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loi Energy available from the.suna Relatively, few
people realize the tremenioms amount of energy that is emitted.
from the sun8s. smrfaee.a This value has been determined to be

1 0 % , # u  per is 93 million miles
away from the earthy very little of this energy is intercepted
by the earth8S atmosphere0 The solar constant (the amount of
solar energy striking, the earthis atmosphere) has been found 
j ^ ri;. ' : ■ : ' p , :to be approximately 440 Btu per square foot per hours Sow-
■everyvnot: hll of this: solar energy reaches the earth6s sur--
face fon there are many factors which tend to reduce it 6 Some
of the influeheing factors are the length of the path through 
the atmosphere which the solar energy must travely known as 
the air mass factar; absorption by water vapory cloud parti­
cles and gases such as ozones nitrogen and oxygen, and scat­
tering by dust particles and air moleeuies „ faking into * 1

'Ihcyelopedia Smericaha, imerieana Corporation 195S, 
YolylOy p* 331- ' ~  . . ...

1 • . Jo So Yellot „ Power From Solar Energy— Some Fundamental
.Sactofsi.&.Smo.So Sabef Soy 35^-i5-l9'5WrnI 4  ̂ ;

:- '' Sr it z Y T i d n s m i  ssio.n. of .Solar Energy Through The
Earth8s Clear and Cloudy Atmosphere^, Transactiohs of the 
Conferernee oh the Use of Solar Energy, University of Arizona 
Press,:1957, Yolo 1, 1957, Part A, p c 20. ,



2
aeeount the ©nergj that is lost to the atmospherea the 
earth^s land area .receives an average of about 5o2 x 10^ • . ,
■ , : ■ '■  ̂ 4 - v ' . : ' ' 'Bta/sq. ft per year from the sun0 According to Dr. C. Go 
Abbot) that by converting only fifteen per cent of the inter­
cepted solar energy into work) an area the size of the state 
of New Mexico eotild be used to supply in one year, an amount 
of work equal to ten trillion horsepower hours0 This is more 
than all the power obtained in one year from hydrocarbon fuels 
and hydraulic power combined0 -

Since there has been found no very efficient and eco­
nomical means of harnessing the sun’-s: 'power s man has neglect ed­
it in favor of the more convenient means of obtaining’power6.
■Not until recently - have: any advances been made toward convert- : - 
ing solar energy into mechanical workc These advances have 
been stimulated by the alarming rate at which we have been 
consuming .our resources* One may argue that we have always been 
able to discover something new to replace our depleted resources 
for examplev,. atomic power is being developed to supplement and 
eventually replace our how conventional sources of power* Solar 
power will probably not replace atomic .power but will merely ' 
supplement it o • ■■

^Po Daniels and. J 0 A*' Dufflea Solar Energy Research 
University of , Wisconsin Press ,, 19483 p7~*57 ■ , ' ' . -

'^G. G. Abbot, “Utilizing Heat From the SunM s Smith­
sonian Miscellaneous Collections, Vol* 98, NO., 5* 1939; p* 1*



. V': will likely "be utilized in large :V ■:
eeritral. pd'Wer stations where heavy capital investments will
be requiredo Solar power may be employed in simpler deoen-

. . : ; ■, _  ̂ ■■ 6 ■ : ' ■' . ; .
trailzed mniis involving less expense* In fact a great need
exists today for a small'power plant to be tised in remote :: 
areas e f  the world9 particularly where transmission lines are 
hot feasible. Such a small power plant could be obtained by 
using a solar collection device to convert heat into work.
In particular, desert regions are.adaptable to the use of 
■:solar:'power plants, ,;-li ‘f.:. ■: •; . I'

1*2 Advantages and disadvantages of using solar 
power* She of the main disadvantages of using solar energy 
as a power source is the fact that the amount of power ob­
tained depends upon the size of the collection area exposed . 
to the sunrs radiation. This area becomes very large as com­
pared to the area occupied by present day power sources. How 
ever, in remote regions where the population density is very 
small this presents ho great problem. In regions of dense 
. populatioh:.space' fpriuse' as:.,ehergy- collectors is at a premium 
i /1:'' ,1:.' : The movement of the sun in the sky presents another 
disadvantage in’ that it makes it necessary to equip the solar 
collector with some: tracking device. The intermittent nature 
of solar radiation is a third disadvantage of using.the sun 
: as;.a abuhe©: of •;pdWeri;\eiohdc': blocking the sun is one cause

’ - F * Daniels, Atomic and Solar Energy , American
Scientist, laho 1950S' P® 2?®



of ', the iirbemi$t ent̂  soiLar v 'H^ire^er s, this problem
presented; by scattered clouds can be overcome .by designing . 
a collection unit- with a high heat capacity» A more diffi­
cult problem is found ih attempting to overcome the.unavail­
ability of solar energy during the night» This requires 
that some means be found to generate power after- sunset.
The use of theexeess capacity of the power plant unit to 
charge electrical storage batteries during the day for utili­
zation during the night offers one possible solution. Another 
possible solution would be the use of a salt solution which 
would. absorb heat during the day and r el ease heat as' required
during the night* ;However,■' both ofthese methods require a '
•" .v'vhl : '"'-'h h  ' -v/ - - ' ’ - ,.:o- - - v . .
substantial inerease in ; expense® 1

It May appear there are only disadvantages to the 
use of solar power but there is one major offsetting advan­
tage $ namely the operating cost. While the initial capital, 
Investment • in. a : solar power plant is very ' large, t he operation 
cost is rather low, : The ihitlal capital investment for the 
solar boiler tested will be discussed in a subsequent chapter = 
Solar radiatioh is free, thereby eliminating the cost of 
fuels. The primary cost would be that of maintehance and 
this could be kSpt at a minimum by proper design, 
h i ; ''0.,3 Primary .ob.ieotiveo .The primary objective of ' 
this thesis is tb design^ eohstruct.and evaluate a Small . 7

7 :Abbot0 Smithsonian, p, 11.



parabolic mirror type solar boilero This boiler cobld be 
used to provide s t e m  to drive a{small pump or generator0 
;priteria for building;this boiler are^ , 
v, ' ■-i li ' It must be able to collect the maximum amount

of solar energy while occupying the smallest possible 
space* ‘ ■'

20 Jt must be simple in, design in order to reduce. 
fabrication problems. : i

■ .. 3o The design must be such that the maintenance ;
requirements are small. '' d '

4= It must be durable enough to withstand weather.
- It must be relatively inexpensive to build.

...... : :y.; : :
1.4 Secondary objective. The -secondary objective 

: this thesis Is, to ■ cbmpare, tlie: {perforffiahce of the boiler '.. 
constructed by the author with the performance of the boiler 
designed by Dr. G . G. Abbot |erected on the University of 
hrizona campus); and with Abbot*s boiler as modified by . 
.hllais. - :::' . : : ;•



: ' ;,0O3miiHJO?Z6SS TO THE; Slip) EADIATIOET COLLECTION

2oI: ̂jraes of solar energyo The first recorded uses of 
solar energy inyolve^ tiie eolleetion of the sun8 s radiation to 
produce heat0 In the year 212 it was reported that
Archimedes used a system of plane mirrors to focus the sun’s . 
rays On invading Boman ships0 By doing this he was able to : 
generate enough heat to cause theships to burn and tempos 
rarily halt the invasion of Syracuse, The next use of solar 
energy was, to provide early scientists with enough heat energy 
so they could study the process of eombustion0 The utilization 
of solar energy to produce heat led to the development of solar 
furnaces; at present.a great deal of research is being con­
ducted in the design and ■Construetion Of these furnaces$ High 
temperature solar furnaces are especially useful in experiments 
Where contamination by flame, combustion products, electrodes 
-and1 refraetory fragments must be avoided»

2.2 H a t  plate collectorse The most common solar 
energy collector is the flat metallic-plate. In order to

, ^Go BenveniSte, "Burning Glasses? From Archimedes to 
Lavoisiertr0 The Sun at Work, ¥ol0 1, No. 2, June 1956, p. 4=



;in62?ease absorptivity, ,the surface exposed to the stm 
is painted blacko Also9 the flat plate collector is well 
insulated on the side which is hot exposed to solar radia­
tion in order to prevent excessive convective losses. Cover­
ing the side which is exposed to the sun9s radiation are a 
number of glass plates which are transparent to shortwave 
radiation and opaque to long-wave reradiation from the- black 
collector surfaceo . Provision 1s made to transfer; the collect­
ed energy away from the;unite This is Commonly accomplished 
by the use of a circulating liquid in tubes directly in contact 
with the hot surfaceo

At the present time the flat plate collector has found 
its widest use as a solar water heaterP Although it is possi­
ble to obtain fairly high temperatures with this type collect-; 
or, it ,1s "far- from efficient and requires a large amount of ■;. : 
space as compared to the usual type of domestic water .heater0 

. 203 Concentrating type collector*' Another type of
solar collector that has found wide use is the concentrator* 
There are;several different classes of concentrators9 but the

• . ’ ; ' . ' : , ' V . , ■ ; \
most widely used is the parabolic type? either eylindrical or 
spherical * . A spherical paraboloid type of concentrator9 be­
cause of its ability to concentrate the sun8 s rays on a. points ; 
is used to generate a high • t emperatur es, which leads to its
utilization in a solar furnace0 The most Serious drawback to 
using this type of concentrator is that provision must be made 
for it to point directly at the sun at all times* A tracking



device which would accomplish this movement of the concentrator 
would he complicated and expehslve« • ■

