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IN FRt~ltl t ” l l t~N

l i i i  tlocuunent is .i sini un.i rv r ep or t  o t t  (lii’ ill t t 1 . 1  I ~Ie vt ’ 1 opuuueflt of  .u
so l . i r—pl I s . t’ i ed s t u n  t i . tt ’ ket , Al  though no work ing  model h1is ls t ’ u’ t i  p i I ) ( l i l ( t I t

t o  cl ,i (e , t h is  I ( ‘1 155 1 t pl- t’S t’Ilts .1 t O i i t I T (  t r i . t t I S  t I e!  IeV C I I  t ’.iji .it i l i ’ s I t

ht’ tug  used is  the  ts .is is  t o t  i t t  t nexpt’ns I ye • re I t ~ilu 1 e , . i . s ii t . i t e , .iiitl
c v - - elf i c t e n t  t i - i t - k tug sv :~t eiii - h it  s dot ’utiit’iit out I t i l t ’s  501111 t~t the

S iu uip t i t  t ed  _ iplb I o.tche s l o t  ~les i~~ i t i t t ) ~ t h is  sti lt t i . i t ls t’ i .11111 I t t ’ 5 5 ’ I ihes i t s
(sO i k t tig l It  i l l s ’ 1 p ies

S i tu  t rack ing  s v s t t ’iuis s .ip.ihlt ’ ot  .15 ciu i’ . t ( e lv i’t ’posi t t o u t i n g  St i l t  t i’ .is’k iti g
(‘ li ii t jslile’u ) t  ( s I t s  h as t c U t s  eu l t  i.i t t ug so l , u  u t o l  le ’ e t o i ’s ) a le  t ieedeti t o  pIm’e t
5 5 1 1 . 1 1  t ’ t ’I i’ t ) ~( ’ I . I t O i S  , . 1 1 1  t t l i i I l tt  i o it e t s  . .uiid s ’ook ing  s V s t t ’uuIS i- vqii i i- tug
t l u s t s  w t  t h t eulupt ’ 1 . 1  t ii I C ’ S  iii e~ u ’ s  ~. UI 1(fl ’)0 } ’  - F’ t a t — P 1. 1 L i ’ t ’ol I c ’ c ’ t  t ) t ’

~~
5 c ll t l i lbOitl\ ’  u s e d I o i ’ S1I . l s ’ t t i t ’ , it  t ug  , tut t l c i c l u l l I s t  it  hot s~.iter .111 ’ not s ’Ut ret it  Iv

l~5 .ibli . 1~1 u~s o i I o I u % s , I  I lv p i ’ c l c t t h ’  tug  t t ’ui i t I t ’ i , i t i l i ’ t ’S t h is  high.  As .i i ’esu l
t s l u i  I’ll t r.i t t ug ol I t ’e  t or s i t e  iie ett i’d , howeve I’ , c h it ’ di S t  cIv ,t it t  .1 gi’ Ill t lies e
d r  ~c 1 S t ’ S  I S the’ I t t ’c ’ t ’S S i t \‘ t~~t .1 s’ S I t  1. 1 t t ’ l V I I I  l i l t  .1 1 111 ug t he i- c’ I It ’ s t  t Vt ’ s i t u  I .i~~ t

~ e t p t ’itd i s ’u~~,~~’ t o  t he’ S i t s  ident t~.ttli.iL ion .  Ut (‘1111.1 1 impor t  .niee is  the ’
i tee l l o u  t i . n k t u g  sy s t e m s  t o  ‘ h i ve  the l,trge t !uJtlt i t v  ot individua l
I I _ i t — p l a t e  sol . i r  t e l  t e c t o t s  ul(’ l.’e s s , l i V  t o  t ’oW e i  (lie’ la rge ’  t ’li’s t i i c , i l
sot . i i gI ’ l l ( ’l ’ . l t  I,~~l ~‘tI ,iui t s -

HACNt~t~Ut3NI)

I u i u t e n t  t i t s  k ing svste ’ rns e’uuiplov one ot ’ t htee ’  b as i c  techniques I s h l -

