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ABSTRACT 

This study is devoted to the mode~ing of ' the performance 

of s~l~r concentrators for central receiver power plarits.A 

continuum field representation of ideal heliostat arrays is 

adopted in the formulation of the modeling. This representation 

accounts for two governing factors: the lal,' of reflection of 
. ., 

light rays imposes steering constraints on l1iirror orientat'ions; 

the. proximity of mirrors crea'tes shadow eff'ec-ts ,by blocking .the 

incident and/or reflected solar radiat:L.on.The results of' a 
" - "'-.. 

steering analysis which develops the space-time· characteristics 

of' heliostats and of a shadow analysis which determines the 
\ \.. 

local effecti'Veness of mirrors in reflecting solar. energy to a 

central po~t are combined to obtain in closed analytical form 

the global characteristics of c~cular concentrators.These 

:charasteristics appear as time profiles for mirror orientations 

and for effective co~centratorareas.A150kw actual ·solar powel 

plant is designed for Cihanbeyli by introduction of suitable 

deratfug factors by moving from the. upper limits of performance 

establ~hed by these characterist±cs. 



Ell ga11§ma merkezi a11c1l1 gUne§ enerji santrallerinde 

kullan1lan heliostatlar1n modellendirilmesine tuhsisedilmi§

ti;:'.Hodelin formiiLLlendirilmesinde ideal heliostat dizilerinin 

1<es intis iz (continious) oldugu §eklinde bir tems il tarz1 benim-_ I 

s endL Boyle biryakla§~m iki ana noktan1n onemine i§aret edor; 

birincisi ayna pozisyonuna s1n1rlama-koyan yans1ma kanunlar1, 

digeri ise gelen ve yans1yan glliJ.e§ enerjisini perdeleyerek 

golgelemeye sebep alan ayna yak1nl1g;1 mese-lesi.Iieliastatlar1D 

zaman-mekan karakterini ortaya koyan yonelim analizi lie ayna-

lar1n gilne § ener j isirii merkez:1 bir no!ctaya yans 1 tmaktaki 

muvaffakiyetini tesbit eden golgeleme analizinin sonuglar1 
" 

birle§tirilerek dairesel konsantratorlerin global karakterleri 

kapa11 analitiH; formdaelde·edildi.Bu karakterler ayna PQzis-

yonlar:l.n1n ve etkili konsantrator alan1n1n zaman yoriingelerinin 

gizimiyle ortaya kondu.Karakterlerin ortaya koydugu en list 

performans s1n1rlar1ndan hareketle veuygun eksiltme faktorle

. rini de ilave ederel~ Cihanbeyli . (Konya) igin l50kw'11k bir 

giine§ enerji santralinin dizaY~1 ya,p1Id1.· 

.. 



a. 
~ 

a 
r 

D (length) 

LIST OF SYMBOLS 

receiver area 

actual concentrator area 

effective cnncentrator area 

=Ai/f1.H2, per-uni tactual concentrat or or per-unit 

required &round area 

2 . 
:=Ar/nH ,per-unit effective concentrator area 

per-unit distance between t'-lO parallel mirrors 

(referred ,to mirror width) 

D (angle). declination 

Dp := Dcos CP
n 

-J3
d

) ,profile distance in side ·view 

H (length) tower height 

H (angle) hour angle 

I solar radiation constant 

Io maximum solar radiation constant 

k resultant steering-shadow or mirror area coverage 

k ' 
d 

k 
g 

k. 
J.. 

, 

·k 
m. 

k o 

factor 

=k~k ,derating factor r, 

== liD ,ground area utilization factor 
p 

,~;;-.-;=;;-.t= c~sp= INI/2, incidence fector 

mirror area utilization factor' 

==k .k , overall area utilization factor 
. ,g m 

k mirror' reflectivity 
r. 

k ::; cosS, sun shading :factor 
s s 

k
t 

=cos8
t

'" tower screening factor 

L (length) per-unit length of mirror 

L (angle) latitude 

'> • "- ~ 



L. 
J.. 

IR 

'N 

P (point) 

p (p01,'er) 

q 

R 

r R 

S 

T (lenf:';th) 

T (period) 

t 

1',' 

" 
W. 

J.. 

x 
) 

X 
m 

y 

y 
m 

ix 

image per-unit length of mirror at receiver 

length of receiver' (height) 

N;orth :-

any location' (s i te) on the earth 
) 

( , 
~6lar power at receiver 

=cos6 /cos8t , parameter 
s , 

distance of mirror to tower base 

.' receiver low'er radius (considering a straight 

cross-cut conic one) 

South 

distance of mirror to receiver 

time interval between iritegration limits 

time 

per-uni t w'idth of mirror 

(image) per-unit width Of mirror at receiver 

top exposure 

shadow length (perpendicular tb mirror horizonta: 

edge) 

s ide exposure 

shadow scew length (pa~allel to mirror edge) 

'-90 0 -8 sun's altitude angle - s' 

azimuth orientation of seperation distance 

azimuth orientation of mirror 

azimuth o:r:-ientation of side\exposed end of mirro 

azimuth orientation of the sun 

azimuth orientation of mirror location with 

respect to tower 

" 



h 

i 

i 

i 

j 

k 

m 

m 

n 

p 

R 

r 

5 

x 

x 

azimuthal displacement from XYZ coordinate 

system to xyz coordina-te system 

mirro~ tili angle (from horizontal) 

o . == 90 --0(, sun's zeni.th angle 

mirror-tower· distance angle 

mirror inclination angle 

receiver surfaceinclip.ation angle 

::Ar/Ai' concentrator efficiency 

Subscribts 

mirror front view 

horizontal 

actual concentrator (LD A.) 
J.. 

image 

unit triads 

maximum (rim) 

111 in :L.'IIum r-

mirror (in X and Y ) m m 

mirror's normal 

mi.rror profile vie,,\\T 

receiver 

effective concentrator 

sun 

tow'er 

) \ 
(-general subscribt standing t:0r either's' or 't' 



i 

j 

k 

N 

n 

s 

t 

A. 

am. 

avg. 

cos 

cot 

Dec. 

Feb. 

hr •. 

J 

Har. 

MJ 

max 

min 

min 

Vectors 

unit vectors pointing tOl"ards East,North and 

local~vertical respectively 

= s + t, resultant vector 

uni t norma 1 ve ct or (out"Tard normal) 

unit sun vector (toward sun) 

unit to'",er vector (toward recei"ver) 

Tensors 

LIST OF ABBREVIATIONS 

appendix 

before noon 

avarage 

cos ine 

cotangent 

December 

February 

hour 

joule 

kilowatts 

Narch 

megajoule 

max:iJmum 

minimum 

minu~tes 



pm 

pp 

sept. 

SErP 

SR 

SROA 

s. 

sin 

tan 

Fig. 2:.1 

Fig.3.l 

Fig. 3.2: 

Fig.3.3 

Fig,. 3. 4 

Fig.3.5 

Fig.3. 6 

Fig~-3~ 7 

Figo 3. 8 

Fig.3.9 

xii 

after noon 

between the pages 

" Septerr,tber 

sun effective time period 

solar rad ia t,ion 

solar radiation outside the atmosphere 

second 

sine 

tangent 

'''a tts 

LIST OF FIGURES 

The 100-mega,,,att (electric) he1iostat pow'er plant 

concept'. ( 6) (x) . 

Geometric configuration of unit vectors associated' 

with sun, tower and mirror. (9). 

o Mirror field distribution for Gihanbeyli:.. act B
t
= 0 

and e :: 2:0.82:
0 

(14). 
s, • 

TDne profiles of 'mirror tilt and azimuth angles. 
I 

Relative positions of neighbor:L:ng heliosta,ts in 

the field. (2:1). 

M~ror p~ojection angles. (2:2:). 

Shadow "footprints" of a rectangular mirror. (2.6). 

Side exposure angles. (28). 

Schematic view of, ideal he1iostat arrays, concept~('3t: 

Distribution of mirror utilizat'10n factors in a 

ciircular ri~g concentrator. (34).: 

'",.(xL ' .. , umb".. ,. 
.1 ~;, • :' Page n ers;~L' :=,,': ,.:; 

.' _"" .J , .... _, 
~u v 1..,". 



.fig. ].10. 

Fig.].ll 

\ 
I 

Fig.4.l 

F'ig.4.2 

FilS. 4. L~ / 

Fig.4.5 

F'ig-.4.6 

Fig.D.l 

,Fig.A.l 

Fig.A.2 

Fig.A. 4· 

. . . . . . . . 

• I 

x.iii 

Concentrator area efficiency chclracte-ristics. (38) • 

Effective concentrator area characteristics. (40). 

Variations of per-unit eff'ective concentrator 

area a and Dcr-unit r ... 

sizE. ( 4]) . 

ground area a: ' "Iod th field 
)., 

Monthly djstributions pf solpr rAdiation and sw~ 

ef~cctive time period based on experimental datu. 

(For Ciha~beyli).(46). 

Ro?rcsentativ~ daily timc-variation of solar 

Illustrntion of the numerical ap?roach to the 

problem of effective concentrator area and solar 

radir:::.tion values. (52.). 

Reflected ~irror dimensions at receiver.(57)~ 

Receiver size and shape requirements for lmx 1~ 

square mirrors. (58) • 

,Iso-energy profiles of mirror field distribution 

at so·lar nOO::1. (62). 

Schematic calestial.sphere showing apparent ?ath, 

of sun and sun's declination angle.(68). 

Definitions ,of sun's zenith, altitude and azimuth 

) 

Relation of a point on the earth's surface to 

sun '.s rays. (71) . 

(and Fig • .1~. 5) Polar plots of sun's hourly pos i

tion. (7],74) • 



Fig.A.6 

Fig.A.7 

Fig.A.8 

Fig •. 1\ • 9 

. . ..... . 
Fig.A.15 

. . ..... . 

Table 3.1 

Table 4.1 

Table 4.·2 

x.iv 

Schematic illustration of solar angles at solar 

noon. (75). 

Definition of position anITles of a tilted surface. 

Azimuthal angles in the horizontal plane. (77~. 

(to Fig.A.14) Time profiles of mirror position 

ang'les. (83-87) •. 

(to Fig.A.19) J'.I:irr~r field distributions. (88-93). 

LI ST OF TA BLES 

Identificetion of some nodal points. (19). 

Experimental values of solar effectivity factors 

(solar radiation and sun effective time period) 

for Cihanbeyli; (4:5). 

Calculated values of (a ). ,( I ) ,( a • I ) 
r avg. avg. r avg. 

and corresponding tower heights for s OIne c.ombina-

tions of rim.angles.(55). 



/ 

Chapter I 

INTRODUCTION 

1 ' 
As the energy problem predominates over the other problems 

of the human beirig,peopl~ attempted to find new energy sources 

in recent years. One of such sources,which is being interested 

- in, is the S1-ID. 

Solar energy utilization techniques for high 'level' of 

power are being are being studied in a great extend since,as 

'input,equivalent of obtained energy is nothing.Although no 

technique\\'as sugG'ested to be practically pre:ferable beccJuse of 

its first cost or s orne technical dificul ties ,,'hich have not been 
:-

avoided yet,it is a great possibility that-these techniq~es , ... i.ll 

be the equally preferred Ones in near future,. 

T,,'o such techniques, for convers ion of solar energy int 0 

, 
electrical energy,are:direct method;utilization of photo-voltaic 

~ ," 

cells,and solar-thermal power systems;employing concentrating 

mirrors to raise the temperature of w'orking fluid operating' a 

heat erigine.In this thesis we attemp~ed to develop some basic 

physical and theorethical performance characterics underlying 

solar-thermal po,ver systems.Particular interest ,however, ±is 

focused on the system of u,tilization which" is referred to as 
) 

Central To,~er-Receiver System.This system consists of a large 

field of, heliostats (f'lat mirrors) which collects the solar 

iradiation, concentrates jjt on a ,receiver (located at ,the top of 

~ central tower~,) Receiver,acting ~s a,'boiler,raises a fluid 

to high temperatures and pressures compatible with modern 
I 

~ower generating, plants.T.~ analysis postulates an ideal model 



-' z -

, 
for the heliostat arrays w'hich assumes that mirrors are 

perfectly flat,perfectly steered :to redirect sunlight to the 

centrol receiver and may be ploced in any desired field config-

uration around the central tower.A c?ntinuum field approach is 
" 

adopted to describe the idee,l. heliostat arrays as a function of 

location and time of the day.As a cOnsequence of this approach, 

adjacent mirrors (i'ront-back) considered to be parallel and no 

side exposure factor is considered to exist. Continuum field 

approach will be discussed in detoil in Chapter III. 

T ';0 fl.H1d;:!lilen t,;l cons ide'r", t iOclS Lovern t.he s pc:: ce-t im€ cha r-

acteristics of the mirror field: 

a) The steering relations needed to satisfy the constra{nt 

of the reflection law of light ray~,that is the ~quality of 

incidence ond re£lection angles. 

b) The presence, of neighboring mirrors which creates the 

possibility of blocking the incident and/or reflected sun rays. 

steerini and shadowing analy~es are therefore perfo~ned to 

determine the local properties of the mirror field. The c.ontin-

uum field approach ,,'hich considers the heliostat field as a 

concentrator, made it possible to get simple analytic expres-

sions of useful heliostat ar~a and efficiency as functions 

of system angles by evaluat~on'of some governil1;g integrals. 