::#i.e cylinder concentrator«. on the other hand,
may he. operated with a simpler tracking deviceo This tracking 
• device would not account for the declination of the sum. which 
would result in a decreased useful mirror area® This type of 
concentratorwhich foeuaes on a line, is usually easier to 
build as opposed to the spherical paraboloid

;2o4' Design by Abbot® & solar boiler designed by ■ .’
; ^ b o t  was: erected; on the Shivery campus®; A
series of tests were conducted on this boiler to determine its 
operating efficiencyo After the efficiency of the original .

i ~ : ■■■. a - ■ .."boiler whs- evaluated, certain changes were made® The boiler 
was then reevaluated, to determine whether or not an increase 
in efficiency was effected* The reader is referred to $$An 
jVhlnatio'h of; a ^afabo Boiler^ by Allais for a
compiete discussion of the 'two boilers (see footnote A, p® 8)„ 

%  performance of the parabolic mirror used on these 
two boilers should be mentioned here & The mirror used on 
Abbot fs original boiler and the modified boiler consisted of 
highly reflective aluminum sheets which were supported by

Daniels, ^Principles and Problems in the Dtiliza. 
tion of Bolar 'Energyn , The Dses of Solar Energy, University 
of Arizona Press, 1957, Yol0 1, p® 3 W T ™  .
' ■■■ ;  ̂ ' ' ; ... ■: ■ a : .:. :U » Allais, ^Ah Evaluation of a Parabolic Type of 
Solar Boiler^,. An unpublished thesis available at the . 
Uhiversity of Arizona Library, p<, l6l» «■ .



several par all el brass ;r6cl 8» Besml t s obtained; from tests of

more rigid and more, aeeuretely-shaped, mirror. Subsequent 
chapters will deal with the epnstruetion and evaluation of
the accuracy of the shape of the newly eohstrueted parabolic
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;<v • ; OOMSTRUGTION OF THE PARJLBOLIC MIRROR A HD SOLAB BOII#: . , .

. Since the. original mirror, was inaccurately-shaped, a 
new and more rigil. parabolic mirror was made0 This, new mirror 
ednsists of •the same type of highly reflective aluminum sheet 
attached ho a more accurately^shaped and a more rigid backing 
than that of the brass-rod backing previously nsedo

3ol Requirements of the mirror backing materials 
In order to build a more rigid and a.more accurately-shaped ' 
backing^ the material used must possess the proper character- . 
isticS) which ..are::: / : \ '\.h' .’-.1 ;

. lo v the.material selected must be of high strength 
. .. .. and toughnesss v;-. ; -v V'': .. ' ; ; •
; ; 2* the material must be able to retain its formed
■ V shapeand... , ,,.<■ ; '

3d ' the material must be weather resistant»
; • With these characteristics in mind, a mirror backing 

was made of polyester resin plastic reinforced with woven fiber 
glass el©the General Electric AR463-1" polyester resin was 
selected because it is a high impact,. low .viscosity resin,

•LA1463 is the" product deseriptioh. number used by the 
General Blectrlc Gompanyd



eellent wetting and penetrating properties for hand laminat­
ing, and it has a gihort eure time at room temperatmfe*

fhe fiber giass eloth need in the backing is the long 
shaft satin'weavej style nnmber 1584« This partienlar weave 
is one of the most pliable weaves and conforms readily to 
compound curves0 A laminate produced with this.material has 
high strength in all directions and rigidity and is less 
porous than other weaves6 ,  ̂;

fhe finish of the cloth refers to the process to which 
the glass has been subjected, and the type of finish chosen 
for the glass cloth used in the mirror backing was the Tolan 

The manufacturer recommends that this type of finish 
be used on glass fabrics that are. to .reinforce polyester resin« 
With Volan finiSh the glass will absorb resin more quickly
and thoroughly. \ . " '

3o^ Construction of the moldc • There are Several . 
methods in use today for manufacturing reinforced resin 
productSo Flexible plunger molding, pressure bag molding,

- . ' q . - ■' - ' ' " .. . 1 ■ - : • ' ■ ' . ' '; Chemical Materials for industry, G-eneral .Electric , ■
Gdmpany,. April 1, 19$8« . 1 ' ' ■■■:::

%niglaSs Eabrics Handbook, United Merchants industrial■
Jatrles Comnanv. p, 5. : :: ' . —  — “" V "

W o l a n  ?5A ,? is a trade . name used only by the United 
Merchants Industrial Fabrics Co0



Taeiimm bag molding ana oontaot molding are four of tiie most 
oommom %etb.o&s* .  6 is the simplest of the four
methobs, and;it was' the process used to form the backinge In 
this process layers.of the woven glass are placed hy hand on 
the mold. and. saturated -with resine Ihe material is allowed, 
to cure without the application of heat or pressurec The 
plaster bf paris mpld upon Which the backing was'formed is 

" shOTn . inli’i'gure ' 3>1». i v ' h ' : :: ^
3,« 3 Construction of the mirror backing s '’The "mold .,

. was: first .coated with resin and then a layer of cloth' was 
.placed on the resin, after which another coat of resin was
applied to the clotho Three layers of cloth were applied in 
this manner and were allowed to. cure overnighte Next« a re- 
inf orcing frame was made from one-half-inch thin-walled tubing 
and was bent to f it the m o l d F i b e r  glass cloth was . wrapped 
around the tubing ' a.M ' then; the 'frame : was: placed on the mold* - 
This reinforcing frame is shown in Figure 3»2. . Again resin 
Was applied and the final two layers of glass cloth were
placed over the reinforcing frame» The completed structure • 
Was allowed tp cure two days before any attempt was made to 

" remove it from the mold, ' ' •
' After removing the plastic mirror ■ hacking from the. : •: / 

mold it was checked for proper contour by using a wooden tem­
plate « dorr ections Of the contour were made wherever necessary

%niglass Fabrics Handbook, pp. 24-25.
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Figure 2.2
Fiberglass Reinforcement
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to do so.

The fiber 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 in 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



Figure 3.2
Fiberglass Mirror Backing
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Figure 3.6 
Water Drum Assembly



^©sitiqneS. so the top of this gage glass was on a line level 
with the. north end of the. exposed focal tube. The bottom of 
the water drum wascbnaected to ‘ the south end. of the focal 
thbe to allow water to flow from the drum into the focal tube 
by the force of gravity and3 of course? the water level in 
the focal t^te,determined the water level in the drum® . S 1/8- 
inch Copper tube connecting the top of the water drum with 

' the northern end of the focal tube was ; used ■ as a Water Sur- 
"face -pressure' equalizer = This is shewn in,Figure 3®7» .
1 Sll, Welded 'Connections'; in the boiler were designed
according to the AoSoMoE.o Unfired Pressure Vessel. Odde, - to 
withstand 300 psi and the welds were hydrostatically tested 
to dOO psi® 'i':' /

Ah insulating hood made of ah aluminum shell filled 
.fWith :85p-magnesla' eemeht:.:was placed on the. top half of the '
; focal:/tube;- W  reflected solar rays a
^Ali •exposed parts of. the boiler were covered With at least a 
2-ineh layer of magnesia insulation® The completed solar : 
boiler unit is shown in Eigure 3®8® Figure 3e9 is a schematic 
diagram, of the unit’s piping and instrumentation®
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Figure 3.8
Completed Solar Boiler





. E W m f l G Z  m  THE S O M R  BOILER AI© I ^ M i l O  GOB/IPONEM’S

In tills ehapter the matkematloecl analysis nsea %o
evaluate tiie performance of the solar toiler and Its eompo-

- \ /. ' 'V  ■ .l'::' / /  C"/ ^  . I:.
nents M i l  he .presented, Appli oat ion of this analysis will ■■
yield, the theoretieal and ■ actual performance of the boilere .
■ Ihese :resnits'■ will, then be compared with those of Abbot’s ; I 
original; and: modified boilers to determine the amount of im= \ 
provement in performance of the present boilerc ' ■ ■

4ol '.Evaluation of the parabolic mirrors  "in Figure 
4*1 the plane Of the paper is assumed to be perpendicular to •, 
the axis of the parabolic mirroro The equation of the para- 
bola is x^ s 12Gy where both x and y are in inches0 With the 
mirror properly aimed at the sun, all solar rays will approach 
the mirrof parallel to the y-axls/ and^ upon being reflected 
from, the mirror surfacej the solar rays will converge along a 
'line: where' y ;~ :;3©;> inehes:: and z s Go, (for sketoh and derlva-'
: tion .she Figure hoi) 1̂ ;. In the case of the parabolic mirror % 
this is a line located parallel to and 3G inches 'from the - 
vertex of the mirror0 ' Howeverj- the rays will be reflected to

G@ hllais. An Evaluation, pq 38.
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a line if the mirror has a parabolic siiape0 Sinee some 
errors will oeour in the etirvattire of the mirror (in both 
slope and ordinate) the permissible magnitude of these 
errors was investigatedo.