Ft~~ b d l 5  I t S Ott S ng

i f  Cornpiit e ri it ’d p o s i t i o n  cont i’ol , i’ t’pos t L i  out ng the’ ref  1 es ’t or
.15 .1 t tinct ion ~1f  t t m t ’  by us ing pi’ev i otis lv recorded s o la r
•tngu l.i u p o s i t  tou t s  as refere nce’  f o r  a two— axis sv s t e n i  or a
.~ ,— houi loc k  in’ v - h,inism lo t  .1 siug le’ — _ ix i s s y s t e m

( _ ‘ )  So I.t i eel I wt t Ii u ’l e ct  t ’ i c t  i I ( ‘ec l ITac k I or 
~~~ 

i t  ton t’oitt m o l

(1) F l u i d  me’t’hauiis ’,tl or himet ,il lit - so l . t r — h e a t — p o w e r e d  pos it ion
t o ut  t ’oI

tomput e r u it’ tI c -ou t t o  1 requi i t ~S ,i Vt ’ i-v accurat e ’  ci (‘Ct f i t ’,i I It ’etl lsack
sys tem I oc.i t e’d ,mt the l’ t’ I l e e  t ol . to ensure’ t ha t  l-epos i L i out ug is i’ t e s  1 5 5 ’

Th is  type of  eq it i pment is del i  s-a te ’  .int t , as ,i i’esuI t • is  d i l l  i ciii t t o
111,1 mit a in in .tu out tio~ t env ronrne’nt . Add i tt  oui .s l ly . di reeL met’haii i cal
dr ives , s u c h ~is w o r m ~e.i r ,u( ’ t u l a t o r s , are reqti i red to handle high wi nd
I oa ds . t ’onse’quent I y , v i sco i t s  damping syst  ems o f t e n  used I or ret a rd ing

~~~~~~~~~ —-~~~~
-
~~
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It’‘ . 1  1

t a pi cI pOS i t t  t h iS  moVe’ ineuit s am r tiot .ipp Li c_ t b It’ because’ d t i e ’ s ’ t — d t ’ t v€ ’ nmes ’hati t sums

~Its not pe rmit any sl tspl . i c eme’nt . S unu i lar l o g i c ’ w o uld . 1 1 5 5 1  _t~lpLy t o  s ’ 1s 15 .k
uIle ’s ’ h_ it t i suits . So 1.i r ct ’ II sy s tems c’cb ui I ci use .t S

~ ’ 
t t ug lanipt’ m Ii m ika go i i i  t he

.t c t  i t _ i t ot  ( ‘ ( b i t t  t o t hes. iuse t he’ Iee’ s i t u a c k  co iit i’ol mieed not he’ d i i  e e L  lv

.tt I, .,c hecl t e s  t he’ I I .Iui it ’ . bit t t tie’ e I ‘c f r i  c a l  equ t prne’ilt w o nt  d be ust .t s
di I I  i u  i t t o  umt .t tut . ,in  in t he’ csit t door eut ~’ i Foitfl teuit as th e ’ comp iit ei’i :esl
sy s t e m  and c loc k uue’c han i s m_

So i .t i he.i t — powt ’ t’e t cont ro t  sy s t  runs do not i’equ i re a ity el e ’ c t t ’ t c a  1
p c ’ ’  r input t o opt’ ra t e  . Such dev ic e ’ s .t t c ’ expect ed to  be t i otib it ’ t ree’
a net easy t ci ma iis t .i i U lie ’ ~t use the It.t i - lw _ i re’ t s s i nip It ’ a nsf a I I nice hait i c.t I -
Fsse ’nt  t a l l y ,  t h e ’ sensom acts as a s hade— s e~e’k i ng dev ice ’ in t hat the
met’ hati isin seeks a pos i t s  on where the se’nso t , whets pi  rt i .tll v shaded
ba l.iuis -es s t s  d r iv i n g  t o m ’ s -es ac t uated by e’t (lieu- I l i t i d  pt’ e ’ s s i i m ’e 01’ b imeta  I —
i t t ’ e’ xpa i t s i ott  . To cl _ i t  c , o ut !  v one’ known so I_ i r—powered I m a c k  i ng de’v i cc ’

