nbvembef‘ZO £est as-compared to

the total héat»losses (1050 Btu/hr)vfor the December 30 test
the boiler éf’ficiency was incféaSed from 25.6% to 48.3%. This
.inéreése_in'éffigienéy éan_be attfibuted %o the new ﬁarabolic
mirféro:‘If the old'mirrbr'had been used in place of the new
m1rror durlng the November 20 test the net heat rate would |
: have been 3690 Btu/hr and the b01ler efflclency Would have
been 25, 5%0 These values of the net heat rate end the b01ler
: efflclengy-gre‘very elose to‘the values of the net heat rate
(3590 Btu/hr) and boilef eficiency (25.6%) of the December
- 30 testo For all practlcal purposes the conclu31on that may be
drawn from this comparison 1s that the inerease in boiler per-

formance was due to the use of the-nQW‘mirroro
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“The prlmary purpose of thls part of the test was: to :
determlne hOW‘mnch more effectlve the new mlrror ‘was than
©the orlg;nal mlyroro Slnce the value of the new mlrror
effecfivenese’wes'increased approx1mately 30%, it can be ,
.stated that the plastlc mlrror backlng wae a con31derable
1mprovement over the origlnal backlngo | . |

5 5 Performance of the new b01ler W1Lhout the 1nsulat=ff

x! :;“g hOOde Table 5.2, lists the results of tests conducted on
‘the new solar b01ler without the insulatlng hood to shleld
the tcp 1800 of the focal tubeo5 The effectrof‘haV1ng no
1neulatlcn on the foeal tube-ls made‘evident by the amount
of heat losses from the tube (3921 Btu/hr and 3842 Btu/hr).
Since there was no protectlon from the w1nd ‘most of the heat
lost from the focal tube was due to fcrced convection. For
: exempleg dﬁring the December 26 test the convective losses
- from the focal tube amounted to 2775 Btu/hr while the re-
radlatlon losses were 1146 Btu/hr@ . ' |

‘ A~mean value for mlrror effectiveness was calculated
‘ by usxng test results of the December 24 and 20, 1958 tests;
and it Was found to be 90%. The reason for the higher aver-
age»mlrror effectlveness9 90%), fbr‘the December 24 and 26
‘tests as compared to the mirror effectlveness of the Qctober
17 and November 20 tests of 1958 (see Table 5,1) was due to
- the lnterceptlon of a greater amount of reflected radlatlon
by a larger dlameter focal tube. The receiving area on the

tube for the modlfled design was l L6 sq 't While the yece1v1ng



. TABIE 5.2

EXPERTMENTAL AND THEORETICAL PERFORMANCE OF THE

NEW BOTILER WITHOUT THE INSULATING. HOGD

53

*****>§<=I<>.’~‘~**‘fk*#$>f=$kﬁ’<>{<>.‘<>§<>f<=i<**>l<>§<>{<>if>§<‘=i<=§<>k?k*?‘bﬁ*—}>w‘v¥‘¢<q-—~=s R S SR S S R T S

- R25

| : ‘ Dee 26,58 Dee 24,158
Ttem ‘Units 12:35 PM ' - 11:00 AM
- e 1535 M 12:00 N
. Level of water in : :
focus tube Full Full
Steam temperature - op 208 208
Ambient air temperature oy 65 67
Wind veloelty . MPH 6 5.5
Solar flux (mean) Bbu/br sq £t 302 298
Pound& of steam . '
produced. o 4 1b/hr A 95 Lo82
Net heat rate'(qn) ~ Btu/hr 4820] 1,690
Heat losses
qp, = insulated areas Btu/hr 289 276
0p = focus tube Btu/hr 3921 3841
= 43, £ ap Btu/hr L210 4117
Effective mirror area__ sq £t by 78 Ly o73
Yavl |  Btu/hr 13,500 13,300
- guofactual absorbed | -
‘heat) o Btu/hr 9030 8807
(theoretlcal mlrror S ' ‘
output) S Btu/hr 10,300 10,120
Io((theoretloal ab- n
sorbed heat) Btu/br 10,000 9,830
Theoretical heat rate Btu/hr 5790 5713
Focus tube temperature op 221



TABLE 5.2 (conbtinued)

