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ABSTRACT

This study is devoted to the modeling of the performance
~of solar concentrators for central‘réceiver,power plants.A
continuum field representation of ideal heliostat arrays is

adoPted in. the formulation of the‘modeling.This representation

accounts for two governing factors: the law of reflection of
-~ R ™ o .
light rays impases steering constraints on mirror orientations;

the‘proximity of mirrors Creéfes shaddw effects\by'blocking‘the

~incident -and/or reflected solar.radiation,The results of a

\'\\

steering analysis,which-develoPS fhe space-~time characteristics

of heliostats and of a shadow analysis which determines the
\ N ) - -

local efﬁeétiveness of mirrors in reflecting solar energy to a
central point are combined to obtain in closed analytical form

the global chéracteristics of circular concentratoré.These
. . 5 { N

“charasteristics appear as time profiles for mirror orientations

and for effective coﬁbentrator”areas.A415Okw.actual sOlar powezx
plant is designed for Cihanbeyli by introduction of suitable

derating factbrs by moving from theiuppér limits of performance

_establiished by thése_chafactgristiés.
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Bu galigma merkezi alicili giineg enerji santrallerinde
kullanilan heliostétlarln modeilendirilmesine tahsis\edilﬁi§—
bti;.Modeliﬁ formﬁllendirilmesinderideal heliostat dizilerinin
'kesintisiz (continious) oldugu éeklinde bir femsil tarzi benim-.
'sendi;BﬁYle_bir’yakla§1m iled ané noktanin énemine igaret eder;
birincisi'ayna pozisyonuna sinirlama-koyan yansima kanunlara,
" diferi ise gelen ve yaﬁ51yan gﬁhe§ eﬁerjisini perdeleyerek
gﬁléelemeyevsebep alan ayna &aklnllélvmeéelesi.Heliostatlarln
zaman-mekan karakterini ortaya k0yan.y6nelim énalizi ile ayna-
larin gﬁne§’enerjisiﬁirmerke2i bif noktaya yan51%maktaki |
muvaffakiyetini tesbit eden éﬁlgeleme gnalizinin sonuglérl
birle§firilerekfdaire5el konsantratdrlerin global karakterleri
“kapali analitik formda'élde-edildi.Bu karakterler ayna pozis-
yonlarlnin ve etkili konéantfatﬁr alaninin zaman yarﬁngelerinin
gizimiyle ortaya kdndu;Karakterlerin ortaya ksyduéu en ﬁst-

. . » ,
~performans151n;rlér1ndan hareketle ve uygun eksiltme faktérle-
rini de iiéve edefek Cihanbeylij(Koﬁya) igin 150kw'lak bir

brgﬁné§ enerji santralinin dizayni yapildi, ) .
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Chapter I

‘iNTRODUCTION
AAs'the,energy.broblem‘predominates over the other problems
of the human Beiﬁg;beoplg attemptea to find new energy sources
in recent years.Oné of such sources,which is beingvintsrested
- in, is the sun. |
Solar energy utiliéation techniduss for highﬁieVef of

Jpower are being are being studied in abgreatvextend since,as

.input,eduivalent of sbtained.energy is nsﬁhing.Although no.
teshniquelwss suggested to be practically preferable because of
its first cost or some technical dlflcultles which have not been
avoided yet,it is a great.possibility that~these.techniques will
be the equally preferred ones in near future,-

o Two such technlques for conver51on of solar energy 1nto
electrlcal energy,are: dlrect method,utlllzatlon of photo-voltalc
cells,ané solar-thermal power systems;employlng concentrating
mirrors to raise the tsmpefature of working fluid Qpérating'é
heat eﬁgine.in this thssis we attem?ted to‘devéloﬁ'some basic-
physical and_theorefhisél performaﬁce chafsctsrics undeflying

‘solar-thermal pbwer systems.Particular interest,héﬁeﬁer,is
focused on the System’of utilizétioﬁ which}is referred to as-
Central Tower—Recelver System, ThlS system consists of a larce»

. field of heliostats (flat mlrrors) whlch collects the solar
radlatlon concentrates it on a receiver (1ocated at.the‘£0p of
a central towert) Recelfer actlng as ahb011er,ra15es a fluld
to high femperafures and pressures compatlble w1th ‘modern

. 7

power generatlng plants The analy51s postulates an ideal model
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for the heliostat arrays which assumes that mifr@ré are
perfectly flat;perfectly steered to redifect sunlight fo the
’;entral'receiver aﬁd may. be placed in any désired4fiéld cbnfig-
uration around the‘centfal tower.éippntinuumufieldvapproach_ié
adopted té describe the idedl,héliostat arrays. as ; function of
location and.time of the day.As a cbnseq@ence of this apprecach,
adjacent mirrors (front-back) considéred to be paraliel and no
side exposure.fagtor is. considered to exist.Continuum/field‘4
épproach will be diSCus;ed in detailvin.Chapter.III.v

Two fundamentel considéfatiogs.goyernnfﬂe sééce—time char-—
acteristics of thé mirror field:

aj The steering relations needed to satis£& the constraint
of the reflection law of light rays,that is the qguality of
incidence and reflection éngles., ;

b) Thé pfesehce‘of neighboring mirrors which'creates the
pos§ibility of blocking the incident and/orvreflected sun rays,
Steering and shadowing analyses are'thereforg performed tot

determine the local properties of the mirror field.The contin-

uum‘field approach which considers the heliostat fieid'as a

concentrator,vmade it poséible to get_simple énalytic expres-
sions of useful heliostat arga/and efficieﬁcy as functions
of syétem‘angies:by evalﬁat;on1ofas¢me governing integrals,

The principal.results are presented as time profiles for
‘mirror stéeging angleé,for effective concentrgﬁdr areas and \
~ for efficiency of the system.The ideal phafaCtefistiés‘of’

ciréularACOncentrators estabiish'theoreticél'upper limits of

performance against wvhich actual or realistic 'systems can be



evaluated with the introduéfion,of;suitéble derating factors

to account for such effects as s@éering errors,mirror size and
reflectivit&,area'coverage and_geomefry,and solar .radiation.
Special’interest.is deVoted to the agéigﬁment,of solap raéia—.
tion considering the site under stud&,i.e.,Cihanbeyli; A
criteria ig sﬁggested fé ;ténd.against the prgblemsarising
ffﬁm theorethical or other possible véfiations in solar radia-
ation énd/effective,congentrator area.Thié is\p£imarily»impor—
tant for the;feason thaf the princibal_resultg andfmain dimen-
sions,ofwgystem elements (such as mirrof apd‘réceivgr dimen—-
siéns,tower heﬁghf exc, ) should be aslmuch realistic as pos=
»sibie and also the assigned power éhould be aftainable most of
the'timebin the characteristic period{We also't;iéd to find a
cohpromise point to décide for  the recéiyér s%ze and mirror
diméﬁsiéns déﬁénding on‘the‘relation bétﬁeeh them,

. ; / B . v }



‘Chapter II

LITERATURE SURVEY

2,1 History of the Sclar Tower Concept:
The concentration of the direct beam component of Eunlight
with heliostats was first a?tributed to Archimedes who

[

inssructed soldiets fe'reflect the sun-reys‘onfo the sail: of. an
enemy vessel byecarefully erienfiﬁg their bﬁrniehed shields
(heliostats).Their efforfe were sﬁecesful,for the’vessel-was
‘'set afire.It wasfhet until several thoﬁsandvyears later that

" Trombe and hislee—wquers added hydrolically controlled servo-:
mechanism to an arraylof large heliostats to produce an'aﬁto—
matically controlledrl-megewatt (thermal) solar collector.
Interested iﬁ ﬁroducing high tempereiures fd melt materials,
Trombe’added a large, fi#ed concentrater consisring of a para-
bOllC dlsh and achleved a temperature of 4100 K.Baum et al.
‘ﬁlnvestlgated a- tracklng array consisting of hellostats on:
moving railroad cars,almed at ar elevated cavity recelveré
boiler, The cavity.was to be rotated to face the heliostats
throughout the day to achieve 1mproved performance.

Francia developed an 1ntrlcate clock- drlven fleld of 271
~heliostats and was able to produce steam at a’rete eQuivalent
vro 150 kilewatts.This concebt is not suited fer large-seale
utilization of’solar energy on e megawatt>(electric) basis,
‘because.it is impractlcal ro connept.maﬁy thousands of helio—‘
stats into a single clqckwork devﬁce with Euﬁficient'precisiOn.'
.Moreover the mechanlsm is not well sulted to ﬁhe'large mirrers

requlred for an ec0nom1cal system ‘design.
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A reinvention 1nvolv1ng a large number of heliostats took
place in 1970~ 1971 at the Unlver81ty of Houston. ThlS work was
Supported by the,what is called,RANN program of the National
Science Foundation,NSF,beginning»in‘1973,and in 1975 it was
transferred to ERDA (Energy Research and Development Administ-
ration.) Long termlstudies invscience and éngineering,made it
apparent that the outlook for energy sources beyond fossil
fuels was hopeful but uncertaln Clearly,solar energy could be
utilized;Sinoe somne investigations of the possibilities had
‘already been carried out;we consider oniy'the most promising
options.Photovoltaic cells were considered first but,because
of their large oost‘and’low'efficiency st that time,were
. .rejected in favor of potentielly efficient/thermal conversion

‘cycles compatible with the utility grids.steam;e;ectrio'conver—'
) ,

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

deVelOped by +the utilities,whioh also have .-a large-~-scale

distribution system,It seemed advisable-to utilize available

transmission methods. S !

- Aspects, of the Central Tower-Receifer System}external or

‘cavity receiver;flat or focusing heliostats,and\nethods of

storage sre under study:by fourfteam ERQA effort to result in

a prellmlnary design for a lO—megawatt (electrio)’oilot plant

by June 197%X)Barstow California,has been selected as the site

for the pllot plant.It is anticipated that the first step in f

. ofinging costs for commeroial plants into the range experienced

for the construction and fueling of nuclear plants will be to

inofease plant size to at least.iOO—megawetts'(eieotric) at,a 

. ey

w',(‘X)Unfortunately,\we are unaware of studies have'been carried

’ Attt asnece 1078,
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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 Xlectric Poner Research Instltute in U.,S.A. as well as the
French and Japanese governments.An ERDA-funded_Solar Thermal
.Test Facility (STTF) is under constructioen at Sandia Laboratory
Albuquerqee,New Mexice,andfis scheduled for completion in 1978.
The STTF is a small 5—megawatt;(thermal"}'solar %ower collector
for testing the lO—megewatt (electric) pilot plant prototype

: . r.n
ccnpenents and performing related solar energy research LlJ-

.bFig.Z,l The‘lOO—megawatt(electric) helioetat power plant con-
- cept.The tower(260m.bigh) near the center of the field has a
b01ler on top.About 20,000 hellostats(6 4 by 6. I meters) would
be required, spread over an area of about 3.5 square kllometers.

A-lo_Mw,(electrlg) pilot plant is "under deve10pment by ERDA,



-

2,2 Available Sources About the Technique of Solar-Thermal

Power Plants:

There are many books,papers er other puplieations iﬂ the
literature of solar energy deeling with the defined and derived
earth—sun’ahgles and anélee‘related’te " reflecting or.
absorbing meteriels of’various.séecial configuretzbns with
'respeet to a coordinate éystem’on the earth's surfaceﬂThe iden—,r
' tificationstfor some relati vely iméortant ones are giveﬁ [2,3,
4;] We tried;however,to utilize these materials during our -
study in such & fashion that anybody shell not be in need of
haﬁing'them otherwise strictiy required.

Ihformatien‘about the stﬁdies of aspeets of Central‘ioﬁer;
>Rece1§er System, namely the ones which were mentloned before,
addltlonally detailed receiver de51gnhcon51derat10ns automatic
control mechanism, avallaele temperature and power 11m1ts edvan-
- tages of system of 51ngle unit- over thet of dohle and triple
units (i.e.,single plant composed up of two or three different

/

ﬁeliostat arrays field each with its.own eentral tower),area,
mirror and receiver size reqﬁiremente,tdwer heiéht,maximumv
allewable angular oberrations and hirror type’is elsoﬁobtain- ~
able in 1iterature [1 5,6‘7 8,9:]A:few of these are etudied in
this thesis whlle the. other many are not con51dered to be
subJect to our study.References [5] and [}d] esPec1ally consti=-
tute the. ma jor part of the help to our study.