An error in the ordinate distance, ■ y* of the parabolic 
curve will result in vertical translation of the reflected 
beam® If the error, which is more critical at the edge of 
the mirror, becomes great enough the reflected beam could 
entirely miss the focal tube or could strike the focal tube 
at some oblique angle® The maximum allowable error depends 
partly upon the diameter of the focal tube, for the larger 
this diameter is,. the greater the maximum allowable error®
For example, with Abbot9s boiler equipped with a two-inch

. - ■ ■ ' 2focal tube the maximum allowable error was 1/8-inch; whereas,
with the new boiler, which has a 3 1/2.-inch O&Do focal tube, 
the maximum allowable error is about l/4™ineh»

The angle at which the light beam strikes the focal 
tube is also controlled by the slope of the mirror curve*
An error in slope of the curvature could cause the beam to 
entirely miss the focal tubes Maximum absorptivity occurs 
when the reflected beam strikes the focal tube normally»
For an angle of 45° between a line tangent to the focal tube 
and the reflected ray the absorptivity is about 97^ of its

Do G e Allais, An Evaluation, p* 38o
2
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: : " ■ >0 " ■ 3 ' ■ - ■ ' ■ : '■value when this angle Is 9 0 ,  The erltieal values for
errors in slope dan he determined from the following equa­
tion 4

Maximum allowable error = AR - (4»i)
where R - the outer foeal tube radiusi, .and v > ,

r = distance from a point on the surface of the 
parabolic mirror to the center- line of the focal tube® The ■ 
idistanoby^ r» is equal :tO; 30 inches from the Vertex and 44®7 : ■ :1.; 
inches from the outer edge of the mirror surface0 The maxi­
mum error in slope, as determined from equation 4ols at the 
vertex of the mirror is AO- lol8° and at the edge hb™ 0<,79°«

-‘v ■' 4»2 Effect of solar declination on the parabolic 
and plane mirror« ■ Since Tucson Is Ideated at 32°158 H 
latitude the axis of the parabolic mirror; was mounted at an 
angle of 32°15? above -the horizontal along a north-south linea 
Because the mirror was mounted at this, angle there are only 
two days9 September 21 and Eareh 219 when the sun?s rays are 
noraal t o ;the- axis of this mirror® On any other day there 
;Was;., a':, small;, angle between the mirror normal and the incident 
:';sOiar radiation which reduees the effective area of the mirror, 
Bor ̂ 'purposes of clarity let;ls consider . ::a plane tangent tov the

5H o G o Hot tel and B a Bs; Woertz, "The Performance of
flat Plate' Solar Heat Oolleetdf", TransQ Akl0 So Co Mech0 Eng0 , ,
Vol® 64s 1942s po 97o 'l,'

-  -  ■■■ >■' - - ■■ • : ■

/ ^Do C 0 Allalsy
^  i i i ill . 11 >. ti./r. - -

i 'v

An Evaluation^ po 39.
"Ibid o', po 42,



vertex of the para'belQid, which hereafter will be called 
the plane of the mirror. The parabolic mirror projected on 
. this plane will appear as a s<in.are>‘ Figure 4,2a represents 
the projection of the parabolic mirror on its tangent plane
and the mirror normal is defined as any line which is perpen­
dicular, to this projection. ; Figure :4 e2b is a side view of 
the parabolic mirror and a diagram indicating solar rays 
striking the mirror surface,

• In Figure 4®2a3 the area of the shadowy i,gs> which is 
caused by the end plate of the parabolic mirror$ is found 
from the equation ;yy,' v. f;

■ S s dx; : v ’ - ■ ;
- where. , -  (1467-y) tan p, and !see Fig, 4»3)
Were: ,■ p := the: angle'between t h e  mirror normal and the inci­
dent solar rays, '
Substituting this expression for S in the above differential 
equation and intergrating between the limits of x = 0 and

42^yieldSy:'\^^ '.v/v-. ■ 'i-: - :
1 ■ : A'Q- 2 tan p (146 7 y- dx,

' . ■ ■ = 822 tan p st in, and - ; ; ■ ' '
t 's 5°71 tan p sq ft, (4,2)

: ihe detefmlhatioh of the angle (Fig, 4,2b) between,
the incident solar radiation and the mirror normal, p, re­
quires a knowledge of the sunfs. position in the sky relative 
to; the,normal of the mirror,: ■The sun8s position, in the sky , 

; with respect to a point bri the earth is the result of two
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simultaneous motions, the earth9s motion about the axis of
the sun and at the same t ime the "earth’s spinning about its

" ■. ■ ■ ^ : : : ' ^ '" ' 'own axis<= 1 ; ' :
. She senith angle is that angle whieh is included be­

tween a line extending toward the zenith and another line 
which extends toward the sun0 This zenith angle varies with 
the latitude? the time of day and the solar declination^ The 
solar declination refers.to the angle between the sun and the 
equator o' • The latitude position for Tucson is 32 155 N„ The 
time of day ref er s t o t he local sun time o 12 $ GO noon sun time 
:occurs when the meridian of the particular location is directly 
under the .sun® For example, 12:00 noon sun time occurs at 
■ 12;27 PeMo Mo8oTo on December 30 in Tucson0 The difference . 
between local .time and Sun time varies during the year» The • 
zenith angle can be evaluated by using a "Normal Incidence 
Solar Badlatioh Table99 for 32°159 H Latitude,,^ Angle p can 
be found by subtracting 32°159 from, the solar zenith angles, 2=,.
•" , : . p: m 2 ^ :32°159' . 7: /. h / . (4=3)

A'small area oh the north end of the parabolic mirrors 
labeled A™ in Figure 402as does hot reflect radiation directly 
to the focal tube0 If there were no plane mirror with its

' F̂s, Ereiths, Principles of Heat Transfer9 International 
Textbook Company^ Scranton, Pa,? 1958, p, 2180

^Available at the Institute of Atmospheric Physics, 
University of Arizona, Tucson, Arizona,
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face perpendicular to the parabolic mirror at its north edge, 
the rad.iated energy- 'which is reflected from the area would 
be directed M e k  into space* The equation for the area Ap is 
determined by inspection of Fig0 4«.2= The area in square 
feet, may be calculated from

A s 7 x 2o5 tan p • . -.■ y ■ ■ . ■ - ■
= 17o5 tan p (4e4)

The equation for the area A^ shown.shaded on the 
projected plane of the parabolic mirror in Pig. 4°2a was 
determined by inspection. This area in square feet is

A* s Dia.q of aluminum hood [7 " 2.5 tan p - 1.22 tan p] 
or I)la. of focal tube

The shaded area, A^,-Taries in sizej depending upon whether 
the focal tube is' covered by the aluminum hood or left ex­
posed. Per the uncovered focal tube

pj : : '
- 2.04 - l o 086 tan p (4«6)

For the top of.the focal tube covered with the-aluminum 
shield - -

A.J. s ■2^5. .[7 2.5 tan p ~ 1.22 tan p]
g 4.54 > 2 . 4 1  tan p ■ (4o7)

, The net area of the parabolic mirror projected on 
its plane is A It is equal to the total projected area, A, 
minus the shadowed and ineffective portions. •

A .s A = A*. A„ = A (4 o 8)m v - p s



33
For the unooirered. focal tube* the expression for the area 
in square feet is

Am b 49 => (2=04 - 1=086 tan p) - 17 = 5 tan p 
= 5»71 tan p

s 46*96 = 22ol2 tan p (4=9)
For the mirror when the focal tube is covered the area may 
be ieWamineh from '  ̂ ■ '•

■ 2 44«46 .2008 tan p . , (4ol0)

The plane mirror which is: placed perpendicular to 
and at one end of the parabolic mirror, serres a twofold
purpose in that It receives reflected radiation from the area 
denoted 4^ and refiects it back to the focal tube* This plane 
mirror also reflects direct radiation from the sun-to the
area &  which in turn direct it to the focal tube0 The area

P; ; ; • ' : ■ ■ ■ . .
of the plane mirror is found as follows (see Fig« 4o2as
P» 89)s

A l: ^ “ A sh rv

where , 2 ^ ( 1 4 - 7 x 4 2  -

i ifg_ (14.7 % 42 - { x3 l42y " 144: 1 360 J0
- 5o71 sq ft

An s = 4o47 sq ft
.; - ; i44 . ■ ■. ■. . .. .

Agh s area of the shadow of the focal tube or hood 
on the plane mirror (for the uncovered focal 
tube A s  o73 sq ft and for the focal tube 
eovered 'with the hood A l e68) 6



The net area of the plane mirror for the uncovered, focal tube 
equals- ; ' , - • .

s 5o71 ^ 4=47 - 0.73 s 9.45 sq ft , (4.11)
an! for the covered, focal tubes, the area is

: ' “ lo68 s B.50 sq ft ; : .(4.12)

In order to properly calculate the solar energy
refle©tadt: to the ■focal tube, areas A- and A . must be pro- 
jacted on. a. plane which is perpendicular to the: incident 
solar radia11 on^ The effective areas normal to the sun8 s 
rays are calculated by the following equations

: : :»aa ».,<» 005 p ; . . ,
where s 'the .area Am that is pro jected on a plane normal

. . ' ' . : to suns s rays s, and . ; .
where s net effective area of the parabolic mirror (see 

Figure 4o2a)s, and

, J-na s Ap 00S'P^ V siIl p
where ^ the normal component of the parabolic mirror

' area, A s (see Pig* 4.2a) which reflects radial 
: .. P . ,tion to the focal tube by way of the plane mirror

plus the normal component of the plane mirror,
Apm , which reflects radiation to the focal tube
by way of the parabolic mirroro.

For the focal tube without the Insulated hood the areas in
square ■feet are'. : ' A ■

-nm 4̂6o 96 =» 22e,12 tan p) cos p 
7 = 46096 cos p = 22vl2 sin p (4.13)
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and Ana  ̂160B tan p (ops p) V 9o45 sin p

V ,s- 26 = 25"sin .p " . ; (4=14)
and for the. focal tube with the insulated hood the areas in
square f eet are- ' . / : - / ■; vl-;;/,.:. 4 "■ y' ■'

A nni s (44=46 = 20 = 8 tan p) cos p . - : ' . ■

s 44648 cos p —  20 = 8 sin p sq ft (4=15)

A n^ :.s ; I60I tan .p: (cos p) / 8050 sin p
s 24=60 sin p . (4=16)

The total normal effect lire area is 

- . ■ Ant " Anm ^ ̂ nd :
then for the hare focal tube this area in. square feet is 

s 460 96 cos p “ 22 = 12 sin p / 260 25 sin p 
m 46=96 008 p Y  4*13 8i& P (4ol7)

and for-the eovered focal tube this area in square feet is
•' : v.:; : ..

