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1,1 worlc tmergy :'risip and Reg.lting Increased hcae

rotivity &n Solar Energy irea

The enerzy needs of mankind are presently supplied
mainly by three sources; fosell fuels, nuclear energy and
hydel energy. The rapid depletion of natural fossil fuels
and rising cest of petroleum have significantly affected the
world economy during the last 10 years. Serious chemical
and pollution problems have been nosed by the emigsion during
fossil fiel combustion and by radioactive waste from nuclear
power plants, Ydike the fossil fvels, the rescrve of fiseio-
nable materiale 12 also not unlimited, This has focussed
world wide attention to the search for altermative sources of
energy which ghould he available in abundance and which do not
pose serious environamental problems., Solar energy appears
to have the greatest potential from the fact that incident
golar enerzy is 20,000 timee more than the world roquiromental
and hence even 1f a amall fra~tion of thias enersy can be
haynessed, it will greatly reduce the pressure on genveantional
sourdes of energy. The realipation of this poasibility hae
led to major worldwide research and development programmes 4n

s0lar enesrzy during the past few yeares,



1.2 Scepe For Solar Energzy In India

Iz our country-80% of the population lives in villages
and snst of the villages are not electrified, The enexgy requi-
rement in a typical village is very low (of the order of 20 Kw).
The coet of conventional electrification depends upon the dimstance
of village from main grid lines, It has been estimated that
the cost of conventionnl electrilication in the range of 20 KXW
is of the oxrder of Rs, 20,000~ 30,000 per kilometer, Thus a
20 KW load electrification at o distance of 10 kilometer will
cont around Re,3,00,000. This does not include the cost of geno-
rating plant and main transmiession network, It should also de
remembored that fuel cost for conventional system is from .05 to
«10 Rs/KWH at present and will continue to increase in future,
Therefors conventional electrification is not a viable altema-

tive for large scale rural electrification,

The major load of rural eleotric aysiem in Indis 1is
agricultural pumpeet, Almost 5 million pumps are befing
utiliecd now for lifting ground water, these run on electricity
or diesel, In next ¥0=15 years, the additional utiligation of
ground water would recuire several million more pump to be
instslled., The nature of this load {s such that 1t Ls
seasonal and 18 often required for a few hours only per day due

t0 limited avaflabllity of water itgelf, This leads to low
lopd factors and is a very undesirable load characteristics for



conventional rural electrification. The solar electriclty

will be available for 6 to 8 hours a day and for 200 to 300 days
in a year depending upon location., This oan definitely meet
most of the irrigation req-uirementi. In monsoon solar electri-
city is not aveilable and 18 not required for irr gation. In
case of fajlure of rains, chances are that clouds will not

be thers and solar elecotricity will be avallable for frrigation.
In winter and summer, irrigation requirement is there and

solar energy is available., Solar energy stored in the form

of chemical enerzy by charging battriea can be used for
providing light in the houses at night., Thma for a villaze
with population less than S000 per sons and situated at

a distance of ten kilometers or more from main transmission
line, molar electrification will be a viable alternative

somared to conventional electrification,

In some part:of our country, particularly in Rajasthan
and Gujrat States 2o many villages do not have even the most
elenentary water supply. These depend upon the underground
water whioh is saline anéd contaminated with constftuentg
causing health hazards, In the abeence of any other sgurce
of good guality vater villagers are drinking saline and cont-
aminated water. In these places, the alundantly avatlahle sola
energy can be used to desalt the maline water by solar
distillation,
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Thus most of the energy reculr:mente of the villages

in our country can be fulfilled by making use of solar energy.

1,3 Present Problems in Utiliging Solar Tnergy

The basic prooesé?which are involved in using solar
energy are well known, The actaal use of solar energy is
extremely limited so far. This is due to the high initial
cost 0of the polar devices, Since the solar radiation s
dllute, a large collector area 18 required for any meaningful
povier out put ., Further as solar rndiation is intermitient,
an energy storasge syst'm is also recuired for a continuous
operation of the device, All thene factors make the initial
investment of solar device high compared to the conventional
power system, Thus the problem in the uce of solar energzy
de not really call for any fundamental gans in the research
to be bridgedywhat is reqiired s thal approoriate technology
and manufacturing methods should be devised which make the use

of solar energy economically viable,

1.4 DBrief Review of Various Methods for Harmessinz Selar

Energzy

Various methods arec used to convert solar energy into
upeful form, A brief discussion of these methodc is given
belows

(1) Photovoltalc conversion

The photovoltalo effect 19 the process by which the

E.M.P, (photovoltage) is nioduced at the junction of two



dissimilar materiales by the incident photon flux, The
junction can be a metal-semiconductor or a p-n junction.