All the theory is ad0pted to the 1oca1 prOpertles of
_Cihanbeyll,Konya. ‘

‘a



Chaptexr IIT

ANALYSIS OF THE HELIOSTAT ARRAYS FIELD

s

3.1 Mirror Steering Ahalysis:

3.1.1: Fundamédtal Steering RelationS:

Fig.3.1 illustrates the geometrical bonfiguréfion of a
flat-faced mirror a% a given location and instant of thé Aay
with respect to the tower .It is Well—knowh by‘EuciidFs Law
that angle of incidence and reflection of 1ight rafs are
équal.This.law imposes a conStraipt for the positions of the -

sun, tower and mirrors.Since the position and dimensions of the

tower are considered 10 be fixed,assuming an arbitrary configu-
w . = .

‘ration for a mirror,this constraint leads us to determine the
position of the sun at a given instaﬁt of the‘day.

By Fig.3.1l,any normal to the mirror and its magnitude are

giveh by the expreésions

N=s+t
.and
IWl=15+%]

i
/

respectively.Then the unit normal n is expressed by

_ N __("s_+¥)f _ _ S | (3.1)
o gl s+l - : ' T

‘If n is a unit normal (which is the case) Eq.(3.1) is a
reriremenf for Euclid's Law,namely that

n.s=n.t=cosP -~ o L | - (3.2)

’ he . _ . e . s
where ¢ i;‘incidence angle,which is expressed in various forms

~by Egs.(A.2.1)- (A 2 5) in Appendlx—z.

Since the vector t is a flxed one and the vector s

A
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represents the sun's time-varying position,Eq;(B.l) is the
basic’stgering relatioh for a mirror and ‘it defines mirror.
orientations as a function of time.As it is bbvious from this
explanation the po;itiqn of the mirror,&ith re#pect to the
top of thé tower Wiéh a -height H from the ground,is specified
by thé ﬁnit vectof t as shown in Fig.S;l.The unit vectors.§,¥
and n can be described by two kinds of angle components; the
zenith>éngles‘Bs, Bt (cérre5ponding.tq a radial distance R, \
R::HtanE%) and en,ané the azimufh angies Ps’Pt and Pn res?gc—
fively.jt follows from Fig.3.1. that the components of these

)
three unit vectors are:

Mirror:

n.,—_.': -5in® sinp
i n n

\ ~
' nJ.::—sinBrlcos}Bn
n = 'cosen )
Tower:
.t;.L: --sinBt'sin}Bt | - ‘
@j::—sinﬁ%cosﬁt : o L ’K (3.3)
tk-_-;ﬁcos‘at
Sun:
s;= s;ines.s',invps ‘u
s“j‘_:'—s inescosgs - N ,[
- S, = coses \

A
»

-where i, J and k are subscrlbts related to the trlad of unit
vectors 11,3 and k po:Lnt:Lng towards East North and the local

vertical, respectlvely Then the vector N_.s +1t can be expressed



\. -ll"’

by
N:’(_sinessinps— sinets‘inp't)z‘-i- (-s:i_nescosES— sinetcospt )3
+(c056g+ cosat)k
and its magnitude IN| by
o : - _ 1/2
INl= EE. + cosescosat-l--sinessinetcog(ﬁf—ﬁs):l (3.4)
The orientation of any mirror is expressed by ’Eq.(3.1), or

equivalently by angles Bn‘and B, +By Cosine Law
cosen-:_ n.k

Substituting Eq.(3.1) for K, previous equation takes the form

1
Cosen: — (—S-.E + -.t—bk)
: IN|

- But -S—.E::COSBS and ?.E:cos@t
Therefore

1

cosB =
en

_l(coses-i- coset) - (3.5)
N . L. Is ‘ .
We can also develop an equation for sian,since it ‘is the

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

unit vectors n and k, i.e.,

1 ‘— -
sinen:'_:’nxkk: - l(sxk‘ + txk), .

T vl '
Inserting the expressions for the vectors E,E and k into the
equation above and cari‘ying out some required"’calculations,the

' expression for sinBn is  found to be .

N

/2

(3.6) -

sinen::'h?‘ E’inzes-'-, sinzet— ZsinessinGtco's(pt—ps)]
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P

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

and/or BEq.(3.6) is

, ) | - : 1
[_s inzas'i' s inzet'i‘ 25 iness inet Co‘s‘(v ¥3t"'¥35 ):I

/2

' fahen‘:: - -
' v (cos@s+ cosgt)

A

(3.7)

The derivation of the expression for‘Bn is analogous to

‘that of ©_ and it is found to be

(51negslnps+-sinatsinpt)

tanB = . ‘
- (sinE%coqu+:sinetcbspt)

" (gee Av-pendix-l),or identically

A\

sin(pnfpt) sinEé/

. sin(ﬁn—Ps)v\ ;sinE%

(3.8)

(«‘3'. 9)

Another imﬁortant concept in solar eneréy calculations

e

is the incidence factor,denoted by ki and defined as the normal

combonent of the incident sun raYs;Thus"';

but‘

; (s + -E) - _) ‘ﬁ-lz
n, é— t) = . 5 t)= -
(5 4+ %) E + %_| ( =
hence

y'(3‘.10)0



~-Consequently
ki:'_ —2— ; ' | . ‘ (3.12)
in which|Nlhas a value computed by Eq.(j;h). |
Eqs.(B.i)-(3.12) a;é basic relations dictating the motion
of aﬁy mirror depending on time-var&ing position of the sunA
 and‘thesé equafions will serve us‘£hrough al1’calculatioqs and
’derivéti?ns defining the properties of the héliostat field
completely,The time-varying evaluation of a mirfor,ét a fixed
position specified‘by 9% and pt,was exﬁressedrés functions of
the sun angles 95 and‘?s up to here,The foilowjngfsgctions
- will make us capable of expressing this evaluati6n és.a func-

tion of time.

i

3.1.2 Fixed-Time Mapping ‘of Mirror Ofientationsi'

-~

At a fixed time of the day the sun.véctor s is specified
by its4zenith‘anglg es and aZiﬁuth aﬁéle B, as it is'indiéated
earlier.For a fixed location of the centralvtower,mirror ori-
entétiOns in\thé field may‘be:characterizeq‘by twovsets of

" local prOperty: -
a) Loci of constant azimuthal ofiéntations'(COnStant‘ph
1ines).
'b) Loci of cpnstant’t}lt (constantlen lines)
Taking es_and ps as barameters,and,ef\and Pt as our vari-
..ables,we can plot COnstantGBn and'/?:n lines.Fig.3.2. shows a
. R i} ; L ¢ . .
typical set of polar plots of these constant lines in the E%—Bt;
.plane.Some other-sets are given in'Appendix—7.It is extremely
wcrk_saving to use relative a21muthtangles Bts::Bt—BS and‘ans:;

3
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B,~Bs instead of B, and B, respectively in plotting since this
leaves bus with only one parameter 5 Certalnly this operation
has no physical meanlng at solar noocn at-which }3 ' "0 or 180.
For Cihanbeyli latitude angle L (L: 38.67 ) is always greater
than maximun absolute aeclinatiOn' a'nglve (D:-" + 23.45). ThereAfore
at 'soler noon B = 180‘ in Cihanbeyli.Figs.A.1l4 vto"A.18» are
howeve‘r,for B, = O.V¥hen itf' is desired to see the situation for
absolute az:L.nuth angles,plots are’ s:xmpiy rotated b;hgpec:Lfled
sun azimuth angle ps.’l r}c>n ‘for" }BS:: 180 ,for example,lt 1s
sfuffimcient/’ to turn t;"LG g‘rnph.sv for ES:O ,Ll}jside de._.j'l.; For

»Bs: -30" the situation ‘is illustrated in Fig.A.19 by some
sample plots;at. 95-_-: 38.47 (for L::.'.38.67"on Mar. 22 and Sept.22)
As an obvious conclusion,from" %hys‘ics of the 'system, we can
state that the plots are symme/tric about a line parallel to
horizontal compenent of sun's vector s (i.e. in the direction
‘of s ) and passing thr'ough the bentrai tower.

h
Eqs. (3 7) and (3.9) make :Lt claar that the 51mplest

N

mapping occurslwhen the sun's zenlth angle is zero. By Eq (3. 7)
substituting Bs::O
k sinet. ) .
tan8 = ——— c
1 + cosB ; , o
t
By using trigonometric identity tanen sin n/cos ), and
rearranging we result in
‘sin(etr—-en) = 51n9n

It follows that for ® =0

| e S | | | |
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leehlse by Eq (3.9), B __pt for 8, —-O Of course for any
location other than latitude angle L::O_ ,UBS can never becoine
ééro.’l‘his special case is illus’?hratéd b}'Fig.A.lu.}n vhich
constant azimuthal connguratlons of mlrfofs are shown by,
constant azimuthal,and’ constant tilts by half of'the constant
radial orientstiqns; |
| As Eg takeS'vaiues greater than zero,iso;filtllinés become
distorted,looking’lixe,a souts—faced groWiﬁg’bud ahd isq—
azimuth lines take the shape of concentric hyperbclas.Tﬁis kind
of a mabping,hoWever,posséss inﬁéresting ﬁrOperties.Forlinstsnce
iso-tilt lines are quadratic curves which form closéd patihs for
somé‘values of’EL.These‘curves,forming closed paths,cross tﬁew
ﬁts::Q -180 1l1line at two péints;This fact leads . us to get a
" conclusion about;the characteristics chthese iscetilt lines.
For-pts::O Eq.(3.7) becomes |

: ; , 1/2

(si’nze + 5in°8, + 25inB sinB )

- tanB = = 2 t = t
n

(céseg+ coset)

o - 5inB + sinB, | o Lo
S t . .

—
——

cosB + cosB . ' : .
s t

~

,,’Substitufing,the trigonometric identity tanEL::sinEh/cosen and

rearranging we result with

S,

n

"

1

2 (E% Eg)_ _

. . : » V . A ) . oA ' o .

‘But 6' is taking the values in the range 0 < e ( 90 therefore
5 =45 —(9 /2) If we perform the calculatlons for pt __180 we

come out w1th the same result, ThlS means "that 1so—t11t llnes
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'forr.n closed paths for valués of Bn, 9n<45° -(BS/Z). |
Iso-azimuth-lines,pn”the.othef hand,are made up of
portionsof-hyperboias intersecting at a singular point at
which E%::es and Pts=:180 «This particular point,referred to
as'NODE' of the ﬁapping,is also the point at which closed
paths converges to a‘poiﬁt.At the node Bn::O ,thsicaiiy;
means thaf the mirror at.the node is horizontal,Since thé hode_
has a time-varying pOsitibn ahd»it isucharactérizing the mirror
field distributioﬁ at a given time,the time-variation of the
distribution can be visualizéd By observing'the motion Qf_tﬁis
node,The complete<distribution can pe obtained,by superimposing
the pertinent mapping (for a givén 95) in Figs;A.4~f~aﬂd'A-5.

such that node and sun's position coincide.

3¢1le3 Fixed-~Location Profileé of Mirrors:

¢« Once the location of any mirror is specified (by et and
’ the |

ﬁt),the motion of the mirror can be ekpressed in»terms of hour
angle H,This is done by Simply introducing thé'time;dependgnt |
expressions of sun angles Eg and B_ (ice. Eqs.(A.1.1) and

(A.1.4) respectively)intb Eqs.(3.4);(3.5) and (3.8))Then we

obtain

P

cosan== (COSetf sinLsinD + Q°5L cosD COSH)' (3.14)

21 Il—'

W
~

in which

‘ﬁlz;j§1} + coth(sinLlsinD + cosL cosD cosH) -

s sine_ts:“antcosD cosH + sinetcospt
' ~ 1/2
. (sinL cosD cosH — cosL sinDﬂ
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and also

! o N

sinefsiﬂpt‘+ cosD sinH

tahpn::

- (3.15)

sinefcoset+’sinL’cosD cosH —:cosL sinD

‘Fig.3.3 shows time profilesAof'the mirror angles en.and
ﬁn‘fdr a mirror of radial ofientation 6t::SOO,SeVen'differént
’mirrors'orientéd at azimufhal lOCatiohétof’BOO apart (étarting
from pt::oo) are COnsidérédiEastern quédrants are sufficiépt
for representation of . the Vholevfield bécause of the symmetry,
The 1atitudevangle for Cihanbeyli ié considered, and,March 22
and September 22 are taken és the davys fér«whichbprofiles are
formed.Tﬁg\time profiles for some other combinations bffdayv
and location are given in'Apbendix-S.If is.worth noting that

the mirrof closest to the node of the fiéld at a certain time

and azimuthal orientation exhibits the largest time rate of

D= -23.45° | . p=o0° |  D=23.45° -
8,=30°8,=75°| 8,=30°|8,=75° {§,=30° |6, =75
'H ‘undefgx) -44,89° | undef. | -70.6L4 |-30,47 -89,19
- Bt
Téble 3.1

i

change of angular velocity at that time.%he hOur angles of
nodal poinié and corresponding'azimuthal orientations for two
radial orientations and threejcharacteriétic days of the year

ére giveﬁ in Table 3,1. It is not difficult to-see that once -

nodal time 'is calculated from Eq. (A.l'.l)'biy introducing 8,=9

y

S

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

become horizontal.This means the point cannot become a e

nodﬁ-
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\, AN

we can calculate corresponding azimuthal orientation by Eq.