Ant »■ 44o46 cos p 20 08 sin. p ̂  24o60 sin p
: - 44o46 c o s p / 3 = 80 sin p ... (4oi8)

■ The maximum value of can he found by setting the
derivative with respect 'to p of equations 4 = 17 and 4=18 equal 
to zero and solving for p = The maximum value of A n^ for equa 
tion 4ol7 occurs when p equals 4=75° and for equation 4=18 
the maximum value of. occurs when p is equal to 4=62° =
The minimum value of A n^ occurs when the value of p is at a
maximumo The maximum value of p that occurs throughout the 
year is 23°= : ■

... 4=3 Radiation dlstrihutlon along the focal tuhe=
Only on two days during.the year is the reflected radiation
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evenly: ̂ i s e d  on. ttie focal tube0 This occurs when the 
sun’s rhys are perpendicular to the plane of the mirror; 
that ••is',, when the angle p % 0. At any other time the inten­
sity of the reflected solar fadiation will vary along the 
focal tube0 Figure 4=2b represents a side view of the para­
bolic mirror and the center line of the focal tube* This 
diagram also indicates some- solar rays being intercepted by 
the mirror during•a period between September 21 and March 210 

For calculation purposes, the focal tube is divided 
into different sections'according to the amount of reflected 
solar energy that is intercepted0- The divisions are

Ln m northern section- of focal, tube which receives
reflected radiation from both the plane mirror and indirectly

; ■■■ ■ ■ ■■■: . ■: ■from the parabolic 'mirfbr« : : . ■:
■Lw @ the center- section of the focal tube which receives ■X' ^ '' . '"'X ' 3''.,',X/. X' ' '/ '-'X

only direct reflected fadiation from the parabolic mirror,
Lg ? s the small southern section which receives reflected 

radiation from the edges of the parabblie mirror•not shaded 
by A g, and . ' : . - - X "

La s the southern section of the focal tube which 
receives no radiation because it is completely shadedo The 
equations for calculating the lengths of these sections were, 
determined by inspection of Figure 4®2b, These equations are 

Ln s 2,5(2); tan p s 3 fan P  ft, (4,19)
;X • Lg. .s 2,5 tan P  ft,; ; : • v : ; . 3 ' (4,20)
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• Lo^ s ’l 023 tan g ft, and ikoZX)

... ;,IfOv -: (X>n / X»g / Ls 8) ft o 1 (4*22)

4o4® Performance of the solar boilero The boiler . 
efficiency^ Spj is. the ratio of the amonnt of heat energy 
absorbed "by the fluid to. form steam per unit time (the net 
heat rate9 q.n ) to the amount of available energy per unit 
time, faTp° Knowing the pressure, temperature and the weight 
of steam produced, the net heat rate may be evaluated= The 
available, energy is evaluated by multiplying the normal 
effective area-, 4 ^ ,  by the solar flux* . The equation for 
the 'aWiiable/ energy ̂ i s : : ) /' z. : / . v '

' - Q-avl - [̂ nt-: ̂  ^olar' flux] Itu/hr (4*23)
and the equation for the boiler efficiency is

^6 g , . V  . ■ ' : (4*24)
, ^avl ■ ' ' ■ ■ • . '

The mirror effectiveness is the ratio of the actual 
reflected energy by the mirror3 <ja , to the theoretical re­
flected energy by -tlie mirror, qj» The actual amount of 
solar energy reflected to the mirror is equal to the net 
heat rate, q^y plus the total amount of.;heat losses ? q^, 
divided by the absorptiyity of the focal tube, o( . The equa­
tion for q is' a - - ■ • V ,

%  ~ Btu/hr (4*25)■ cx ; " v . .... ■ ■ :
If an accurately-shaped mirror were used, all of the 

incident solar radiation striking the mirror would be reflected



to the foeal.tube0 This energy being refleeted to the 
foeal tube is called the theoretical mirror output9 qj,
The equation for q_ is .•" ; ■ 1 ' \

(r Anm x solar flux] Btu/hr (4°26)

The part of the parabolic mirror3 ;Ap? (see Fig^ 4o2) 
which receives direct solar radiation^ reflects this energy
to the plane mirror which in turn reflects this radiation 
to the focal tube* Since only 80% of the incident solar 
radiation is reflected by the parabolic mirror to the plane 
mirror and since the plane mirror reflects only 80% of the 
reflected energy received from the parabolic mirror to the 
focal tubej, the double reflection areas An(̂ p must be multi­
plied by r2 « (0o 8)2 to account for this double reflection 
of the solar energyo

Dividing equation 4°25 by equation 4o26 yields the 
expression for the mirror effectiveness0 .

: :.m  s (4.27)

Since it is intended that, the steam produced by this 
boiler shall drive some prime mover„ a reciprocating engine • 
will be assumed to be driven by the steam0 The maximum 
efficiency of the ideal engine is expressed by the efficiency 
of the Eahfcine engineo

ar = hx - , y . (4.28!
^1 ^ f̂:2where

h^ -• enthalpy of steam entering the prime mover.
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h-2 s enthalpy of steam 'leaving the prime mover, and 
hf£ # enthalpy of the saturated liquid»

The maximum overall effieiency of the system is
■ ■ %  » ®pB0 ,:.; ■ -  . (4 o29)

and the aetual overall efficiency is/
t.. - %  *■ % % ) * ■  ErEoEe ' ' " . • (4.30)

where ; 1 @- s engine efficiency of the prime movere

4o5 Methods used in determihing.heat losses0 Heat 
transfer from the various parts of the solar boiler occur in 
three different modes: Conduction, eonreetion, 'and radiation,, 
Losses by conduction which occur through the piping which was 
insulated with 85% magnesia were found from the formula for

... . . ■ , gheat flow through the walls of a cylindero
: a = ip^ / ^ J - h l  - tz) (4»31)

where K s conductivity of insulating material evaluated 
: at average temperature,; ;:Btu/hr'ft o^,

v . L s length of cylinder , ft. ;; h .. ;
, . ' . . } '. ' ' ' 4 'v; • A.' ■ ''t' : - ' ■ : ' . : : -' ; = ;■ • r^ ;s inner radius of insulation, ■ ■

.; r2 s outer radius of insulation, -
tj_ -s temperature of inner surface of insulation, and 
• tg s temperature of outer surface of insulation.

Losses by convection were determined from the general

% 0 H. G-iedt, Principles of Engineering Heat Transfer, 
EL Van Hostrand Co., Princeton, M.J., 1957» P° 45T



equation for eomreetive heat transfer^
q s heAat Btu/hr (4«32)

where A s heat transfer area, sq ft
At 2 difference between the surface temperature 

and the temperature of the fluid at some 
location far from the surface; Ojr, and 

he 2 average convective heat transfer coefficient;
:Btu/hr-sq-ft

The magnitude of the average convective heat transfer 
coefficient depends upon whether the insulated aluminum hood 
was used or not„ Bor the ease where the hood was not used 
the tube was considered as, a circular cylinder in a crossflow 
Them the value of h- earn be determined from the equation 
for the average Husselt number0 The expression for determin­
ing the Eusselt number is

Nu w ©(Be)11; ; ' V . (4,33)
where Hu s average Husselt number a ^c

■ r - ,: v . -
D0 s outer diameter of the foeal tube; ft;
Kf s coefficient of thermal conductivity evaluated 

at average film; temperature; Btu/hr-ft-Py ;
■ . ' Be s Reynolds'number s .

■ ■■■■■ . ' r  ■' ■ . ■ ' .

■ - % a Krelth; Principles of Heat Transfer, Inter- 
hational 'Textbooh Gompany; Scranton;. Phi,; 1958/ p 0 14,

10Ibid6/ no 37?,



Y s velocity of fluid flowing normal to cylinder^
: . :y :■ . ' .. ;. \':y '

# Elaematio yisoosity evaluated at average film
' '  ̂ ^ / '/V. ' . : : ■■■■ ; : ' . ' ■' :■■ • ' ; '

■ ; temperathres, sq ft/seco
Hie Tallies of e and n Tary with the Reynolds numher0 -Eor 
Reynolds nimhez between 40 and 4000s e s 0o6l5 and n s Go466 
and for Reynolds number between 4000 and 40s000s o s 0ol74 
and a s 066iSo'1’̂  For fluids flowing normal to a single 
cylinder or wire McAdams suggests ranltiplying the right hand
side of equation 4=33 by (101){Prf

, ‘ '  ̂ ■ ; - -
Tariation in the Prandtl number

©6 31 ) to correct for the

where
:S

;:V' : .. . ; ■ - ■
s dynamic Tiscosity eTaluated at average film.

temperature lb/sec«ft ̂ and , :, ; '
c-0 ~ specific heat of air at constant pressure and

: 'v:' ■ ■ / 
m :.' v ' at an average film .temperatureg Btu/lb-Op.