• h,is been t es ted .  I’h ss (1ev t c-e 
* 

deve’ 1 ope ’d by K . A.  F’,i rhe r c’ t .iI . ,it the
Un i vi’ t s i t  v of F’i or ida , pm ’ovi ’tl to  be woi’kals ie (Ret 1) - Howevet ’ • I c ’S t 5

demon s t r .i t el tha t  t he’ s v s t  em was on lv ac ’cu m’ ,t t i’ to  w t t h lU an ~i y e  t’ .i go
dt’v tat ton of 4. 8b dog te ’e’s , w h i c h  i s not a cc - ui t - ,i t e’ e’nough t o  gene’ m .t t e’ t he’
high— t emperat ui-c f luids ne ’ces sa rv I s~l a t rough— t ype’ sol a ~ cc s i I e’ct 01 -

The dew t ci’ ,ii so responds s l ow l y  t o  t he morning sun ,

The’ F’ a m ’ber sys t e m ut ii t i e ’s t wo se it sor  bulbs connected to  power
cy l  inle ts  co uf  t g e t r ed  t o  oppose ’ e’ac h other through ~i i’_ t c k — a n d — p i n i o n  ge.i r
a t  t-amlge’rnent . as shown iii Figure I. Pressure d i f f e r e n t  i .tis , c i ’e a t e d b
ti ue’qn i I shading of  the sensor bulbs • drive ’ the’ c i  inde’rs • wh i c~h rot . i t e
t he’ p a r a b o l i c  t i’cs t tg h  into ,i pos i t  ion noi’ma l t o  the’ sun ’ s t’.ns - 4
Ret  r iger . im i t  12 w a s used lo t ’ the’ bulb w o rk ing  t m i s t  F~ gut ’e’ 2 shows an
end v i e’w of  t he I”a the r t ra ck i iig sv st em. Int ’ l tided in I he f t  get t o  i s .i

e le ’ r t v . i t ion tou the d m 1  fi ’ reuit t.i l so lar  e’ nem’gy input ci’e,i t ed liv t h e ’ uiiiequal
s hading - It is i uitpo r t .i lit to  note tha t  the i’epos t t toning so Lii - eiie i’g~’ t s
.1 S t  i l i t S O l  ‘t.t I I umlct so n of  the’ angle ’  betwee n the so I _ m r tnt’s de nt i’ i ys ,inst
the ax i s  o f  the t rough ’ s co nc. mvc ’ ret let - t o t  - F’e ui a t i’omtgh s o l_ i t s c s i  let ’ t o t
o work pr oper iv  , it s u-v t  l ect e’tl so l,t m rays  untist I Oc its t o  a I c ’ c ’ i i S It ne

t hat i t t - s  di r e — c t  lv oim t he co 11cc tot’ tube’ use’s1 t o t ’  l ie_ it t ug the hi gts—
ernpet- .it t i l t ’  I t n t  ci. I t  the so t a r t mic ide nt rays are’ angled s i t  ght lv

i- c ’ l ,it lvi’ t o the’ t’e t I ect or • 5 .15 t s by ,tn .tng le 0 , t he t os ’iis I t  mit’ vi 11 be
pc ls it t oned .m t a di s t  al i ce of  ( t ) s in 0 away f rom t he ceti t e t l i  ~~ o f  t he
s o  l i e s ’ t IT F tube’ . * Fo r c-s_ imp Ic ’ • .t p.i rat io l ie  t rough li_ mv m ug a vi cit Ii o f

~i I e ’ c ’t c-ot t Id he’ expect c’ s1 t o  have’ a I c’tc ’a 1 1 e’ngt h of 2 I e’ e’ t am id .i c o l l e c t  or
uhe’ I t nc’-h in di aunt’ t e ’ t  _ Such .i collect o t con il not t t il t ’ r.i t e a pos t t ton

ting le ’ e ’r ro i  of  mo m- c t hami 1 - 2 degree’s; o th e r w i se  the c o l i c - c t  ot ’ tu be’ you Isi
t i c ’ p1 aced outs ide’ the I oct15 It ne’ . As .t m ’ t ’Sui It • .1 ~OS i t  t o t i  acc i t  i- .ic v
rl ’ I l Ut  rerne ’ n t 0 f I deg rt’t ’ I S UO t lil t i t ’ .i i t  st t c I si t a t roug h— tv~~e’ s’ti lie ’ c t or -

The he’ .i t — ts ,t l.iiice’ c ’ s h i i _ I  t i on used t o i~ 
red i ct how much wo i-k t s av . t i  I _ ih It’

to r o t a t e ’ t he Farber ref l ec t o r  i s :