The principal.results are pres~nt~d as t~me profiles for 

. . 
mirror steeEing angles ,for effective concentrator areas and 

for efficiency of the system.The ideal ~hara~teristics pf 

circular·concentrators estabiish·theoretical upper limits of 

performance against which actual or realistic'systems can be 



evaluated with the introduction of· suitable derating factors 

to account for such effects as steering errors,mirror size and 
[. 

reflectivity,area coverage and geometry,and solar .vadiation. 

Special I interest is devoted to the ass.i:gnment, of solar radia-

tion considering the site under studY,i.e.,Cihanbeyli. A 

criteria is suggested to stand against the pro~lem5arising 

from theorethical or other possible variations in solar radia ... 

ation and effective concentrator area.This is primarily imp'0r-

tant for the reas on that the principal_ resul ts and---''main ~imep.
-Ihe 

sions of system elements (such as mirro~ and r~csiver dimen-

s ions, tov.'er height exc.) should be as much realistic as pos-

sible and also the assigned power should be attainable most of 

the time in the characteristic period.,ve als 0 tried to find a 

compromise point to decide for the receiver size and mirror 

dimensions depending on the relation between them. 

~' 



Chapter :U 

LITERATURE SURVEY 

2.1 liistory of the Solar Tower Concept: 

The concentration of the direct beam component of sunlight 

with heliostats was first attributed to Archimedes who 
) 

instructed soldiers to reflect the sun rays ont'o the sail, of, an 

enemy vessel by carefully orienting their burnished shields 

(fieliostats).Their efforts were succesful,for the vesse1 was 

'set afire. It "Tas not until several thousand'years later that 

Trombe and his c'o-w~rkers added l-iydrolically controlled servo-

mechanism to an array of large belio~tats to produce an auto-

matically controlled I-megawatt (thermal) solar collector. 

Interested in producing high temperatures to melt materials, 

Trombe added a large,fixed concentrator consisting of a para-

bolic dish and achieved a temperature of 4100 K.Baum et al. 

investigated a,tracking array consisting of heliostats on 

moving railroad cars,aimed at an elevated cavity receiver-:-

boile~.The cavity was to be rotated to face the heliostats 

throughout the day to achieve improved performance. 

Francia developed an intricate clock-driven field of 271 

heliostatsand was able to produce steam at a rate eq,uivalent 

to 150 kilowatts.T~is concept is not suited for large-scale 

util'ization of solar energy on ~ megawatt (electric) basis, 

because it is impractical to conne,ct many thousands of helio-

stat's into a: single clQckwork device w:Lth suif'f:i:cient' precision. 

1'1 ore over , the mechanism is' not well suited to ,the large mirrors 

requirecl for an eCCi>llomical system ,'des ign. 
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A reinvention ;involving a larg~ number of heliostats took 
\, 

place in 1970-1971 at the University of' Houston.This work ,.,as 
\ 

supported by the,Hhat is called,RANN program of the National 

Science Foundation,NSF,beginning in 1973,and in 1975 it was 
\ 

transferred to ERDA (Energy Research and Developmen't Administ-

ration.) Long term studies in sC.ience and engineering made it 

apparent tJui t the outlook for energy,s ources beyond foss il 

l , 
fuels was hopeful but uncertain.Clearly,solar energy could be 

utilized. Since some investigations of' the possibilities had 

! 

alrsady been carried outiwe consider only the most promising 

options.Photovoltaic cells ,,'ere considered f"irst hut,because 

of' their large cost and lo'\\' efficiency at that time,were 

rejected in favor of potentially efficient "thermal convers ion 

cycles compat{ble with,the utility grids.Steam-e}ectric conver

sion cycles producing 100 to 300 megawatts (electric) are well 

developed by the utilities,which also have ,a large-scale 

disxribution system.It seemed advisable to utilize available 

transmission methods. 

Aspects of the Central Tower-Receiver System;external or 
,-, 

cavity receiver,~lat or fQcusing heliostats,and methods of 

storage are und,er study by four-team ERDA effor"b to result in 
i 

a preliminary design foralO-m~ga,.,att, (electric) /pilot plant 
, (x) 

by June 1977. Barsto,."California,has been selected as the sit,~ 

for the pilot plant.It is ~nticipated that the first step in 

bringing cos'ts for commercial plants into the range experienced 

for the constructicou' and fueling of' nuclear plants will be t'o 

increase plant size to at least,IOO-megawatts (~lectric) at a 

. (X)Unfortunately".,e are unaware of ,studies have been carried 

n11+ ""; n r.~ 1 q78. 
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single site to achieve better collector and turbine efficiency. 

Fig.2;1. describes the concept for a 100-megawatt (electric) 

demonstration' plant. 

Other solar developments include plot plants planned by 

the Electric Po,,'er Research Ins.titute in U.S.A. as well as the 

French and Japanese governments.An ERDA-funded Solar Thermal 

Test Facility (STTF) is under constructicDn at Sandia Laboratory 

Albuquerque,New Mexico,and is scheduled for completion in 1978. 

The STTF is a smnll 5-megawatt (thermal-) solar tower collector 

f0r test~ng the 10-mega~att (electric) pilot plant prototype 

. t d f" 1 t d 1 res e"'rc~ r It c cmponen 5 an per orrnlng re Cl e soar energy ~ 11 L -i" 

Fig. 2..1 The 100-megawatt( electric) heliostat power plant con~ 

- cept.The to~,,"er(260~.high) near t,he center of the field has a 

boiler. on top.Abo1,lt ,20.000 heiiostats(6.4 by 6.4. meters) would. 

be' required,sp~ead over an area of about 3.5 square kilometers. 

A 10-Mw.(electriC;:) pilot plant is under development by ERDA. 



2.2 Available Sources About· the Technique of SOlar-Thermal 

Power Plants: 

There are many books,papers or other puplications in the 

literature of solar ~n~rgy dealing with the defined and derived 

earth-sun angles and angles related t'o r.eflecting or 

absorbing materials of'various special configurat~ons with 

respect to a coordinate system on the earth's surface.The iden

tifications f()r some relati vely important ones are given [2.,3, 

4.J ~.,re tried,however,to utilize these materials during our 

study in such 8. fashion that anybody' shell not be in need of 

having them otherwise strictly required. 

Information about the studies of aspects of Cen,tral''lower-

Receiver System,nanrely the ones '''hich ,.,rere mentioned before; 

additionally detailed receiver design considerations,automatic 

control mechanism,available temperature and po,."er limits ,advan-, . ' 
tages of system of single unit· over thet of doble and triple 

units (i.e.,single plant composed up of two or three different 

heliostat arrays field each 'with its own central tower),area, 
. . 

mirror and receiver size requirements,tower height,max.imum . 

allowable angular oberrations and mirror type is also obtain- -

able in literature [1,5,6,7,8,9.]A: few of these are studied in .. , 

this thes is while the o:ther many C'!-re not cons idered to be 

subject to our study.Refe:r:-ences {5J and ~oJ especia'lly consti.., 

tute the, major part of the help to our study. 

All the theory is adopted to the loca:'" properties .of 

Cihanbeyli,Konyc'l.. 



Chapter III 

ANALYSIS OF THE HELIOSTAT ARRAYS FIELD 

3.1 Hirror Steering Analysis: 

3.1.1 Fundamental Steering Relations: 

Fig.3.1 i11~strates the geometrical configura~ion or a 

flat-faced mirror at a giv,~n location and instant of the day 

",'i1fh respect to the, tower .It is well-known by Euclid's Law 

that angle of incidence and reflection of light rays ar~ 

equal.This ,law imposes a constraint for the positions of the' 

sun,to~er and mirrors. Since the position and dimensions o~ the 

to, . .rer are", considered to ~e fixed,assuming an arb'itrary configu-

ration for a mirror, this constraint leads us to determine the 

position of the sun at a given instant of the day. 

By Fig.3.I,any normal to the mirror and its magnitude are 

, 
given by the expressions 

-. -N=s;-t 

and 

respectively. Then the unit normal n is expressed by 

N (s +t)' 
n= --:= , 

INI . I;+tl 
(3.1 ) 

. 
'If n is a unit normal (which i~ the case) Eq.(3.1) is a 

req;uirement for' Euclid ,'s Law,name1y that· 

~. -;:: ~. t == cos¢ 

rf.. -the ' h' h' . .t:' whe're ¥J is incidence angle, w ic ~s expressed in var~ous .L:.orms 

'by Eqp. (A. 2.1 )-(A.-Z'. 5) , in Appendix-2. 

Since the' vector t is a fixed one and the vector s 
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represents the sun's time-varying position,Eq.(J.l) is the 

basic steering relation for a mirror and it defines mirror. 

orientations as a function of time.As it is obvious from this 

explanation the position of the mirror,.1vith respect to the 

top of the tower 1dth a height H from the ground,is specified 

by the unit vector t as sho,·:n in Fie-.J.I.The unit vectors s,t 

and n can be des cribed by t,,'o kinds of angle cOln.!.)onents; the 

zenith·angles Bs' 8
t 

(corresponding to a radial distance R, 

R:::.Htan8
t

) and 8
n

,and the azimuth aneles 13 'Pt and 13 respec-s n / 

\ 

tively.Tt follovs from FiG.3.1. thLt th(~ components or these 

three unit vectors are: 

Mirror: 

n . .....:.- s in e s in n 
). n 'n 

n . == -s inS cos 13 
J n n 

n . cose 
k~ n 

T01ver: 

Sun: 

. t i = -s in8t s inf3t 

t/j = -s in8t c os 13t 

t k = COSet 

s s· in 8 s in 1=l 
i ==. s· t"'s 

S . =-sin8 cosJ3 
J, s s 

sk = coses 

.wher~ i,j and k are ::;~bscribt.s related to the triad of un.it 

vec·tors ii,j and k,p-ointing t01vards 'East,~o~th and the local 

vertical,respectively.Then the vector N=s +t can be expressed 
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N' = (s inSs s inps- s in6tSinP:t) i ~ + (-s in,Ss cos ~s- s met cos 13t ) j 

+( coses + cOSet )k 

The orientation of any mirror is expressed by Eq.(J.1) or 

equivalently by angles 8 and H • By Cosine Law 
n' 'n 

cose :::.~. k' 
n 

Substitut~ng Eq.(J.l) for k, previous e~uation takes the form 

1 
cosS =---(s.k' + t.k') 
, n IN'/ 

But s. k == cosBs and 't. k == cosSt 

Therefore 

1 
cosen = IN I (cos8s + ,COSet) 

We can also develop an equation for sinS ,since it is the 
n 

magnitude of' a unit'vector normal to the plane formed by the 

unit vectors nand k, i.e., 

1 
sinS d~xkl=-I(sxk T txk)/ 

n I-I '. N 

Inserting the express~ons for the vectors s,t and k into the 

equation above and carrying out some required calcu1ations,the 

expression for sin9n is found to 'be 

, 1.~ '2 '. 2 
sine =- - sin e + sin at -

,n .INl s 

, '- ' 1/2' 

2sin9ssin9tcos (F\ -PsD 

(3. 6 ) 



12 -

(see Appendix-3).Consequently,the eq~ivalence of Eq.(3.5) 

and/or Eq. (3.6) is 

tan8 
n 

[s inZe + _ s 
. 1/2-

sin 2.St + '2.5 in9s s in8t cos (f\ -13s il 
(cos8s + COSet) \ 

The derivation of the expression for 

that of'9 and it is found to be 
n 

(See A~pcndix-4),or identically 

s inC Pn-13t) _ 

s inC 13 -R ) n IS . 

sinS 
s 

f3 n 
is analogous to 

(3. 8 ) 

Another important concept in solar energy calculations 

/ 

, . ' " 
is the incidence factor,denoted by k. and defined as the normal 

~ 

component of the incident sun rays .T'hus 

k. ::: n. s 
~ 

By Eq.(3. 2 ) 

n.s.:::n.t. 

then 

but 

n.·(s ... F) = 

hence 

c; + 't) 

\;- +'b I 

INl 
2. 

I: 
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_Consequently 

INI 
k. = 

l. 2.: 

in whichlN"lhas a value computed by Eq.(3. 4). 

Eqs.(3.i)-(3.12,) are basic relations.dicta:ting the motion 

of any mirror depending on time-varying position of the sun 

and these equations ,viII serve us through all' calculations and 

derivations defining the properties of the heliostat field 

completely.The time-varying'evaluation of a rnirror,at a fixed 

position specified by 8 t and f3
t

,was expressed as functions of 

the sun e.nzles 8 and 13 up to here.The follo"ldng,' sections s , s 

'v~ll make us capable of expressing this evaluation as a func-

tion of time. 