(3.1&) since 9n=:0 at the n;de.

"EqS.(B.Lh),and (3.15) make us capéble of deriving time
profiles Qf angular ?elocitiesiand'accélerati;ns which aré
‘very important for the éontrol and tofqué requirémeﬁsvduring -

, :
the steering action,

3,2 Shadowing Effects on Mirrors: -

There are two major effects governing the performance of
ideal heliostat arrays:shading and screening.Shading, for any
mirror. , is blocking of incident'rayé by any of the adjapént

mirrors;and screening/is blocking of reflected rays which are

not exposed to shading.

At a given'instant of time anyktwo mirfors in their true
gositions iﬂ the field aré not ﬁéraliel.if they are parallel
however;all the vectors related to these mirrdrsvare eq;al
xregpectively.Fig.B.h illustrates such»an'ideai casevof'éwo.
paraliel mirrors in the field which will be baselté'our‘study.

Let . the dimenéions of the mirrors under consideration be
W(ﬁﬂdth) and L(length),and let bo£h of these lengths be équal
té unity-as a épeciﬂica£ion.The shaded area'ﬁqrtions of thé
.back mirror is the portion under blocking effécts.Speciﬂiéally
the poftion‘Which is‘expOSed fo.éhading is shown bfwghadea area
_limiféd bynfacident'sun‘rays,énd the other which is exposed to
séréening_by that of liﬁited byH§;f1ected sun rays.Beksﬁre that
there may exist: a portion whiCQriéheprsed to béth shading and
screening ét the 'same time.Such a portion is shown by cross-

shaded area im Fig.3.4. ' ‘ o -
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~ 3.2,1 Mirror Shadows on Ground (Mi;ror-"FootprintS“)=

To analyze the shadowing'effecés of neighﬁoring'mirrofs,
the shadows produced byvi singlé mirror on the horizontal
surface are first examined as a function of 5paceﬁand~time; ;.
such horizontalnshadows can be viewed as;defining the "foot-
prints" of a mirror.Again be sure that the analysis is con-
fined to rectangular (orbsquare) shaped mirrorS.having an

“edge (i.e.,two corners) p1aced on the ground which is assumed

to be horizontal. ‘ ¥

LOCAL
VERTICAL

Fige.3.5 Mirror projection

anglesf

‘Before starting with. their derivations,it is helpful to
define some new angles.,Fig.3.5 above Showg these ahgles,“Eg
and Bsf,ih relation.to the‘ﬁifror'é normalnplané gnd the
yertiéa; plane formed bf incident sun_fay§.(Both Plahgs,afé
interéeqting along the }ocalivértica1.) The projection éf the

sﬁhﬁs éenith angle esin the mirror's no?mal plape denoted‘by
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Wasp,and the angle which.appears to be colncident’with £he
sun's zenith angle.in the front #iewwis denoted bylasf.Similar
definitiens=can be @ede for the,anglesfatp and eff by/slmpl?
interchanging_the”veCtors s ‘and t,and the subscripts s and t.

From geometry of Fige3.5,

c.-0op.oCc . ' ¢b_cb.0oD , ~

’ - 0c _oc

tan® = ==X :

AT BC-AD aip op ahd tan§ = H=EEtes
but,

OD._ . - 0C cD

ap —tan, OD—_\COS(;Bn-Ps) ' oD - Sm(P "B )
thus, ,

tanE%p:;tanELcoe(pn—ps) ) | o o | (3.l6)
and

tanesf:tanessin(ﬁn'ﬁ's) . B T (3.17)

Now we'can start with the anal&sis of the %wé shaddWing effects.

+ 4he : _ : .
The pdarallelograms of two types of - shadows are shown in Fig,
3.4(a).Knowing that 's'and 't"are substribts: related to sun shade

and tower screen, X ‘and X nt ere defined'as the;diStances

between the horizontal. edge of 'the mlrror and the farest 51de of

\ ¢
the‘correspondlng parallelogram in the frame‘of reference: of the
'mirror,xy.The notetions Yms and Ymt,on the other hand,stands for
thescew 1engths'or lateral disfances‘between the corners of the

corre5ponding parallelogram and parallel to the mirror edge.
From Fig. 3. 4(b) B ‘ ' ) .
Xms cose + 51n9 tane - o . (3.18)

substitution _of'Eq‘;?('3.16) into Eq.(3.18) gives



Xms::c0seh + sianténegcog(Pn—Ps) E (3.19a)

or multiplying and dividing Eq.(3.18) by cos ., we obtain

cos (En—esp) o S ‘ o
X = T (3.19p)
cosB \ _ : ,
- S
From Fig.3.4(c) Y _ is found to be
Y =sind tan® . C - . (3.20)

!

Substituting Eq.(3.17) in Eq.(3.20) we-result in

Yms::sinantanegsin(Pn—ps) ‘ : (3.21)

+h ) ) o ' ’
Since iy-coordinate‘System depends on location of the mirrors,
» o ‘ v

there are as many coordinate systems as number of the mirrors,

Thus it would be desired to express the distances Xms,and Yms

Qf the sun shade in a fixed coordinate system in the horizon-

tal plane;definedjb;ﬁ%oordinate axeé:x{ %nd‘y!Jdirected'tqward
East and South respectively,The compénénts X;s and Y;s of. thé {
cofners ;long thése ﬁew.axes can be derived from the cbmpohents
X o énd Yés in the mir?Orkframé'by perfbrmiﬁg'a rotation of

axes involving the mirror azimuth angle Fn.Thus,

A

R . . . - o
Xms_.9058n51npn + 51nantanEg51nPS - (3.22a)

ii.;ﬁé: cosB cosp, + sinB tanB_ cosp_ (3.22p)

\

(see Appendix-S.) 
- We can analogously obtain "l éxpressions for the components
nelated to the tower screen.By simply interchanging the sub-

scribts s and t we can obtain the following results:
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X, ¢=cos -+ sin_entanetcos(pn—}at:) | (}3- 23a)
cos(® -8 ) .
— T
Xpp = ———2 (3.23b)
cosB
, tp
Y .= sin6 tan® sin(p -p.) (3.24)
: Xl:ltchSSnsinPn + sinentanatsinpt“ B | . ‘(3.2'53«) ‘
Yn'it: co;encos'pn + s:’Lnel_l‘t:a;'letcos}3t o . (30 25b)

Eqs.(3.18)-(3.25) express the compénents of the sun shade
and towef screen which are established by the unit vectors s
a‘.nvdb t.But these vectors are related in turn by thé steering
eciuations so thabt the relative components :of the "footprints"

are not independan‘t.TherefOré we are expécting to find some °

relations between these components.Specifically, from Eq. (3. 3)

{ .

Nes= coseﬁcosen + sinessine#°°s-(}3n—;ps) v

8 x|
=cosB_.X = 5~ (3.26a)
n.t= cosetgosen + sinetsinSan)s(pn—.-)Bt)‘
=e0sS K= (3.260)
so that
X cos® ' . :
mt= 5-:_q, ‘ | ‘ , . (3.27) N
X : ,
ms -cos® :
: -t
. Furthermoré', using Eq. (3.9)
Y cosB o ot o
mt=__ . s:.___q . o | 3 (3..\28)
Yos - -coses L

BOGAZICI DNVERSIT

ES) KUTUPHANES!
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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

_ XTI (33 |
s = : : : (3.29)
'\/(xn',s)z + (v, )*

s
which is obviously a function of angles® ,©_, B , B_.How-

‘ : _ ' v n’ s’ I'n s
ever a . unit:vector along the horizontal projection of the sun

vector is expressed by
gh:.sinpsz+ cospsg : o . N (3..30)
which is a fuﬁction"of.ps’oély;This means fhat_the‘horizoﬁtal
prdjgction of the'sﬁn vector éndyfongitﬁdinai sidéé-ofithei
sun shade’are not coincident.(They are coinéident for ohlyb
the special cas)e-en—;: 9Q° énd Bs:::."L}Sowhiéh; is phyéically impés-

| sibie.) The physical'situatibn is illustréted in~Fig.3.6 below,

T OWER

Fig.3.6 'Shadow "footprints"

of a rectangular mirror.
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The same results can be stated for the tower screen.Furthermore

from Eqs.(3.27) and (3.28)

\ _ Yﬁs Ymt

——
—

ms th
- which requires that

ReS,= e T, o (3.31)
Under the illimunation of the explanations above,and Figs. 3.4
and_3.6,the following short results interperet the shadow.
féctprint analysis: -

. a) The quqtient‘coses/coset‘is”pﬁacti¢a1¥y siénificant_
and worth being named by a parameter‘q.This paremeter uniquely
characterizes the relative extehd of shadows for the Sun shéde
and tower screen: when qgq<1,(i.e., .et<es) the sun shadeA is
larger than the tower screen; if ;1>Jq(i.é., 6t>'es) the
;revefse.situation holds.

b)The normal to.the horizontal edgeJof ﬁhe mirrof at its
éorner bisects the sun and toﬁerV;ine shadows ptqduced in the
horizonfal plane by the tiltéd side‘edge’of thébmirtor.Thﬁs
while the horizontal projectibnsofvthevthree basib'vectors
(H£,€£,and ;g) do not satisfy the equality of incidence aﬁd'
reflection angles (see'Appendix-5 );this equality property is
recovered in the edge shadows.The proof qf this inferpretatidn
is gi&en in the steps reéulted in Eq.(3.31).. ‘

c) The skewed side lengths of'theISun shade and tower

screen, Y _ and Yas respecfively, are identical.’

"‘d) The gkewing of the two parallélogfams'occurs in

(N R
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. e the
opposite directions which are determined by the sign of rela-

tive angles Bn-Bs or pn—Bt'
e) Shadow computations need be performed for only one
type of 'shadow,the:other being derived from it by simply’

scaling with the parametef Qe

3.2.2 Shadowing Effects on Adjaceht Mirrorss:

. y . . N v ' ) \
After the analysis of the shedow footprints of a single
mirror comes the analysis of the shadowing effects in a s&stem
/ {

of adJacent mirrors.Fig.3.7" (whlch is nothlng than a portlon
of Tigs., 3 h and 3.6 ) shows a representative view of such a
sYstem composed of two paralleljmirrors located at a distance

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

measured from South,as usual,

tower screen
or sun shade

Fig.3.7 Side exposure B,
c N Br.
~angles. . : ) — S Ba

In a 51de view, as shown . in Fig.B.h(B),the mirrors

4
appear to be seperated by the proflle dlstance=

| Dp—-Dcos(p -pd)

i

When the sun shade is 1araer (J.e.,q 1),from geometry of Fig.