~The’ term f is the foc.m I length of  (t ie’ t rough ’ s ret 1 eeL or

_ 
2 

_ _ _  

_  

_

~~~~~~ I-,_
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- tt L~ - Alt W - h A Al’ .~t ( 1)
• Ig tg g g  C

w he’ re’ W = work .tv .i i Lab Ic to  rot,tte’ dev ice , ft — Itt f, Nut)

J mec haut i c - a l c’qu iv _ i letit of  he’at 7 7 8  i t— ib/ l4tu
(1 Nm/j oule)

Q c i i  f t c ’  remit i.t l sd L ar cite rgy input to the se’nso r
tubes , Bt u (jo st l e’ )

s pec - i  t i c  he’ ,it of the c- y l inders and pt s t o t i  m a t e ’ri,u i

Bt u /l b- °F ( jou le/ k g °K)

- 
we’i ght of tit e’ c’y l i nste ’ rs anti p i s to ns  iii c o u i t ac t  w i t h
the ’ wor king f l u i d , lb (kg )

AT ,tve ’ i- ,tge c- hi ~iiig ’ of tempera t sire ’ ol the complete
syst em inc Iu di m tg sensor tube , c l inders , p is tons ,
anti work ing f l u i d , °F (°C)

C spec i f t c  he.t t of sensor t ube mater  i,t i • Btu / l b— °F
( j os t le’/ k g °K)

wc’i ght of se ’ m i s o r  t ubes , lb  (kg)

Ali
t 

c hange’ in e ’itt tta ipy of work ing t in  i d , Bt si/ lb (jon L c/kg)

wei ght sif work ing t’luid , lb (kg)

h
t• heat of v~tpo r i’i at t t su i  ot the work ing f lu id , Btu/ lh
g (jt ssile /k g)

W fg  = we i ght of  workit ig fluid evaporated , lb (kg)

Alt c hange’ sil euit h,i 1 py o t wo i-king flu i t t  iii gas phase ,
Htu/ ih  (j ou le/ kg)

W
g 

= wei gh t of working fluid in gas phase’ , Lb (k g )

h sys t em ’s .ive’rage heat—Lo ss comivection coefficient ,
Rtu/hr—s q ft— °F (watts/sq rn °K)

A system ’s equiv aLent exposure .mrea to heat loss , sq ft
(sq in)

At t ime period of a i ia lvs is , hr

Equation I may he s impl i f ied to:

= - 

~~~~~~ 
- C W AT (2)

-I

i
‘ L I

• I C W-,S ”” ,I I4L~~ ,~~~~~~~~~S,E I - “ ‘- ~“ 1*” . ‘“ ~~~~ .~~~~~ -5 *,e*t(4 $,~S W” ,,L~~
d,- - ,~ *4,5-?- ‘ddaA* ,~‘c d ’ S ’ - - -~?

• - — ~~~~~~~ ~~~~~~~~~~~~~~~~~~ t ~~~~~ - ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • - - ‘



II

where Q1 energy lost through convection , Btu (joule’s)

C~ W Al = equ i valent heat absorbed into the system , Btu (joules)

If the t rough coL1e ’ct~ r is balanced and the differential solar energy
input derived in  Figure 2 is substituted for Q, Equa tion 2 becomes:

= 2 c o L F t (T 4 

~~
Tb~~ 

sin O  ‘

- (Q1055 + C W Si) (3)

where 1’ is the resisting frictional torque 01’ the t rough and ~ is
the reqth red ang i ’ the t rough must rotate in the At time period to track
the sun ’s movement.. The emissivity i: is a function of the surface
mu~it t ’r i,t L , and a is the Stefjn—Boitzmanri un i versal constant for black-body
radiation .

Equation 3 was derived to illustrate the performance of the Farber
tracking system for the reader , wh o can then bette r comp rehend how
various improvements might affect the system . For example , if an accuracy •

of I degree is required , the sinusoidal function ranges between 0 for
perf ect alignment to only 0.017 for an error of 1 degree . The solar
energy available to rotate the trough would greatl y increase if the
sinuso idal function was replaced by a larger gain factor of higher
sensitivity. Unfortunatel y, the Farber tracke r design is configured so
that if the solar sensor tubes are increased in length and radius to
improve the input energy sensitivity, the additional mass of the tubes
would require more energy to heat the system for the same AT. Conse-
quen t ly, l itt le wo u ld probabl y be gained by increasing the sensor surface
areas,