From a p-n junction device no steady ourrsnt will flow in

the external circutt when it 18 in the dariness, This is

due to the fact that the contact potential difference betwecn
p~ and n=region of semiconductor and matellic leads 2anocel
out the internal potential barrier between the p- andn-regions
of the device. When a photon of energy hvy onters the
p-region, 1t 19 adsorbed by an electron in the valanos bang,
1f hv is greater than the ene gy zap Eg of the p-reiion,

the electron will be able %o migrate to the n-r-gion, Simi-
larly, 12 hv is greatepr than q‘ in the n.region, the photon
w11l be absorbed by a hole vwhich will migrate to the p-resgion,
This process will result in a net positive charge in the
p-razion and a net negative charze An the ne-vezion which will
oreatean electric field and effectively lower the initial
potential barrier between n-and p-rezions, Now at the cirouit
terninals of the device one can get a measurable voltage which
is called as photovoltage, This phenomenon is called the p-n
photovoltate conversion, I the external olrcuit conneecting
the p~ andperegion is closed, the eleotrical current will
flow thromgh the external load, the electric energy is obtain-

ed from the absorbed photons,

(1i) Thermal conversion

¥han a body is expomed to the Rfun, 1t absords radiation
and is ralsed t0 an excited state (with electwmnc at Mgh



ener;y levels and lattice vidrations procecding vigorously)
1.8., 1te tezperature hns fncreased. The way in which 1t
gains and loses enerzy is quite complicated, Tor understanding
the behaviour we simplify the problem by assuming that the

vody does not lose heat by conveotion and eonduction,

1et I be the fntensity of solar radiation and a dbe
the absorption copfficient of the body, I1If the body &8 exposed
to sun, its temperature will rise until it reaches a temperature,
called the equilibriun teaperature Toi(. At this temperature,
the rate of emiesion of radiation will be equal to the rate

of absorption, So we have

a]l =2 o T‘— T:) (101)

“here € 19 the emissivity of the body and ¢ 1g the
Stephen's Poltsman oonstant, KNow from Baon.(1.1) we get,

x I
o T: ¢ - (1.2)

Th: rise in temperature of the body can bYe used as a
source of heat to the working fluild and hence the solar energy
will be converted into useful heat energy.

(111) #ind energy coaversion

The wind blows because the temperatures of the air at
varjous locations on the earth ar-.different. If an area ie
beated ¥y solar radiations, the alr that comes in contact with
it is also heated, cooler heavier alr from the sorroundings rush.

¢s under the warm lighter alr., ?his movement of alr along the



surface of the earth 1s called wind, If the sun does not
heat te alir, there would be no temperature di fference and
therefore no movement ( wind), So any project to harmess the
wind i3 a project to harmess indirectly the energy of the

sun 1.9, Solar Eaergy, The ugse of wind energy is not a new
concept, as the anclent seamen depand.‘on the wind to power
their Jhips end windmille were used to pump water and grind
grain,

(iv) Ocean thermal gradient conversion

Due to the incoming eolar radiations, the upper layers
of the sea are much warmer than those deep down, The warm
vater i{s ecvaporated rapidly at a low temperature under vacuum,
The evaporated water, now a vapor, passes through a turbine
that e conmnected to an electric generator. The prassure of
the vaper rotates the generator, which in turn produces the
electrioity, then the vapor enters a condenser where it is

cooleddy the deep water and changed to ligquid,

. The conversion of heat energy ( in sea water ) into
electricity can be attempted only along tropical coasts whers
the su¥face temperature of the water te about 82°F; where the
temperature difference is sharp near shore and where atorm™s
are not frecuent. These conditions must be met

near to thoso places where the power s to be used, There

are very few such places on the mirface 0of the earth, A violent



ntorm might Adleth.y the entire installation,
(v) Photognlvonic conversion

in this procegs when light impinges on the electrods,
electrons are enitied, Theso drive the cell fyrom which
powsr o=n be drawa. For semiconductor eleotrodes, holes can
be activated to be available as acceptors of electrons at

the anode.