3.4(b) we obtain



X = =B : o ' ('3'32)

~Obviously when Dp is'greater than Xms>there is no éhading>on>

the back mirror such that,Eq.(3.32) can be written as

\Dp/xms for DP(_X o 33) 

X = : ms
- 1 for D_>X

| . o ; s

Likewise,in the case of the tower_screen'é being large}
D /X ., . forD £gX _ (or D LX) , |
, e mt ms 3 mt : .
| |1 for D »aX o (or -Dp-;xmt)

The side exposure distance_(for either sun or\tOwer) can be

‘obtaineéd also as

5 sin(ﬁd-ﬁr)
cos (pn—pr)

&
|

for lelé,L.ahd X#<:l | .‘(3-35)
oo -

in which B.. -—tanf'(X /Y ) and subsbribt\fx' stands for 's!

or 't!' dependlng on the sun shadlng or tower screenlng S being

effectlve respectlvely.Certa%nly,1f .either \Y \ > L or X ;;1

the~mirror is fully exposed,
These two mirror area utilization effects are conceptual

éomplements of the incidence factqr ki such that the final

‘effective area is Simply the available or.exposed area times ki.
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3.2.3 Area Utilization Factors:

Before starting with fhe.analysie or-the-area utilization
factors it is werth mentlonlng about the: contlnlum field ap-
proach in more detail whlch is brlefly mentioned about in
"Introduction",To get the basie idea lying under this approech
it is helpful to consider :f‘virs-t a circular orientation of helio-
stats in the field,as shown in Fig.3.8(a).Secondly,a Ssume that
the hellostats are not flat and there is no. 0pen1ng between
“them such that they formeconceﬁtric\circles,Fl ge 3 B(b) Then we

can visualize a field which is composed of continious circular

a) top view (actual) b) top view (ideal) c¢) Plan view (ideal)
Fig°3.8 Tllustration of ideal heliostat arrays;concept.

\

fsfrips (i.e.,heliostat arrays) .of width identical to that of
‘miffors.The sifﬁation is tried to be illustrated in Fig.3,8(c)w
Of course,such a situation ie not~realistic.and the system is

rmetionleSS.However,this essumption simplifies the area utiliza-
‘tion analysis extremely with pOSSlbly not much error in: return.

The explanatlon above may be 1nterpreted by two 1mportant

- results:
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1) Since thé:heliestat arrays are assumed as continious
circular strips,there is no'side'exposure diStance-Y.(The sub-.
scribt 'x' is dropped due to the, generality)

2)The area portion Of any mirror below the smallest of

the two t0p exposure dlstances X andAXt,ls completely*lneffec-

tlve.

S o . ) : .
. Consequently,going back to Fig.3.4,we should say that the mirror
t and-xt—Xs is ineffecfive,(i.e.,shaded)

“when the whole field is considered in the~analysis.(0bvi6u$ly£

area swvept by‘distancesY

this area is effective if eny pair of adjacent mirrors (front-
back) ds isolated,which is~£hé situation shown iﬁ Fig.B.h)

At this poinf,we can ask a question:How small is the error
arisiﬁg froa the idealization introduced above? Of courseban
exact answer cannot be given to fhis queetibn otherwise a full
analytic study of the system is made.Therefore we will be
contended by onl& indicating,the basic sources of error,Tﬁis is
done best by comparing the physics of an ideal and actual lor
a realistic system.
| First of all,in‘an ideal Sysfem the heliostat.arrays are
pafellel while‘in a re;lis#ic‘system ad jacent mi?rors\(front-
back) are flat and ?hey;are not parallel to,assu£e that>beth_
redirect the sun‘reys<to the same. target.However the radia of
the circular paths aleng which tﬁe mirrors are oriented should
be so large. compared to the mlrror dlmen51ons that these
assumptlons w111 not result in serlous.errors Therefore thie

aSSumptlon can still be kept valid.,. Secondly,as 1twas indicated

before,ideal heliostat arrays are thought to be of continious

!
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concentric stripssbut fhey cannot be so,and there should ekisf'
openings be?wegn the mirrors for free motion of them.This means
N p ) ‘ 1
that the ad jacent sides ofwﬁeigﬁbbrihébmirrérs defi&e out of -
the 1dea1 arrangement Such a situation cause;h%unJrays' escape
througn these openlngs and results in smali changes in e?fecv
tive or ineffecfive area portibns of,the,shaded mirror by rélé—
tive changes in theconflguétionslof the\neighbofing ﬁirrors.

We can»go’back now,to the analysis 6f.the:area utiliz;—
tidn factors,Under the'iliimunatidn of the assumptions and idea'
idealizgtions above, the Qérformanée of the field may be'éh;rac—
terized byv the following factérs;

a) Ground area utlllzatlmn factor kg It is simply defined
as 1/D Dp belng the per-unlt seperatlon distance.Thus D {1
means overlaping of mirrors in the horlzontal position and
Dp?ﬁl meané mirrors are Jjust touching.g ' Y.

b) Mirror area utlllzatlon factor k °This is the. least of

- the top exposed per-unlt 1engths X orvXt.Thus the factor .
J
D /X . for D_< X
b m .
k =4 2 ™ . P | A _ (3.36)

1 . for Dp?Xm

c) Overall area utilization factor k _:This is just the

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

, ' 1/x for D_K X s . ‘
k =k .k =< Pon : (3.37)
°© & m 1/p_ for D_PX_ o

2 P R
d) TIncidence factor k,:By Eas.(3.2),(3.11),(3.26a) and

(3.26b)
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kiz‘;.'s_z H.T:.: coses.Xr'ns:_ coset.*th: Inl/2 ~ "~ (3.38).

e) Resultant steering-shadow factor k:This factor is the

‘product of all the others encountered is a rﬁeasure of a mirror

in reflecting the sun vrays to a céntral' point.’Ifhus three pbssibl’e ‘

cases are examined for this product:
1) An& mirror 'whiéh is riot exposed to any shaé:loéving
ef\f‘ect,screening"‘ or shading,has a resul)tant area utilization
factor equai td inc;;dence factor kj;,
| 2) In tfie case of sun shadiﬁg,the maxirﬁum ﬁtilization

factor 1s given by,the shading factor

— ~

1
ks=X (n.s)=X (cosBS.Xms)'
- ms ms { ’ _
::coses ‘ . N . L (3.39)

5
3) In the case of tower screening the m_axbimum utilization

factor is given by the ’screening factor

t J

1 __ :
k, = (n.t)=z— (cos8_.X )
t Xy Kt SEmE

:COSet- - (30 l{.o)‘
:]'hese ‘s imple 'and fine-looking 'résults; are véry significant

and inaicate the following factj;for an ideal heliostat field,in

\

the bresence of either shading or screeniﬁg the resultant area

efficiency factor is a functionof only the cosine of the appro-

v

priate zenith angle es or et but not of azimuth apgles.(See

Discussion-1,c)For an isolated mirror however,the utilization

f"aétbr is dincidence factci\f,ki which is a": fupCtiOn of the_azimuth -

angles B, and B, as well as B and Bt..
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3¢ 3 Concentrator Area and EfflClency-

In order to talk anout the total area requlrement and

- performance limits of an ideal field of hellostat-arrays, we

shOuld:additionally note the following assumptionef ’
a) At any instant.of time the mirrors are arranged such

that they all satiefy bhe steering eqbations[and achieve haki—

mum possible exposure compatible with minimum shading and

screening effects,

A

-shading|screening

Fig.3.9 Distribution of mirror utilization
factors in-a circular'ringvconeentrator.

b) The field is considered to be-co&ered,by a single con-—
ceﬂtrator hafing,a shepe of circular ring and composed of .
”borlzontal hellostats with no seperatlon distance in between.
As illustrated 1n F1g.5.9 the outer radius is RM_.HtanE%M ’
.where B is the rim angle of the.concentrator#The.inner ;adigs

is, R —'Htane ,'

',J c) The 1and is taken to be horlzontal with no obstructlons
anywhere in the fleld In partlcular the blocking effects of. the

central tower are con51dered to be negllglble.
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5

3.3.1 Mgthematiéal’Model éf‘Cénbéntrator:

Some conceptual considerafions.and‘the aréarutilization
factors were eXplalned in préV1ous sectlons.such that we can
get some mathematlcal results for the total area requlrément
and.the efficiency pivthe hellostat.arrays fleld.

Considering a ring element area,total integral area. equa-

tion of the concentrator is expressed byv

- x , Sinat o
~ A_=|27R.dR=2MR. 3 (3.41),
COS‘ et

det

Introduction of the resultant stéering;shadow factor k gives

‘us its.total effective area A in‘the'mpst general form.Thus;

,/'

51n9t

cbsj@t

A = | 2RR. k.
r .

a8, - - (3.42)

Sincé shading and écreeniﬁg effects are differentiated by
the value of the parameter q,it is appr0pr1ate as shown in Fig,
3.9 to divide the concentrator fleld 1nto two regions sépaa

rated by a circle of radius R —-Hcose which passes. through thé
node (at the azimuth angle B, ):inside this circle (Q<Ll) sun
. shading dom;nate;,wh;le outside it (q}>l) tower screening is
the governiné feafure.lf‘the‘node occurs inside;the circﬁlar
hole (6 4.8 ) the whole conéentrétor e#periences tower screen-—
hlng effects;on the other hand,with the node Out51de (e > tw)’
the concentrator is 1nf1uenced by sun shading.The total effec-_

tiveconcentrator area'A ;Wh1Ch 1ntercepts_at a glven\tlme (1.e.

glven node locatlon) the maximum solar flux and redlrects it to -~

the central receiver w1thout shadowing effects can now be.
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obtained in closed form by carrying out the ;in_tegral'gi"‘ven by
Eq.(3.42) which is the réduc'ea form of Eq. (3. ’41) By the factor
%c;ks if loeated in shéding zone or kt in the égreening zone,:

Thus/depéhdingrupon the l‘ocatiOn of the node with respect to -jrt;he
concentrator, due to ‘three poss4ibiblities abové,"éhreé expressions

-for its total effective area Ar can be obtained bjr integration:

:r l : » N H o ‘
a) Node ON concentrator (etm< 65 <et[\-l)' o

Bs: ' O+
- 2 (sinE) ) 5 (sinet ) 5 5
~ A =27H .cosb .dg + . COS .d
T “cos3@, st cos B, vt
5 2 - cosGs 1 ‘ ' .
A= TTH™( - — ) A (3- 43a)

cosQ 00528 cosB

_ tM ; tm. s

" b) Node INSIDE concentrator (Bséetm):

sinB .
A_ = 2NH? (___'__’9_).0055 .ag
T cos38t t t ‘
Bim '
= 2RH>(- - —) . (3.43b)
T cosB cothm B S

tM

c) Node OUTSIDE concentrator. (Bs P BtM)': ‘

B1im v . ' ' -

sinB, | | .o | \
) . goses,. dBt

' 2 2 ,
L =TH (tanZBtM :tan Btm).ggges ‘

(3.43¢)

We can define an area efficiency 7Z=Ar/Aj_, ‘knowing  that:
J, ) i ] — 2 _ . ,» ’ . .
total concentrator area i:ﬂH (ft:«':ln?‘etM .tanz‘B.tm).Henpe,

j ‘.
)
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r‘
: 1 1- . o '
2 . . ~+ — . ) T - g 4 B
cosB cosB ’) for (es"e%m)
tM tm ) :
' (3. 44a)
2 cbéé 1
— s o—
cosB 00528t cosB
,f2:< : for (e n< 8 {8 ti\)
1 1
- (3;4ub)
cos Btm cqszexn '
" cosSS - a | _ for - ’(es>/ etlvi)
(3. 44c)

For convenlence and generallty,lt is de51rable to express
the concentrator effectlve area in a per~un1t dimensionless
' 2 . .
form by using as normallzlng base area MTH- of a circle of .radius

equal to the tower height,In this per-unit system,equations 3,44

become‘
| 1 1 ' |

2( - ) . | for (es < Gtm)
cos_eJcM cQsetm ' : s
(3.45a) -
%2 cos8 . G ce.< )

a = - ‘ - for _ e
T cos8 cosZB cosB tm " 7s ~tM
B tM - S
: 4 (301“’513)
2 2
(tan™B , - tal} etm)'co_ses for (8> Biy)

. _ | \(3.45C) |

3¢ 3.2 Graphlcal View of F1e1d Performance- o

01ear1y,fr-om Eqs.(3.,l+4) and (3. 45),effect1ve concentratorr
area and area_utilizatlon efflc:.ency are not functions of any

" of the azimuth angles but are functions of only the radial
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distances corres i 3 ]
ponding the angles. |
e eng es ‘etm and BtM,as expected. -
Because the shading and screening factors are not functions
of azimuth angles.Thus we .can demonstrate the per-unit é.rea

L arv and efficiency'l? graphically.Fig. 3,10 shows 'pl-‘ots of .the

. 0° 15° o o o
1,0 > .30 b5 60 75° 90°
o R
15° 1 o ’
Ss
0.9+ -, 0-157 s i ° "
; le) Ly N
o '. } 30 ".“ \\ ————— e—tm:lso
008 = ' : ...‘- . O
‘f b | BN -
007_ : 450 I "'. } -007
H I' “Q i \‘
: | X
1 | . :
0.62_ |- | -0,6
' | ]
0.5 ; o0 : —0.5
‘ : |
0._4!" | . : ! —-.;O.)-&
i | |
O. = . l
3 | | —-0.3
Nz
0.2F v o : Jdo,2
| | )
| 1
001 - : : '—O.l
,- | ! |
R e ——- L 40,0
0° - 15° - 30 45° . 60°  75° 90°
, . Bipq ~ .