:■■■'v-lh order to calculate the convective heat losses : 
between the focal tube and hodd3 it was first required to ' ■ 
determine the Telocity of the air flowing through this space 
The following equation was used for this - purpose 0 :

Y. 2 & (4o345

F 0 Kreith? Principleso,; p0 3760
■ ■ • H0; licAdams3 Heat Transmission,, 3d° ed* 3 3EcOraw=
Hill Book Goo „  1953c ll;! :



.where y? s density of air entering the: spaee3 Ib/eu ft $ 
s' density of air leaving the space9 Ib/ou ft, 

iy s velocity of air entering the spacea ft/see9 
Tg m velocity of air leaving the spacej,. ft/sec9
X. = length of path, ft , -V 
D s equivalent diameter of space, ft, and 

g. friction factoro ■ •
The equivalent diameter can be evaluated from the formula

(4) (cross-sectional area) (4o35)" wetted perimeter
Since it was assumed and later verified that the flow through 
the space was laminar, the friction factor is independent of 
the surface roughnesso Therefore, the friction factor can 
be evaluated from the equation

(4°36)Re • ./
Substituting these values into equation 4°34 and solving for 
¥22 yields ; ■ ' ' . : ''
■ ■ To2 s ■ 712 A  . - (4.37)
. : ;  ^  ' ■ : v  ; : :

Snce the velocity is determined by equation 4«37, the heat 
transfer coefficient, he, can be found from the formula for 
laminar flow in hubeso*^ , ;: '

■ 3o65 / .0068 (d/1 Re pr)' h:""; . (4o3'8)
' Kf 1 / o04 (d/1 Re Pr) 2/3 '

Ho Sledt^, .'Principles v ,p0 155.
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. • , - The method, used to find the losses from the un-
covered• foeal tu"be: by radiation was::bo/ consider the focal ■ ;

: : • • . ■ ■■■■tube as radiating to a black body, fbis assumption is valid 
since very little if any of the energy radiated from the
focal tube will ever be reflected back. The formula used was

/  ■ . ' : -  ' /  : , ; , ' ' . : ■' . . • - /  ' ' -  - .. .

| 5; M r  : 4 ] BtUyAhr (4o39) .
where A  s area of radiating body, sq. ft,

/ 6 m emlssivity of radiating body evaluated at the
/ '/'''/: - temperature of the body. .

cr 5 Stefan-Boltzmann cohsiant s *174 % 10” .Btu/hr

, ' . « 2- V  ■ . P h c
T-.S temperature Of radiating bodyj o-d i and

.'/3::/4\4-3 /\ '-'i ' : :.., '/ . 4 4: p r -p:;/: 4 ■ ; ./'i;T2® teaPerabure of receiving body.j Ogi a.n this case
the temperature of the air*

/ To find the radiation losses from the portion of the 
tube which was shielded by the insulated hood9 the following
formula whs used- '

1 s XT

i  "(i> i)
-www-wmwwM rn 4 rn 41' -I ..;/ x2

A,

Btu/hr (4,40)

where, Am- s area of focal tube sq. ft,
V^';i1>':44 ■ /■/" iV: ■'i " ;; -/ ,
.. ./■ Ag s area of Inside of hood, 8% ft,

s emissivity Of focal tube evaluated at tempera- 
, -44. ture of focal tube, 4 ■ .//'4/4 4

lacob and G-e A 0 Hawkins, Elements of Heat Transfer 
and insulation, John Wiley and Son, Inc*, 1955, p, 18$,



^ s emis sivity of aluminum hood evaluated at
V temperatureof shield,

Tj - temperature of focal tube, o^s and 
d?2 . s temperature of shield, o r 0

44
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T O E B l M i m i ,  JO® TH10RITIGAL RESULTS

In this ohapter the experimental and theoretical 
resnlts of the tests are hisousseho The results are pre­
sent ed to evaluate the design and operation of the solar 
boiler» Also* the cost of operating a solar boiler to pro= 
duee power is presented together; with suggestions for further 
study 0

5»1 Instrumentation. Xron=constantan thermocouples 
were used in eonneetion with an automatic temperature recorder 
in order to measure temperaturesQ Three thermocouples were 
placed at different points on the focal tube to obtain a 
measurement of surface temperatures; one in the middle and 
one near each end of the focal tube® A thermocouple probe 
was placed inside of the northern end of the focal tube to 
measure temperature of the steam® To measure the water tern- 
perature in the supply tank two thermocouples were placed on 
the water tanks one at the bottom and one at the top® Two 
thermocouples placed near each end of the aluminum hood were 
used to measure the hood surface temperatures® For the exact 
location of the thermocouples see Figure 3 ® 9«

The thermocouples were calibrated at a low and a high 
temperature® A two degree error was determined for the high 
temperature measurement and there was no error at the low

■ v . ■ . ' 45 : ' ' . ■ V ’
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temperature measurement0 4 Brown ileetronIks twenty-point,
temperature recorder shown in Figure $.1 was used to record 
each temperature measured by the thermocouples during the
■ entire test o''' ' '

The pressure readings were obtained from a recording 
Foxbor# Pressure B e c o r d e r ' :;h ; -h; . ' . ; ;
■ • ■ • 5*2 •Solar radiation measurements@ The total amount of
solar radiation received by a body ©n the earth5s surface is 
equal to the sum of the direct radiation from the sun and the 
diffuse or indirect radiation scattered from the atmosphere*
The latter usually amounts to only about 10% of the total 
radiation on clear days and 100% of the total radiation on 
completely overcast days® The solar radiation was measured
by a normal incidence pyrheliometero ;

5»'3 Test procedure®; In order to keep the conditions 
during each test as uniform as possible, tests of the 'solar 
boiler were made only on clear days with as low a wind velocity 
as possible* One reason for choosing days when the wind veloc­
ity was low, was to keep the heat losses by forced convection 
to a minimum * Keeping the heat losses by forced convection 
at a minimum value would enable the; boiler to operate at a 
relatively higher efficiency. Another reason that days with, 
low wind velocity were chosen to operate the boiler was that 
all the tests conducted with Abbot*s boiler were operated on 
days When there was a slight breeze* Since the performance 
of the two boilers was to be compared it was only fair to
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Figure 5.1
Brown Electronic Recorder
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operate the boilers at as near the same atmospheric conditions 
as possible.

Before each test was started, the dust on the mirror 
surface was washed off with distilled water and then the sur­
face was cleaned with alcohol to remove spots»

fhe boiler was placed into operation and the time to 
reach the boiling temperature of the water was noted. In most 
of the tests the boiler was started at approximately 9:00 JUM, 
While the boiler was operating under the desired temperature 
and pressure conditions, the amount of steam produced was 
collected and weighed, Throughout the tests several measure­
ments were made with a surface thermometer of the outer sur­
face temperature of the insulation covering various parts of 
the boiler unit, , , , .

5°4 Effectiveness of the plastic-backed parabolic 
mirroro As soon as the old parabolic mirror was replaced on 
the modified boiler by the hew mirror, a series of tests were 
conducted to determine the mirror effectiveness, Mo In Table 
■5*1 the results of two of these tests, one at high pressure 
and one at low pressure, are listed under the October 17 and 
Hovember 20 columns* These results are. compared with those 
obtained from the test of the same boiler which was equipped 
with the brass-rod-backed mirroro The tests show that the 
mirror effectiveness was increased from about 50% to approxi­
mately 82%,: ,

The values' tabulated in Table 5 = 1 indicate that by 
increasing the accuracy of the shape of the mirror, the pounds
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■ ' ' TABLE 5.1 ;

EIPSHIMSNTAL AND THSOSETICAL PERFORMANCE OF THE IMPROVED 
■ . MIRROR BACKING ON THE.HODIPI1D DESIGN

- i***5^***********4<****:***************'*******.****.****************

Items units
Dec 'SO/i 
‘ 1957 
11:15- 
12:15

Jan 3,1. 
1958 
1:38- 
2:38

Oct 717,a 
1958 
11:05- 12:05

Nov 20,8 1958 
11:30- 
12:30

Steam temperature °F 208 398 ■ 380 208
Aroelmr .. °F 512 •' 425 450 348
Ambient air temper­
ature 0F. 67 61 88 75
Pounds of steam 
produced Ib/hr ■■ 3 o 69 ,816 ' 7.1 7.0
Net heat rate q.n Btu/hr , ,3590 676 5970 6810
Heat losses

gXi ® . insulated areas Btu/hr 312 743 432 280
;qf = focal 

. tube Btu/hr 738 2746 2796 ’ 890
It = / If Btu/hr 1050 . 3482 3228 1170.