3.1.2 F:iLxed-Time Mapping of Nirror Orientations: 

A t a ,fixed time of the day the sun vector s is specified 

by its zenith angle e and azimuth angle f.l as it is indicated 
S' IS 

earlier. For a fixed location of the central tower,mirror ori-

enta tions in".the field may' be . characterizeg. by t,,,,o sets of 

local property: 

a) Loci of constant azimuthal orientations (constant Pn 
lines). 

b) Loci of constant tilt ('constant en lines) 

Taking e and f3 as parameters,and,et,and ¥t as our vari
s ' s 

ables, ,,,,e can plot constant e , .n 

, , 

and ~ lines. Fig. 3. 2.:. sho\",s 'a 
n , (, 

typical, set of polar plots of these constant lin'es in the 8
t 
-B

t 

plane.Some other~·s~ts are- given in Appendix-7.It ~s extremely 

work-saving to use ,relat£ve azi~uth' angles Bts= Bt -Bs and 'Bns -' 
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f3n -:-Ps instead of J\ and Pn respectively in plotting since this 

leaves us with only one parameter,S .Certainly this operation 
s 

has no physical meaning at solar noon at .which 135-:-.0 or 180. 

For Cihanbeyli latitude angle L (L= 38.67 ) is al~ays grea ter 

than maximum abs olute declination angle (n:: ± 23.45). Therefore 

at solar noon f3 = Hm ,in Cihanbeyli.Fig's.A.14 to A.l8 are , s 

h01.;rever,f'or Ps=.O.'{hen it is d.esired to see the situation for 

-the. 
absolute azimuth angles,plots are simply rotated1JY specified 

sun azimuth angle ps.Then for }3s::l80 ,f'or exumple,it is 

for 13 = 0 s 

~ :::-JO the situation is illustrated in Fig.A.19 by s~ne 
IS 

sample plotsat e ::: 38.47 
s 

(for L:=J8.67 on Mar. 22 andSept.22) 

-the 
As an obvious conclus ion, from' phys ics of the system, ,,'e 'can 

state that the plots are symmetric about a line parallel to 

horizontal component of sun's vector; (i •. e. in the direc~ion 

of; ) and passing through the central tower. h ." , 

Eqs.(J.7) an,d (3.;9) make it clear that the simplest 

mapping occurs, when. the sun's zenith angle is zero. By Eq. (J. 7) 

substituting e :::.0 s 

sinSt t an8:: ---~
n 1 + cOSet 

By using trigonometric identity tane :: sin6 IcosS and 
n. n n 

rearranging we resu1 t ~ 

It follows that for Bs -= 0 

8 ~. t 
'6 ---. 2 .. 

n ,,: 
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Like,dse, by Eq. (3.9), 13
n 

= fit for e - 0 .Of course for any s-

10ca tion other than la ti tude angle L:::: 0 ,(8 can never become 
s 

'---
z'ero.This special case is illudtrated by Fig.A.14. in which 

constant azimuthal configurations of mirrors are shown by. 

constant aZimuthal,and constant tilts by half of the constant 

radi~l orientations. 

As e takes values greater than zero,iso':tilt I'ines become s 

distorted, looking like ~~ south-faced gro"ring bud and iso-

azimuth lines take the shape of concentric hyperbolas.This kind 

of a mapping,however,possess int~resting prop8rties.Forinstance 

iso-tilt' lines ~are qua.dratic curves ",hich form closed paths f'or 

some. values of B . These curves, forming closed paths, cross the 
n 

p. = 0 -'180 line at t,,,o points. This fact leads us to get a I-ts . 

conclusion about the characteristics of .these iso-tilt lines. 

For J3ts =O Eq.(3.7) becomes' 

sin8
s
+ sinBt 

cosEls + cosBt 

r 

.. 

Substituting, the trigonometric identity tanS = sinB /eos8 and n . n n 

rearranging we result with 

e ;:.....L (8 - 8 ) 
n 2 t s 

0./ ./ 0 . 
'aut 8't is taking the values in the range 0 '-- 8 t ", 90, the,refore 

o 
en;: 45 -(8

s
/ 2 ). If we perform the calculations for -13ts ;: 180 ,we 

c.orne out with the same result.This means'that iso':"tilt lines 
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o 
form closed paths for values of 8 , 8 <45 -(8 /2.). 

n n s 

Iso-azimuth lines,onthe other hand,are made up of 

portionsof hyperbolas intersecting at a singular point at 

which 8 t =-8s and 13
its

=' 180 .This particular poin-c,referred to 

as'NODE' of the mapping,is also the point at which closed 

pa tlls converges to a point • At the node e = 0 ,phys ically 
n 

t 

means that the mirror at the node is horizontal. Since the node 

has a time-varying position and it is characterizing the mirror 

field distribution at a given time,the time-variation of the 

distribution can be visualized by observing the motion of this 

n.ode.The complete distribution can oe obtainea .by superimposing 

the pertinent mapping (for a given 8 ) in Figs.A.4 ... ·. and A.5. 
s 

such that node and sun's position coincide. 

3.1.3 Fixed-Location Profiles of Mirrors: 

Once the location of any mirror is specified (by 8 t and 
~he ¥ ),the motion of the mirror can be expressed in terms of hour 

t .". 

angle H.This is done by simply introducing the time-depend~nt 

expressions of' sun angles 8 s and 13s (i. e. Eqs. (A.l.l) ~nd 

(A.l.~.) respectively)into Eqs.(3.4),(3.5) and (3.8)~Then we 

obtain 

cosB -...!.... (cos8t-T sinLsinD + ~osL. cosD cosH) n-IN"I 

i·n which 

'Nl = J2~ + cos8t{sin~ sinD ;- cosL cosD cosH) 

• (s inLcosD cosH - cosL 

s in9t cos J3t 

:l l/2. 
sinD)J 

(3.l 4 ) 
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and also 

,s iri9t s irif\ + cosD sinH 
tan~ ~------------~--~ __________________ __ 

n sin8t,cosS + stnL cosD cosH - cosL sinD . t 
(3.1S) 

Fig.3.3 shows time profiles of the mirror angles e and 
n 

~n for a mirror 01 radial orientation 9t=300.seven differ~nt 

mirrors orient~d at azimuth~l locations 0130 0 apart (starting 

from 1\=0
0

) are considered.Eastern quadrants are sufficient 

for representation of the whole field because of the symmetry. 

The latitude angle for Cihanbeyli is considered, and ,March 22 

and September 22 are taken as the days forvlhich profiles are 

formed. The, time profiles' for s Onw othflr combinations of d::,y 

and location are given in Appendix-8.It is.worth noting that 

the mirror closest to the node 01 the field at a certain time 

and azimuthal orientation exhibits the largest time rate of 

0 0 
D.=23.4S

o 
D= -23.45 D=O. ". 

8 t :: 30 
0 

8 t = 7S 
'0 

8 t ::. 30 
0 et = 7S

o 6t = 30
0 8 t = 7So 

undef~x) 0 
-70.64 1-30.47 -89.19 H -44.89 undef. 

B ,t 

Table 3.1 

change of· angularv:elocity at that t·ime. 'l'he hour ang;tes of 

nodal point's and corresponding azimuthal orientations· for t'\"o 

radial orientations and three. characteristic days of the ,year 

are given in Table 3.1. It is not difficult to'see that once 

nodal. time 'is calculated from' Eq. (A.l~ 1)' b7 introducing 8 t =-9s 

(x) The mirror at the corresponding orientation can. never 

become horizontal.This means the point cannot become a Ie':.'; 

node. 
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" 
we ~an calculate corresponding azimuthal orientatiori by Eq • 

.( 3.14') since e ;:: 0 at the node. 
. n 

Eqs.(3.14) an<:i (3.15) make us capable of deriving time 

profiles of angular velocities and accelerations which are I . 

very important for the control and torque requiremens during 

the steering action. 

3.2 Shadowing Effects on Mirrors: 

There are two major effects governing the performance of, 

ideal he1iostat arrays:shading and screening.Shading,for any 

m'irror , is blocking of incident" rays by any of' the adja~ent 

mirrors, arid screening is .b1ocking of r~f1ected rays which are 

not exposed to shading. 
I 

A~ a given instant o~ time any two mirrors in their true 

positions in the field are not para11e1.If they are parallel 

however,a11 the vect~rs related to these mirrors are equal 

respective1y.Fig.3.4 ii11ustrates such.an idea;t case of' two 

parallel mirrors in the field 'which will be base J to our study. 

Let.the dimensions of the mirrors under consideration be 

w( wroth) and L( 1eng.th),and let both of. these lengths be eq.ual 

to unity as a speci£ication.The shaded area' portions of the, 

back mirror is the portion under blocking eff'ects.SpeCi:L'.iC:a11y . . 
-the 

the portion which is exposed to shading is sho"\m by' shaded area 

~ne . 
limite.d by incident sun rays,and t.he other which is exposed to 

ihe 
screening by that. of limited by ref1~cted sun rays'. Be sure that 

there may exis't~ a portion whic!.l is exposed to both shading and 

screening at the ,same time·.Such a portion is shown by cross-

shaded area i~ Fig~3.4. . I 
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3.2.1 Mirror Shadows on Ground (Ni~ror "Footprints u ): 

I 

To analyze the shado'\ving effects of neighboring rn..irrors,. 

the shadow's .produced by a single mirror. on the horizontal 
\ 

surface are first examined as a function of space and time; 

such horizontal shadows can be viewed as defining the "foot-

prints" of a mirror.Again be sure that the analysis is con-

fined to rectangular (or sqUare) shaped mirrors having an 

edge (i. e., two corners) placed on the ground which is as sumed 

to be horizontal. 

LOC_"l, 
VERTICAL 

plane 

Fig~J.5 Mirror projection 

angles. 

'Before starting with their derivations, it .is helpful to 

'define s orne new angles. Fig. 3.5 above 'shows these angles ,6 sp 

and 8 in relation to the mirror's normal plane and the sf' :. . 

yerti~a~ plane form~d by incident sun. ray~. (BO~h plan.~s. a."re 

intersecting along the ~ocal vertical.) The projection of the 

sUnI.s z.enith angle e in the mirror's normal plane denoted by 
s 
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'8sp ,and the angle which appears to be coincident with the 

sun's zenith angle in the front view is denoted by8
sf

.Similar 
I 

defin it ions: can be made for the 1 e d S' b . 1 ang es tp an tf y s1mp y 

interchanging the vectors ~and t,and the subscripts sand t. 

but, 

thus, 

and 

From geometry of Fig.3.5, 

tanS, = QQ = Q.£ == QQ. OC' 
sp BC AD AD OD 

tanS -= tanS cos ('R -'R ) sp s, ~ Ts 

tan 8 +,::' tan e s in ('R - R ) 
s~ s In rs 

,and t 8 - CD - CD. OD 
an sf- AD - OD AD 

/ 

, 

No,.,. we can start with the analysis of the 1;,,10 shadow'ing effects. 
-the 

The parallelograms of t,.,.o· types of -shadows are shown in Fig. 

3.4(a).Knowing that ',s'and 't"are subscribts'; related to sun shade 
, 

and tower screen,X and "X tare defined'as the'distances , ms ' m , 

between the horizontal,edge of the mirror and the farest side of 

~ \ 
the corresponding parallelogram in the frame of reference' of the 

mirror,xy.The notations Y and Ymt,on the other hand, stands for , ms 

thescew lengths, or lateral dist'ances between the corners of the 

corresponding parallelogram and parallel ,to the, mirror edge. 

Prom Fi~·. 3~ 4( b) 

X ::: cos6 + sinetan9 ms n n sp 
,(3.18) 

Substitution of EQ,e'(3.16 ) into EQ.(3.18) gives 

, , 

• I 
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x = cos8 + s inS tanS cos (11 -"R ) ms n n s, ~ r~ 

0r multiplying and dividing Eq.(3.l8) by cos 

cos(8 -8 ) 
X == n sp 

ms cos9 
sp 

From Fig.3.4(c) Y is found to be ms 

Y ~ = sine tanS +' ms: ;,n S.J. 

(3.l9a ) 

we obtain sp 

(3.20) 

Substituting Eq. (3.17) in Eq. (3.20) we~ resu1 t in 

Y = sine tanS s in( 11 -11 ) ms n s rn /s 
~hc " 

Since xy-coordinate system depends on location of the mirrors, 

ther~ are as many coordinate systems as number of ,~he.mirrors. 

Thus it would be desired to express the distances X and Y 
ms ms 

of. the sun shade in a fixed coordinate' system in the' horizon-
, " 

. +he . 
tal plane. defined by coord~nate a?Ces .'x '. and·y '.,directed toward 

, .f 

East and South respective1y.The components X and Y' of. the ms ms '0 , 

corners along these new axes can be derived £rom the components 

X and Y in the mirror'sframe by performing a rotation of 
ms ms 

axes involving the mirror azimuth angle J3 .Thus, . n 

. X I = cos8 s inJ3 + sinS tan8 s inf3 ,ms , n n n s .s (J.22a~ 

t..'.;:cos8 cos~ + sinS tanS cosf3 
ms . n 'n n s s 

(3.22b) 

(See ippendix-5.) 