• DISCUSSION

A schematic of the proposed solar tracking concept is shown in
Fi gures 3 and 4. The drive mechanism consists of a four-bar linkage
power ed by two expansion bellows , wh ich are encased in cy linders to
reduce convection heat transfer and to eliminate buckling . The bellows
facing east is used to compensate the environmental temperature effects.
The west-facing bell ows is plumbed into the sensor so that the vapor
pressure increases derived from the sensor temperature rise will rotate
the parabol ic trough westward . This system does not include gears or
hi gh-fric tion sliding devices such as those found in rack-and-pinion
dr ive and cylindrica l actuators . The bellows ’ fluid-drive system is
comple tely enclosed to protect the working fluid from contamination and
loss. The bellows spring forces — plus the nighttime cooling of the
sensor bulb — will reposition the trough to face east in  the morning .
Consequently , this tracking system should have a good morning response
because little sunli ght energy is required for early repositioning.
Like the Farber device , only small displacements are required to follow 
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t h e  sun ’ s movement (i . e . ,  I degree every 4 minutes).  It is important to
• ~

• note that the proposed system uses oti ly one rotational sensor heating
- • element to drive the system in one d i rec t i on against a spring force .

This approach is recommuended to improve the morning response and reduce
the cost of the sensor. However , two parallel-p late-type sensors could

• be just as easily used to pressurize the dr ives  for both bellows similar
to the Fa rber system. The resulting system should prove to be more

• , ac- t-ur ate because the parallel—p la te sys tem has a l a rger  so la r  ga in  a t
the sett.i tl error ang l es.

Although the one experimental model fabricated to date did not
work , hig h a ccur a cy is s t i l l  expected with a deve loped , pa ralle l -plate ,
so lar f i l t e r  system . In addition to the high rotationa l friction torque
inheren t with the Farber system , the t hr ee main  caus es for  i ts inaccu racy
,ire attributed to (1) the small solar gain factor , sin 0; (2) the large ~

• 
-

therma l mass of the workin g fluid system ; and (3) its large exposed
ex ternal convection area .

Figures 4 and S illustrate two concepts for improving the sensor
elements. The parallel-p la te type shown in Fi gure 4 has the advantage
of high ac curacy control over the solar incident ener gy input  as a
func t ion of e r r o r  ang le . The plates may easil y be dimensioned to acquire
a large varia t ion of Q inpu t for small solar-an gle changes . The disad-
van tage of the parallel-plate scheme is that for cases where clouds
(which tend to position the tracker behind the angle of the sun) are ‘

encountered , the solar energy inpu t to the sensor bulb v i a the solar
reflector (positioned below) is limited. It. could require excessive
time to heat the bulb enoug h for the troug h to catch up. The alternative
concep t shown in Figure 5 , however , prop oses a type that should be able
to reposition the trough q u i c k l y  and pr operly when the sun comes out
f rom behind clouds . Point A of Fi gure 5 is the sensor tube , and a tt ached
to it is a thin fin which extends to point B. The tube and fin lie in
the focal  p l ane  of the f resne l lens so that , for solar angles equa l to
o r great e r* than that at which the solar incident is parallel to the
troug h reflec tor axis , concen t rated solar  energy impinges the sensor
bulb or fin. Figure 6 illustrates what is believed to be the relationshi p
of the differential solar energy inputs available to drive the parabolic

• t roug h reflector as a func tion of the error angle between the solar
i ncident rays and the trough reflector axis for the Fa rber unequal
sh a d i n g  sensor and the two t r a c k i n g  types presented in this report. The
di p in the curve of the parallel-p late sen sor for positive angles of 0
is due to the change in the sensor ’s source of solar energy . The rapid
fall is caused by the increased shading of the parallel plates; and the
gradual rise is caused by the increasing reflective energy from the - :

curved concen tratin g reflector positioned below the sensor bulb. The
low point position is a function of the width of the sensor ’s reflector
shade (see Figure 4). The gradual temperature decrease of the fresrel
lens sensor for positive angles 0 is due to the convective heat loss of
the fin. The large decrease is due to large solar-angle errors where
the rays are focused beyond the fin end point (i.e., point B)~