Effective mirror 
area, Ant sqf t 45 o 2 45.2 47.28 45.6
SOlar flux Btu/hr 

sqf t 310 283 ■ 348 , 307
lavl , Btu/hr. 14,030' 12,800 16,500 14,100
Actual heat 
absorbed, qac4 Btu/hr . 4640 Leak 9198 7980
Theoretical • 
mirror output,
It ' . ; Btu/hr 10,700- 9770 13,000 10,700



TiBLS 5»1 (oontin^ed)

; 5Q

Theoretical 
ahsorbed heat,Q-jOC Btu/hr 9350 , 11,300 9550
Theoretical net 
heat rate Btu/hr 8300 5058 8072 8380
Mirror effect­
iveness^ E % 49»6 51 ol 81*2 83*5
Sstimated. focal 
tube temperature! : 0f : 361 551 590 380
Actual efficiency, 
Bo - 1° 25.6 ;,5*28 36*2 48*3
Theoretical
efficiency ^  , 59*1 39*5 49*0 59*4
Time to reach 
operating condi­
tions minutes . . . . ;c»=»c=ri, _ :45 . 30

lo Modified design equipped with brass rod mirror backingo 
2d Modified design equipped with: plastic mirror backing<,
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of steam per unit time produced were Increased.o For the low 
pressure test the steam output was Increased, from 3<>69 to 
7=0 pounds per hours and for the high pressure test, the in­
crease was from 0@8l6 to 7=1 pounds per hour0 Attention is 
called to the fact that the heat losses from the focal tube 
to the atmosphere were greater during the November 20 test 
than during the December 30 test0 The higher focal tube heat 
losses for the December 30 test were due to the larger tempera­
ture difference between the focal tube and the ambient air* ■ 
The higher focal tube temperature for the November 20 test re­
sulted from more reflected solar radiation striking the focal 
tube*

Sven with the higher total heat losses (1170 Btu/hr) 
from the boiler during the November 20 test as compared to 
the total heat losses (1050 Btu/hr) for the December 30 test 
the boiler efficiency was increased ffom 25=6% to 4So3%o This 
increase in efficiency can be attributed to the new parabolic 
mirroro If the old mirror had been used in place of the new 
mirror during the November 20 test the net- heat rate would . 
have been 3690 Btu/hr and- the boiler efficiency would have 
been 25@5$= These values of the net heat rate and the boiler 
efficiency'are very close to the values of the net heat rate 
(3590 Btu/hr) and boiler efficiency {25*6$) of the December 
30 t e s t * B o r  all practical purposes the conclusion that may be 
drawn from this comparison is that the increase in boiler per­
formance was due to the use of the new mirror»



Tiie primary purpose of t M s  part of the test was to 
determine how much more effective the new mirror was than 
the original mirror® Since the value of the new mirror 
effectiveness was increased approximately -30$, it can be 
stated that the plastic mirror backing was a considerable 
improvement over the original backing0

■ -5«5 Performance of the new boiler without the insulate 
ing hoods Table 5*2 lists the results of tests conducted on 
the new solar boiler without the insulating hood to shield 
the top 180® of the focal tubeo The effect of having no 
insulation on the focal tube is made evident by the amount 
of heat losses from the tube (3921 Btu/hr and 3842 Btu/hr)» 
Since there was no protection from the wind9 most of the heat 
lost from the focal tube was due to forced convection® For 
example9 during the December 26 test the convective losses 
from the focal tube amounted to 2775 Btu/hr3 while the re­
radiation losses were 1146 Btu/hr<>

& mean value for mirror effectiveness was calculated 
by using test results of the December 24 and 269 1958 tests; 
and it was found to be 90°/°° The reason for the higher aver­
age mirror effectiveness s (90/), for the December 24 and 26 
tests as compared to the mirror effectiveness of the October 
17 and HoVember;20 tests of'1958 (see Table 5ol) was due to 
the interception of a greater amount of reflected radiation 
by a larger diameter focal tube0 The receiving area on the 
tube for the modified design was 1 o46 sq. ft While the receiving



TABLE 5.2' ' ' :

1ZPEEBI1HTAL AMD THEORETICAL BEBEG1K&H0E OE THE
HSW BOIL1B .WITHOUT THE: XEStJMTlEG, HO0D 

ak**********1**,***********^***********.***************************
Item Units

Bee 26,858 
12:35 m  . 
1:35 PM '

Bee 24/:
11:00 m
12:00 H

Level of water in 
focus tube Pull Pull
Steam.temperature °F 208 , 208
Ambient air temperature op 65 6?
Wind' velocity MPH 6 5o5
Solar flux (mean) Btu/hr sq ft . 302 298
Pounds of steam 
produced ib/hr . ' v/4o95. 4® 82
let heat rate (q^) Btu/hr 4820 ; 4690
Heat losses

Or s insulated areas Btu/hr 289 276
ss focus tube Btu/hr 3921 3841

qt Q / If Btu/hr 4210 4117
Effective mirror area. sq ft 44o78 44*73

% v l Btu/hr 13,500 13,300

qaof(actual absorbed 
heat) . Btu/hr 9030 8807

qtr (theoretical mirror 
output} . . Btu/hr . 10,300 10,120

q-r cX (theor et i cal ab­
sorbed heat) Btu/hr 10,000 9,830

Theoretical heat rate Btu/hr 5790 5713
BOGUS tube temperature °P 225 • 221
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TABLE 5o2 (continued)

A.otual efficiency, E 0 % . 35 o 6 35 o 2
1Theoretical efficiency, E0 42 0 8 43 e0

Eirror Effectiveness, E > 90.1 89.9 ,
Time to reach operating 

temperature, minutes 25 a.
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area on the tube for the new boiler was 3«20 sg. ft«

The theoretical heat absorbed by the focal tube, 
q.j j minus : ths total losses from the unit, yields
the theoretical heat rate0 Referring to the December 24 
test in Table 5o2$ one observes that by using a perfectly^ 
shaped mirror the net heat rate will be increased by only 
1023 Btu/hr or the pounds of steam produced will be increased 
approximately one pound per hour0 Prom this it is concluded 
that the main cause of the inefficiency of the boiler perform­
ance lies in the high heat losses from the focal tube®

The time required for the boiler to reach an operat­
ing temperature of 20BoF was reduced from one hour five 
minutes using ^bbotis boiler to twenty-five minutes using the 
new boiler® This reduction in warm-up time was the result of 
the lower heat capacity of the new boiler, and as a result of 
a more efficient transfer of heat® The reason for the higher 
heat capacity in Abbot’s boiler was because of an intermediate , 
fluid called Aroelor which was used to transfer,heat from the 
focal tube to the water® The presence of Aroelor increased 
the mass, thus ihereasing the heat capacity0 However, the 
lower heat capacity of the new boiler resulted in rapid tempera­
ture reduction whenever a cloud blocked the sun, or a gust of 
wind blew over the focal tube® The heat transfer in the new 
boiler was more efficient than in Abbot’s boiler because there 
was no intermediate fluid to transfer the heat from the focal 
tube to the water® In the new boiler the heat was transferred
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flireetly to the water®

Attempts to generate steam at 250 psia were unsuoeess- 
ful heeause of the extremely high rate of heat loss by radia­
tion and. eonveetion from the bare foeal tube® The boiler was
' : : ■ -.■■■■■■. ' Vv/ : ' ' ■ ■ , n
unable to prodnoe steam at a temperature higher than 320oF
and onee this temperature was reaeheda any change in the 
ambient conditions such as an increase in wind velocity re­
sulted in an immediate temperature and pressure drop® Since 
it was not possible to maintain a constant pressure and temper­
ature during the-high pressure test no attempt was made to 
tabulate data®  ̂'' \ .

; 5*6 Performance of the new boiler equipped with the 
insulating hood® After the insulating hood was installed 
over the top 180° of the focal tube of the new boiler as 
shown in Figures 5=2 and 5=3$ several tests were conducted 
with the boiler generating 4G0°F steam® The results of one 
of these tests,., shown in Table 5 ® 3 s indicate that after the 
insulating hood was’ installed the steam output of the boiler 
Was about pounds of steam per hour® The heat losses from 
the focal tube were still very high9 especially from the bottom 
half of the tube which was not 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 convection and 3316 Btu/hr
were due to reradiation® This shows that at high temperature

. ■ . 'operation the reradiation losses pose a more serious problem 
than the convective losses.



Figure 5.2
Focal Tube Equipped With Insulating Hood
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TABLE 5=3

EZPERI&IEHTAL A1B THEORETICAL PERFORMANCE OF THE 
. Nlll BOILER WITH THE INSOLATINO HOOD

* % *4< % % $ %  * %%%%# ^ * * # * % % ## # %%%%$%%%% #%# % % % sje ̂ ̂

It em ' - - ; // Units Feb 5 S 559 
11:35 am 
12:35 pm

Feb 3,759 
12:45 pm 
1:45 pm

Level of water in focus 
tube Full Full
Steam temperature ., °F 208 400
Ambient air temperature oj, . 62 64
Wind, velocity MPH 4 3
Air velocity between 
, hood, and focal tube - fps ■ ' • 2.15 1.4
Solar flux (mean) Btu/hr sq ft ' 328 321
Measured, steam rate Ib/hr 6*95 2o26
Net heat rate (9%) Btu/hr 6760 1770
Heat losses

q.̂  s insulated, areas 
0.̂  - focus tube 
It = If / If

Btu/hr
300

2494
2794

687
69497636

Effective.mirror area sq ft 43.75 43.70

% $ 1  : Btu/hr 14,350 14,050
q.gQ'Cactual absorbed 

heat) Btu/hr 9554 9406
g_2 (theoretical mirror 

output) Btu/hr 11,120 10,891
qTc<( theoretical absorbed

heat) Btu/hr 10,800 10,570
Theoretical heat rate Btu/hr 8006 2934



fi&BES 5 c 3 (continued,)

Focus tube temperature °F 235 450
Actual efficiency, S 0 47 ?1 12 o 6
Theoretical efficiency8 
So1 <4: 55 o 7 20o0
Mirror effectiveness,IK . . ■ ' 88.4 88 o 6
Time to reach operating 
temperature mins , . 15 ' 120
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The computed value of the atmospheric air velocity 
between the hood and focal tube was 1=4 ft/seo. Using this 
value of air velocity and assuming the temperature of the 
air to be equal to the average of the aluminum shield and 
focal tube temperatures s the losses by forced convection 
from, the top half of the focal tube were calculated to be 
770 Btu/hr and the calculated reradiation losses were 153.
Btu/hr=

The value of mirror effectiveness was again computed 
in order to check the accuracy of the calculations» The value 
of E for the February 3$ 1959 test agrees very well with the 
value of E  for the December 24 and 26, 1958 tests« The slight 
decrease in mirror effectiveness was probably due to an error 
in the mirror curvature which resulted in a small amount of 
reflected radiation being directed to the hood instead of to 
the exposed portion of the focal tube* This was determined 
by visual inspection*