We can analogously obtain ".::.:.; expressions for the components 

:tlelated to the tower screen.By simply interchanging the sub-

5 crih.ts sand t we can obtain the following re.sul ts : 
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x t= cosS m n (3. 2 3a) 

, cos (8 -8t ) x= n E mt 

(3.2.4) 

Eqs.(3.l 8 )-(3.25) express the components of the sun shade 

and tower screen which are established by the unit vectors s 

and t. But these vectors are related in turn by the steering 

equations so that the relative components of the "footprints" 

are not independant.Therefor~ we are expecting to find some ' 

relations between these components.Specifically,from'Eq.(3.3} 
I 

~. 5 = cosS cose + sine sinS' cos( H ..:.p ) s n s n In s 

, \NI 
=cos8.x -=-2 ' s ms 

SO that 

Xmt _ coses '-
-- -q 
X e' ms 'cos, t 

Furthermore', us i?g Eq. (3.9) 

y cose " mt _ s =_q 
y--- cose ms . s 

, ( 

(3.28) 

BOGA1.\Q\ONWERSHES\ KU10PHANES\ 
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A unit vector, along any side of' the sun'shade which is 

not parallel to the horizontal edge of' the mirror,can be 

expressed, by 

w'hich is obvious ly a f'unct ion of' aneles 8 ,8 , R., 'R • HOH-
n s In Ts 

ever a.unit,vector alone; the horizontal projection of the sun. 

vector is expressed by 

( 3 •. 30) 

'\vhich is a f'unction of' 13
s 

only.This means that, the horizontal 
, 4he 

proj~ction of' the 'sun vector and longitudinal sides of the 

sun shade ~re n?t coincident. (They are coincident fO~ only 
o . 0 . . 

the special case e -= 90 and 8 :::. 45 which is phys ically impos-) n. s 

sible.) The physical situation is illustrated in Fig.3.6 belo'K. 

-. 

Fig.3.6 Shadow ":footprints " 

of. a re.ctangular mirror. 
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The same results can be stated for the to'ver screen.Furthermore 

from Eqs.(3.27) and (3.28) 

X ms 

which requires that 

n. • s = n h • t h Ss (3.31.) 

Under the illimunation of the explanations above,and Figs.3.4 

and 3.6,the following short results interperet the shadow 

fOGtprint analysis: 

a) The quotient cos8s / cOSet is practically s ignifi.cant 

and worth being named by a parameter q.This paremeter uniquely 
" ' 

characterizes the relative extend of shadows for the sun shade 

and tower screen: ,{h'en q<'l, (i.e., '8 t <-8s ) the sun shade is 

larger than the tower s creenj if q '>.1, (i. e., et "> 9 s ) the 

'reverse. situation holds. 
l 

b)The normal to. the horizontal edge of the mirror at its 

corner bisects the sun and tower rine shadov.'s produced in the 

horizontal plane, by the tilted side edge of the mirror.Thus 

while the horizontal projections of the three basic vectors 

(~,t and ;h) do not satisfy the equality Qf incidence and 
h h 

I reflection angles (see A~pendix-6 ),this eqpality property is 

recovered in the edge shadows.The proof of this interpretation 

is given ~n the steps resulted in Eq.{3.3l). 

c) The ske,{ed side lengths o;fthe sun shade and tower 

screen, Y
ds 

and Y
dt 

respectively, are identical.' 

d) Tne skewing of the two parallelograms'occurs in '.i.. 4 
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*e 
opposite directions which are deter,mined by the sign of'rela-

tiveangles ~ -p or J3 -~ • 
n s n t 

e) Shado\v computactions need be performed for only one 
\ 

type of ,shadow, th,e ' other being derived from it by simply, 

scaling with the parameter q. 

3.2.2 Shadowing Effects on Adjacen~ Mirrors: 
'\ 

After the arialysis of the shedow footprints of a single 

mirror comes the analysis of the' shado'wing effects in a system 
\ 

of adjacent mirrors.Fig. 3~ 7 (which is nothing than a portion, 

of Figs.3.4 and 3.6 ) shows a representative view of such a 

system composed of two ~arallelmirrors located at a distance 

D.This distance can be characterized by an. azimuth angle Pd' 

measured from South,as usual. 

/ 

Fig.3.7 Side exposure 

aI?-gles. 

In a side view, as shown. in Fig.3.4(b),the mirrors 

f 

appear to b~ seperat~d by the profile distance 

D :::. Dcos (J3 -Pd)· p , n 

When the Sun shade is larger (~.e.,q l),£rom geometrY"of Fig. 

3.4(b) we oh±ain 

I _ 
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J ,/ 

1 1 - X 
s 

X. X - D ms ms p 
.. ( 

'or,solving for the exposed top distance X 
\ s 

(3.32.) 

Obviously when D 
p is greater than X there is no shading on ms 

the back mirror such that, Eq. (3 .• 32.) can bewri tten as 

{ D X . ,pi ms 
X ::::. . 

.. s 1 

for D < X 
P ms 

for D ~ X P r rns 

Likewise,i~ the case of the tower screen'~ being large~ 

for Dp<.qXms 

for D '- qX 
p~ ms 

. (or D <. X t) p m 

(or D ~~X t) p m 

The side exposure distance (for either sun or to,,,er) can be 

obtained also as 

in 

-y 
x 

D 
sin ( J3d-J3r ) 

cos(J3n~J3r) 
for I y I ~ L. and x' <:. 1 x x 

which R =tan-J.(x Iy ) and subscribt 'x' stands for ir mx mx' '\ 's' 

or It' depending on the sun shading or towerscreening'~ being 

effective respectively. Certainly, if either \y I ~ L or X ~ 1 
. I) X x 

the mirror ;s fully exposed. 

These two mirror area utilization effects are conceptual 

complements of the inci<;lence factor k i such that the final 

·effective area is simply the available o:r_ e.Xposed area times k .• 
l. 
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3.2.3 Area Utilization Factors: 

Before starting with the analysis or the area utilization 

factors it is worth mentioning about the continium field ap

pr'oach in more detail which is briefly mentioned ,about in 

"Introduction".To get the basic idea lying under this approach 

it is helpful to consider first a circular orientation of helio-

stats in the field,as shown in Fig.3.8(a).Secondly,assume that 

the heliostats are not flat and there is no opening between 

. them sucfu that they form. concentric circles,Fig.3~8(b).Then we 

can visualize a field 'Hhich is co;nposeu.of continious circular 

a) top vie1,T (actual) b) top vie1" (ideal) c) Plan view (ideal) 

Figo 3. 8 Illust·rati!on of ideal heliostat arrays '. concept. 

strips (i.e.,heliostat arrays) ,of width identical to that of 

mirrors.The situation is' tried to be illus~rated in Fig. J. b(c) .• 

Of course such a situation is not ,realistic and the system i~ , - , ' 

moti.onless.However,this assumption simpli'fi~s the are,a utiliza-

tion analysis extremely with pos~ibly not much error in:return. 

The explanation above may be interpreted by two important 

results: 
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1) Since the ~heliostat arrays ,are assumed as continious 

circular strips,there is no ~ide exposure dj~tance Y.(The sub-

scribt 'x' is dropped due to the, generalit.y) 

2 )The area portion of ~ny mirror belo,vthe smallest of 

th~ two top exposure distances,X
s 

and. Xt,is completely ineffec

tive. 
) 

Consequently,going bac!;: to Fig.3.4,we should say that.themirror 

area s,,-ept by distanceSYt andXt-X
s 

is iJ:1effective (i.e.,shaded) 

'when the ,,'hole field is cons ide red in the- analys is. (Obvious ly ~ 

this area is ~ffect~ve if any pair of adjacent mirrors (£ront

back) as isolated,which is the situation sho"n in Fi?_.;-. 3. 4) 

At this point .we can ask a questio~:How small is the error 

arising from the idealization introduced above? Of course an 

exact ans,,'er cannot be given to this question other,,:ise a full 

analytic stpdy of the system is made.Therefore we will be 

contended by only indicating thl:: basic sources of error. This is 

done best by comparing the phys ics of an ideal and actual lor 

a realistic system. 

First of all,in an ideal system the heliostat arrays are 
( 

parallel while in a realistic system adjacent mirrors (£ront-

back) are flat and ~hey.are not parallel to_assure that b6th. 

I 

redirect the sun rays to the same, targ.et.Howev~r the radia of 

the circular paths along which the mirrors are oriented should 
I 

be so large. compared to the mirror dimensions that these 

assumptions will not result in serious errors.Therefore this 

assumption can still' be kept valid.Secondly,as itw.as indicated 

before,' ideal heliostat arrays are thQught to be of continious I 
I 



32 

concentric strips;but they cannot be so,and there should exist' 

9penings between the mirrors for free motion of them.This means 

. -'tr.c 
that the adJacent sides of neighboring mirrors derive out of· 

4he 
the ideal arrangeillent.Such a situation causes sun rays' escape 

through these openings and results in small changes in eff'ec-
I 

tive or ineffective area portions of the shaded mirror by rela-

tive changes in theconf3.guations of the ,neighboring mirrors. 

We can go back now,to the analysis of. the area ut~liza-

tion factors. Under the illimunaticon of the assumptions and idea 

ideali~a.tions above,the p.erfor;nance of' the field may be charac

terized by the foll01dng fact6rs: 

as 

a) Ground area utilization,factor k :It is simply ·defined 
g 

liD ,D being the per-unit seperation distance.Thus D < 1 
p p .... p 

means over1aping of mirrors in the horizontal pos i tion and 

D == 1 means mirrors are just touching. 
p / 

Mirror area utilization factor k :This is the least of 
m\ 

the top exposed pe~-unit lengths,Xs or Xt.Thus t~e factor, 

{

D/X 
k:=. p m 

m 1 

for D :<,X 
P.' m 

for Dp~Xm 

c) Overall area utilization factor k :T11.is is just the o 

product of the two factors above, i. e. , 

) 

, '{l/X 
k =k .k ::. m 

o g m lin 
. p 

£or D .( X 
.l? m 

for Dp ~Xm 

Incidence factor k.: By ·Eqs. (3. 2J, (J.ll), (J. ~6a ) and 3. .' . 
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k.=ii'.~i ii'.t=cos8 x· - cosS -x· -IN-I/2 
~ s· ms -:- t • m,t-

e ) Resultant steering-shado,,, factor k :This factor is the 

product of' all the others encountere.d is a measure of a mirror 

in reflecting the sun rays to a central pOint. Thus . three poss ible 

cases are examined for this product: _ 

1) Any mirror which is not exposed to~ny shadowing 
) 

effect , screening or shading,has a resultant area utilization 
\ 

factor equal to incidence factor k .• . ~ 

2) 
, 

In the case of sun shading,the maximum utilization 

factor is given by the shading factor 

1 I 
k=-(ii'.;-)=-X (cos6.X ) s X s ms ms ms 

= cose , s 
\ 

3) In the case of tOl-o'er screening the maximuin utiliza.tion 

/ 

factor is given by the screening factor 

l . 

( 3. 40), 

These simpleandfip.e-Iooking results; are very significant 

and indicate the following fact;f'or an ideal heliostat fie;td,in 

the presence of either shading or screening the resultant area 

efficien~y factor is a functionof only the .cosine of the appro-

priate zenith angle 8
s 

or 8 t but not .of' azimuth angles.i(See 

Discussion-l.c)For an isolated mirror however,the utilization 

f'actor is incidence :fact or, k. which is a fu,nct.;i.on of t:he_.az:Lmuth 
~ 

a n 1 5 Rand R as well as Bs and 8 t • g e rs rt 
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3.3 concentrator' Area and Ef.ficiency: 

In order to talk about the total area requirement and 

performance limits of an ideal field of heliostat arrays, we 

should additionally note the following assumptions: 

a) At any instant of time ~he mi~rors are arranged such 
\ 

that they all satisfy the steering equations. and achieve maxi-

mum possible exposure compatible with minimum shading and 

screening effects. 

Re; 
/4-------:--_+_ RM -----~~ 

'ks, sun k t , tower' , . 
. shading screening 

-- q)1. - ...... ._----- q ,I ---------.. ~i4114~- q )1---

Fig. 3. 9 DilStribution of mirror util'ization' 

factors in a circular' ring concentrator. 

b) The field is considered to be covered by a single con-

centra tor having a shc.pe of circular ring and composed of 

horizontal heliostats with no seperation distance. in between. 

As illustrated in Fig. 3. 9 the outer radius is RN= HtanStH ' 

. w~ere 8
tM 

is the rim angle of the concentrator.The inner radius 

is. R :::::. Htan8t • 
m' m 

c) The land is taken to be horizontal with no obstructions 

anywhere in the field. In particular, ~.he blocking effects of the 

central tower are consider,ed to be negligible. 
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3.3.1 Mathematical Model of Concentrator: 

Some conceptual considerations. and the area utilization 

factors were explained in previous sections such that we can 

get some mathematical results for the total area requirement 

and the efficiency o~ the heliostat arrays field. 

Considering a ring eleme~t area,total integralfarea equa-

tion of the concentrator is expressed by 

sin8
t 

3 d8t cos 8, 
, t 

Introduction of the resultant st~ering-shadow factor k gives 

us its· total effective ~r~a Ar in the most general form. Thus , 

Since shading and screening effects are differentiated by 

the value of the parameter q,it is ~ppropriate a~ sho"n in Fig. 