*For angles no larger than those in which the rays are focused at the
end of the fin at point B.
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Another advantage of the two concepts presented here’ over the
Fa rber tracker system is that the latter system ’s therma l mass  (which
includes the ’ working f l u i d , sensor bulb , and actuators ) can be greatly - •

reduced because concentrat ing lenses are used in  the sensors. As a
result , i t more input solar energy is required , the Lenses can simp ly he
increased in  size without increasing the sensor bulb mass .  The bellows
actuators can also be l ightwe igh t .  Also , because the sensor bulbs are
small , they can easily be insul ated inside glass tubes so that w ind
e f f e c t s  .mre held to a minimum , which also decreases the convection
los ses.

r iment a I Mode I

The p. ira llel —p late sensor model fabricated for experimentation is
shown in Figure 7. Figure 8 shows the same model with the bellows sun
cover removed . Figures 9 and 10 are additiona l views of the ’ model . The
mode l was designed , fabricated , and assembled on a very limited budget;
consequent l y, many of the des i red øco~ç-onent confi gurations included in
the schemat ic shown i n  Figures 3 and 4 (including the bellows environmental
compensator) were omitted .

It was originally believed that the small temperature difference
between the bellows and vapor inside would not si gnificantl y affect the
system ’s operation. The vapor- to-bellows wall heat transfer process is
convective , and the temperature difference was assumed to be negative
with the vapor having a hi gher temperature than the bellows wall. Tests
later proved this was not the case.

During tes ts  in the morning sun , the sensor would follow the sun
for approximatel y 30 minutes and then accelerate until the maximum
rotationa l displacement was reached in about 45 additional minutes. The
sensor ’s solar input area was then partially covered for the next day to
reduce the heat input. The onl y difference observed on the following
day , however , was that , after preliminary heating with the sensor at the
prope r tracking position , more time was required to rotate the sensor
completel y. I n  fact , with the sensor totally covered , the system would
completely rotate the sensor through its 100-degree tracking angle

• displacement by noon , solar time .
• The environmental air temperature change was believed to be the
• prima ry driver of the system and not the sensor. Insulation added to

the bellows surface did slow down the angular movement speed. The
sensor , when exposed with no cover , always started the angular displace-
ment; but , once motion was started , the heat from the environment would
push the sensor the rest of the way, ahead of the sun . It was concluded
that the sensor was simply too small for the large bellows , especially
with no bellows environmental compensator.

To determine the sensor ’s solar-heat input , the sensor bulb was
filled with water and its temperature rise monitored for a fixed angular
position. The position was 50 degrees from vertical in the eastwa rd
direction . Figure 11 shows the sensor bulb’ s temperature rise as a
function of time . It is important to note that the unpainted metal
p lates permitted considerable reflective solar-heat input to the bu lb .

6

— — I - — ——



- - - - -~~~~~ - -- ~~~~~~~~~~~~~~~ ~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~

• • • - -  . 

~Id
I,

As a result , the bulb temperature started to rise with an angle error of
more than 3 degrees (4 minutes per degree) rathe r than one-half of I
degree as expected . it is reconunended , therefore , that the parallel
plates be coated with anti-reflective ridges , as shown in Figure 4. The
weights of the sensor tube and water were measured and these quantiti es
multiplied by their respective specific heats and temperature change .
Thus , the Q input was determined to be a maximum of 0.048 Btu/min (50.7
joules/min). To raise the 5.5 pound (2.5 kg) brass bellows just 1°F
(0.56°C) requires more than 0.49 Btu (517 joules). Although the real
purpose of the model was to demonstrate the sensor ’s high sensitivity ,
it was fully expected that the system would accurately track the sun .
However , in the first attemp t the system simp ly did not work as planned.

• A gain , it was concluded that the sensor was simply too small for the
large bellows of the model fabricated.

Economic Anal ys is

For the Navy to compare quantitatively all the energy research and
development projects and to determine economically the funding priorities ,
CEL believes a uniform life cycle cost approach is essential for all the
proposed projects. The ingredients for life cycle cost analysis are the
capital investment for the installation , annual operating and maintenance
(O&I1) costs , and the economic life of a product. The capital and operating
costs are estimated in as much detail as necessary to develop concepts
and desi gns to minimize product cost requirements as well as to meet
operational needs. Because the Navy currently has no need to develop a
more economical device for tracking the sun , a comparison of the proposed

• tracker with a currently available tracker is not appropriate. Generation
of steam via a solar-powered boiler , if found more economical than a
coal-fired boiler currently used by the Navy , would justify development
of the proposed solar tracker.