Actual efficiency, B, % ‘ . 35,6 35.2
Theoretical efficiency, Egt % 12.8 130
Mirror Effectiveness, I % 90,1 89,9

Time tb reach operating B L o
tenperature, minutes , S 25 , 27
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area on the tube for thé new boiler was 3,20 sq £t

, The theoretiéaliﬂeat absorbed~by the focal tube,
~chX; minuséghe tota1 losses ffom the‘uﬁit,‘(q%)g yields
the théorétical heat rate. Referring to the ﬁecembef 2b,
test 1n Table 5 29 one observes that by us1ng a. perfectlya
snaped mirror the net heat ‘rate w1ll be 1ncreased by only
| - 1023 Btu/hr or the pounds of steam produced will be 1nereased
‘approx1mately one pound per houro From this it isg oonclude&
that the main cause of the 1neffleieney of the .boiler performm
ance. lles in the hlgh heat losses from the focal tube. |

| ~The twme requlred for the ‘boiler to reach an o?erat=

ing temperature of 208°F was redvced from one hour five
mlnutes u31ng Abbot?s b01ler to- twentyeflve mlnutes us¢ng the |

newbo:.lera ThlS reduetlon 1n~warmsup time was the result of

- _ the lower heat capaclty of the new. b01ler and as a result of

a more efflclent transfer of heat@  The reason for the higher-
heat capaclty in Abbot“v b01ler was beeause of an 1ntermed1ate,
 f1n1d called &roclor whlch was used to transfer heat from the |
focal tube to the watero The presence of Aroelor 1ncreased
'.'the mass8 thus 1ncrea31ng the heat eapacltyo Howev-er9 the
lower- heat capa01ty of the new b01ler resulted in rapld tempera-
*"ture reduct;onrwhengver_a”cloud blocked.the“sun\or a gust of -
wind blewiover the foeal'tubeb‘ The heat trénsfef'in ihe"new 3
 bo1ler was more efflclent than in &bbot*s bowler because there3'
.Wwas no 1ntermed1ate fluld to transfer the heat from. the focal R

~ ‘tube to the Wa‘iser0 In the new b01ler the heat was transferred,
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directly uo'the water. 4

u-Attempts to generate steem at 250 psia Were unsuccess-
ful because of the extremely high rate of heat loss by radia-
bion and convectlon from the bare focal tube. The boiler Was
uunable to produee steam at a temberature higher than 320°F
and once thls temperature was reached any change in the
ambient conditions sueh as an increase in wind velocity re-
" sulted 1n an immediate temperature and pressure drop. Since
it was not p0531ble to malntala a constant pressure and temper-
ature durlng the. hlgh pressure test no attempt was made to
tabulate data, - | |

5. 6 Performance of the new boller equlpped Wlth tne

insulatlng hoodo APtET the 1nsu1at1ng hood was installed

over the top 180° of the focal tube of the new boiler as

shown in Flgures 5.2 and 5 39 several tests were conducted

Wlth the b01ler generatlng LOOCF sbeamo‘ The results of one

of tnese testsgyshqwn 1u Table 593? 1nd1cate that after the
insuiaﬁiug hoed Was”inSteiled the sream output of the boiler
was abeut 2% pounde of steam per‘hOura The heat losses from
the fecal.tube were still veryrhigh9 especially'from the'bottom
| halfvef‘the tube which was net‘protected from the wind. The
heat losses from the bottom half of the focal tube during the
.February 3 1959 test were calculated to be 6026 Btu/hr of
which 2710 Btu/hr were due to forced conveetlon and 3316 Btu/hr f
‘were due to reradlatlono. This shews,that at high temperature
operat101 the reradlatlon losses pose a more serious problem

than the convectlve ‘losses,



Figure 5.2
Focal Tube Equipped With Insulating Hood
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TABLE 5.3