'. 
3.9 to divide the concentrator field into two regionssepa-

J 

rated by a circle of radius R = Hcose which passes· through the . s s 

node (at the azimuth angle f3s)::iinside this circle (q<.l). sun 

shading dominates,whil~ outside it (q,> 1) tower screening is 

the governing feature.If the node occ~rs inside the circular 

hole (8 < 8
t 

), the whole concentrator experiences/ tower screen-
. s m 

ing. effec~s; on the other hand, wi th the node o~ts ide (es > 9tH ), ( 

the 'concentrator is influenced by sun shading.The total effec

tiveconcentrator area' A . '''hich intercepts at a given- time (i. e. , r 

given ilod~,location) the maximum solar flux and redirects· it to . '\ 

xhe central receiver .without shadowing effects can now be· 
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obtained in closed form by carrying out the integral given by 

Eq.(3. 42 ) which is the reduced form 'Of Eq.(3.4l) by the factor 

k}ks ·if lOGated in shading zone or k
t 

in the syreening zone. 

Thus depending upon the location of the node ,dth respect ·to'.the 

concentrator, due to ·three possibilities above,three expressions 

,for its total effective area A can be qbtained by iritegration: r . 

a) Node ON concentrator (8tm< 8 s <'8tI'l): 

2 
A =TIH 2

(-.--
r cos9

tH 

cos8 
s 

1 
--) 
cos8 

s 

b) Node INSIDE concentrator (es~etrri): 

·StM . 

A =ZlIH
2
j(Sin:

t 
).cos8tod8t 

r cos 8
t 

.. 
. 9 tm 

1 
---) 
cos8

tm 

cfNod'e OUTSIDE concentrator .(es~8tN): 

(3. 43a) 

(3. 43c ) 

We can define an area efficiency 'rl=Ar/A~ ·kno, .. ing' that 

total concentrator area 
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1 l' z( + ___ )-1 

COSet COSet 
!II en 

1 

cosS 
s 

2 cos 8 ten 

1 

2:8 cos tm 

1 

cosS 
s 

for 

(3.44a) 

(3.44c) 

For convenience and generality, it is ~esirable to express 

the concentrator effective area in a per-unit dimensionless 

form by using as normalizing base area TTH2 of a circle of.radius 

equal to the tower height.In this per-unit system,equations 3.44 

become 

3.3.2 Graphical View of Field Perf·orinance: 
. ( 

cleariy, from ~qs·.(3.44)~nd··tj.45),effective. concentrator 

area and area.utilization efficiency are not functions of any 

of' the azimuth angles but Rre :functions of only the radial 
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~ 

distances corresponding the angles. ~etm and BU.I,as expected. ~ 

Because the shading and screening factors are not functions 

of azimuth angles .Thus· lye, can demonstrate the per-unit area 

a r and efficiency~ graphically. Fig. 3.10 shows plots of the 

0° 15° 30° 45° 60° 75° 90° 1.0 --r---__ __ -;,". __ 

I ---r -r I ]1.0 '( .8 =0° 
15° I -..... s 

'_ I 

0.9 
rOo_15°~ 8tm =00 , 

1
0

•
9 

I 30° __ -.-_8tm=15 c 

i . I 
8 0° 

I 
1

0
•

8 r , ............ tm=J i O• 8 

I i , 
I I 

0.7- I 45° ....:'0.7 
I I ", 
I 

I o. 6 ~ 
I 
I -,0.6 

I , 
I . , I ! 

~0.5 0.5: 60° I 
I \ I , 

I Jo 4 o. 4 f-. . . . , 
, 

> , 
I' 

. i 
I 

0.3 ~O. 3 , 
i , 75° I . 

0.2 I 

r
02 

I 
I 
I 

0.1 I 0.1 
I 

i ' I , 
. to. 0 

0.0 
15° 39° 45°' 60° 75° 90°' . 0° 8 tM 

Fig~3.10 Con~entrator area efficiency characteristics. 

( X) e >8 coincide w.ith the' ones. for :9s :::'00 •. The plots for s tm 
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, 
ideal concentrator area effeciency a s a fun c t i on of' var i ous 'Io\ue S of 

sun zenith :ang-Ie .• Three possibilities are encountered due tothe 

three different values of 8 .' 
tm 

Fore ~et . efficienc.y is not a function of the sun's s m 

zenith angle 8 s .That is only tower screening occurs in this 

rang-~. \\Then thH node is on the concentrator (i. e. ,Stm< 8
s
< 8

tH
) 

both effects,sun shading and tower screening-act togetller',and, 

the effect of variation of' e On efficiency, is neglieibly 
.tm 

small.As long as as is greater than 9
tM 

we observe a straight 

line since ef'ficiency,in this ranGe, is a function of e only. 
s 

Plots of effective per-unit concentrator area a versus 
r 

the sun's zenith angle 8~ for various field size 8 t 1>1 are given 
c 

in.Fig.3~II.It is interesting to note the flat natu~e of the 

effective area over a ,,,ide range of sun angles;this flatness 

is due to the combined effects of shading and scre~ning when 

9
s 
·~etM. In fact in th8;t region all curves are essentially dis

placed from one another, exhibiting identical absolute drops. 

o 
This drop is calculated for Stm -30 ,for exampJJe, as follows: 

2 
a ::----

r cos9
tM 

L 333cos8 s 

I 

cosS 
s 

I 

art 9 s =00 - arl 8 s :::.1..333 coses 
., . cosS 

, s 

2:. 333 

As it .is obvious from the above calculation, the absolute drop 

is a function of B only. o' 

s 
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Chapter IV 

DESIGN OF A l50kw SOLARPOI'i'ER PLANT IN :Cn'IANBEYLI 

The overall analysis of the continuum field model of 

;ideal heliostat arrays in the previous chapters provides the < 

. \ 

n'ecessary background for a representative. practical design. But 

in order ~o'perform all ~ecessary calc~l~tiotis wJ still need 

to employ some simplifying prescribtions. 

4.1 A General Study of' the Power Factors:' 

The power available from solar radiation at the receiver 

is simply expressed by 

_(x) 
p. kd·Ar·I (4.1 ) 

in whi'chk
d 

is a derating factor standing for the product of' a 

resultant. steering-shado,,, factor k and a reflectivity factor 

k ,A. is a certain value of the total effective concentrator r r . 

area A (i.e.,correspondingto some special values of angles 
r 

6
s 
,e

tm
,9

tM
) ,and I is. that of solar radiation I at· any instant 

of the day.Then, it is obvious ~hat. the derating factor kd in

cludes' all kindS of effects from very beginning of the steering· 

action resulting in reduction i~ performance. of the system 

. . 
except theabssorbti.ity losses at the receiver. 

A ,being a product of dimensionless area ar and da~ined 
r 

circular area nH2, is governed by: time-varying pos itiqn of .the 

sun,i.e. ,e
s 

'and rim angles 8tm'and 'et!-loH is left as the vari-

. able to be determined last, once the' ot.he·.rs are assigned •.. 

Theorethical expressions for solar radiation and their 

corrolation by experimental resul:ts are recently studied. Based 

(x) A .' bar' -(.;;...) above symbols will stand f,'or special evaluated 

values 'of functions represen~ed by .these symbol.s. 



- 42 _ 

on these studies,solar radiation maps of lands - or graphs are_ 

prepared.These are major sources o'f inputs for calculation. [2." 
J,12·,'14.J 

, , 

Since reflectivity is a material and production dependent 
! 

pr?perty,the factor k r ' is kept out of the discussion and as-, 

signed arbi traritly throughout the calculations. 

-4.1.1 Effective Concentrator Area: 

/ 

It is clear,~rom Fig.J.ll that maximum concentrator effec-

tive per-un~t area,thus the total effective concentrator area 

can be 'ut ilized in the range 8 ~ 8
t

, .• Since for any site, rela-
s 1'1 

tively close to t~e eq~ator,maximum concentrator area utiliza-

tion and maximum solar radiation is att.ained almost at the same 

instant of the day, other factors being fixed,we obtain maximum 

p01,'er at that instant of the day. Furthermore , sharp decreases in 

dimensionless area curves are ,due to e values at which solar 
s 

radiation is reletively ineffective so that f.or a given value 

of concentrator outer rim angle 8
tM 

maximum value of a r could 

be taken as the value used in the calculations. Of' course this 
J 

1voulq be a special approach to the problem in which design is 

bas ed on maximum available po"er~ x) However it should be guar~ 
teed that 8

tM 
is equal or greater than ,minimum sun zenith angle 

,B
smin 

at solar noon of the charqct-eristic day ,,'hich is consid-,' 
--, 0 

ered in des ign. For Cihanbeyli (8 .) 00 =.61.92. ' (Dec. 22.). Fig. , smJ.n n n , 

J.ll als 0 sho1\'s that even' small :i:ncreamerit,s in 6 tH resul t i~ 
, , 

very appreciable increaments in dimensi6nless concentrator area 

for higher values of outer rim angle9t~1 and these ,increaments 

are even measured by folds of its, original value 
, . 

{x} This, is not the approach utilized in this thesis. \ 
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o 
as getting close to 90 .Therefore "\.,e may thinl{: that we should 

keep 8 tM as larie as possible~Howrive~,lar~e values of e al,so 
,D 'tM 

means ver.y large ground area required.Also,as a ~ontradictory 
I 

eff,ect to increasing concentrator e'ffective per-unit area' a r , 

C1 
OJ 
L-a: 

15.0 

13.5 
8s~30° 

12..0 
! 

10.5 

g·9 
i 

--"-e.5 

6.0 1---+--1 -i---+--
4..5 .- .. ~--. ,- . __ .' - -r'-"--+-I-I~-r----I 

I ! 
Or 

~:~ t-:···· 
o. 0 L-__ ~~=--Z---L._..;....----4 

0° 15° 30° 45'" 60° 75° 9Do 

etM 

Fig.4.1 Variations of per

unit effective concentrator 

area a r and per-unit ground 

area a. with field:size. 
J.. 

efficiency curves exhibit sharper drops for larger val)ues of 

;'he 
~tM.A comparison of concentrator' effective per-unit area a 
" ' .! r 

-the .!' 2 " 
"\.,ith ground per-unit area a:.=A./nH is 'shOwn in Fig.4.l.Thus 

, J.. J.. .' .', ! 

three important problems come into feature from point of view 

of total effective concentrator areajcQst,efficiency and 

availability of ground area. 

'Cost is rather considered to be a problem of economy and 

technolQgy and,therefore,l<:ept out of discl,lssi'on. 
/ 

Once 'some difficulties and cost problems are avoided and 

solar power ,plants become compatible with hydrolic and nuclear 

pi.ants,~fficiency should not be a major fect(lr to be thought 

about since the equivalent' of solar energy is nothing except 

\ 
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runing costs.Even though it is,so,an improvement in concentra-

tor effective area would be preferredrather than an improvement 

in efficiency.This idea can be supported by the :follo'\.;ing 

example: 

Let's take 8 tm= 0 .An increament in 8
tM 

from 75° to 80° 

causes a drop of eleven percent (from 41% to 307~) for sun 
/00 . 

zenith angles 8 s = 0 -30 and a drop of only three, percent (from 

2.6% to 2.3?~) f0r e =75
0 

in efficiency.l{e can, assume a daily 
s . . \ 

avarage drop of 8percent.However,increament in concentrator per 

-unit area resulting from the same increame~t in 8t~ is more . . cl 

than,.the oriGinal value of it.On the other i:land,ground. area 
1 . . 

requirement is 1. 3 times more than that of the original value, 

(i. e., it is 2.3 times the original value.) Therefore cost and 

ava.ilability of ground area are more important design factors 

than efficiency to be considered against increamentrs in outer 

rim angle 8 tM • 

All main d~mensions of a l50kw (therm~l)~power plant 

can be calculated by reasonable assumptions for '8tH ,kd and I. 

Of course for such a small power plant the req.uired ground 

area A. would be small and'available always.However our design 
~ 

should be completely representative for a megawatt based pOwer 

plant so that we should not take ground area as large as we 
"-
want.Calculations under different radiation values indicate 

areas of 1.5 to -5.0 square;; kilometers[I.,5J.'~hiCh impose a strong 

restriction in selection of.6 tM-For a constant. value o·f.the' 

ground area A. we can increase the efficiency by increasing 
~ 

the.:Stower, but then 8 tM thus a would decrease in turn. 
r 
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4.1.2. Solar Radiation: 

Besides its expected dependenc~ on days of the year and 

time of the day,solar radiat!Lon'a1so depends on atmospheric 

changes which can not be ruled. For this reason there,are con-

siderab1e variations in dai1y,month1y and even yearly avarage 

experimental values of solar radiation.In order to,get reliable 

SUI\-EFFECTIVE,TIME PERIOD,SETP (hour) 

MAY JUNE JULY AUGUST -SEPT. 