To conform to the Navy philosophy given in Reference 2, present
value life cycle cost is used . For the case where the energy output of
the proposed unit is constant , such as with a solar energy boiler , the
following equation app lies.

CPL = N 
+ CFA +~~~~~ C0~~ 

( 4 )

~~ 
PV E

• n 1

where CPL = total present worth based on annual life cycle cost ,
- 

- 

‘ $/mBtu

I = capital investment for major facility components , $
= annual energy output of the device , mBtu

PV~ = present worth factor for nth year (Table B
of Appendix D in Reference 2)
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leve lizrd f uel  cost to operate the product propo sed
(ze ~ro for the solar tracking system)

annu al O&~1 cost of major facility components

It  is impo rtant to note that EQuation 4 is norma l i zed  per ufl it  energy
utput of the device because the cuniulatzve—energy/pr esent-worth method

s i 11 v it’ ! d cost figures compa r.ible to those from the utility and manu-
fa cturing ind iist rirs (Re f 3).

Ihe follow ing cap ital cost contrib ution is determ i ned for a sing lt-
t w o - a x i s  reflector having a reflective surfac e area of 10 sq ft (0 93 st~ in)
( s e e  F igure  12 for illustr at ion). For this analysis , the solar boiler
and its steam distribution system costs are~ assumed to be the same as
those for the curr ently ava ilable coal—fired systems . The sum total
cost for energy output for a coal—fired system (coa l handling, ash
di spos.i I , p~t rt I culate cont rol , arid sul fur cont rol equipment , plus thei r
construction and setup cost) is compared to the cost per unit energy
output~ of a solar reflector system . In other words , the costs for the
boil er system as well as the ultimate use — steam heating or electricity —
ire assumed to be’ the same for either system .

The annual usable energy output (i.e., available at the boiler for
generation of steam) is estimated as follows :

F. q E  T aon s

where q = 56% (10% loss to clouds , 30% reflection loss and 10%
F absorption loss at the boiler)

= 2.25x10
4 mBtu/hr-ft 2, solar energy available at the

earth ’s surface (2.56 mj/hr sq m)
— 

1 2 ,190 hr/yr (6 hr/day at 365 day/yr)

a = 10 sq ft , reflector surface a rea (0.93 sq m)

$1 ,255 (see Table 1)

The annual capital cost contribution would then be

N 
I 

= $1 ,255 I(7.98)(0.56)(2.25xl0-4 
mBtu
)

,~~ i 
PV £ L hr  f t

H (2190 hi 
~ (1 0:1 ~~year / J

= $57/mBtu ($O. 054/m ,j ) -

where 7.98 is the present worth factor at 10% discount for a 15-ye-i t
period (the expected life of the solar reflector and tracker unit).

*Thj s is based on the Btu ’ s available to the boi l e r .
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The O&11 costs are assumed to be $1.50 for labor and $0.10 for
solution to clean the reflector each year. Required spare parts and
needed maintenance labor costs are assumed to total $10/ reflector/year.
The resulting total annual life cycle cost for just the reflector system
would be

— $~~ + 
$11.6 

— 
$68.6 ($0 065/ ~

)PL — 
mBtu mBtu 

— 
mBtu

The annual life cycle cost of an equivalent central coal-fired
steam plant including all the related cost such as fuel handling, pollu-
tion equipment , and a 5% differential coal escalation rate , is $4.67/ mBtu
($0.0044/mj ) (Ref 4). This cost also includes the boiler and its steam —

distribution system , which were not included in the solar system .
Obviously, it would appear that construction of a solar steam generator
plant for immediate Navy use would not be a profitable venture at the
present time . This is not to say that solar steam generation should not
be undergoing research at the present time , however. Supply and demand
will push the cost of coal continually upward , and development of new ,
reliable hardware is a time-consuming process.

CONCLUSIONS 
- 

-

_

1. Although no working model was produced to verify the concept of a
workable , accurate , solar tracke r , the ana lysis presented is believed to
be adequate proof that the concept is a viable system for accurately •
repositioning a solar concentrator.
2. Similarly , it is believed that once the concept is proved workable
and accurate , the device should also prove highly reliabl~’ because of
its simplicity .