The photogalvanic conversion is less developed than
photovoltaic one. In this conversion, it is not recuired
to have tbe pure single orystals in the collectors as in
photovoltalc conversion and hence this is oheaper compared
to the latter, However, the efficiency of conversion is-0.04%
which {8 very low compared to photovoltalo conversion efffoiency
( -10%).

(vi) Photoaynthesis

Solar enexgy 1s used when the plants grow, These
plants can be burnt directly to work a heat engine, Similarly
algae could he forve grown, colleocted and deocompomed by heat
to form hydrocaxbons, The photosynthetic conversion is less
attractive since the average efficliency of solar anerxgy cone

version this way is very small i,e., sbout %,

1.5 Solar Pnepgy Prozramme in Tndis

Realising the importance of the utilization of solar
enexgy in view of the increasing cost of the fossil



10

fuels ( as mentioned earlier in Sec. 1.1) tae Department

of Science and Technology ( NST ) Govemuent of India  has
established a department of new s.ergy sources which lovks
after all the research, development and utiliesation of
alternate energy sources, The national solar snergy prograim
which has besn formulated consists of (i) development of solar
thermal energy hardware and systems, (ii) development of direct
energy conversion devices like photovoltaic solar cells and
(111) establishment of solar energy data collection ohserva=

tories, data processing and information transfer %o solar

research scientists,

The enorgy requirementsiof typiloal indian village
are of the order of 20 X¥We which 18 very less compared to
the recuirement of urban sectors. Therefore the research

and development projects have heen divided into tw catelo-
ries.

(a) Yor rural sector

(1) Irrigation pump of 2,5 horse power,

(11) Solar comvective dryers (for grains end comuercial
crops)of one ton capgoity.

(141)pistillation plants for conversion of brackish water
into poitable water,

(iv) solar refrigeration devices for food preservation in
rural areas,
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(v) Electric supply through solar cells for domestic
lighting, rsdio and television sete,

(vi) Minjelesotric etations and prime wovers delivering about
10 7 to 20 ¥v of power for rurnl settlement of remote

argas,

(b) For urban sectors

(1) Solar water heater of atout 150 litres for domestic water
heating.

(11) Large scale water heating systems for installations in
hotels, hospitals, factories eto.

(111)Dryer for tea, milk and paper industry.

(iv) Desalination plants for supply of water to coastal
industries.

(v) Refrigeration and cold storage facilities of 1-5 tons

capacity working on vapor absorption cycles,

Since the electricity can be used most convinent 1y
for most of the energy requirements, the major importance
has been given on the utilization of solar energy through
direct conversion into electricity. The Central Electronic:
ILimited, a public sector undertaking of the D3T, has been
entrusted with the overall responsibility of research, deve-
lopment and production of economically viable photovoltaic
system in cooperation with national laboratories and institutes

of higher learning, The programe conslsts of s | lici .,



(1)

(2)

(3)

To confuct resserch on various types of low cost

golar cells.

Yo téentify the most promieing type solar cell suitable

tor conversion of solar energy into electiricity.

Sstting up of plant for production of low cest pnoto.

voltaic energy systems,

fhe main solar energy research activities in India are

gzoing on in the following laboratories/Institution.s.

131
§.412 *

1.

2,

3

Se

6.

Te
8.

Inets tute/Lab,

Annamalal University

Bharat Heavy Eleotricals
Ltd,, Delhi

Bharat Heavy Electri-
cals Ltd., Hyderabad
B.I.T.5¢y Pilani

Central Arid Zone
Remearch Institute,
Jecdhpur
Central BuildingRege~
arch Institute,Roorkee
CeB.B.RI.y Piland
Central Eleotroniocs
L¢d., Sahkibabad,

Sclar Devices *

CONCOL(N), PUMP, STi.., DRYER,
HEAS00Y.,
PUNP,

CONCOL (N)

CELL,CONCOL(N,T), PUMP,STILL,
DHYER, HEATCOOL, WATHEAT,
COMCOL(N), STILL, DRYER,
COOKEBR, HEATCOOL, WATHEAT,

TATHEAP, HEATCOOL,

QUBLL,
CEBLL,



9.

10,

11

12,

13,

14.
15.

16,
17.
18,
19.

20,
21,

Central Meochanical

Ingg. Research Insti.

tute, Durgapur.
Uentral Salt and

Mmurdine Chemicals

Research Institute,
Bhavnagar.
Hindustan Brown
Bovery, Baroda
Indian Asscciation
For Cultivation of

Science, Caloutta.
Indian Institute of

Sciencs, Bangalore.
I.I.T.. Bombay.
TeIeTep Delhi.