Fig.3.10 Concentrator area efficiency charactei‘ist-ic's.

-

e -

(x) The plots for es>etm coincide with the"ones_foi‘ii'es‘:_oo’.i
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s . ' s ' -
ideal copcentrator area effeciency .~ as a function of wvariousvaluves of

sun zenith :angle. .Three \possibAilities are enc.ountered due tothe
three dif:f‘.erept values of Btm.: |

For ‘ng etm “efficiency is not a functionwOf :t'he.‘sun‘s
zenith ané,:le B,.That is only toﬁe.vr.scree;niﬁ’g nr(‘)ccrur"s‘ 1n this
range. Vhen .the\ node is on the concentrator.(i;e.,Stm<‘es< atM)
both effects,sun shading and towér' screening act togelther:,and,
the effect :of‘variation df Gtm on éfficiency\ is r;eg;ligit;ly
small,As long as @s is greater thag etM jve observe a stréight
1;L-ne since effibiency,in this range, is. a function of Bs ’only;

Plots of effective per-unit concentrator area a_ versus

the sun's zenith angle B‘S for various field size etM are given

in Fig.3.11.It is interesting to note the flat nature of the
effecﬁive area over a wide range of" sun éngles;this flatness
is due to the combined éffecté »‘of s'ha‘ding; and screeniﬁg when(

B ‘éBtM.In.fact in that region all curves are’ess.entially ais-

placed from one another,exhibiting identical absolute drops.

, _ ‘ o o .
This drop is calculated for etm:' 30 ,for example,as follows:

2 1

a_ = » - 1, 33300595 - -
r c(osem BT ST cos,es
‘But f.or Es.;;, Oo, ( ar)es=o$7;('2/coset}1) = 24333. Then,
- . | . |
i - ) _ _ _ , <
ar‘ es.___.oo ar‘ Bs —1.333 COSBS s 2, 333 (95\ 'etM)
. : A :

As it is of)vidﬁs from the above calculation, the absolute drop .

is a functien of 195 onlv, ..
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Chapter IV
‘ )

DESIGN OF A 150kw SQLAR'POWER fLANT IN .CIHANBEYLT

The overall analysis of the continuum field model‘of
;idea; heliostat arrays in the preVious‘chapters”pfpvides‘theﬂf
necessary backgrOund for a‘representafive.braetical'design.BUt
in order Lo\perform all hecessary calcﬁiations wJ still need

to employ some simplifying prescribtionms.

4,1 A General Study of the Power Factors:-
" .
The power available from solar radiation at the receiver

is simply expressed by

_(x)

P=kyeA T . | (4.1)

in whi'chkd is a derating factor standing for the product of a

resultant steering-shadow factor k. and a reflectivity. factor

kr ,Ar.is a certain value of the total effective concentrator

area A (i.e.,corresponding'to some special values of angles

8 Bt and I is that of solar radiation T at any instant

m’ tM)’
of the day.Then,it is obvious that- the derating factor kd in-

cludes all kindS of effects from very beginning of the steering:

action resulting in reduction in performancelof the system
‘except theﬂabssorbtivity losses at the receiver,

A_,being a product of dimensionless area a_ and dafined

r - ' ' : ) r .

circular area TTHz,is governed by time-varying position of the
sun,i.e.,eg end rim anglesfatm'andfetM.H is left as the wvari-
-able to be determinedvlest,once the' others are assigned,
. | , . T o - |
- Theorethical expressions for solar radiation and their -

corrolation by experimentaiJresults are recently studied.Based

1x) A 'bar'”( ) above symbols w111 stand for: spe01al evaluated :

values of functions represented by these symbols.
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on.these studies,solar radiation maps of_lands;or graphs are. -
prepared.These are.major sources Gf inputs,for calculation.[?,,
3,121 | |
Sinés reflectivity is a material and proddctiOn dependent
prsperty,the factor kr‘is kept out of theidiscussion and as-.

signed arbitrarilly throughout the caleculations.

"L,1,1 Effective Concentrator Area:

It is clear from Fig,3.11 that maximum,conseﬁtrator effec-
tive per-unit area, thus thé»tofal ef}ective concentrator area
~can be\utilizsd in fhe range(SséiatM.Siﬁcebfor ssy sife,rela-j
tively close to tﬁe,eqﬁator,maximum concentrator arsa utiliza-
tisn and maximun solar fadiatioh is attained almost at fhe same,
instsnt of fhe da;,otherﬂfsctors beiﬁgtfixed,we obtain maximum -
power at that instant of the day.Furthermore,sharp decrésses in
dimensionless area curves are due to es Qalues st whish solar
radiation is releﬁively ineffective so that for a givsn value
of_éonceﬁtratof Qufér rim angle etM maximuﬁ'valpe sf a., could'*
be taken as the vaiue used in'the‘calqpiations.Of\soﬁfss>this
ﬁoﬁld bé a sPecial approach to the’probiem in'which desigﬁ iss
based on‘ﬁaximum available powergx) However it should be guéf;
teed thatietM is equal or greater thaﬁ;ﬁinimum sun zeﬁith angle
E%ﬁin at solar noon of the charactéristic dsy which is CQpSid—ﬁ

: e o :
ered in design,For Cihanbeyli (Bsmin)noon=:6l'92' (DGC,ZZJ.Fig.
3.11 also shows that even ‘small 1ncreaments in 8 M resulf in
Very appreclabie 1ncreaments in dlmen51onless concenfratsr area

for higher values of outer rim angle'etm and these increaments

_are even measured bY folds of its. orlglnal‘value (1.e.,of ar“)

A

(x) This. is not the approach utilized in this thesis.

AN
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. ' o _
as getting close to 90 ,Therefore we may think that we should

keep«etM as 1ergevas possible‘Howéver,;arge yalues_of'etM aiso

means very large ground area required,Also,as a contradictory

’

~effect to increasing concentrator effective per-unit area a_,

15.0

§ 135
« | Bs=30°
- - 320 : S : : S - . . ; ,
“55 Bem=0 Fig. 4,1 Variations of per-—
' P unit effective concentrator
QQ : * i : area a_ and per-unit ground
| | - P g
15 R B T area a, with field 'size. ,
o] [ S
UL o
ABf -k L : o
O R /ﬁqu '
3.0 . ‘.;,:», . o~ :
1.5 ‘ |
0.0

0° 15° 30° 45° 60° T5° 9O° - !
B+<m

efficiency curves exhibit sharper drops for larger values Qf

) the : ,
eatM'A comparison ofTconcentrator-effective per-unit area a

‘ the - 5 2 . .. N ‘
with ground per-unit area ai::Ai/RH- is shown in Flg.h.l.Thus\
three important problems come into feature from point of view

of total effective concentrator areajcost,efficiency and

aﬁeilabilitf of ground area.”
N ‘éost is rather coﬁsidered to be a problem bf.ebenomy and
techrology'and therefore kept out of discussion.
Once ‘s ome dlfflcultles and cost problems are avoided and
‘ soler power ‘plants. become . compatlble with hydrollc and nuclear

'plants efficiency should not be a magor fector to be thought

about since the equivalent- of solar energy is nothlng except




.

runi?g cOsts.Even'thOugh\it is\so;an improvémeht‘in concentra-
tor effective area would-be‘ﬁreferredrather than éﬁ improvement
in efficiency.This idea can be‘supported by the following
‘example: A . v b

Let's take Btm::O «An iﬁcreament in'e from 75° to 80°
causes a drop of eleven percent (from 41% to 30% 5) for sun
zenith angles Bs::o —30 and a drop of only three percent (from
26% te 23%) for B =75° in efficiency. Ve can,aseume aldaily

avarage drop of 8percent. However 1ncreament in concentrator per

" is more

—unit area resultlnu from the same increameat in etM

thanfthe original value of it,On the other nend,grOund;a?ea
requirement is 1.3 times more fhan that of the oriéinal value,
(i.e.,it is 2.3 times the efiginalvvalue;) Therefore cost and
eQailability of ground area are more important design factors
than efficiency to be consiaereg against increaments in outer
S rim anéle efM |

A1l main  dimensions of a 150kw (thermal) ‘power plant
can be calculated by reasenable éssumptions for'etM;kd and T,
_df course for such a small power plant ‘the requifed ground
afea A would be smaill and avallable alwa&s However our design
should be completely representatlve for a megawatt based power
‘plant SO that we should vnot take ground area as 1arge as we
want Calculatlons under different radlatlon values indicate
areas of 1,5 to 5.0 square kllometers[} é]whlch 1mp05e a stroné
. Testriction in‘selection.cdHBtM-For a constant.value of _the
grouna area Ai we cen increase the efficiency by increasing

-thestower, but then etM thus.ar’would decrease in turn.
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L,1,2 solar Radiation:

Be51des its expected dependence on days of the year and

tlme of the day,SOlar radlatmon also depends on atmospheric

changes 'which can not be ruled For this reason - there are con- °

51derable variations in dally,monthly and even yearly avardge

experlmental values of solar radiation.In order to get reliable

i

SUN-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 10,06 12,06 13,36 11,12 | 10.48
1972 10,00 ©10, 42 12,36 11,36 9436

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, _ : . R ,
SETP 9.91 11.78 13.14 12,00 | 10.53

| Max. | |

SETP | 14.113 | 14.658 14, ko1 13.459 | 12,214

p -

SOLAR RADIATION, SR (MI/MP. DAY

MAY  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 { 18,144 | 15,551
1972 | 18,153 | 19,14k | 19,341 18,306 | 14,631
1973 17.886 | 19,466 | 19.529 | .19.271 | 15.294
1974 | 16,932 | 19.665 | 20,136 | 17,901 | 14,044
1975 15.878 } 18,496 | 19,030 | 18.254 | 14,821

Avg.SR.| 17.709 | 19.630 | 19.806 | 18,907 | 15.199

sroa(®)| 18.603 20,317 | 20.663 | 18.489 | 15.129

Table . Ll'o 1.

(x) sROA,soiar radiation outside the atmosphere
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| Fig., b 2 Monthly -diztribution of SR and SETP.
fesults‘in oaiculations,experimentsAmust bewpeliable.gertainly
“din order'to get moredstable’avarage vgldes greafer must pe the
number of years'subject to observatione. )

. Experimental solar radiation maps or graphs ere exten—;
51ve1y available for some countries but unfortunately,not so.
much for Turkey.Our design w111 base on the exper1menta1

)

‘results glven for five months of the 1ndlcated years (for Clha%—
beyll) in Table 4 1. Among ‘these months one is expected to havev
maximum avarage radlatlon and one maximum sun-—effective tlme
perlod SETP.As:seen from ‘Table U4, l., July is the month satls—
fylng the both expectations. Experimental values for all months
of the year are plotted in Flg.4 2,

The'most charasterlstlc varlatlon of solarradlatlon is.

observed durlng a day. Varlatlon of diffuse solar radlatlon

from a clear‘sky incident upon various surfaces are plotted
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in,ﬁany references [2,3].we should reasonably choose soﬁth
faced vertical or horizoﬂtal surfacés.Such plots in literature
show_that daily variation of diffusevsolar radiation may be
approiimafed by a sine or parabolic curve,But since we don't
have enough experimental data for Cihanbeyli to:prefer a sine
or a parabolic‘curve,we arbitrariily decided to.use a siﬁe
curve for our éesigh.