1969 11. 00 12.24 14.12 13.18 11.48 
1970 10.36 12.12. 13.30 12.42 10.06 
1971 10 0 06 12 .. 06 13.36 11.12 10.48 
1972 10.00 ·10.42. ,12.36 11.36 ' 9~36 
1973 10.18 11. 48 13.06 12.48 11. 24' 
1974 9.54 13.06 13.30 11. 24 10;.12 
1975 8.24 11.06 12.48 ,12.18 11.00 

Avg. 
SErP 9.91 11. 78 13.14 12.00 10.53 

Max. 
SErP 14.113 14.658 14.401 13.459 12.2l4 

( 

SOLAR RADIATION,SR (MJ/M2. DAY) 

1-'lAY JUNE JULY AUGUST SEPT. 

-
1969 18.790 20.738 22.140 ' 20.613 16.558 
1970 18.369 21.046 17.401 19.859. 15.496 
1971 17.'960 18.853 21.062 18.14'4 ' 15.551 
1972 18.153 19.144 19.341 18.306 ,14.631 
1973 17.886 19.466 19.529 ,19.2.71 15.2:94 
1974 16.932. 19.665 20.136 17.901 14.044 
1975 15.878 18~496 19.030 18.254 14.82l 

Avg. SR. 17.709 '19. 630 19.806, 18.907 '15.199 

SROA(x) 18.603 20.317 20.663 18.489 15.129 
-

Table '4.1. 

(x) SROA,solar radiation outside the atmosphere 

, , 
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resu1 ts in fa1cu1-ations, experiments must be ,reliable. Certainly 

in order to get more stable avarage v~lues greater must be the 
, 

number of years subject to observations. 

Experimental solar radiation m~ps or graphs are exten-. 

sive1y available for some countries but,unfortunately,not so 

much for Turl<:ey. Our des ign will base on the experimental 

results given for five months of the indicated years (for· Cihan- (, 
\ ~ 

bey1i) in Table 4.1.Among these .months one is expected to have 

maximum avarage radiat~on and one maximum sun-e~fective time 

period, SETP.As"seen from Table' 4.1., July is the month satis

fy~g the both expecta-tions. Exper,iment~l values for all months 

• I 4 
of the yef!l.r are plotted, in Fig. .2. 

The 'most charasteristic variation of'solarradiation is, 

observed d~ring a day. Variation of diffuse solar radia,tion 

from a c1ea'r- sky incident ':lpon va'l:'ious 'sur£:aces are plotted 
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in ~any references [2,3J.We should reasonably choose so~th 

faced vertical or horizontal surfaces. Such plots in lite;t"ature 

show that daily variation of diffuse solar radiation may be 
-

approximated by a sine or parabolic curve. But since '\ve don't 

have enough experimental data for Cihanbeyli to:prefer a sine 

or a p;:rabolic curve,we aroitrarilly decided to use a sine 

curve for. our des ign. 

The variables, tried to be d is cussed above, indicate the 

fact that once the desir~d power output (thermal or solar) is 

given there are many constraints to deal with~We will just 

come out with the resulis introducing these constraints. Some 

restrictions still stand ~ithout being dealt such as the ones 

related to mirror dimensions,inner rim angle tm and receiver 

size.These will be discussedduring the design pr?cedure. 
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402 Design Procedure: 

Any design may be based on various criterion from PQint 

of view of available power.As known well the power :factors 

ar(t) (or ar(ss» and I(t) (or I(es » are functions taking 

values between zero and each its own maximum depen,ding upon 

value of argument t(time).The function a (t) has only theoret
r 

ical limits so that once·~he outer rim angle 8
tM

'is given it 

shO\"rs a certain curve for a, given location. I( t) . i.s however 

governed by atmospheric changes as much as the theoretical ex-

pectations,as mentioned before.Therefore,although we decided 

to express I(t) by a sine curve,in order to determine the exact 

form of the function, 've should develop a certain criterion. 

4.2.1 Estimation of Daily Solar Radiation Curve: 

In our analys is the follow'ing criterion is utilized: 

a) The month of the year with maximum experimental d~ily 

avaragesolar radiation is considered.This month is July'for 

Cihanbeyli and experimental solar radiation result 'in a total 

2.: 
energy of 19.806 ~IJ/m • day. 

'b) Avarage experimental SETP for July is used as the day 
I' 

length.It is noted to be 14.401 hr. 

c) DaiJ,.y solar radiation 'curve is cpnsidered to. be a sine 

curve. 

'rhis last ,assumption is checked by the results of experi-

ments performec:I on various locations on the earth in cloudless 

days.This means that , although we will ,use experimental values, 

these will be ~dopted as values observed in a characteristic 

c19ud.less day.Then the exact form of the function I(t) :E'or this 

.. ~'. 
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\' 

characteristic day is determined as follows: 

I 
, I 8:.)= I" 5\n n. t 

I 0 r-------:~h-. 14· 401 

Fig.4.3 Representative'~ 

daily time-variation of' 

sol ... r rndiatio!l. 

The sha.ded are? under the curve 'in Fig. 4.3 repres en ts the 

total rad ia t ion energy per day idiich is equal 't 0 the time in-

tegration of the solar radiation function I(t).Irt its most 

general form ret) can be written as 

I ( t ) == r 0 s in ~ t 

in whic~T is time equal to th~length of th~ characteristic 

day,i.e.,sun-effective time peri6d.Then 

__ I . 14. 40 1 ( -1-1) :. r 
- 0 . 0 . n, 

nt 
14.401" dt 

28.802 

n 

6 / 
2 

I :: 2.. 1 035 MJ m ~ hr o 

Hence the variation of diffuse sclar radiation' is expressed by 

I(t)==2.l60J5 sin 
. TIt 
14.401 . 

(4.,2 ) 

.1 
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Klain suggests that [13J 198th day of' the year is the 

characteristic day f'or July. For Cihanbeyli (L = 38.67°) length 

th 
pf' the :"98 day is 14.409 hours which '",ell confirms our ex-

Perimental value of SETn 14 401 h '( , ~". ours. 

Determination of the characteristic day above permits us 

also to calculate e(x~ (i.e .,(8 ). ) and thus to determin1e 
sm1U' " s noon 

the maximum value of Br.Since the functions ar(t) and (I) are 

symm~t~ic about constant e . lines we can utilize half of the 
sm1n 

; 

c~rves throughout the calculations. 

4.2.2 Combined Area-Radi~tion Factor: 

Daily time-variations of concentrator eff'ective per

unit area and solar radiat'ion are determined'and'Give~ by the 

equations (3.45) and (4.2) respectively.But sinc~ power is, an 

instantaneous property, in order to det,ermine main dimens ions. 

and final pr~perties of the plant we should use some instanta

neous values of these functions ,namely ';- and I,in Eq.(4.T).We 
r 

can utilize several approaches to assign such values for them. 

The attention,however,shold be-paid to the question;ho~ real-

istic is the approach from point of view of availability of the 

lassigned power most of the time and daily total energy? Three 

such approaches are introduced andbr.iefly discussed be 1 0'", • 

. _ a) ,ie can use maximum arBnd I values whuch are attairied 

at solar noon of' the characteristic day. Pay attention that when 

we speak about maximum I ',:/e mean the maximum value obtained ,,-" 

from ,Eq .. ( 4. 2:) which /is 2.. ~6035 HJ/m2.. hr • -> . Sinc.e we ,used ex-

perimental values, lin determination of this equation' it is pos-

sible to exceed this value.But of course power is below the 

, ' 
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assigned value most of' the time.For this reason this approach 

is not a reliable ,one., 

b) Design may base on daily avarage values of' the 'f'unc;..' 

tions ar(~) and r(t).~e can calculate avarage values seperate1y 

in the given time interva1,between solar 'noon and sunset,or in 

the correspondint; angular interva1,8 ,.(, e <. 90 and insert 
smJ.n s 

th 0 
these values into Eq(4.1.) For 198 day ,of the year e . =17.5 

smJ.n 

(7Tt/72', radians.) This explanation may be illustrated by the f'ol-

lowing integral calculations: 

(4.3) 

t4 

(r )=-.lj2.:.16035 avg. At, 

. t=t
1 

. 

, nt 
5 J.n 14. 401 

/ 

(4.4) 

This approach is much more reliable than the f'irs~ dne tiince 

it avoids thq disadvantages stated tor the first approach. Most 

of' the time pO'-ler output is above the vaiu'e calculated by this 
, 

approach. Therefore' energy output' calculated by us ing :the ass ig

ned power. output is always available. 
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90 time s 

Fig •. 4.4 Illustration 

of the numerical ap

proach to the problem 

-of effective concen~ 

trator area and sQlar 
I 

radiat{on values. 

c) As a third approach ,.;e can multiply :the t\,'o functions 

a (t) and r(t) in the given interval and then calculate time 
r 

avarac;e of the product. Since effective concentrator. area and 

solar radiation cannot be isolated from e~ch other at any in-

stant of ~heday,this approach is pref~rred rather than the 

second one.The product a (t).r(t) is named as "combined area
r 

radiation factor" and its time avarage is calculated by the 

follo'\ving integral due to the piece,dse continious fungtion 

given by Eq.(3.45) and Fig.4.4: 

j
t4' 

. (a • I ) = It a . ( t ) • r ( t ) • d t 
. r avg. ~. r 

, . t:tl . 

f
' ' t 3(8tN ) 

-t. :a~.(t).I(t).dt. 

t • 
2.: 

(4.5) 
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The number given by Eq.(4.4) is the daily total radiation 

value incident toa surface perpendi-cular? to sun rays :for July 

"hich is 
I 

the month with maximum avarage radiation for Cihan-

beyli. 

The last two approaches differs from each other due to 

the following inequality / 

in ,,,hich a r and I are time dependent functions ~s kno'wn well. 

Ve utiljzed these two approaches got results which ~ell 

confirms the ideas expressed in previous pan" graphs. Only 9-16 /~~ 

differences are observed in the val'ues in favour of the last ap
r 

proach. 

4.2.3 Determination of Field Proherties: 

The analyses made so far may be summarized by the f'ollo'ving 

results and assumptions: 
\ 

a ') The des ign point is defined by a pO'Ner level P = 150 lew' 

(soiar) to be achieved as a mean value of the combined area-ra

diatio~ funqtion on 198th 
day of the year for a sit!9.(Cihanbey-, 

1 i) located at L= 38.67
0

• 

b) A derating factor of kd ==.72 is assumed to ~account for 

loss of mirror area cov.erage ( or resultant steering-shado,." fac-

'tor) of k~.8S and fO,r a mirror reflectivity of k r =.8S. 

c) In connection ,dth the ~xplanation in Section 4.1.1 

's' -75 0 is c~nsidered to be a reasonable assumption and also 
, -tM'-

let Stm be equal to 15° (Secti~n 4.2.. 4 is illustrative for the. 

selection of 8 'greater than 0
0

.,) 
-tm 



d) The value of solar insolation ';s ta,;-en' as 8 
.L H, Iavg.- 3 2...0 

when rc- qired. 
/ 

Nothing thet Ar =nH2:';:r,bY Eq.(4.l) and Table 5.2 the 

tow~r height is found to be equal to 

'[ l50xl0
3 

J'1/2 = 5. 70m 
• 72...fl. 2..038.8 

H is calculated by utilizi,ng second a~d third approaches 

for many combinations of rim angles and results are given'in 

~able 4.2.0nce we know the tower height,we can easily calculate 
, I 

r?quired ground and total effective concentrator mirror areas. 

Ground area: 

, 2 2 
A .:=. nH (tan 8t '1 1 j. 

=14l4~ :3 
2 

m 

Total effective concentrator mirror area: 

- ? -
A == nH - • a . O. 85 r r 

A. -:::: 1415 
1 

2 
m • 

in ''''hich • 85 is reflectivity factor,k • But, since we have util'-
r / 

zed third approach in calculations above,there has been no iso-

lated value to substitute for a .Therefore,i.t would be the best 
r 

approach t? use 'instantaneous values for a r and I.,which would 

resurt in a produc't of 2038. 8 at that instant when re'q~ired. For 

the given rim angles ,these values are approximately 5.37 and 

379.7 'f/m2 respectively. Thus , 



(x) 
/ 

-

~ 0 0 10 0 i5° . 20 0 25 0 30° 
8

tH 
m 

( 1v 1m2) - (m ) (1flm2) - (rn) ("H/m2) - (m) ('~/m2) - (m) (1'1 / m-2:) - ( m ) (1v/m2) - (m) 

6S
o 944. 7 - 8. l~ 933.9 - 8.5 922.5 - 8. 5 905.4 - 8.6 a81. 6' - 8.7 849.7 - 8.9 

796.3 - 9.2 789.3 - 9.2 780.0 - 9.3 766.3 - 9.3 747.0 - 9.5 721. 4 - 8.6 
-

70
0 1355.1 - 7.0 1346.3 - 7.1 1334. 9 - 7. 1 131i.8-7.1 '129 4.0 - 7.2 1262.1 - 7.3 - , ' 

1162.7 - 7.6 115.5 • 6 - 7.-6 1146.~ 4 - 7 6· 1132.7 - 7.7 1113.5 - 7.8 1087.7 - 7.8 .. 
. 75 0 , 2059.1 - 5.7 2050.3 - 5.7 2038.8 - 5. 7 2021. 8 - 5.8 1998.0 - 5.8 1966.1 - 5.8 

'1802.,1 - 6.1 1795.0 - 6.1 1785. 8 - 6 .1 1772.0 - 6.2 1752.9 - 6.2 1727.1 - 6.2 

80 0 3492. 3 - 4. 4 3483.6 - 4. L~ :3472. 1 - 4. 4 3h55.1 - L~. 4 3431. 3 - L,. 4 3399.h - 4.5 
I 

3136.9 - 4.6 3129.9 - 4.6 3120.6 - 4.- 6 3106.9 - L~.6 3087.8 ~ 4.6 3062.0 - Ll.7 I . 