3. The economic analysis indicated that currently a solar steam boiler
would not be an economical system ; however , because present energy-
converting equipment use limited resources that add costly pollutants to
the environment , it is very unlikely a solar boiler for a solar tracking
system will remain uneconomical for long.

RECOMMENDATIONS

It is recommended that

I. More detailed analytical analysis of the two new concepts be completed .
2. One model of each concept be constructed , instrumented and tested to
verify the concept and analysis.

3. The combined results be published and made available for commercial
development .

9
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Table 1. Capital Cost for a Two-Axis Solar Reflector
With 100-Square-Foot Surface Area

Item Cost ($)

Research and Development Design 50

Setup 100

Refl ector Frame 400

Two-Axis Trackers 600

Foundation SO

Mylar Reflector ($0.15/sq ft) 15

Land Procurement __~ _~~*

TOTAL 1 ,255

~250 reflectors/acre at $10,000/acre .
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Figure 8. Experimental model with the
bellows sun cover removed .

Figure 9. Close—up view of the bellows used for
the experimental model of the
parallel—plate sensor.
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LIST OF SYMBOLS

A System ’s equivalent exposure area to heat loss , sq ft (sq m )
a Reflector surface area , sq ft (sq m)

b
e 

Larger solar exposed width of collector tube , ft (m)

b Smaller solar exposed width of collector tube , f t (m)
CFA Levelized fuel cost to operate the product proposed , $

Annual O&M cost of major facility components , $
W ~T Equivalent heat absorbed into the system , Btu (joule)

C Specific heat of sensor tube material , Btu/lb-°F (joule/kg °K)

C Specific heat of the cylinders and 14ston material , Btu/lb- °F
(joule/kg °C)

CPL Total present worth based on annual life cycle cost , $/mBtu 
- —

($/joule)
• E Annual energy output of the device , mBtu (joule)

Solar energy available at the earth’ s surface , Btu/sq ft hr
(joule/sq m hr)

F V iew fac tor
f Focal length of the trough ’s reflector , ft (m)
h
~ 

System ’s average heat-loss convection coefficient ,
Btu/hr-sq ft-°F (watts/sq m °K)

h
f 

Working liquid fluid enthalpy , Btu/lb (joule/kg)

hfg Heat of vaporization of the working fluid , Btu/lb (joule/kg)

h
g 

Work ing gas fluid entha lpy, Btu/lb (joule/kg)
I Capital investment for major facility components , $
J Mechanical equivalent of heat , 778 ft-lb/Btu (I Nm/joule)

• L Collector tube length , f t (m)
N Economic life , yr

PVn Present worth factor for nth year

Q Differential solar energy input to the sensor tubes ,
Btu (joule)

Q~05~ 
Ei.ergy lost through convection , Btu (joule)

r Co llector tube radius , ft (m)
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I So Li r t racket - opt’ i-at  i mu g t ime per year , Eu n c

t ’ t t  I I  ec t or t ube’ sti r f.ice temperatur e , °R (°K)

I Equivalent tempe ratuit’ ot the solar radiat ion , °R ( °K)

1 Re sisting S ri cli anal t orque of the t rough , tt -lb (Nm)

t Di st  .tilce I rem sun shade t o  cent r of collector tube , ft (iii)

W Work ava i lab It ’ t o  rot ate’ dt-v i ce’, ft — lb (Nm)
Weigh t of sensor tubes , lb (kg)

W - 
We i ght of th e’ cylinders and p istons i n  contact w i t h  the
wo rking f lu id , lb (kgl

Weight etf working fluid , l b  (k g)
W
fg 

We i ght of working fluid evaporated , l b (k g)
Wei ght of working fluid in gas phase , lb (kg)

Requi red ang le the trough mus t rotate in  the At t line period
to  t r ack  the sun ’ s movement

Change in  entha lpy of working f l u i d , Btu/ib (joule/kg) :1

Change in t ’nthal py of working f luid in gas phase, Btu/ib
tj o u le/ k g)

AT Average change of temperature of the comp lete system including
sensor tube , cylinders , pistons , and working fluid , °F (°C)

\t Time period of analysis , hr
Emn issi v it y of collector tube

Energy conversion efficiency , %
O Angle of so lar t racker from vert ical

o Stefan-Boltzmann universal 4
constant. for black~body

radiat ion , Btu/sq ft hr °R (joule/sq m hr °1( )
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