59

EXP“RIMENTAL AND ”HEORETIGAL pERFORMANC? OF’THE

NEW BGILER'@ITB THE INSULATIN3 HOGD

Theoretical heat rate Btu/hr

*****%##rﬁaxx*?kk\*<4ﬁm?%¢%*xx£$x«m ##dk$*ﬁ4%*%$***xkkfﬁfﬁ+%4X:
o ‘ o Feb 5,5 b 3,7
Item -+ } ‘UniﬁS< 4%5:323ag?' fgzhg?pgg
o T 12:35 mm 1:45 pm
, Level of Water 1n focus ’ 4
tube Full Full
Steam temperature . op 208 400
Ambient air tempeiature , OF‘; ‘ 62 6k
Wind velocity ~ = -~ MPH L 3
~ Air veloeity between . f |
- :hood and focal tube- .  fps. - R.15 Lok
‘Solar flux (mean) - Btu/br sq¢ £% 328 321
Measured‘steam raie‘ 'l lb/hr 6.95 - ‘2026._
‘Net heat rate (q )  Btu/hr | 6760 1770
Heat losses . Btu/ar | |
g7, = insulated areas 300 687
ap = focus tube 2494 6949
4t = 91, # 9 | R79% 7636
‘,Effectivé.mirror area s8¢ £t 43675 43470
Gy . - Btw/ar . 14,350 14,050
Qd?(actual absorbed | L o -
heat) . Btu/hr. 9554 9406
(theorenlcal mirror | L L :
output) L Btu/hr 11,120 10, 891
an(theoretlcal absorbed |
heat) "~ Btu/hr 10, 800 10,570
8006

293k



TABLE 5.3 (continued)

Foous‘fube temperature o
Aetual efficiency, E, %

Theoretical efficiency,

Bt %
‘Mirror effectiveness,M v%

Time to reach operating:
temperature _ nin.

235

b7.1

55,7
884

450

- 1206

20,0
88.6

120
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The computed value of the atmospheric air velocity |

between the hood‘and focal tube was lol ft/sec. Using this
value of alr veloclty and assumlng the temperature of the
air to be. eoual to the average of the alumlnum‘shleld and
Tocal tube temperatures, the lossee by foreed conveetlon
from the top half of” the focal tube Were calculated ‘to be‘
770 Btu/hr and the calculated reradlatlon lossee were 153
Btu/hr.
‘ Theayalue of mirrer’effeetiveness was again computed
in order to eheek the accuracy of the calculations, The value‘
of M for the February 3, 1959 teet agrees very well with tné
value of M for the December 2k and 26, 1958 tests. The slight
decrease in'mirror effectiveness Was probably due %o an error 4
in the mirror curvature which resulted in a small amouﬁt of
. reflected radiation being direeted to the hood*instead,of to
the exposed portion of the focal tube. This was determined
by visual inepectionom | ‘}

- .The overall;boiler effieiency, Eog»during the“high
pressure stean test was very low because of the high heat
losses. . Even if a perfeetly=sha§ed mirror had'been employed,
Athe efflclency would stlll amount to only 20%;. This indicates
that some means must be found to reduce the lossés from the
focal}tube before satiefaetory‘performanceAof the boiler can',

" be expected. B K . . | |
It must be notednﬁhat the‘high*ﬁressure test of

February 3, 1959, was con@ueted under extremely good?eonditions,
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having‘a low wind veloéi@y‘éndfabhigh~solgr radiation. on
‘other'tests coﬁdueted‘WEQQTthejwind ﬁeloeity4W§s greéter,_it'
was-not péssible'td pdeﬁée*aﬁyysfeém”thrdﬁghéﬁé ﬁhe day be?; 
cause the losses due to foreed eonvectlon Were too high. The‘
_performance of the b01ler on the February 3 test must be con-
4f81dered optlmnm rather than typlcalo ,

On February 5 the new b01ler equlpped Wlth the alum1—‘
nﬁm_hood was operated for steam productlon at atmospherlc |
7preSsﬁré;< A comparlson of the results from the ‘Low pressure
‘test of February 5, 1959 with that of December 26 1958 1nd1~(
_eates an 1ncrease 1n b01ler steam output when the aluminum
‘hooﬁ is used to 1nsulate a’ portlon of the focal tubeo Even'
though the effectlve area of the parabollc mlrror was reduced
because of the shadOW'east by the hood the b01ler performance‘

was 1ncreased by ll 5%0 The veloclty of the air flowing be-A

tween the focal tube and the hood for this test was calculated

to be 2¢l5vft/seco Slnce the veloclty of the air flow1ng be~
tween the hood and focal tube was less than the air veloclty