The variables,triéd to be discussed above,indicate the
fact thaf once the desired power putput (therﬁal,or~solar) is
given.there are many constraints to deal with;We.will just
come out with the‘resulfs introducing these constraints,.,Some
restrictions still stand Withéut being dealt.sﬁch és the ones
tm

related to mirror dimensions,inner rim angle and receiver

size.Theée will. be disgussed_dnring_the design prpqedure.
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4,2 Design Procedure:

Any design may be based on various criterion from point
of view of available power.As knowﬁ well the powexr ﬂacgors
ar(t) (or ar(Eg)) and I(t) (or I(Bs)) areIfunctidnsjtakiﬁg
values between zero and each its own maximﬁm depending upon
value of argument t(time).Thé function ar(t) has only theoret-
ical limits so that once “the outer rim angle etb;'is' given it
shows a certain curve for a.given~1ocation;I(t).is howeveﬁ
govérned by atmospheric‘chahges as much as the theoretical ex-—
pectations,as mentioned before.Therefore;a;fhough we decided\
to express I(t) by a sine curve,in order to détérmine‘the exact

form of the function,we should develop a certain criterion,

4,2,1 ZEstimation of Daily Solar Radiation Curve:

In our analysis the following criterion is utilized:

a) The month of the year with max imum experimental daily
évaragelsolar radiation is considered.This month i5~Jﬁ1y'for
Cihanbeyli and experimental solar radiation result in a total

A 2 ' ' '
~energy of 19,806 MJ/m“,day.
"b) Avarage experimental SETP for July is used as the day
Y o
length.It is noted to be 14,401 hr,

i

c) Daibrsolar-radiation curve is cpﬁsidered to be a sine
’curve.

This last assumption is checked by the results of experi-
ments performed on vérioﬁs locations on the earth in cloudiess
days This means that, alfhoﬁgh we will uée experimental valueé;
these will be adopted as values observed.ln a Characterlstlc(’;.

clOudless day Then the exact form of the function I(t) for thls.
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characteristic day is determined as follows:

' Fig. 4.3 Representative '*

daily time-variation of

solar radiation,
O (Abs O\U‘\:B)_

The shaded arez under the curve in Fig. 4,3 represents the
‘total radiation energy per day which is equal to the time in-
tegratlon of the sclar radlatlon functlon I(t) In 1ts most

general form I(t) can be written as

N

. T4
I(t)e51031n T

in which«T is time equal to the length of the characteristic
\

day,i.e. ysun-effective time pefibd.Then

ty 14, 401

.dt

St T
19.\806: ,I(t).dt‘:: .Igsin m

.1k, 401 _ ., 28.802
=-I, (-1-1)=1, =5

I,=2.16035 MJ/m>hr
Hence the variation of diffuse sclar radiation' is expressed by
I(t)=2.16035 sin 37051 . | | (.4"?)
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Klain éuggesﬁs that [}3} 198th day of_thé year is the .
characteristic day for July.For Cihanbeyli (L:=38.6%3 length
of the‘l98th day is 14,409 hours which well confirms our ex-
perimentalv,v?ltie of SETP, 14,401 hours., . o e :

Deferm%nation of the characteristic day above permits us
also to Calculgte'9£$lh (i;e ”(es)n6on) and thus to determine
ﬁhe maximum value of a_,Since the funqﬁiQns ar(t) and (I) are
symmetric about constant Egmin lines we can utilize half of the .

curves throughout the calculations,

4,2,2 Combined Area-Radiation Factor:

Daily time-variations of concentrator effective per-

unit area and solar radiation are determined and given by the

equations (3.45) and (4.2) respectively.But since power is an

\

instantaneous property,in order to determine main diimensions
: _ /

and fihal prppertiés of the plant Qé ;hoﬁld'use some instanta-
neous values. of these functions,namelyA;r ana f,in Eq.(4.1).vwe
—~ 6an utilize several approachés tq assign suchvvalues_fbrrthem.
The atfention,howevef;Shold be\paid)to-the que;tion;hov'r;al-‘
istic is the apbroach from point of view of availasility of the
!aSSigned power most of the. time and daily total energy? Three
such approaches afe introduced and .briefly diécussed beldw.
ﬁ\a) We caﬁ use maximum g?ﬂand I vaiugs'whuch are attained
at solar noon of the characteristic day.Pay attention that when
we speak about maximﬁm f-we mean the maximum value obtained
froﬁ:Eq;(h.éﬁ Which/is 2.i6035 MJ/mz.hr.f“; Since werused ex-
béfimental values 'in determinatioﬁ of this.éqﬁatién'it is pas_

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

tions a (t) and I(t) We can calculate‘avarage values seperately

the correspondlng angular interval,©

assigned value most of the time,For this reason this approach
is not a reiiable .one,

b) Design may base on daily avarage values of the funcs=

in the glven tlme 1nterva1 between solar noon and sunset or 1n

o '“smin
these values into Eq(4,1.) For 198

day of the year ©
lowing integral calculations:

(7N/72 radians.) This explanation may be illustrated by the fol-

SRi
etm ' etﬁ 2
R (a) 4 (b) (c)
(r)avg:--Ae / aptlideg | a”ias, | ar®llae,
=1n B o |
’ 5172‘: etm‘ ‘ tM
(4.3)
in which,obviously, Ag. = (/2 =T/72)= t) = t; and,
ty

_ . Tt =
— At /. 2.16035 sin 777957
%=t .

(Tove.

1.3753 MJ/mZ.hr.: 382, 027 W/m

(Lod)

This approach is much more reliable than the first dne since
it avoids the dleadvantages stated for the first approach,Most
of the time power Outputlls above the value calculated by this

approach Therefore energy Output calculated by u51nb fthe asslg_
ned power output is always available.

smin

<9 (90 and J_nsert

—17.5
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‘\ ._i ;-_ : . S
|
BB, laesa |
(a) 85<etm'e+.m<es<em‘ Bs 29m: Q) -

B o
1

1)
Fig. 4.4 Illustration
of the numerical ap-
proach to the problem

r0f effective concens.

trator area and sclar
i

v : » - radiation values,
17.5 : s 90 ‘time !

smin

c) As a third approach we can multiply the twd functions
ar(t) and I(t) in fhe given interval énd then calculate time
~avarage of the product.Since effective concentrator. area and
solér'radiation cannot be isolated from each other af any in-
stant of the day,this approach is preféffed‘rather thaﬂ\the
second one.The product ar(t).I(t) is named as "combined‘area-
radiation factor" and its time avarage is calculated by the

"foilowing integral due to the piecewise continious function

given by Eq.(3.45) and Tig.l b

. a8y)
/'(ar.I)a?gf:jéz a (t).1(t).at = =z | al(t).T(t).at
b=ty A:' t=t1(%§)
VY0 B R L) .
;A;(t).I(t)fdt- +’ ; .a;(f).l(t).dt /
Atj; R

- | D € %))
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The numbexj'given by Eq.(4.4) is the daily total radiation
-value’incident to a surface psrpéndicalar,to sunarays"fér:Ju1Y‘
which is the month with maximum avarage radiation for Cihan-
beyli. |
N “he last two approaches differs from each other due to

the following inequality .

(a r5avg (Tovg,) & (2T,

in which a and I are time dependent functions as kn0wn.well.

4 . ¥We utilized thesa two approaches got fesujts which Vsll
vconflrms the ideas exprossed in previous par.graphs Only 9 16/ﬁ
dlfferenceszneobserved in the values in favour of the last ap-
proach..

L,2,3 Determination of Field Properties:

The analyses made so far may be suﬁmarized by the following
results and assumptions:

4) The design point is defined by\a powér level P::15O kw
(solar)~to'be achievad as a msan valuevof.the cdmbined'area-ra_
diation fungtion on 198th day of the year for a site .(Cihanbey-
11) located at L= 38. 67°. '

b) A deratlng factor of kd_;.72 is assumed to aCCOunt for
loss of mirror area coverage (or resultant steerlng—shadow fac—
'tor) of k=.85 and for a mirror reflect1v1ty of k_ __.85,

c) In connection with the explanation in Section 4.1.1.‘

>9%M-759 is con51dered to be a reasonable assumptlon and also

1ét B8 be equal to 15 (Sectlon kg, a.h is 111ustrat1ve for thc
D tm

selection of B, greater than 0°.)
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d) The value of solar insolation is taxen as Iavg = 382.0

when regired,
A/

R —_ 2. - ‘ -
Nothing thet A =TH".a_,by Eq.(%4. 1) and Table 5.2 the

tower height is found to be equal to -7

.‘i/2~' '1v/2' )

. P 150x10°
= = | — = 5.70m
Ik T Zar.; 5avg. 721, 2038. 8

H is calculated by utilizing éecdnd\and third approaches
for many combinatibps of rimAangleé and fésuitsbafe;given'in
Table 4.2.0nce’we‘xn§w the tower height,yé canje?sily calpulate
required ground and/potal effecti#é'concéntratof mifﬁOr areas,

Ground area:

' 2 2 L .2
Ai_ﬂH (tan etM tan etm)

=T(5. 7O)Z(tan275 - tan215)

—1414.3 m?

A.=1415 m~,
B

.
¥

Total effective concentrator mirror area:

- 2 =
Ar:ﬂH .ar.O. 85

in which .85 is reflgctifity factor?kr.But,since We?havi‘util‘—*
'zed third approach in calculations‘above,there haé been no iso-
lated value to sugstitute for ;r.Therefore,it would be the best
abproach to use instantaneous Value$ for ;r and f&which would
result in a product of 2038.8 af thaf instant when réquired.For
ithe given fim angles,these values are a?prokimately 5;37 and»

379.7 W/m? respectively.Thus,



(x)

. 3087.8

e, - 0° 10° 15° . 20° ~25° 30°.
Otn (W/m2) =" (m) | (W/m2) -~ (m) |{Ww/m2) = (w) | (W/m2) = (m) | (W/m2) = (m) | (W/m2) = (m)
6_‘0 92,7 - 8.4 | 933.9 - 8,5 | 922.5 - 8,5 | 905.4 - &, 881.6 - é.?ﬁ 849.7 - 8.9
857 | 796.3 - 9.2 | 789.3 - 9.2 | 780.0 - 9.3 | 766.3 - 9.3 ] 7T4T.0 - 9.5 | 72L.k - 8.6
mo° | 1355.1 - 7.0 1346.3 - 7.1 13349 - 7.1 1317.8 - 7.1 {12940 - 7.2 |1262.1 - 7.3
| 1162.7 - 7.6 | 1155.6 - 7.6 [1146.4 - 7 ¢ |1132,7 - 7.7 | 1113.5 - 7.8 [1087.7 - 7.8
750 1 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. 1752.9 - 6.2 | 1727.1 - 6.2

80° | 3%92.3 - b.b | 3483.6 - Lok 347201 — 4 i |3u55,1 - b 3431.3 - 4. b | 3399.4 - i, s
| 3136.9 - 4,6 {3129.9 - 4.6 | 3120.6 - L g | 3106.9 - 4.6 < 4,6 | 3062.0 - 4,7

products of (a_)

r’avg.

Table 4,2, Calculated values of

and (I)
: av

sponding tower heights.

(x)

“Values in first

rows

(ar';)avg.

b

and those of

together with the .corre-

correspond to (ar’I)ava .

e
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A= (5.70)%(5.37) (. 85)
465,90 m2
=466 mZ,
By definition efficiency
Y, ::.Kr/Ai =465.9/1414, 3

—

=.329

"Q — 33‘

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

2
= .85.466m".379, 7‘.&"/m2'_—_: 150. 4 kw
In this case .85 stands for resultant steering-shadow factor k .
and the error of ;4 kw should be attributed to the assumption

made for ‘isolated values of ;; and T.

ho2,4 Mirror.and Receiver Sizes:
‘Det;rmiﬁation of mirror and feceivérvdimensions‘is of spe-
. cial importanqe.Although we have determined the required mifror
area it is still questionable whether we are going to use 466
mirrors of 1m2 or 932 mirrors'of 0.5m2'or what so ever;since
because limits for receiver dimensions are put by mirror dimen-
sions.That is fér a full4uti1ization of éffectife qpncentrator‘
mirror afea,any reflectea réy'must not miss the’receiveraThiS'
makes an analysis of mirror and,receiver dimensions primarily
important.