I, 

Table 4.2. Calculated values of (a • I) ,and those of 
r ' ave. 

products of (a ) and (I) together ~ith the .corre-
r avg.. avg. . 

,;' 

sponding tower heights. 

(x), Values in first ro'tvs correspond to (a .I) . 
- r avS-. 
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= 465.90 2 
m 

By definition efficiency 

n:A IA. ==465.9/1414.3 (. r ~ 

=.329 

- 56 -

A ::=466 
r 

2, 
m, • 

1L =. 33. 

'The results obtained above can easily be checked.That is, 

In this case .85 stands for resultant steering-shadow factor k ~ 

and the error of .4 k'" should be attributed to the assumption 

made for 'is olate_d values of a and T. 
r 

4.2..4 l'I:irror and Receiver Sizes: 

Determination of mirror and receiver dimensions is of spe-

cial importance. Although we have determined the required mirror 

area it is still questionable whether ,,,e are going to use 466 

mirrors 
2 '2 

of 1m or 932 mirrors of O.Sm or what so ever,since 

because limits for receiver dimensions are put by mirror dime~-

sions.That is for a full utilization of effective concentrator 

mirror area,any reflected ray must not miss the receiver.This 

makes an analysis of mirror and receiver dimensions primarily 

important. 

Fig .. 4.5 iUlustrates the physics of the problem schemati-, 

cally.In the side vie .... ','\'le see the height of an imaginative 

plane which is ~omplet~ly targeted by or ... e' o'f the' heliostats ' 

~losest to the tower,By ~imple geometry,imaginary height Wi is 



yYCQs8nL L 
tQllet. 

Fig.4.5 Reflected mirror 

dimensions at receiver. 

calculated as 
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.Li= 
Lc.Qs(~t-f3n) 

cosS cos(flt-~ ) 
n n) 
tan8

t 

H 

t. 
Wcos8n cost Pt. -:,,~n) 

(h. 6) 

From plan vie,."on the other hand,the horizcntal.side of the 

imaginary\plane is expressed by 

( 4.7) . 

j 

As eas ily. seen from~q. (4.6) ) imaginary neight w. is very 
~. ). 

sensiti~e to the variations in radial distance,i.e.,in et for 
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small values of it.Therefore it is reasonable to use 8
t 

values . m 
,- 0-

greater than zero.That is why ,,'e have chosen 8
tm

= 15 in Sec-

t ion 4.2.3. 

, 0 
It is clear from Eq.(4.7) that (L.) :L.For8

t 
=15 ,. r ]. max m 

however, theoretical upper limit for W., i. e., (W. ) :Ls 3. 862:W ]. ]. max 

which is the value for a mirror 'located at an azimuthal loca-

tion 1\=00 
at solar noon of June 22 (8n::=.15.00).ThiS mean for 

re~tangular mirrors w'ith sides Land 1i of unity w'e need a cyl-

indirical (for example) receiver of lent:;th 3.9m and radi.us O.5m. 

But it is unreasonable t'o use such a big receiver 1,Tith a to,.,rer 

of len,:::,-th about 6Jl1.'1'herefore ,.,re have to use heliostats of 

smaller size and/or a receiver of different shape. Design 

technique of' receiver is itself a special topic to be studied. 

This is not airned.Ho,.,rever '",e could say that it is reasonable 

to have rece,iver, length (height) lR belo"T 1m, in comparison w:ith 

a tower- of 6m high. 

fig /:t-~:(), -Race ~ V:~r s iZ;;,~ ':' 

~Rd 5:~ape->r"e9.u;i~l!Jents 

~ o:r).I]l~f 1m square 

mirrors. 

Let the mirrors be 0.8 in sq;uare 

ones.If we like the r~ceiver to b~ a 

straight half cone-shaped one,then 

from the positions of the closest and 

farest mirrors,:i,t has to have a length 
• .' l 

of lR=. 67m in ord,er to catch all the 

reflected ~ays.This is a reasonably 

good size for the receiver. Referring 

to intersection 'points of extreme rays the 

'surface inclination angle is calcula-

:ted to be ~:::45°. 'Fig. 4.6 depicts the 

sittiation for such a pair of rays. 
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reasonable results for mirror and receiver dimensions. 

Although the calculated rnirr0r anLl rec'eiver dimensions 

are said to be reasonable~this reasonableness is concluded re-

ferringto relative dimensions of the system elements only. For 
/ 

a more realistic ccmparison or design criteria of dimensions 

all technical and economical details should be included~As ~ 

matter of fact".hat we ailned by this'analysis is to indicate 

the strict and important rulation between mirror and rece.1.ver 

dimensions.Once ,,'8 .Kno,." the technical lind ec<::nolnical restric-

tions ,,,e should be able to lllCl.l<:e illOSt favoraole changes in the 

analys·isat:, this pOint. 

4.3 Results: 

The overall results maY,be listed as follows: 

P o,,,er leve 1 p= 150 kw 

Tower height H::5.7 m 

Required ground area 
2 

Ai::: 1415 m (1).1 =- 2.1. 2.7 m 

R ~1.5J m) m 

Total effectve concentrator 

mirror area A == 466 
2 m 

r 

Efficiency 112::::;·33 

Receiver main dimensions lR =.67 m 

r R ==.40 m 

2: 
Number of .64 m (.8x.8) 

mirrors 728 

Receiver surf~~e 

inclinetion angle 
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DISCUSSION 
J 

A fundamental theory of solar concentrators for central 

receiver power plants has been formulated in terms of ideal 

heliostat arrays.The principal resui.ts deduced during various 

steps of the analysis ,of ideal solar concentrators can be out-

lined as follo~s: 

1- Postul~ting' an ideal heliostat field model: A continuum 

field model bf ideal haliostat arrays is postulated. The idea 

under this.postulate is that a continious circular field of 

reflection formed by closed-packed hcliostat arrays of certain 

,,;i,dth bet".'cen given limits of rim angl(]s constitute the 

system. such that the performance analysis of the system may - , 
\ 

base On relative positions of these arrays.Sollle advantages and 

consequences of' this postulate are explained below. 

'a)' Since some analytic expressions of the. shadow' ?tnalysis 

(SUCh as the one for Y) are complexsit is very difficult to use 

a numerical approach for an actual system composed of thousadns 
i 

of mirrors and for sO.many possibilities of' mirror distribution. 

Hovever the analytiC results derived from this ideal model are 

inherently simple and,more importantly,proYide the 'physical 

basis underlying the central receiver concept of solar pow'er 

concentration. 

b) Performance of' ideal heliostat arrays field depends on 

only t,,,o factors; the sun zen·ith angle e (i.e., the time of 'day:) 
s 

(and'the size. of concentrator (limited by 6 tM and 8
tm 

).Since 

heliostat arrays are' of closed-paclced f'orm,azimuthal orientation 

'is not effective on performance. 

, I 
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c) Solar :flux density at a given time is uniformly distri-

buted around the receiver.This is a-direyt conclusion from the 

expression of resultant steering-shadow factor k, namely 

{

cose 
k- s 

cOSet 

for 

for 

(This v.''Ould 'not be the case had shadowing eff'ects being ie-nored). 

The differences between an ideal system and a realistic 

system have been indicated already.1-le have also stated the neces-

sity of expecting.azimuthalvariation of field performance in 

the crse of shadowing effects b~eing considered.But our analysis 

doesn' tperrnit us to show such a variation graphically. 

Although we didn't try to estimate the feature of azimuthal 

variation of fi'eld performance,by a crude assumption of' it , ... e 

are able to make a graphical proof of the last conclusion above. 
( 

That is,we can prove that as ~ realistic system is idealized, 

plots of field performance tend to be circles (i.e.,independent 

of azimuthal orientation). 

Now' assume that such an az,imutha1 variation can be charac-

terized by a certain propor,tion of shaded heliostat area (whi.ch 

we are not'sure that it can "be ).Then this, varia:ti!on can graph i-

cally be sho,,'ll. But since the ideal analysis cons iders azimuthal 

independence, as the assume,d proportion closes to zero plots 

should tend to be circ1es.This idea is well confirmed by exam.;-

ining t"TO. different cases,; :Cor one percent and for ten percent 

of shaded area.The situati~n is'i11;tis,trated in Fig.D.l.In the. 

first case plots of iso-energy lines (of the same performance) 

tend to be circles for smaller values. 
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2- Steering Relations: .. ' 
, 

a) A steering analysis has yielded the space-time charac-

teristics of heliostat arrays in the form of field mappings 

exhibiting iso-tilt lines and iso-a~imuth lines and of time 

profiles of mirror orientations. The notion of NODE for the 

mirror field distribution coinciding ',dth the sun's hourly 

-path is extremely useful in describing the properties of he-

liostat arrays. 
\ 
b) A shado,,, analys is has been performed for nctangular 

mirrors sho,,'ing the relationship between sun shading and to"er 
" '-

screening.Two key parameters defining the lutilization f~ct~rs, 

cos s for sun shading and cos t for tower screening express 

the local e,ffectiveness of mirrors in re:r)lecting solar energy. 

c) The ideal global. characteristics of circular concen-

trators have been derive~ £rom the preceeding shadow and 

steering analyses as closed-form expressions for effective 

concentrator areas and concentrator efficiencies.From these 

expressions dimensionless curves have been obtained to charac-

te~{ze the behaviour of large-area concentrators and to estab-

lish theoretical limits of performanc,e against which actual 

systems can be c0~pared.With ~he ideal model providihg a best 

perfo~mance level, the base de~ign ,of solar power,plant can 

proceed with the introduction of derating fa<e:tors accounting 

for such 'effects as ste'ering: errors,mir7'0r size and reflec...; 

tivity,area coverag,e, solar radiation, cloud 'cover exe., •• 

3- Design Factors: 
\: 

a) Mean' of ~tegral product of' effective concentrator 

per-unit area function ar(t) and solar radiation function I(t) 
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/ 

is referred to as the resultant solar utilization factor upon 

which power level of the plant is b~ased.In deterli1ination of 
, )' 

solar irradiance constant the month with maximtim experimentally 

determined irradiance is taken into account.A sine curve is 
~' 

fitted to avarage of these yearly values to obtain the daily 

variaticn -of solar r:adiation. Ho,;ever such a curve defines a 

completely different churacteristic cloudless day rather than 

a daY)1-:ith a -certain amount of cloud uniformly distrubuted 

during the day. 

b) Its contradictory effects on area requirement lIlC1.ke an 

efficiency improvement almost impossible.Theref'ore area im-

provement is of major preference and this have been discussed 

in a certain limit.Appreciable increaments in area,on the 

other hand, take us a "ray from applicability of the the ory. 

c) Receiver dimensions and shape are arising as impor-

'tant de,sign cdnsiderations for the reason that it must receive. 

all reflected rays with a minimum in.cidence loss. 

! 

. \~ 
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Fig.A.l Schematic calestial sphere showing apparent path 
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of sun and 'sun '5' declination angle. 
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Fig. A. 1. ~ ~ On the previous page ,'sho'\.;s a very general view. 

of the solar system.As a difference'from the realistic system 

however,in this figure the sun's and earth's positions are 

interch?nged,since it provides easeness in visualizing 'the 
y 

system and in ca1culations.It should be easy for the reader 

to define ec1iptic,calestia1 equator and the four solstices 

from the figure.Ke wi:t1 deal with only the derived and defined 
" 

sun angles here. Some special angles related to tilted surfaces 

are studied also. 

A.1 Basic Solar Angles: 

A.l.l Defined Earth-Sun Angles: 

The pos i tion· of a point P on'the earth I s surface :i,s kno"n 

, , 4he 
at any instant of the day,specified by hour angle H,if the 1at-

it'ude L for this point and sun,'s declination D at that instant 

are given.These three fundamental angles are also sho'vn in Fig. 

'A.1. ~,We should note that, point P will represent any location 

on the Northern Hemisphere. 

\ ~he 
At solar noon hour angle is zero. One hour of..)time corre-' 

sponds to 360/24 or 15 degree~' of hour angle. ;, 

For 'Cihanbey1i,the site under. consideration,L= 38.670
• 

In our calculations "we wil1notuse instantaneous values 

of dec1ination,insteed we will use.representative daily values 

which are calculated by the following e~uation as usual: 

by whiCh declinatio~ angle for Nth day of the' year is to be 

ca1cul:aired. 
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Besides the_three basic solar'prope~ties (angle~);hour 

;:l.ngle,latitude and sun's declinati-on,several (other) aneles 

are useful in solar energy calculations. Such angles include 

the sun's zenith angle 8 ,altitude angle ex and azimuth angle 
s 

schematically show'S an apparent solar path and 

depicts the positions of these angles 1vhich are not indepen-

dent angles and expressed in terms of the three fundamental, 

aneles.Furthermore the sun's zenith angle'8 and altitude 
s 

angle ex.. are not independent of each other,that is 0<.-8 =90°. 
s 

i' 
\ 

S~---4~---4--~-L--~~--------------+-~~'N 

I 

Fig.A.~ Defiriitions of sun's zenith,altitude 

and az~uth angles. 

shows a coordinate system with the z axis coin-

cidentwith the eavth's axis of rotation. The xy plane coin-

cides with the ea.rth's eq:uatorial plane.The line PN,pointing 
'. 