. flow1ng over the unprotected tube the heat losses by forced
eonvectlon'were reducgdo. FOr examples the convectlve heat
losses for the. protécted portlon of the focal tube during the
February 5 test were . 330 Btu/hr Whlle the convectlve heat _
‘losses for the same sectlon of the focal tube durlng the
‘December 26 test were 1388 Btu/hr. ‘The hood also reduced the
reradiation losses from the top 1800 of the focal tube from

573 B‘tu/hr to 45 Btu/nx»,, a
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5.7 Attempts to produce superheated steam. By

lowerlng the Water level by. a certaln amount in the focal
tube it was felt that superheated eteam would be produced0
 Th1e could be aceompllshed by letting the steam thet was
produced at the surface of the water in the focal tube to
travel by natural convection through the remalnlng length of
heated tube where the steam would become superhea‘ted0

Gn February 6, 1959 two attempts to preduee super~.
heatedrsteam were made, both Were unsuceessful (see Table ~
504)0 The first test. prOV1ded a superheatlng seetlon in the .
‘foealvtube by lowerlng the water level along the_tube by 18
iﬁches frem the north end of the'tubes whileAin the second
'testg"the water level was lowered by a distanee'ef'37a8 inchesc
In eddition to producing no superheated steam, there was a |
‘ feduetien in steam output;.'The'main reasoﬁ‘forfthis steam
outpuﬁ reductlon was that the elevated temperaﬁure of tne
upper part of the focal tube that had no water in it caused
an 1ncrease of the radiation and convective heat losseso In
the Eebruary 6 test; the temperature of the upper part of the
tube that had no Water in itbwas raised to BSOQF‘as compared
°to the temperature of the water filled portion of 225°F,

The maln reason for the fallure of the unlt ﬁo pro- -
duce superheated steam was beoause there was praetleally no
 heat transferred to the‘steem by the process of natural con-

vectieno‘ber'the conditions of this test the convective heat



TABLE 5 h

EXP”RIM&NTAE AND THEORETICAL RESULTS OF ATTEMPTS 4; o

. : TG PRODUCE SUPEREEAT]l STﬁAM SO
**%*%ﬁ*%$**$%¥k$K***?****%$*%*é$*¥*m¥k%%ﬁ*hK¢$***$*¥*¥W****4* YLotan

- Feb 6
1959

itemi(ﬂ, ‘ fﬂ Unlts a ; 11 15;_'

12 15

ek

‘Feb 6
1959

o 12%30-

1:30

' Level of water in

 focus tube - E "‘incheé ’”1_f‘ {u 18

f{Steam temperature ﬂ.:_‘ ongﬁfﬁAij, 208

"7fomblent air temperature °F  ﬁ:1l‘f7>}_H63:f

- Wind velocity *f“ ~M?H,  ” o ' ,l4

.‘wfa?Alr velocity between I\"}r f;‘i v ,
'”e¢gghood ‘and focal ‘tube:. fpsbcv . 2 07»

- Solar flux R Btu/hr sq. 15 ;!‘324?

-  Pounés of steam e i ‘ ?*3' o
'f:pmﬂmwd va fﬂ3$ﬂm;~f,['5@0'

‘Jf“f Net heat rate, q ﬁ;jEﬁﬁ/hfﬁffff':j758705'1”Vd

'UEeat 1osses

""1d§ﬁ; foous tube' :  Btu/hr . | 2940
=9, # U "f_fz ‘Btu/hr' - © 0 3235

| y"ff‘Effectlve mirror area f@;: 'T‘ ffi7jy2€a R
C(Apg) .“,H,_«'k csq B k3,72

‘qavl o SR Btu/hr;f,  ;§é15Q;: A.

an( (actu&l abs@rbed e :F':, e e 'v . Gl E

(theoretlcal mlrror

output) ¢ Btu/nr ?'4_'1o580og |

0((theoretieal absorbed

'“ﬂ 1 heat) R Btu/hrl\ f7 lQ;£IO*”1

= 1nsulated areas Btu/hr" ‘ ‘“ 295 . :

208 .

ok

.65

'289‘

4341

oo

'“9;f4519'3ﬁ““°} g
»””i;}54639', i'T"H
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. TABLE'504 (coptiiued)

' Theoretical heat rate fBﬁu/hr~3f\ﬁ

‘Focus tube temperature o

‘Actual effiéiency‘,“:‘; %_

‘Theoretical efficiénéy;  %4:5$ =

Mirror effectiveness — % ..