Fig{h 5 ﬁllustratés thé physiCS of the problem schemati_
,cally.In the side view we see the height of an 1mag1nat1ve

plane - which is completely targeted by one ‘of the heliostats

qlosest to the tower By s;mple geometry,lmaglnary helght W is



- 57 -

Wcosezcos ( }at’ Bn)

\\x T
WsinBp N

. . . - " P ’ o ‘
Fig, 4.5 Reflected mirror Li= - 1&1 S rad V{\(Bt .En

- dimensions at receiver, L cos(Be-Bnl \ i \\

7

WeosBncos(Br-pn) =

Ve

calculated as

cosB cos - | , ‘
3 cos (B, ,pn)) N | (5.6)

W.=W(sinB_ + ;
o no tanet

" From plan view,on the other hand,the horizontal side of the -

imaginary. plane is expressed 6y
Li:Lcos(Bt—Pn) (L%.?) o

As eésily(seen frém'@q.(4.6))imagigary height Wy is very

Sensitiye to the variainnskin radial distance,i.e.,inet for
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small values of it.Therefore it is reasonable to use etm values

greater than zero.That is why we have chosen etm::lSO in Sec-

tion 4.2,3;

‘ o
—LQFOI' etm=15

;t is clear from Eq.(4.7)_thatr(Li)max

) is 3.862W

however, theoretical upper limit for Wi§i.e.,(W nax

N
which is-the‘value for a mirror'loéated at an azimuthal loca-
tion‘pt::O0 at solar noon of June 22 (en::l5.00).This_mean for
reqtangular‘mirrors with sides L and W of{unity we need a cyl-
ihdirical (for example) receiver of length 3.9m and radius O, 5m.
But it isfunreasonable to use such a big>re¢eivér with a tower
of length about éh,Therefore we have 40 usejheliostats of
smaller size and/or a ;ecéiver of different sﬁape....'Design
technique of receiver is itself a special topic to bevstudied.
Thié is not aimed.However we could say that it is reasonabie

' to have receiver, length (height) 1, below im. in comparison with

a tower of 6m high.

~

Let the mirrors be 0,8 mn square

ones,If we like the receiver to be a
115° straight half cone-shaped one,then
from the positions of -the closest and
3.862 ' . . L .
) . farest mirrors,it has to have a length

1034 (g | M

75° . of 1 = ,67m in order to catch all the

R

reflected rays.This is a reasonably

good size for the receiver,Referring

7 ‘
: . R

to intersection pointsof extréme rays+th

rig H;ﬁwRece%vgrvsiae$ ‘surface inclination angle is calcula-
and shape-reguirements ' o .

for im.x 1m sq ted to be M=45°, Fig.4.6 depicts the
for -lm;x 1lm square : o : ‘

miTTOTS. situation for such a pair of rays.
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Thus the assigned values of‘etm:ﬁl5° and etM::75° woula give
reasonable results fof mirror_and receiver dimensions.
Although the calculuted mirreor aﬁd receiver dimensions
aré said to be reasonable;this reasonableness is concluded re-
ferring to relative dimensions of the gystem éiemeﬁfs~only.For
‘a more realistic ccmparison or design—Eriteria of dimensions
all technical and econdmical aetails should be.included;As a
matter of fact,what we' aimed by this analysis is to indicate
the étrict and important relation between‘mirror and rece.ver
dimensions,.Cnce we xndw the technical and ecenomical restric-

tions we should be able tc¢ maxe most favoraole changes in the

analysis at_ this point,

L,3 Results:\'

The overall results may be listed as follows:

A}

Power level ; P=150 kw
Tower height A ’ . ﬁ::5.7 m -
Required ground area - Ai::lul5 m> (RM::21;27 m

R =1.53 m) |

Total effectve concentrator'

mirror ‘area Kr =466 m

Efficiency : WZ:;.BB'

Receiver main dimensions 1R::.67 m
| 3 ’ , | rR,_.QO m

Number of .64 m™ (.8x,.8)

mirrors . . : 728

Receiver surface

inclinetion angle ~ /\?\:h5°
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DISCUSSION
A fundamental theory of solar concentrators for central

h .
.

receiver power plants has been formulated in: terms of ideal
heliostaf arréYs.The principal fesults dé&uced during various

steps of the anélysis pf’ideal solar concentrators can be out-
lined as follows: - |

1~ Postﬁlgfiﬁg an ideal heliostat field modei: A¥cbnfinuum .
field model bf ideal haliostat afra?s is postulated.The-idea
undef thiSVpOStﬁlate is that é ;Qntinious'circular field of
réfiection forméd by closed-packéd holiostaf'arrays of certain
width betweeni - given limits of rim angles constitute the
Syste@?such that the_performénce analysis.of the systém may
base oﬁ relative pbsitiong of these arrays.Some advan%aées énd
cbnsequehces of«this postuléte are explained below,

lasfsince:some anaiytic expressioﬁsAof'the“shéddﬁ analysis
(sﬁéh as the one for Y) é;elcomﬁlex;it is very difficult to use
a ﬁumérical'approaéh for an actual system C&mpoéed of'thousadns
of mirrors and fdr sétﬁany poﬁsibilities of mirror‘distribuéiﬁn.
However the analytic results derived from thiévideal model areé
inherently simple éﬁd,ﬁore importantly,proﬁide‘the‘physiéal
baéis‘underlying the central receiﬁer COncept‘ofksolaf power.
_concentration, ' - oo : .
b) Performance of iééal heliostat arrays fiéld depends on

'-only two factors, the sun zenith angle 8 (1.e;; the time of day)
Kénd/the size of concentrator (llmlted by B :and etm ).Slnce

heliostat arrays are‘of closed-packed formyazimuthal orientation

is not effective on performance,
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c) Solar flux density at a given time is uniformly distri;
buted around the receiver.This is a direc¢t conclusion from the
expression‘of resultant steering-shadow factor k, namely
coses -forv .et< es' . ..

k=
cos®, for Qt<'Bs

. :(This would not be the case had Shadowing'effects being ignored);
The differences'between an ideal system énd a realistic
system havé been indicated alreaay.We have alsoc stated the neces-

\sity of exﬁecting.azimu#ha15variation of field ﬁérformance in
the crse of shadoéing effects béing consideréd.But our anaiysis
doesn't'permitvus tp show such g variation graphically,

-Aifhoﬁgh we didn't try to estimate‘fhe'feature of azimuthal
variatién oflfield perfo:mance;by_a'crudé assumption of it we
varefable to make a graphical pr;of of the‘last conclusion above,
That is,we éan prove that as a'realistic Sy;tem is ddealized, |
‘plo‘ts of field performanée tend to be circles (i.é. , independent

of azimuthal orientation).

Now assume that such an azimuthal variation can be charac-

. , S -

/tefizéd by a certain proportion of shaded heliostat area (which
" we are nof'sure that it can be).Then this‘variatiohwcan graphi-
cally bé shown, But since tﬁé ideal‘analysis considers azimuthal
nindepepdence,as the assumed proporition cloges tolzero plots
/:should tend to bé'circles.This'idea is well confirmed by exam= .
"ining t%dvdifféreﬁt caées; for one percent and for ten percent
' of shaded area.Thg-sitﬁatiqn is illustrated in Fig.D.l.In the.
first case plots of iso—energ& 1ineé (bf the'saﬁe‘pérformance)

tend to be circles for smaller values.
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. |
2— Steering Relations:- : o

N a) A sfegring analysis has'yieided the\space-time charac-
téristics of heliosfat arrays in fhe'form of field mappings
exhibiting iso-tilt iines and iso-azimuth lines and of time
profiles of mirror orieqtatiéns.The notion of NODE for the -
‘mirror field aisffibutién éoinciding with the sun's hourly
>xpath is extreméiy:Useful in describing the properties of he-
liostat arrays.

g) A shadow analysis has been performed>for rctangular
mirrors shoking ?he relat%onship‘between sun shading and tower
screening.Two Key;parameters.defining fhewutilizétioﬁ tactors,

cos 5 for sun shading and cos for tower screening express

't
the local effectiveness of mirrors in.refﬁeéting,solar energy.
'é) The ideal global-charactefistics 6f circular éoncen—
tratofs have beendderive@ from the preceeding'shadoﬁ and
steering analyses as_élosed—férm'expréssions for effective
concentrator areas andAcohcentrator‘effiqiencies.From these
xbexﬁressions diménéionless curves have Been obtained to charac-—
terize‘the behaviour of iarge-area concentrators énd-té estab-~
lish fheoretical 1imits.of perfofmance against which actual
ASystems can be compared;wﬁthvthe ideal model providihé a be;t
performance level,the base degigﬁ of solar power.plant can
proceed with the introduction of derating factors accéunting

- for such effects as steering errors,mirror size and reflec=

tivity,area coverage,solar radiation,cloud cover exc...
3~ Design Factors: '

a) Mean of ihtegral product of effective concentrator

per-unit area functien a_(t) and solar radiaticn function I(t). -
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is referred to as the resultant solar-ufilization factor upon
‘which power level ofrthe plan£ is bésed.In determ}nation of
soler irradiapcé.constant the month with maximum experimentally
determined irradiance is‘taken into account.A s;pg.curve is
fitted to avarage of these-yea;ly valués-to_ob£ain thewaaily
variation -of solar/radiatioﬂ.Hovever ;uch a curve defines a
completely different charactéristic cléudlesslday rather than

a day’with a certain amount of cloud ﬁnifbfm;y distrubuted

. o . 4 ‘

during the day.

b) Its‘con%radictory effects on area réquiremenf make an
]efficiéncy improvement almost iﬁpossible;iherefore‘area im-
provemént is of major preference and this have beén discussed
in a certain limit.Appreciable increaments in area,on the
5th9r hand,takebus away from appliéability of the theory.

c) Recéiver dimeﬁsions and shape are érising as impor-
-tant design considerations for the réason‘that it ﬁust receive .

all reflected rays with a minimum incidence l1l0ss, ' » N
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Fig.A.le7 . on the previous page,shows a very general view

\

of the solar system.As a difference- from the realistic system
(hOWever,in thisqfigure the,sun‘s-and earth's positions are
interchgnged,since'it.provides easeness in visualizing 'the
system and ;n calcuiations.lt should be easy for the reader

to define eclipﬁic,calestial equator and the four solstices
from the figure.We will deal withuonly.the derived and defined

sun angles here,Some special angles related to tilted surfaces

are studied also,

t

Al Basic Solar Angles:

A.1,1 Defined Earth-Sun Angles:
The position of a poiﬁt P on' the eartﬁ's surface is known
at any instant of the day,slpévc’ified'b;hleqounl:' angle H,if the lat-
itude L for this point and sun's declination D at that instant
are given,TheSe three-fﬁgdaméﬁtallang;és'are also shown in Fig.
“A.1.3.We should notevthat,point'P will represent any location
on the Northern Hemis?here{ | |

At solar npogh%our'angle-is zero,One hour of time corre-
sponds to 360/24 or 15 deéree;‘bf hour angle., * ,

| For'Cihénbéyli;the site'undef.consideration,L::38.67o.

in~our calculétidﬁs\yé‘willnotrﬁse ihstantaneéus values
of declinatioh;instead'wé will useﬂ#epresegtative déily ﬁalues
which are calculated by the follbﬁing equétidn as usual:

- 284 + N
D=23.45 sm(_3§o =65 )

by which'declinatidniangle for Nth day of the year is to be f

caiculabéd. 7 E . .

L
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~

A.l.2 Derived Earth Sun Anmgles: : —

"Besides the three basicraolar-prOpepties (angleé);hour
angle,latitude aqd sun's declination,several (other) anéles
are useful in solar ehergy‘calculations.Such angles include
"the sun'! 5 zenlth angle e ,altltude anglecx and az1muth angle
ps.Flg.A.E schemotlcally sh0ws an apparent solar path and
depicts the positions of these angles which are not indepen-
dent angles and expreSSed in ferms of the three fundamental
angles.Furthermore tha sun's zenith angle~9 and altitude

angle ™ are not 1ndependent of each other,that is X— 6 =90°

~

S -t

Fig,A. 2" Deflnltlons of sun's zenith, altltude

and aZ1muth angles.

Fig.A°3.’ shows a coordinate system with the z axis coin-

'cident’with the earth's axis of rotation.The xy plane coin-

[

cidés #ith the earth's equatorial plane.The line Eﬁ,poihting
North from point P,is perpendicular to OP and lies in the

. plane containing the line OP and z axis.

. -
-

1Py and ci be the direction cosines of

OP and aa-,bz;and'c2 be those of the unit sun vector s. with'

In Fig.A.3. ' let a
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feSpect to x,y and =z axes.’i‘hus.,

a,; = cosL c‘os:H a,= cosD “
b1= cosL s:\.nH | bZ:O
.cl_—_51nL : 02:51nD’

Since the Sun"s zenith angle BS is. the angle between OP and E,'

by a common equation from analytic geometry we have

coses:aa + b.b, + c,c.