I .I.TD. Kanpur
I.IuT0ey Eharagpur,
I.I.T4¢ Madras.

Jawshar Linl Nehxru Agri,
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PUMP, DRYER,

STILL, COOKER, PUMP,

PUMP, WATHEAT,

STILL, COOKER,

FRELENS, WIMILL,

CELL, CONCOL(X,T), DRIER,
CELL, CONCOL(N), PUMP,STILL,
WATHEAT, WEAT CooL, CookER
CELL, PUMP, DRYER, HEAT COOL,
STILL, HEAT COOL,

CELL, CONCOL(N), HEAT COOL,
DRYER, HEATCOOUL.

mgg. University, Jabalpur

Jyoti 1Ltd,,Baroda,
Jadavpur University,
Caloutta,.

WATHEAT, HEAT GOOL, CONJOL(N, 1)

CELL,



22,

23.

24,

25.

26.

Kational Physicel
Lab., Pelhi,

Punjab Agriculture
University, ludhiana
Solid State Phyaics
Laboratory, Delhi.
Tats Tnexrgy Research
Institute, Pondicherry
iinfversity of Roorkece,
foorkee,

Abbreviations

CELL

CONCOL(N), (T)

COOKER
DRYER
FRELENS
HEATCOVL

Rup
SOLPORD

WATHEAT
WIZMILL
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CELL, COOKER,

CONCOL(N), COOKER, HEATCOOL,

CELL,

SOLPOND, HEATCOOL,

WATHEAT, HEAT GOOL,

Solar Cell

Solar concentrators and
Collectors (Nontracking ),
{Tracking )

Solar Cooker

3o0lar Dryer

Fresnel's Lens

Heating and Cooling (Inclu-
ding Refrigeration) and air
Con@itioning,

Solar Pump

3o0lar Pond

Solar Still

Solar Water Heater

¥ind M1ills
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1.6 3Jolar Geometry

A olace on the surface of earth ia identified by its
latitude and lonzitude, We need not bether about the longit-
ude since only latitude variation is reflected in the apparent

mo tion of the sun,

Sun 1ight falls normally, at the equator on equinox day
( Maroh 21 and Sept. 23 ), at the tropic of cancer on suumer
solstice day ( June 21 ) and at the tropic of casricorn on
win€er solstice day ( Deo, 22 ) at noon time. The time refers

always to the local time and not to the standard time.

To an adeguate approximation, the apparent motion of
the sun as viewed fiom a fixed point on the earth descri=
bea the cone’ as shown in Fig. t.1(a). In the figure the
I-axis 18 in north-south direction, the Yeaxis is in east-
west direction and 2-axis i8 in the vertical direction. The
cone axis is in the X,7 plane, inclined at an angle A, which
is the latitude ( of the fixed point ). The cone openigg ancle
p ia the angle botween the sarth's axis of rotation and the
enrth-sun direotion. Sinoce the earth axis in inclined at an
angle of approximately 23.5° with resrect to the normal to
the plane of the ecliptic, the angle g variea fronm 66.5° ) )
113.5° during the year. On the equinox daye, when p= 90°,
the apparent path of the sun ims a great oirole and the sun
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does not'rise or fall in the vertiocal, FHowever on solstice
days (p = 90° 2 23,5° ) the sun rises and falls in the ver-
tical, which can be observed 1f a pencil hanged borizontally,
with 1ts lenzth in the east-west direction, is pointed towards
the sun at no'm, a horizontal line tma_ge would be formed
which on equinox daye will move along ite own length and

on any other day a sideway translation of the ima.ge oocurs

1n the morning and evening.

The projection of the apparent motion of the sun on
NeS vertical plane 18 shown in Fig. 1.1(b). The obeerver
19 at O and P is its zenith point, The line OR represents
the plane of the ecliptic at the equinoxea, The angle ROP
18 the latitude of the observer, W¥' and S5*' represent the
olan® of ecliptic at the winter and summer solstice days,
respectively, IJj we draw a line OC from O at any given time
and month on Fig., 1.1(h) e.g. at 8 a.,m. on the winter solstioe,
then the angle BOC is called the EWV altitudo, 0f the sun at
that time, The EWV altitude is the altitude as generally defined
projected on a vertical NS plane. It can be shown that

EWV altitude w tan™' ( tan altitude x 3ec Azimuth )