Time to reach operating -
temperature - omin..

260
1.6
5046
C87.4

16

65

31.6

5880
281

s
87,0
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‘transfer eoefflclent was of the order of 2 Btu/hr=oF=sq ftl
~whieh is a Tery poor heat transfer ceefflclento Since thls H
heat- transfer coeff;cient was S0 Very poor, it is reasonable
to assume thaﬁ most af'the refleétéd radiation striking the
water void sectlon of the focal tube was lost baek to the -
vatmosphereo This assumptlon is verlfled in both test results
of Pebruary 6, for the reduction in steam rate is almost equal
‘to the 1ncreased focal tube loss,

5,8 The effect of plaelng a glass shleld over the

bottom half of the focal tube° Slnce the losses from the

bottom 1809 of the focal tube Which is exposed to the re~

flected radlation Were extremely high - some method of shleldm_ o

ing the focal tube to reduce these losses must be employed.
This could be accomplished by cbverinﬂ»the bottom half of
. the tube'w1th a clear pyrex shleldo The proposed cover would ;'
- be made of a- elear pyrex semlacyllnder'W1th an inside dlameter
.of &05 inches and a thlekness‘of 1/8 inch. In Table 5.5, re-
vSulﬁs for a hypotheticalaease are'tabuiated to show the effect
' of using:sueh a semi=cylindriéa1 pyraxashieidfwauld have on -
the solar béiler‘perfofmanaeo> The proposed glasa shield was
“assumed to be in place during both the high pressure and at- "
mospherlc pressure tests of February 3 and 5, 19580 |
Tn order to determlne the faeal tube. losses listed

iﬁ'Table 5.5, the heat lost from tha focal tube by convection

Y. H. Gledt, Prineiples, p. 155.



”.and rera&iatioa Was'balanced“with ﬁhe heaﬁ lesi from?the.x
‘:lpyrex shleldc In order to perform thls heat balance it Was
Hineeessary to resort to a trlal and error methed assumlng

) temperatures for the- pyrex Lube° 'When the losses from the

f*local tube equaled the losses from the pyrex shleld under

'lsteady state condltlons the problem Was solved° The tempera=[f f:.f

‘fhr_ture of the pyrex tube Was oalculated to be 165°F for the hlgh

l pre sure test and llSDF for the atmospherle pressure test Thelkll,

- pyrex shleld Would cause a reductlon of heat losses from the

foeal tube durlng the hlgh nressure test from 69&9 to 3645

. eBta/hr (a 47 5% reductlon) ’ Durlng the atmospherlc pressure

| loneratlon, the pyrex shleld WOUld cause a reductlon in the o
‘focal tu‘be heat losses from 249@ to 1170 Btu/hr (a 53% reduc.-
| By USlﬂg the pyrex shleld the actual efflcleney of _ 
fthe b01ler could be 1ncreased from 12 6% to: 30 6% for hlgh |
'fpressure operatlon and from 47 l to 50 7% for lOW‘pressure

operatlonob The theoretlcal amount of solar radlatlon 1nter-

“F:f‘cepted by the focal tube (theoretleal absorbed heat) Was found':

,by multlplylng the solar radlatlon refleeted by an accurately= :

“fshaped mlrror (theoretlcal mlrror output) by the proouct of the;;a;

"absorpt1v1ty of the focal tube and the transmlss1b111ty of the  f‘.

'pyrex shielo.o The’ actual amount of solar radlation 1nterceptedf(ff

"by the focal tube €actual absorbed heat) was determlned by -
‘lmnltlplylng the theoretlcal absorbed heat by the mlrror effee-.