The overall, boiler efficiencyj, E 0 $ during the high 
pressure steam test was very low because of the high heat 
losses* Even if a perfeetly~shaped mirror had been employed9 
the efficiency would still amount to only 20$*- This indicates 
that some means must be found to reduce the losses from the 
focal tube before satisfactory performance of the boiler can 
■be expected * ^

It must be noted that the high pressure test.of 
February 3;, 1959, was conducted under extremely good conditions,



having a low wind velocity and'a high solar radiation* On 
other tests conducted when the wind velocity.was greaters it 
was hot possible to produce any steaa throughout the day be- . 
cause the losses due to forced convection were too high* The 
performance of the boiler on the February 3 test must be con­
sidered optimum rather than typical*

On February $ the new boiler equipped with.the alumi­
num hood was operated for steam production at atmospheric 

: pressuref A comparison of the results from the low pressure 
test of February 1959 with that of December 26 s 195# indi­
cates an increase in boiler steam output when the aluminum 
hood is used to insulate a: portion of the focal tube* Iven 
though the effective area of the parabolic mirror was reduced 
because of the shadow east by the hood the boiler performance 
was increased by llo.5$>° The velocity of the air flowing be­
tween the focal tube and the hood for this test Was calculated 
to be 2*15 ft/seco Since the velocity of the air flowing be­
tween the hood and focal tube was less than the air velocity 
flowing over the unprotected tube the heat losses by forced 
convection were reduced* For example;, the convective heat 
losses for the protected portion of the focal tube during the 
February 5 test were 330 Btu/hr while, the convective heat 
losses for the same section of the focal tube during the 
December 26 test were 1388 Btu/hr* The hood also reduced the 
reradiation•losses from the top 180° of the focal tube from 
573 Btu/hf to 45 Btu/hr* ;
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5<>7 Attempts to produce superheated steam* By 
lowering the water level by a certain amount in the focal 
tuhe it was felt that superheated, steam would be produced»
This eouldt be acoomplished by ietiing the steam that was 
produced at the surfaee of the water in the focal tube to 
travel by natural convection through the remainirig length of 
heated tube where the steam would become superheated*

On February 6, 1959 two attempts to produce super­
heated steam were made, both were unsuccessful (see Table 
5».4}""« The first test provided a superheating section in the 
focal tube by lowering the water level along the tube by IS 
inches from the north end of the tube5, while in the second 
test, the water level was lowered by a distance of 37°8 inches. 
In addition to producing no superheated steam, there was a 
reduction in steam output. The main reason for this steam 
output reduction was that the elevated temperature of the 
upper part of the focal tube that had no water in it Caused 
an increase of the radiation and convective'heat losses. In 
the February 6 test, the temperature of the upper part of the 
tube that had no water in it was raised to 350°F as compared 
to the temperature of the water filled portion of 2Z5°Fi.

The main reasoh for the failure of the unit to pro­
duce, superheated steam was because there was practically no 
heat transferred to the steam by the process of natural con­
vection. For the conditions of this test the convective heat
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jWD 33IEqR]%FiOjUL R'B#I,T8 OF ATTM^TB 

1 \ ̂ "STmM^ -
%:% ^ *##*.5̂ **:$( *%**####*%%$%*#*###%%

' Item ■ -.Shits.’ ‘
Feb 6
1959
11:15-12:15 ’ ,

Feb 6 
1959

" ’ 12:30-
:'iy;;l> 30 ;; ;,i

Level of water in 
focus tube inches 18 37 08
Steam temperature S 08 208 •
Ambient air temperature oj :. ; ;
Wind velocity MBS ' 4 :
A i r 'vel©city between 
hood and focal tube 1=,65 :
Solar flux ' Btu/hr sq ft ; 324

, .: : • ; 1 ■ d,''"32:6 ;
Pounds of steam 
produced :'
Set' keaf rate f f

ib/br ■
. Btu/hr';’::'V

• 60OO
5870

. 4,65
' ■ y ^ ' 4510 ' ’ /■;

Heat losses
: aT - insulated areas Btu/hr

s focus tube'" : Btu/kf f
295

2940
3235

289 ' "
:4341 
4630 ;

Effective mirror ares 
: f-̂ -nt) ; ■ '■' ■. 43,72 : ; 43-72

Ciavl \ Btu/hr y':;:v 14,150 14,240
q^wCaetual.absorbed 

heat) .'"v f -; Btu/hr : 9 1 # 9140:’ ■ ''-y
dj ttheoretical mirror

output) .Btu/hr 10,800 .10,900
a  (theoretical absorbed

heatl ."' ;'::;;:-; ;Vy;:i:;;Btu/hr; ; ■ : :y'y:f: y iO,510f/yy



TABLE '5<,4 (continued)

Theoretloal heat rate Btu/hr ; ^ ; 7175
Focus tube temperature op 260 281
Actual efficiency . io. 41.6 31.6
Theoretical efficiency . ; ; 50o6
Hirror effeetiyeness -5^ •; - 87.4 37.0
Time to reach operating 
temperature ' ' ■ min,,' - ' 16



transfer eoef fie lent was of the orcKef of 2 Btm/hr=Dp-sq ft 
whieh is a very poor heat transfer coefficients Since this 
heat transfer coefficient was so very poor9 it is reasonable 
to assume that most of the reflected, radiation striking the : 
water void section of the focal tube was lost back to the 
atmosphereo This assumption is verified in both test results 
of February 6 $ for the reduction in steam rate is almost equal 
to the increased focal tube loss<,

5o8 The effect of placing'a glass shield over the 
bottom half of the focal tube* Since the losses from the 
bottom 180° of the focal tube which is exposed to the re­
flected radiation were extremely highs • some method of shield­
ing the focal tube to reduce these losses must be employede 
This could be accomplished by covering the bottom half of 
the tube with a clear pyrex shield0 The proposed cover would 
be made of a clear pyrex semi-cylinder with an inside diameter 
of 4<>5 inches and a thickness of 1/8 inch* In Table 5°5> re­
sults for a hypothetical ease are tabulated to show the effect 
of using Such a semi-cylindrical pyrex shield would have on - 
the solar boiler performance* The proposed glass shield was 
assumed to be in place during both the high pressure and at­
mospheric pressure tests of February 3 and 5» 1958*

In order to determine the focal tube losses listed 
in Table 5 = 5S the heat lost from the focal tube by convection

' H*: Qiedtr Principles, p. 155.
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and. reradiation was ‘balanced with the heat lost from the 
pjrex shieldo. - In order to perform this heat balance it was 
ndeessafy to resort, to a trial and error method assuming _
temperatufes for the pyrex.tubeo When the losses from the 

- focaltube equaled: the losses from the pyrex shield under : •
' steady state dpndltions the problem was solvedo The tempera- ; 
ture of the pyrex tube was ealoulated to be l65°F for the high 
pressure test and 115°F for the atmospheric pressure test0 fhe 

: pyrex shield would cause a reduction of heat losses from the 
focal tube during the high pressure.test from 6949 to 3645 
Btu/hr (a 47o 5% reduction) <, During the atmospheric pressure 
operation9 the pyrex shield would cause a reduction in the 
' focal tube heat losses from .2494 to 1170 Btu/hr fa 53/ reduc­
tion) o : ' 1̂ ::: /'/ 'y/: - '■ ; ■'

By using the pyrex s h i e l d t h e  actual efficiency of 
the boiler could be increased from ,12«6/. to 3.0 o6/ for high . 
pressure operation and from 47 = 1 to 50« rp for low pressure 
operatioUo The theoret1 cal ambuht of solar radiation inter- 

. eepted by the focal tubs (theoretical absorbed heat) was found 
by multiplying the solar radiation reflected by an accurately- 
shaped mirror (theoretical mirror output) by the product of the 
absofptiyity of the fOGal tube and the transmissibility of the 
pyrex shield» The'actual amount of solar radiation intercepted 
by the focal tube factual ubsorbed' heat.) was determined by 
multiplying the theoretical absorbed heat by the mirror effee-: 
tivenesso " ; "g. v. V" " ■ - , ■



68

. TABLE 5o5

. THE CALCULATED ElElOT OF COiEBlEG- TBE BOTTOM" HALF OF THE 
FOCAL TUBE WITH A CLEAR FYREX SHIELD

Level of water in focal tube Full Full
St earn t emperature °F . 400 208
Ambient air temperature °F 64 62
Wind velocity MPH 3 .4
Solar flux;., , ■ Btu/hr sq ft 321 328
Calculated pounds of 
steam produced Ib/hr 5o54 7.50
Caldulated net beat ' 
rate ( q j Btu/hr 4318 77290

' : ' . ■ ■ v .Heat losses 
%  = insulated areas ■ 
df = focal tube' ; •.
Q-t = %  ^ %  ' '

Btu/hr
687

3645
4332

300
1170
1470

Effective mirror‘area sq ft 43*7 43.75

^avl " Btu/hr 14,050 14,350
Calculated absorbed heat,q^xBtu/hr. 8650 8760
Theoretical mirror output, 
%  ;

v , . •
Btu/hr 10,891 11,120

Theoretical absorbed heat,
: /.:'L Btu/hr 9750 9930

Theoretical heat rate Btu/hr 5418 8460
Focal tube temperature °F 450 235
Fyrex shield temperature °F 165 115



EABIS 5o5 (continued} : ' .