The change in the BYE altitude with time is 0alled the RV
altitude owing and it is the swinz whioh must be accormodated

by any oylindrioal mirror system mounted in eastewsst di rectlon,

1f this swing, mensured from equinox ( By measuring

V¥ from equinox instead of from the ground we eliminate the
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need to know ‘he lattitude) position, is called V and it

can be shown, to a first 1.-.1:::mi:rxi.matiol:l.i

> 2’“
tan ( 23.5 sin Ty )

co® (15 t)

tanV o (1.3)

where n is the number of days Irom the squinox
t ia the time in hours, meam:red from solar noon and
* 23.5° 18 the swing of the noon altitude of the sun
during the year,
The values of V with respect to the number of days from the
equinox for various values of t = ;4 6, 24,23 -& and o 0O
are plotted in Fig., 1.2.

It 1s olear from the Fig. 1.2 that 1f we want to
accept all the solar radiation from 8 a,m. to 4 p.m, the
total ewing of V will be o 41° or €2° for whole the year
while the swing of ¢ 36° i sufficient to accept the eolar
radiation for ¢ 3 % hours on the solstice month,

The mirrors with an acceptance angle of the order of

72° or 82° will not have concentration pover greater than

3
0n8” , nence the mirror fixed Aduring the whole year can not
provide any useful concentration,

The situation however can be improved 12 we wake the
periodioadjustmelt itn tha tilt of %he mlrror, since an acoep=-

o
tance angle of 17°( Fig. 1.2) will collect sun shine for , 4

hours on the solatioes ( even longer on other days )}, while
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only 12° 44 required to colleot sunshins for ; 3 -5- hours

on the msolstices. The concentration power of mirror having
acceptance angle of 17° 1s 2.4 and for acceptance angle of 12°
is 3.8. Thus stationary mirror can yields a useful concen-
tration power if we make the pericdioc adjustment in the tilt

of t he mirror.

1.7 Role of Consemtrators In Utilizing Solar Energy

Solar concentrators are the collection devices which
increase the flux deneity at ¢t he receiver surface as compared
to the flux denesity existing on the concentrator entrance
apertures, Two types 0f concentrators are used to concentrat

the solar radiations.

(a) Tracking oconcentratore

In traoking concenirators one has Yo use a traoking
mechaniem either by using electronio sensorzor by using
clockwork mechanism to track the motion of the sun. One such
mechaniem of the latter type has been developed racently by
Gupta‘.

(b) Nomtracking concentirators.

In this type of concentrators no diumal traocking is
required but the t1lt of the concentrator is aGjuested after

certain period {.,e,, once a week,

The conoentrators are mainly used for thermal and photo.
voltaic conversion of solar energy:
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(1) Thermal conversion

Solar radiations can be converted into useful mecha-
nical or electrical energy by the thermodynamic process,
making use of the temperature higher than ambient., The upper
limit 1o the oconversion effioiency in all the thermodynamic

proceesd isthe Carnot efficliency given by

Ta

Ty

N 1=~ (1.4)

In general it {5 very diffioult to change Ta which is the
ambient temperature and hence it is clear that higher the
value of rﬁ , the system effiociency will be higher., The
naximm tempersture which can be obtained without concentrator
is only 80° « The higher temperature can be obtained using
concentrators, So thatfor higher conversion effioiency we

require concentrator,

The heat balance eouation for a surface colleoting solar

energy can be written as
Incident Energy = Energy Absorbed ¢ Mergy Reflected

or Transmitted
0r  IC w @IC « ( 1=A) IC (1.5)

where I isthe solar flux in watta/nz.

C is the concentration faotor which may be gresater

than or -equal to unity and
a 18 the absorption cofficient of the surface.

Moat of the practical solar energy absorbers have high(> 0.7)
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value of a and negligible transmission, so that it is advanta-
geous to study the ensrgy abeorbed in more detaile. Hence

our squation can bde writtenas

Energy Energy
= + Bnergy Lost by(Radiationes convection o
Absorbed Exotracted conduction)

or . . - ,
«IC = aICP + 2¢(Tg - T.) "‘h(TS'Ta)" ™ (g~ !a) v/n (1.6)
where P 18 the fraction of the abaorbed energy sxtracted,

2 is the emisaivity of the surface,

¢ 18 the Stephen-Boltaman constt -5.6?:10'B ua'z °x",
7g is the surface temperature in ‘g,
1. is the ambient temperature in °r,
h is the convection loss cd@fioient-s Watts n'a °c'1 and

X 19 the conductivity of the surface.