‘thQHGSSe
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TABLE 505

THE QALGULA”EB ﬁEFECT OF CGVERENG THE BOTTGM‘HALF OF THE -
. FOCAL TUBE WITH A OLEAR TYREX SHTELD '

%x*k$aki**A%A$k*x&¢a*xxxakL$bc*%ka$%%*?$%p*$***¥4kx%* <ok sk ko dask

 Level of water,in foca1f%ube o ~ Full Full
 Steam temperature o OF: ‘3 }. L00 208
smbient air 1")ei'n.jp<_erart;ure,2"1 op 6, 62
© Wind veloeity . . MPH | 3 b
. Solar flux . o '»wf;‘Bﬁu/hrmsq fi : 321 S 328
Calculated pounds of : o : ,
‘steam produced | 1b/hr . 5o5h 7.50
.Galculateﬁ net heat ' f\'_ - ’ DU :
rate (q, } ’ -  Btu/hr 4,318 1290
Heat losses o e TBtu/hr o - : o
qy, = insulated areas,“m . L . 687 . 300
9y = focal tube L 3645 - - 1170
Qg = qL Fdp T SRR 4332 - 1470
Effectlve mlrror area_ - sq f% 43,7 L3.75
‘qévl,‘ L SR ‘Btu/br 14,050 1k,350
%gleulated abSorbed heat,q<thu/hr., , 8650 8760
- - Theoretical mirror. output; ST R
. | -7 Btu/hr - 10,891 11,120 .
'VTheoretlcal absorbed heat, N o
e . B/ 9750 9930
Theoretical heat rate Btu/hrf' | 5,18 84,60
‘FOGal‘tube.temperature" op : | ’_h50. 235

" Pyrex shield temperature oy 165 115



TABLE 5.5 (continued)

- Calculated actual e:“;’ficienoy9 ;

Eo " % 30.6
Theoreﬁ'ical efficigney’g ‘Eol % | 38.5
Mirror Effectiveness - = = % - | 88,6

Univ. of 'Arizoné' Library

50,7
58.9
88,4

'69I



5.9 Power obtainable from the boiler. The power

produced from the steam When used in congunetlon with a
reciprocating engine may be calculated using the results
- listed in Table 5.5, The actual boiler effieciency in the
‘,teSt was 30.6% Assuming a‘reciproeating engine efficiency_
‘of_AO% and usihg a'Rankine‘efficiency of an engine operating
between LOOCF and 6AQF‘0f 3L4.7% the overall efficiency of the
sysﬁem'is LoRl%.  Thiseyields_a boiler output of 0,249 brake
horsepowero |

The steam from the boiler could be used to drive a-
simple reactlon turblneo Aetual experlments with a solar
boiler driving a turblne were conducted at the University of
W1scon51n°? For these tests a solar boiler operatlng at 65
p31a and - produclng 30 Dounds of steam.per hour was connected
to a oentrlfugal pumps The pump operatlng at 2000 rpm was
able to deliver 1120 gallons of Water per hour against a 12
foot head. In order to accampllsh the production of 30 pounds
of steam per hourg roughlyg five bo;lers of the type evaluated
in this theeis Weuld be required.,  Such e,system could be used
| fof’ifrigatieh purpeseS'éithough‘it would require a high ini-
 tial investment. - | ' |

5510 Gonstruotlon and operatlng costs of the new

_ boiler. . Since the cost of - any devwce is of prime 1mportance,

‘ 260 T. Hsu and. B. 8. Leo, "y Slmple Reaction Turbine as -
a Solar Engine,” The Journal of Solar Energy Science and
=uEng1neer1ng, Tols 11, July»ﬁctober 1958, Po 23,