North from point P,is perpe~dicular to OF and lies in the 

plane containing the line OP and. z ax.is. 

In Fig.A.).:; let al,bl and c
l 

be the direction cosines off. 

OP and a.2.,b2 .and C z be those of' the unit sun vector s. withe 
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respect to x,y and z axes.Thus, 

~l = cosL cosH 

b 1 == cos L sinH 

c
l 
= sinL c 2= sinD 

Since the sun' s zenith angle 8 is. the angle betlveen OP and s, 
s 

by a common equation from analytic geometry ,,,e. have 

Thus 

cosB =- cosL cosH cosD + sinL sinD 
s 

z 

(A.l.l) 

x:y - plane 

xz pl~'ne 

s\nO 
+-+-'-_.L.- c~s ~ 

Fig. A. 3. Re.l:i.tiori.', ' of> a 

po±nt on the earth's 

surface to sun ',s rays. O~ __ ~~ ____ ~ ____ -+~ ____ ~X 

• I 

cosO 
C.OSO/" 
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sin 0( =: cosL cosH cosD + s inL sinD (A.I.2) 

Similarly direction cosines of a vector directed to south and 

those of the horizontal comIJonent of the unit vector s,namely 

sh' are, 

\ 

a
3 
= s inL cosH 

b 3 = s inL sinH 

c
3

= -cosL 

a4= -cosD/cos 01.. 

b 4= 0 

c 4= -s inD/ cos 0( 

respectively.It follows that 

cosL sinD 
cosps= 

cosH cosD sinL 
cos 0<. 

By the squares of Eqs.(.t,\.1.2) and (A.1.3),and 'with the trigo':" 

·2 ? 
nometric identity .cos x + sin-x=l (here x is a general nota-

tion) we may obtain the relation 

. J3 - cosD sinH 
S1n -s cos 0(, 

(A.I.4a) 

or equivalently 

. f3 - cosD s iriH 
S1n - e s ' cos (A. 1. 4b) 

s .• " .•.. 1 .. 

Eqs. (A.i.3) and (A.l.4) make us capable of demonstrating 

the sun's time-varying position graphical.xy in a'quasi-polar 

coordinat~ system.The si~uation is illustrated ,in Figs.A.4. 

and A. 5. for 22th days of all months· of the 'year, at a lati-

hide 38.67° Nor'th. The plots are completely symmetric w.i th 
) 

respect to the North-South axis.The length of any curve gives 

. . ~h 

. the length of the corre'spondmg day. For exampl.e, f'or June 22· 

·su.n.set occurs 7 hours -21 minutes 15.09 seconds after noon.Thus 
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the length of the day is 2(07hr. 2lmin. 15.09s.) o~ l4hr. 

42min. 30.18s •• 

The explanations up to this point Inc.y be interpreted in 

the foll01dng results: 

a) At equator 
0 

L=O • 

b) At the t w'o equinoxes 0 
D= 0 • 

c) At solar 0 noon H=O • 

By the last interpretation above,anq Eqs.(A.l.3) and (A.l.4) 

d) At s~larnoon f3s = 0
0 

if L=D and }3s= 180
0 

if' L=D. J3s 

is undefined if L = D. 

e) At sunrise and sunset 

f) 0< = 90
0

_ \L-nl. noon 

The interpretation 'd' is worth to be illuminated a little 

more. 

Fig.A.6. bel01" is a special form of Fig •. 4. 3. in 'l"hich the 

o 
hour angle H=O .In this case all the existinc; solar angles 

can be shown in xz plane •. 

Fig.A.6 Schematic illus~ 

tration of solar angles 

at solar noon. 

z 

,u<::::::::::.....:t-_.L.::~ ___ ~X 

F 00. 0 b ( . 1 4) h ~s-_o.o 'or H= ,s:Lnps= " y Eq. A.. .T us I or 180 0
• 

The value of f3 
.' .' s 

can, be decided by the sign of cosj3s.From E51. 
• 

(A. 1. ? ), then, 

]3
. s in( D-L) 

cos = ,-.J s cos '" 
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Since 0< 00· 
takes values between 0 and 90, cosO( is allvays pos i-

tive.Therefore whenL:4(D, cosps is positive and thus 13s= 0
0

• 

1\Then L.)D,opposite situation occurs and then 13
s
=1800. 

Eqs.(A.l.l)-(A.l.4) pe~mit u~ to calculate the sun~s 

zenith (or altitude) and azimuth angles if the three basic 

angles ,hour angle,latitude and sun's declination are given.In 

ap~lying the~e equations,attentionmust be given to correct 

signs for these basic angles. For Northern Hemisphere latitude 

.is talcen to be .positive and f?r Southern Hemisphere negative. 

The sun's declination ;"ill be positive for the summer p(~riod 

bet;,een the vernal equinox and autumnal equinoxes. (:'iarch 22t 0 

September 22 approximately) and negative at other times.The 

hopr angle is measured on either side of solar noon.Thus H is 

limited to values between _90
0 

and 90
0
;negative before noon 

and positive after noon.The azimuth angle is positive when it 

is me~sured clock;"ise"and negative when it is measured counter-

clockwise from South,Thus the azimuth angle is limited to 

o ~ 0 
values between -180 and 180 • 

A.2 Tilted Surfaces: 

Fig.A.7. sho,\,Ts the position of a rectangular plate as a 

tilted surface on a horizon.The axes:X and Y are pointing 

East and North respectively,and x andy are coincident with 
, 

the projection of two adjacent sides of the plate (or mirror). 

It should be ,made clear that all 'four axes are in horizon.Z 

and z are the same coordinate' axes pointing to;,ard local ver-

t,ical,i.e. ,perpendic.ular to horizon.The xyZ' coordinate system 
I 

is obtaiped by a clockwise rotation of the XYZ coordinate 
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system around Z·(or z) axis by an azimuthal angle ~.Fig.A.B. 

illustrates the situation better. 

,,0 
\ 

\ 
\ 
\ 
\ 
\ 

Fig. A .7 Def'ini tiJon of' po's i tion 

angles of' a tilted surf'ace. 

Assume that the surf'ace is tilted by ap anglee .Then f'rom 
. n 

Fig.A.? direction cosines of' the unit vectors sand n are 

written as f'ollows: 

Fig.A 8 Azimuthal angles. 

ih the horizontal plane .• 

.. Y,N) 



a :::. cosO( cos (90 + () -R ) s rs 

b = coso<. cos (n - 0' ) s ~s 

=sin8 cos(R - 0) 
s rs (' 

c =sinc<.. s 

:::.cos8 
s 
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a =0 n 

b =-cos(90-9 ) 
n n 

=-sinS 
n 

c == cosS n n 

Thus the incidence angle ¢ for tilted surfaces may be expressed 

by the following relation 

cos¢= -s inSn s ine
s 
c~s (13s - ~) ,.. cosS

n 
cose

s 

Don't '\\'orry about the sense of the sun's vector s in Fig.A.7. 

and be careful that the inc~dence angle¢ 

are not measured in the same plane. 

and the tilt angle e 
n 

'ivriting Eq. (A.2'.1) in its open form and substituting-

cosB ,cosp s in9 (. cosp coso<..) and sin R s in9 from Eqs. (A. 1. 1) 
s s s s '-s s 

(A.I.3) and (A.l.4b) respectively,in this new form of the equa-

tion we can obtain a relation for theincide:nce angle ¢ which 

is expressed in terms of the three basic solar angles L,D and H 

. and position angles ~ and e o~ the tilted stirface.That is, n 

COS¢==--SinSnSinD cos(5' cosL + siri6nsinL cos~ cosD cosH 

;- sinensin8ssinl\sin~;- cos9nsinD sinL 

,.. cosS cosD cosL cosH . . n 

For a south-facing tilted surf'ace a='Oo.Then ,ve can wTite 

Eq. (A.2.2) as 

cos~=cosD cosH cOS(L-en)-t sinD sin(L-8n ) 

It is obvious- from Fig.A.6. -'that for 6n =00 ¢=8s.Thus, 
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cosS = cosD cosH cosL l' sinD sinL 
s 

which is nothinG than Eq.(A.I.I). 

o 
" For, a south-facine; vertical plate 9n=90 .Then by Eq. 

cos¢= cosD cosH s inL sinD cosL (A.2.4) 

Since flat-faced mirrors are especially south-facing for 

Northern Hemisphere,it is useful to express the incidence 

angle in terms of the derived earth-sun ang-Iese><.. and 13 .llritine 
5 

th~ open form of Eq.(A.2.J) an"d substi~utinG' Eq.(A.1.2) and 

(A.I.J) in the new form we obtain 

A.J 

;-= s in e s in "R 
S IS 

i 

,-
i sin8 cosB 

s s 

j 

+ cosS 
S 

k 

sxle=- sinS sin"R -sinS cosR s IS s IS 
cose 

s 

o 

:: -sine "cos 13 i 
s ," s 

O~. 
l 

sinS sinJ:l J' s IS " 

1 

Similarly 

and 

Then, 

(A.2.5) 



l~xk + tXkl~[(-~in8scosPs 

+ (-s ine sinH s IS 
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Performing some necessary simplifications we get / 
., 

\ ;-xk + txk 1= [s in2Ss 1- s in2S-t T 
. ~ 1/2 

2s inesS in8t cos (1\-J3s )J _ 

Thus, 

(J.6) ; 

A.4 

The vectors sand t are as given in A.J.Additionally 

-. . - r? - -
n= -sinS sin13 i-sinS CosFl j T cose k n n n~· n 

It follows tha~ in th~ horizontal pl&ne 

and, . 

'1 

C()S f3n= \ N
h

\ 

, 

s inS cos 13 + s inBtcos f3t s s· 

, 

sine 
n 

.lc-k)x(Sh + th)\~ INhl ~(~k)~(~)1 

(A.4.l) 



Thus, 

A.5 

1 

sinpn == I N I 
h 
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sin8s
s in}3s "+ sin9t sin}\ 

sin8 
n 

s in8s s inps ;- s in8t s inl\ 
t anti, = --=--_.-:::._--..-.';.--.=:. 

. n sin8scosps -t sin,9tcosF\ 

(A. 4. 2) 

(3. 8 ) 

Let the diad of unit vectors i
l 

and jl defiYle the compo

nents of' a coordinnte system "I·,hose axes x and y are along' the 

horizontal projection of' th~ mirrors ,nc.Jr:nal,and those of' i2 

and j2 define the components of' the bast-Sou~h coordinatesys

t.em, x 'y' ,vhich is obtain~d by a counterclock"l"ise rotation of 

the first by an angle B .These two coordinate systems are shol.m 
n 

I 

in Fig. 3. 4. seperate1y.Then, 

-
i2 = 'I'll ii +T21 j 1= sinp . n i1 "t- cos f3n j1 

j2=T12:i1 + T 22 j l = -cosi3n i1 ;- s inJ3n jl :J 

from r"l\Thich the transforloation tensor ~ is obtained as( 

[

s inf3' 

r~l =.' n 
. cos T-l , 'n 

Thus,the vector components of one longitudinal side of the sun 
, , 

shade in the new coordinate system,n~mely Xm's and Y " may be .ms 

obtained :from thefoJ,lo"lving mat.rix equation 

fx~sJ= [Sinpn . _c~~Pj' "lXmj 
. Y c os 13 s ill R Y ms . n Tn ms 

I 
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as 

, 
X = s in"R X ms rn ms cosPn Yms 

(A.5. 2 ) , 
Y =cos"R X + sinH Y ms rn ms f"'n ms 

in ,,'hich X and Yare the components in xy coordinate system. ms' ms 

Substituting the expressions for X and Y ,i.e. ,Eqs. (3.19a) ms ms 

and (3.21) in the above equation we optain. 

, 
X = cos8 s in"R ;- sinS tan8 s in"R ms n In n s t

J

s (3. 22a ) 

, 
Y == c os6 cos"R + s in8 tan8 cos B ms n 1n n s rs (3. 22b) 

A.6 \. 

the angles between the vectors s and nh~and 
s· 

ts and nh.However we can not establish thE: same relation be

t,.,een the unit vectors sh,th and ~h (i.e., nh.sh=nh.th is not 

cnrrect.This is obvious trom the following ca1~u1ations: 

By Eq. (3.3) 

~h. sh= -s ine s inR s in6 s inT-l '* sine cos R s in6 cos"R n rn s 's . n Tn . s 's 

Similarly 

It :DS not difficult to see that the equal~.ty 

is not ide~tice11y correct. 
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