Now conaider the eituation whenr solar flux I is 1110, ‘fatte 3'2
and ¢ = 1, The emieaivity € = 1 and ¢ = 0.7

e o« BEnergy absorbed = gl = 0,7 x 103 watta/na
Let T, = 20°% and Tg = 80°0 we have

Fnergy lost by radiation = 1x5,67x10 0(353%-203%) vatte/nm®

= 0.46X10° uatte/n?
inergy lost by convections SxGO‘Naxta/na

o 0.3:103 “atta/n2

Thus we see that at 80°C the sum of loesen due to radiation

and conveotion is greater then the energy absorbed, even we



bave not inciuded the loss due to conduotion, Obviocusly
1f wo want to extract solar euergy at tompersiure {n excess
o2 80°C we have to use optical magnifioation C ( i.e., we

have to use concentrators ) as 1s clear from Eg. 1.6,

(11) pPhotovoltaic conversion

The cost of solar photovoltalc power gsneration system
aan bs reduced by inoreasing the solar cell power output using

conoentrated sun light on the photovoltaic modules. In this
approach the expensive solar cells are replaced by an in-
expensive solar concenirator, The concentirated photovolialc
system consists, (1) solar ceils, designed to operate efficiently
even undsr concenirated light and (i1) the oconcentrator of
suitable sige i.0,, the sige of the concentrator should not ve
too smmall or not too large, since in case of the s@allsr size
the ocost of the concentrator may be more than the saving in
solar oells and in case of the larger size, handling of the
concentrator will be diffioculd,

w consider the concentrator with following speoifi-
cations. rg a tyoical example to 1llustrate the albows point:
(1) Sise of the exit aperture « 4 om
(11) Length of the concentrator = 200 ca
(114)Hals acceptancs angle = 6°

(1v) Conceniration ratio (Gegmeirical) = 10

The actual concentrationhatio will be less than 10, Here we



24

have designed a ¥ington compound parabolic concentirator

(Sec. 2.2) =4 th geometrical concentration ratio eoual to 10,
The actual concentration ratio observed comes to 6, The

solmr cells of 4 cm diameter are available( tne cost of one
goler cell 13 Rs., 100). S50 the 50 solar cells can be arranged
along the exit aperturs of the above mentioned concentrator,
Assuming that the solar cells are always illuminated as uni-
form as poesible and power output from solar cells is divectly
proportional to the concemtiratiom ratio, Then the power output
from 50 solar c6lls placed at the sxit aperture of the
concentrator will be emual to the power output from 300 solar
cells, placed in ths direct light 1.e., nlaced at the entrance

aperture, Hence the cost reduction will de

= [{ 300 - 50 ) x sogt pes s0lar cell - coat of
the soncentrator ] Rs,

- ( 250 X 100 = 5000 ) Rs.

= 20,000 Re,

®s.
where 5000,is the cost of the above mentioned concemtrator,

Thus the cost of solar photovoltaic power system can

be reduced greatly by using the concentrators,

1.8 Dlestrabllity 0f Nontracking Concentrators

In the light of energy orieis the fmmedicte need for

a cheapor source of encrgy im the indlan village i= felt, In

order to make the use of solar energy sconomically visble one ha

to use the concentrators ( As mentioned earlier in Seo, 1.7)



4ven the tracking concentrators have very high concontration
ratio caupared to nontracking concentrators, but the tracking
concantrators will not be appropriate for Indian villases
because of their high cost, requirzment of sophisticated
tracking system and expsrts to look afler these devicea.
Th:rs 18 elearly a strong case for usos of nontracking cone
contrator in villages as their cost is vaery lass compared

to traeking concentrators gnd ara aassier in handling. A
nontracking concentrator with a concentration ratio betwcen
four to ton will be adequate for using in a mini photoe
voltalc power unit which can fulfil the lighting and some
other roquirements of villages and also in many solar ensrgy

de¥ices,

1.9 Nontracking Cencemtrators : A Heviosw

The pioneer work in the field of nontracking concene

trator wes done by Tabor3

in 1958 when he showed that the
maximur concenvration ratio which can be obtained (achieved)
with nontrackimg concentrators is of the order of three for
an operating poriod of 8 hours or so. Tabor also showed that
the concentration ratio could be increased to about 4 using
secohd atage concantration. Because of rather discouraging
naturs of Tabor's conclusions thors was no signtficant
research activity in this arca for mors than a decade. Tha