70
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' the'appxéximaté'gost éf a boiler similér{to'thé“oné ﬁsed‘in
tpe‘ﬁes§s Was Qalpulatedo‘ Tne ¢9$t_vathe matefials for}thé'  o
mgid; Whiqh wé$ used to make fhétbiaétié mirror baekingglwas°'} |
-$87. The cost of the fiber glass cloth used forione backing
was $70‘and ﬁhe:cbst}oflfhe fesin‘ahdiéatalyst was $Lb. Add-
ing these flgures ylelds %201 as the total material costs for
- maklng one nmirror backlngo- It has been»estlmated that ten
backings could be constructed on one mold before the mold
Would have to be regondltlonedo. By proratlnﬂ the- eost of the
mold, one mirror backing!would cost about¢$15ho This ampunt
‘ includéé”$32 fof labor. 'The éost of*the water tankévfocal
tube and mlscellaneous items amounted to %lOé The coét of
‘ the supportlng structure was estlmated at $50; the alumlnum
"sheets, %A3, and 1abor, @@009 Addlng these costs to those
]fér the'mirror baeking}yields the total estimated solar boiler
cost of $753. B | |
,Gonéidering_the boiler‘to be in'produgtioé and allow-
ing a-ten yeaf life fof'the mirror bécking and aluminum sheets
and a 20 year life for the remaining'componenﬁsg the annual
depreciation expense is estimated at %ASF The annﬁal:dpéfatn
1ng cost is estlmated at $110. The;tbﬁal yearly cost is then‘
found to be appr031mately $158. o | |
The average solar radlatlon recelved durlng a day in

Tucson is 2000 Btu/sq ftOB 'I’herefqre9 the total dally output

Sk 33e I. Yellot, Some &Spects of Solar-Energy. E@onom1059'
A8 M.Eo Faper No. 57mSAaéO 1957, ve 3% :
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. of the boiler could amount to k.2 x 10% Btu and the total =
yearly outyut could be as high as 1. 55 X 107 Btu or L550

kilowatt hourso The ecost per kilowatt hour wae calculated

to be 3L»7 eents per. kwnhro

511 Suggestions for further studyo] From the eval-

kuation tests of the new boiler equipped with the aluminum
1nsulation hood it was found that the boiler was unable to

‘ produee superheated steam elther at atmespherlc or ab hlgh

pressuresov Two of the maln reasonsffor not produelng supera ‘,:"

heated steem were the'poor heat tfansfer from the focal tube
ftc the steam and the hlgh heat loeses by radlatlon from the o
focal tubec However9 1f the rate of heat transfer- to the
' steam were 1mproved9 the foeal tube temperature Would be
'deereaeed simultaneoﬁelyo' Wlth a- lowered focal- tube tempera=,:
ture, the. radlatlon heat loss Woulﬁ then be redueedo‘ie‘ |
If further study is to be- conducted Wlth ‘the new
boiie‘r9 it is suggested that the~foeal-tube be egulpped_w1$h
‘& glass jacket to shield the bottom half of the tube from

- the'winds In order Lo 1nereaee the heat transfer betWeen

| the focal tube. and the steam9 the steam’ should be moved

through the superheat section of the focal ‘tube w1th a hlgh

‘v'degree of" turbulence9 and the heat transfer area should be -
“1ncreasede~ Thls eould be easily aeeompllsheé by 1nsert1ng

a sectlon of fins 1n51de the focal tube, Whlch would serve

- to 1nduee turbulence te the steams Whlle at the same tlme,l.

the heat transfer area,weuld be 1ne:ce_ased0



' CHAPTER VI
 CONCLUSTONS

6.1 Comparisons of the Performance of the different

boiler designs. Table 6.1 is a tabulation of the data taken
from tests of the different boilefs; Thé most‘efficient solar
b01ler unlt llsted 1n Table 6 l “colunn 5, iszthe’newly'designed
one wwth the pyrex shield. The focal tube of this uhit is in-
'sulated around the top 180° with a~magnesia=filied; aluminum
hood. The bottom 1809,‘which receives radiation from the

: mirrér, is shielded by‘a cdneeﬂt3109 semicircular section of
‘clear'pyrex tubingb ‘The next most efflclent unit is the modi-
fied boiler equlpped with the evacuated pyrex tube Whlch com-
pletely surrounds the foeal tube. The tlme to reach operating

‘condltlons wa.s the sbortest for ohe newly de31gned unit having

-~ the pyrex shleld thns giving 1t a. longer operatlng time than

any of the other boz_lerse However, it is more sensitive to
sudden changes in atmospheric conditions than the mbdified
,b01ler equipped w1th the 1mpfoved mirror backzngo

The modlfled b01ler equlpped w1th the new mlrror is
more expen31ve 0 bulld and malntaln than all of the others
whereas9 the new boxler unlt w1th the pyrex shield 1s much
;51mpler in de81gn and less expens1ve to bulld° The new boiler