12 172 172
Thus
cosBS:: cosL cosH cosD + sinl, sinD .(A. 1.1}
z
A
Y
. £ sioD
: ' ’ _ s

FigeAe3 Relation: "of-a BT X =t
point on the earth's’ | <3 | s,
surface to sun's rays. 0 - : — X

“Cos=
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Since X = 9o°-es,‘we may write

sinX= cosL cosH cosD + sinL sinD ' (A.1.2)

1

Similarly d‘irect'ion cosines of a vector directed to south and

those of the horizontal component of the unit vector —s-,namely

Sy sare.
a;=sinl cosH ' a)= —‘cos'D/coso(
b3= sinL sinH» , bl#': 0
03:: ~cosL o 04: -sinD/coso( .

respectively.Tt follows that

cosL sinD — cosH cosD sinL
cos X

(As1.3)

cos}as=

By the squares of Eqs.~(A.1.2) and (A.l.B):and with the trigo-
nometric. identity ‘cosgx + sin"x=1 (here x is a general nota-
t»ion)v we may obtain the relation

cosD sinH SR : | (A.1.ba)

snlps: cos o

or equivalently

) _ cosD sinH ) ’ s . A :

Eqs. (A.1.3) and (A.1.4) make us capable of demonstrating
the sun's time~varying positiqn graphicaliy in a 'quasi-polar
cobrdinaté system.The sifuation is illustrated.iﬁ Figs.A,. U,

and A 5 for 22th days of all months of the year.at a 1at1—
tude 38 67 North.The plots are completely Symmetrlc w1th
‘reSPect to the North-South axis.The length of any curve gives

.the length of the corresponding day.Feor example,for June 22-h

"sur#set occurs 7 hours -21 niinutes‘, 15:.09 seconds after noon.Thus .
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the length of the day is 2(07hr. 2lmin. 15.09s.) or 1bhr,
h2min., 30.18s.. .

The exp_lanations up to this point mey be interpreted in
‘the following results:

a) At eguator L= Oo.

b) At the two equinoxes D= 0°,

A o}

'¢c) At solar noon H=0,
By the last interpretation above,and Egs.(A.1.3) and (A.1.4)

d) At solar moon B_=0° if L=D and B_=180° if L=D.p

, - S S s
is undefined if L =D.

e) At sunrise and sunset 95:: 90°,

£) Xyoon=90 -iL-Dl.
The interpretatioh 1d' is wor_th to be illuminated a littlé
more, .

"Fig.A.6. below is a speciél form of 'Fig.A.B. in which the
hour angle H:—‘O?.In this case all the existing solar anglés

can be shown in xz plane, -

#Z,

N -
) s
, _ | 5
Fig.A.6 Schematic illus=
. ' = noon
tration of solar angles
'~ at solar noon, o o L 5 - S
: » ' , .

For H:O?, sinB = 0 by Eq.{(A.1.4).Thus ps.—_-Oo or 180°,
The value of B_ can be decided by the sign of co‘sﬁs.Fi:_'om Eq.
(A.1.3), then, |

- _ sin(D-L)

cosPs_ cos X
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Siﬁce ™ takes values between 0° and 90o,co$C{ is always posi-
ktive;Therqfore whenthiD,cosPs is ﬁositive and.thus ps::OO.
When L:?D,0pposite,si%uation occurs- and then Ps::lSOo.

| Egs.(A.1.1)-(A.1.4) permi?vué/to calculate the sun's
zenith (or altitude) and’azimutﬁ angles if the three basic
angles,hour angle,latitude'and sun's declination are given,In
applying these equations,attention,must\be given to correct
»signsifor these basicrangles.Fo; Néfthern{HemisPhere latitude’
is taken to be,positiQé and fpr Southern Hemisphere negative.
Tﬁe sun's deplination‘will be pbsitivé for the summer period-
between the vernal equinox and autumnal equinbxes (March 22 to
September %Z,épprOXimately) and ﬁegative at other times,The
hoFrbangle is measured oﬂ eithervside of solar noon.Thus H is
limited to values b;tween —90O and 900;negative before noon
and-positive after noon,The azimuthlangle is positive when it
is meqsured‘élockwisexand negative when it is megsured counter-
clockwise from South,.Thus the azimuth,angle is limited to |

~values between -180° ana 1800.

A.2 Tilted Surfaces:

Fig.A.T7. shows the poéition of a:rectangulér plate as a
tilted surface on a horizon.Theraies:X and Y are pointiﬁgv
/East and North re;pectiVely,and x and y are éoincidént with
the projection of twb'adjacént sides of the plate (or mirror).

N

It should be made clear that all four axes are in horizon.Z
and z are the same coordinate’ axes pointing %oward local ver-
tical,i.e.,perpendicular to horizon,The xyz coordinate System

is obtained by a clockwise rotation of the XYZ coordinate

-
N
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system arOund>Z~(of z) axis by an azimuthal angle K.Fig.A.B.

illustrates the situation better.

Fig.A.7 Definition of position

angles of a tilted surface., . o

Assume that the surface is tilted by an angleE%JTheh from
Fig.A.7. direction cosines of the unit vectors s and n are
written as follows: ) :

7 i} ' ' YN

/
/ .
: 3'//
~~
) | | ~ ”
Fig.A 8 Azimuthal angles '\?\\\\/ e
in the horiz?ntai plane, ° i /, \\\f)(( )
‘\ sh // o
-
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a_ = cosX cos (90 +23‘—;35) a_ =0

=sinB_ sin (ps— 5)

b_=cosX cos(ps- ) b = -clo‘s(90—8n)
=s inescos(ps— 5) , ) ‘ =-sin6 !
c_=—sin™X — ' c_=—cosb
s n n
=cosB
s

Thus -the incidence angle ¢ for tilted surfaces maf be'expressed
Eby the following felation |

’cos¢=.—sinen,sinescps (PS-—K) + cos8 cosB | (A.2.1)
Doﬁ't worry about the sense qf the sun's vector s in Fig.A.7.
andrbe careful that fhe inc?denceAenglegﬁ and the’tilt ahgie Gn
are not measured in thé same plane.

| Wri#ing Eq.(A.Z;l)’in its epen form and’substituting

cosBs,cospssinEg (;ﬁcospscosc&) and sinPssinB% from'Eqs.(A.l.l)
(A.l..3) and (A.1.4p) resPectiVely,in this new form of the equa-—
tien we can obtain a relation for the-incidence angle<¢ which
is expressed in terms of the three ba51c solar angles L,D and H

- and pos:Ltlon angles X and e of the tilted surface.,That is,
cosgb:—sinensinD cos8 cosL + siﬁensinL cos & cosD cosH
+ sinensin8851npssinz§‘+ cos@ sinD s.:LnL
+ . cos8 cosD cosL cosH ! (A.2.2)

For a south-facing tilted surface X:‘Oo.Then we can write

[y

Eq.(A.2.2) as"
cos¢=cosvD. cosH cos(L-Gn)-'\- sinD sin(L-Bn) : (A.2.3)

If is obvious- from Fig,A.6. -that for 8n=00 ¢_—_—65.Thus,
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COSE%::COSD cosH cosL 4 sinD sinL

which is nothing than Bq.(A.1.1). ~
For[a'SOuth—facing vertical plaheen=90°.Then by Eq.

(A.2.3)

cos?&:cosD cosH sinL — sinD cosﬁ o ' (A.2.4)
Since flat-faced mirrors are ésPecially south-facing for
Northern Hemisphefe,it'is useful to express the incidence
angle in terms of the derived éarth—sun anglesX and ﬁé.Wfiting
the open form of FEq.(A.2.3) and substituting Eq.(A.1.2) and

(A.1.3) in the new form we obtain

cost:COSGhsing& - sinencospécoso( S ' (A.2.5),
A.3 N
' ;::sina‘sinp "y — sin® cosB + cosB
s T Ts s s s
) Ay I ‘ -5 E
sxk =] sin® sinp -sin®® cosPB cosB
s s s s s
o o 1
:_-s:.nesco?ps i - s:.n.ess:mps J .
Similarly
t::—51n8ts:m}3t i - s:m@;b-cospt J + co;E% k
and

t ::-51nE51_151n}3t 1'—'51n5ts:_n}3t J. e

_Then,

—_—
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' Isxk + Txk|= [(—-sinescosps - sipetcospt)Z
. ' ] 1/2
+ (-siness'in/Bs + ‘s'inetsin}Bt)zj ’

Performing some necessary simplifications we get /

. ' 1/2
|sxk + Txk|= [s inzes ’+ si_nze_b + Zsine.ssinetcos(pt—}Bs)] )

Thus,
l S—— — — —
sin@ = —= (sxk + txk)
N N!
1 5 ; 1/2
:l-I-\;‘ | sin Bs + sin29,c +_25inessin9tcos(;3t—}35)] | R
(3.6)
AL

-

‘The vectors s é.nd t are as given in ~A.3.Addit’iorially
_— . T £ . - =
n_b—51n8n51n}3n i SlanCOS,Bn. j+ coserl k’

L

It follows that in the horizontal plene

sin@scosllas‘ + sithcospt-_—_ lNh' siancospn .‘

1 sin6scos B, + sinB _cosp,

cosp, = H\I-h\

(A.4,1)

sin®
n
¢ /
and,’

1Rz, + Bl= T\ eDx@E)]

| (sines's inB_ '1-. s'inets‘:‘i.npt')) E_—_ lﬁhl stns inB k
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1 51n6551n_}3s + 51n9ts:Ln}3t

sinB_= (A 4.2)
n = .
. lNh\ | 51nE%
' ’ Thus, ) ()
‘ .sine sinB_ + sin® _sinp 3
. S S t t
tanp.: . . (3. 8)
n sinBscospS + sipE%cosﬁt
/
A5 '

Let the diad of unit vectors ;1 and 31 define the compo~-

nents of a coordinate system whose axes x and y are albng‘the

horizontal projection of the mirrors ncermal,and those of 32

and 32 define the components of the bkast-South coordinate sys-

1 A - Y .
tem,x y',which is obtained by a counterclockwise rotation of

’

the first by an angle B_.These two coordinate systemsare showm

5

in Tig.3.4. seperately.Then, SR : \ -

=Tty T Tp3) = sinp, 1) + cosp, Jy

32-:_’1‘12:11 + T2231=-—cos}3n i, T s:.npn Ji.

~

from 'which the transformation tensor T is obtained as’

sinﬁh, 'acosﬁn

lzl=] | | B | (A.5.1)

cos}3n sinpﬁ’

+ Thus,the vector components of oné longitudinal side of the sun
, S . ) ' o
shade in the new coordinaté system,namely X&s and Ymé’ may be

obtained from the.fo;lowing_matrix equation.

X sin}3n -co§pn th

AY¥ps| - jcosB,  simp |1y

'
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as

' ' -
}me:s;npn X — gos)Bn- Yms. | ~ |
_ 3 : ; - , (A.5.2)
. _

Y _=cosB_ X . +* sinB Y
ms ~ n “ms n “ms.

ms

in which Xr‘ns‘and Yms are the components in xy coordinate system,

K

Substituting the expressions for X _ and Y _ ,i.e.,Egs. (3.19a)

and (3.21) in the above equation we obtain

t - : N
X, =c0sB sinB + sin® tan® sinp_ | (3.22a)

!

Y s =cosB cosp  + sin@_tan8_ cosp_ ‘(3.22b)

A6 ) « o

By Eq. (3.31) the angles bétween the vectors ;s and Hh',and

¥s and Hh.However we can not establish the same relation be-

tween the unit vectors ;h,f and Hh (i.e.,

eS8, = nh’. th is not

c.brrect.This\ is (_.)b'vious'rfrom'the following calculations:
By Eq.(3.3) |
. Hh.;h:: —sinen'sinpnsiness :mps + émenéospnsine:SCOSps
) . | = éinensines ( cosﬁhcoﬂas - sinp s inBs') .
'.T_; sinensinesc.os(}an +Bs)
Similarly

Wty = sipen§ inetCOS(pn - Pt)

v

It is not dlfflcult to see that the equallty

sin® cos(}3 + Bg )_..51n9 cos(p - Pt)

is not 1dentlce11y correct.
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Fig.A'. 19 Mirror field distribution
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