naxt broak through in ths flold of nontracking concentratorg
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came whon Winstoan® in 1974 invented e new design called
Winston's coumpound perabolic concontravor ( Ci’C), which
achlovas maxiaoum posible concontration allowed by phase
rule5. winstonds CPC differs from conwentional optical
focussing devices such as parabollic mirror and rFresnel lenses
that it acts as a radistion funnel end does not produce an
{mage of tho Sun 1.e,, it 13 a nonimaging dovice. Later on
in 1975 Niﬂpon and Hinterbarger6 describad tho principle

for calculoting tho surface of the nontracking concantrators
for various typss of absorber of arbitrary crosaeassctions
Oefe sdat plate, oval tube, circular tube and fin type,.
Howevar, tho surface of aontracking concentrator for cyline
drical absarber{ 1.2., absorbor having circular croaseszction)
hse been calculuted more sxplicitly by Rabl? . To improve

1ts perfornance verious modificationsd have been done in this

design., Jsome more modalagbih

of nontracking concentrators
have also besn dovelopsd by verious investigators, f{ew of
those modelalz'1b <111 be doscribedlattor in other chaptars,
Now we will heaxi2ao Yho work done on noatracking concentriae

tors in some more detail,.

Tabor3

consldersd the cylindrical jarabolic noavracking
concentrator, the crossesection of vhich 45 shown in Fige 143,
APB is the apertvurs of tha concontrator. Tha rays after
roflsetion from the concantrator concontratse botwean I and I
whore the absorber is tebe kapte Th: optical concentration

ratio of this design is givon by



1556 -SECTION OF TaBOR'S
LR ASOLIC CONCENTRATOR
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P = cosac 2o« 1 (147)

where 25 1s tha total swing of the incidant beame AsS

mentioned carlier in Uece 146 that 1f wo want to collocy

all the solar radintlons from 8 aesie %o & pems throughout the
year, the total swing will bea 2 41° 1e5., 82°, Now it is
clear from the Bge 3.7 that for 25= 41°, the valuo of P wild
ba loss than ons and hance a concentratoy ( fixad during the
whols yoar } with an acceptance angle of the order of 82° can
not give nny usoful concentration ratioc. If we make the
pariodic aijustment in ths tilt of the concentrator, than an
accaptsnes angle of 17° w11 be raquired to collzact the solar
ralintion for & 4 hours on the solstice ( even longar on the
other day }, while an acceptangs angle of 12° w111 collect
the solar radiations for * 3 é hours on the selsticee ror a
concontrator with an acceptince snzle of 157 ths optical
concentration ratic P 1s aqual to 2,86 1.0., noarly thres,

It han boon showa by Tabor that using an guxiliary side
nirror for sacond stage concentration, the maximum colc:nirie
tion ratio which can bo achloved with nontracking concentrator

18 gbout four,

WInston‘sz CrC 15 a two~dinenclonal cylinirical cog:ope
trator, which achioves maxinum concsatration with minimum
tracking requirenentss The cross-section of the concentrator
13 shown iIn Flg. 144, PL 12 & parsbolz with 1ts focus gt
¥* and PA 12 & parabole having focus at P, Thess parabolas
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“TiON OF WINSTON’S CPC
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havo b2an axtendad upto thd points gt which tangonts to the
surfaces bacome parallel to tha optic axis. Ths rays
passing through the entrance aperturs R R! waking angles <
with the optic axis will pasa tircugh tha axit apoviture p PY
after one or more reflections. The adosorbsr is kepl at the

oxit aperture. Tha concentration ratio of this desiun is

given by
D 1
C = - =2 —— (1.8)
d sin g

where D and d ara the size of entrance and exit agperture
rospectively; ¢ 1s tha half-acceptance angle. Thus for an
acceptance angle of 12° the concantrator ratio will be of
the order of ten ( for an avarage of 8 hours operative tiwe),.
ror a given valu: of d and g , the haisht of tinston's CrC
is gziven by

e 2l (1¢1/sin @) cov ) {149}

2
With 4ncreesing concentration ratio C, the raflector area
A of a CPC grows like 1 ¢ aC with a =t. 1harefore for
bighar concentration ratics it requires large roflector
area for a given entrance apevture A, . For sxarple, for
a concantration ratlo of ten, thi wulue of(Aa/Aera 11 wailo
a sluple focussing perabola hes thy valus ( Fafly ) = 1.2
The problzm is nov so serious, since a larzs portion of the

vop of Jinston's C¥C cen bs trumcsved'’ wilhout any appraeciable
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loss in perforaance. Tharefors from operational as waell as
aconoaic view points the truncation of CFC 1s important.
In the following Table 1.4, we have given tha conceatratlon
ratio, height to aparture and raflector arsa Lo gperture

area ratios for the full siud truncated Wlaston's TPCe

Tr3L3=141

Concentration ratio, height to apsrture and ra2flectorjarea
to aperture area ratios for the full and truncated Winston's
cre