©is felt %o be ‘the best of the five b01lers ‘compared in Table 6.1,
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TABLE 6.1

" COMPARTSONS OF THE PERFORMANCE OF THE DIFFERENT BOTLER DESIGNS

skl kasloriok ok kol kiueloloiokaolsasolkoraoko ko ook folooRopkasok R

1 2 ' 3 - 5
Itens , ' Original Modified Modified . New New
: Boiler Design Besign Design - Design
With New . . With
‘Mirror - - ~ Pyrex
| Qo | | 7 - shiela
Temp, of steem  208°F . 208 . 208 208 208
1bs. of steam ' - ,
produced. = 3.83 1b/hr 3,69 7.0 6,95  7.50
Net heat rate 4230 Btu/hr 3590 68L0 6760 7920 .
 Focal tube . ’ ‘ _— :
~losses 942 Btu/hr 738 1170 2L9L . 1170
Effective mirror | L | _ ,
area o L7.25 saft 45.2 - b5.6  L3.75 L3.75
Aotual efficiemcy  29.1%  25.6 ©  48.3 L7.1° 50,7
Theoretical ) ' : '
efficiency 57.9%  59.1 59,4  55.7 58.9
‘Mirror o o
Effectiveness 58% - 58.7 . 83.5 88.L 88.L
Focal Tube . “.lA = e '“‘A
temperature - 359%% 361 380 235 235
Time to Teach

operating ‘temp. - 145 min. 65 - 30 - - 15 lO(esto)~:

;,lm*ibéta‘ﬁakehifrgmrﬁg 84,Allais,fég'Evaiuaticns Po 6L, -

2. Data'ééken from Table 5019 Dec. 30, 1957 test.

3. Data taken from.Table 5.1, Nov. 20, 1958 test. In this

test thg modified”bgilgr wa.s equipped with the&improved parab9119 §f

mirror baecking.
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, TABLE 6.1 fcqntinued}

beo Baﬁa taken from Table 5 39 Febo 5, 1959 tesﬁe In thls
test the newly designed b01ler was equlpped w1th the insu-
latlng hood coverlng the fccal tubeo"

‘5. Data taken from Tgble 5.5, In this test the newly designed
boiler Was eéﬂipped‘with the pyrex shield coverihg the bottom
180° of ‘the: focal tube, in addition the 1nsulat1ng hood sur-
 rounded the top 180° of the tubea . ‘
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6 2 C‘onclus:Lonso Even though the neW‘boiler was

‘5"able to operate w1th an efflclency of h? 17 ahd with eerta1nfiﬁ7“*‘

'”llmprovements 1t Would 0perate at an eff1c1ency of 50 7% at

e_atmospherlc pressure, the output of the b01ler 1s con51dered to-{f;

>fffbe too small for power productiono This. conelu31en 13 based on”

the fact that work done by saturated steam at atmcspherlc pres~‘fff§

':;sure 1s qulte small as eompareﬁ to the Work done with superm.jjyfe’:

"~ heated steam° Also, the amount of steam produeed ‘per hour was

"“ftoe low for appllcatlon to power productlono, At hlgh~pressure~f

"operatlng condltlons, the oollectlon efflcleney Was even. lewer

’i5ethan for atmospherle operatlng condltlons, .and the amount of

*w}gfsteam produced was eVen further reducede,;

Before a b01ler of thls type can be used for power

Veﬁ-productlong certaln de31gn 1mprovements must be made®~ Whe

“‘follow1ng 1tems mnst be cons1dered to 1mprove the efflclency

of the selar beller@ . : S S
8 | lo; The heat losses from the foeal tube must be re=,
‘:dueedod One method of accompllshlng thls 1nvolves the |
' ;Lplac1ng of a elear pyrex shleld over the bottom half :Ef;ee;f;
‘lof the focal tubee__ SR - T G

: _'2 Nlp or&er to obtaln a‘greaﬁer4amountuof power the
;QSueam should be superheateda_ One pos31ble method of |

"”J:d01ng thls 1s to 1nerease the heat transfer area that B

 }the steam must pass overo. ﬁ?dfﬁif'ﬁ“ i
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