Calculated actual efficiency,
=0 . ' : . 30*6 • 50,7

' ' - ; ' ■ " ' ■ 1Theoretical efficiencyS0 35o5 58,9
Mirror Effectiveness . f 8896 88,4

Univ. o f  A r i z o n a ' L i b r a r y '
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. 5*9 ?ow@r obtainable from the boiler1* The power 
produced from the steam when used in conjunction with a 
reciprocating engine may be calculated using the results 
listed in Table $.#«, ' The actual boiler efficiency in the 
test was 30o6$ Assuming a reciprocating engine .efficiency 
of 40% and using a Rankine efficiency of an engine operating 
between 40G°F and 64°F of 34=7% the overall efficiency of the 
system is 4*24^0 This yields a boiler output of 0*249 brake 
horsepower0

The steam from the boiler could be used to drive a 
simple reaction turbineo Actual experiments with a solar 
boiler driving a turbine were conducted at the. University of 
Wisconsin*^ For these tests a solar boiler operating at 65 
psla and producing 3Q pounds of steam per hour was connected 
to a centrifugal pump* The pump operating at 2000 rpm was 
able to deliver 1120 gallons of water per hour against a 12 
foot head* In order to accomplish the production of 30 pounds 
of steam per hour, roughlys five boilers of the type evaluated 
•in this thesis would be required® Such a system could be used 
for irrigation purposes' although it would require a high ini­
tial investment» \ .

5 A 0  Construction and operating costs of the new 
boilero Since the cost of any device is of prime importance,

------------- -- ' ' ' '
: ■ 9 ■ 'So. To Hsu and-Bo So Leo 9 hA Simple Reaction Turbine .as 

a Solar Engine, The Journal of Solar 'Energy Science and 
Engineering, Yolo 11, July-Oetober 1958, p® 23 =



the approximate oost of a boiler similar to the oae used, in 
the tests was ©alculatedo The cost, of the materials for the 
mold9 which was used to make the plastic mirror backing8 was 
■$87» The cost of the fiber glass cloth used for one backing 
was $70 and the cost of the resin and catalyst was $44 = Add­
ing these figures yields $201 as the total material costs for 
making one mirror backing,, it has been estimated that ten 
backings could be constructed on one mold before the mold 
would hare to be reconditionedo. By. prorating the cost of the 
moldg one mirror backing would cost about :#154o This amount 
includes $32 for labor* The cost of the water tank/ focal 
tube and miscellaneous items amounted to $106, The cost of 
the supporting structure was estimated at $50; the aluminum 
sheets3 $43; and labor$ $4000 Adding these costs to those . 
for the mirror backing,yields the total estimated solar boiler 
cost of #753=

Considering the boiler to be in production and allow­
ing a ten year life for the mirror backing and aluminum sheets 
and a 20 year life for the remaining componentss the annual 
depreciation expense is estimated at $48® The annual operat­
ing cost is estimated at $1100 The total yearly cost is then 
found to be approximately $158®

The average solar radiation received during a day in 
Tucson is 2000 Btu/sq. ft® ' Therefore, the total daily output

' ' I® Yellot$ Some Aspects7 of Solar-Energy Economies,
Paper Mo* 57-8A-50,:1957y P® 3=



of tke toiler oonld amount to 4= 2 x 10^ Btu and the total 
yearly output could be as high as l e55 x 10^ Btu or 4550 
kilowatt hours6, The cost per kilowatt hour was calculated 
to.he 34»7 ®ents per.kw-hro  ̂ -

$oll Suggestions for further study0 ?rom the eval­
uation tests of the new boiler equipped with the aluminum
 ̂-- ' . ■ - , . . ■ _

insulation hood it was found that the boiler was unable to
produce superheated steam either at atmospheric or at high 
pressures* Two of the main reasons for not producing super­
heated steam were the poor heat transfer from the focal tube 
to the steam and the high heat losses by radiation from the 
focal tubeo HoweTera if the rate of heat transfer to the 
steam were improved9 the focal tube temperature would be 
decreased simultaneously* With a lowered focal tube tempera-, 
tare* the, radiation heat.loss would then be reduced* ;v:

If further study is to be conducted with the new 
boilers it is suggested that the focal- tube be equipped with 
a glass jacket to shield the bottom half of the tube from 
the wind6/ Ih order to increase the heat transfer between > 
the focal tube, and the steam, the steam' should be moved 
through the superheat section of the focal tube with a high 
degree of turbulence8. and the heat transfer area should be 
increasede This could be easily accomplished by inserting 
a section of fins inside the focal tube, which would serve 
to induce turbulence to the steam, while at the; same time, 
the heat transfer area would be increased*



' CH&PflR IX

. COHCLTJSIONS /  / : •

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 boilers. The most efficient solar 
boiler unit listed in Table 6.1, column 5, is the newly designed 
one with the pyrex shield0 The focal tube of this uhit is in­
sulated around the top 180° with a magnesia-filled, aluminum 
hood. The bottom 180°, which receives radiation from the 
mirror, is shielded by a concentric, semicircular section of 
clear pyrex tubing. The next most efficient unit is the modi­
fied boiler equipped with the evacuated pyrex tube which com­
pletely surrounds the focal tube. The time to reach operating 
conditions was the shortest for the newly designed unit having 
the pyrex shield, thus giving it a, longer operating time than 
any of the other boilers. However, it is more sensitive to 
sudden changes in atmospheric conditions than the modified 
boiler equipped with the improved mirror backing0

v-- The modified boiler eq.uipped with the new mirror is 
more expensive to build and maintain than all of the others, 
whereas, the new boiler unit with the pyrex shield is much 
simpler in design and less expensive to build. The new boiler 
is felt to be the best of the five boilers compared In Table 6=1.
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TABLE 6ol

eOlJABISOlS.: 01. THE FERlOmiANO'S 01 THE ' DIF1ERENT BOIEEB DESIGNS

. 1 • 2 3 ... 4 5
Items : Original Modified 

Boiler Design

: ■' ■ . ' ' ' ' . . " . ' , " . ,

. Modified 
Design 

With Hew 
Mirror

. Hew 
Design

' 3 ■ ■ , . :

. Hew 
Design 
With 
Pyrex 
Shield

Tempo of steam 208oF 208 . 208 208 208
lbs o of steam.produced-; 3.83 Ib/hr 3.69 7=0 6=95 7 = 50
Net heat rate 423© Btu/hr 3590 6810 . 6760 7920
local tube 
losses 942 Btu/hr 738 1170 2494 1170
Effective mirror
area 47.25 sqft 45.2 ■ : 45.6 .43® 75 43=75
Actual efficiency 29*1% 25.6;- ' 48=3 47=1 50 o7
Theoretical
efficiency 57o 996. 59=1 59=4 55=7 58=9
Mirror
Effectiveness ■ 58% ■ 58.7 83 = 5 88*4 88.4
local Tube 
temperature 359°f 361 380 235 235
Time to reach 
operating temp. 145 mina 65 30 15 10(est.)

1 o Data ta-ken from. D 6 0. Allals/An Evaluation3 p= 64.
2 0 Data taken from Table $.1, Dee» 30, 1957 test*
3o' Data taken from .Table 5 = 1, Eov^ 20., 1958 test. In this,
test the modified boiler was equipped with the improved parabolie 
mirror baeking. -
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, TABIiS 6ol feontinued):

Data' taken from Table 5 = 3$ Febo 5» 1959 teste In this 
test the newly designed boiler was equipped with the insu­
lating hood covering the focal tube0
5o Data taken from Table 5o5® In this test the newly designed 
boiler was equipped with the pyrez shield covering the bottom 
180° of the focal tube9 in addition the insulating hood sur­
rounded the top.180° of the tube® ■ . .
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' / #
% 6o2 ^onoWsiom^« Eveii though the new boiler was

• : - able to operate with an efficiency of 47 = 1% and. with certain
- - improvements it would operate at an efficiency of 7% at -

ôf he 'boiler • is considered to
be too Omhll, for p W e r  production0 fhis ;cohclmsion is. based oh:":: 

:' the fact that work done by1 saturated steam at atmospheric pres- 
,sure is quite small as compared to the work done with super­
heated steam. Also, the amount .of steam produced per hour was 

■':vtod low for application to power production. At high pressure 
■v operating conditions, the collection efficiency was even lower : 

than for atmospheric Qperafins condition 
t steam produced ,was even further reduced, . .' ■ ;a . .

Before a boiler of this type can be used for power • >
product ion, ns ert ain design impr oy ement s must b e . made,: ;;$he./;.i
following items must, be Gonsidered to improve the efficiency

‘ ' '■ A '.:b-f . • A v ; h : A ' / ' ' ;
of the solar boilerA:':; A'. '!‘0..

V - hA,. ;

. a;'

1 o ; The heat losses from 'the. focal;tube must ,be re

' ;‘i; ducedo :. One method of accomplisiiing this involves the
■A placing of a clear pyrex shield over the bottom half ;
■; of the focal tube, \V";1;a 'ya' y:..; .■ , :. '. ■ ,:

2 ,: A in order to obtain a greater amount of power the
A-A  ;, ?A:;- A Y : h ^ ! h - A : ^ ; A Y :' A A / - A ; ^ A  ; Y; A Y W - A ;v.'' ■ ■ y A ^ A  ' Y ' Y : - Y - ' /  AA ' ,
Ysteam should be: superheated, .One.possible method of
' '

; .: vihcrease the. heat transf er area that
the steam must pass, over, i y .y v ..yy  ̂ -;yy- A-

: :AYY , YvbY.YYY..-; A YA'. Y . ....f̂ YY ' -AY '

r v:- -::.V

A'Y. AY A- '\'."Y -
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