Half accaptance angle Concontration Hoight/ Leoflsctor ares

racvio Apervure  Apertursau.
3.65 10k 262
stn™Y(1/5)711.5° %90 2425 be€2
5000 209‘} 6000
728 186 3.86
- 9008 .O *
$in”  (1/10})= 547" 3403 Oe17
9480 Let17 Belpiy
1000 S¢47 11.05

Tt 18 clonr from tha Table 141 that for an holf-pecaptance
o

anple = 547, a full CPC ochioves g coneeatration ratlo of

1003 4t requiras a totnl of 11.05 naterz nf roeflzetor araa

for csch meter? of aparturs avea and 1%s haight 13 5,47 times
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the aporture width. If thie C/C {s truncated to s roflector/
aperture arsas ratios of 6.17, its concemration ratio arops

to 9.08, Thus at a loss of 9.2~ in concentration, the decrsase
in rofloctor/aporture ratio is b4k 1.9., the large asount of
rafloeting materisl can be savad with vory little losa in
concentrat'on ratioe. At the saie time dacrease ia heipht to
apertura ragtio 1s half time. Uus to the reduction in hai ht

the handling of the concentrator bacow:s aasier .

svenjtho radiations incident on a CPC ol half accepe

tance angle ¢ srs distributed uniforaly over all angles‘¢1n=<j¢
the radiations reaching the absorber are totally difiuse
1.8+, thoge ranges over ail anglesg .. &rom = 77/2 to ¢ 7r/2,
How2ver, the valuas of \¢outl n2ar 7/2 are undesirable
because most absorbor matnrials shows poor absorptivity at
lerge angle of incidences If the radiat’ons at the gbsorbar
are rastricted ¢o0 angles \¢out] K\J‘ » the highest possible
concentration of Winaton'g CPC will be

sin g,

Sin @

C' =

(1e10)

Thus we can havd high optical afficlency dur to improved
absorptivity, bought at tha cost of the slirht reduction
in concentration; sor example, with ¢1 2 70o the concentrae=

Ml Gontde

tion is only about 10% amallor than, dqe (1.8).

For a gtven acceptanes an:clia tha ccapound parabolic

concsntrator provides a concentration equal to the liwdt
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given Yy Eq. (1.8). A CPC is not suitable however, for
high concentration applications because of large surface
Br'&15";equ1rementa ( as mentioned earlier ) and transmi-
ssion loss, Instead, it has been suggested by Rab11e that
the use of the CPC as a second staZe concentrator with
convantional imaging concentrators may be more advantageous

and prwotical to obtain higher concentrations,

Radiations reaching the focal plane of almost all
the conventional imaging concentrators such as a lens or a
sizple parabolioc mirror has an angular spread which is less
than x/2, Hence, it can be concentrated further by using
a CPC of matched acceptance &-n-}u‘“”m e In general, the
entrance aperture ol the seoond stage is kept equal to the
region of noncgero intenesity over the foo0al plane of the
concentrator, but sometimes it may be more desirable to make
1t squal to the sigze of central eolar image. A somewhat
higher and uniform concentration over the final receiver

is obtained in the latter case but a fraotion of radiation

reflected by the primary concentrator is actually lost.

Now we will descridbe the geometry of two-atapg and
throa-step'o compound wedge Concentrators ( CWC ) developed

by Mannan and Bannerot., The transverse croes-section of

two-ptep CWC 18 shown in Fig. 1.5(a). The inclinations a,
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{ a) TWO STEP CONFIGURATION
(b) THREE STEP CONFIGURATION
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and e, of sides P Q and Q R respectively have been chosen

in such a way that the ray making an angle & with the
vertical, after reflection from points Q and R reaches %o

the point P'. The angle & 1s called the half-acceptance
angle of the concentrator, The aildes P' Q' and Q' R' are the
mirror images of P Q and O R respectively about Z-axis. The

concentration ratio of the concentrator is given byg
5 . :— ; 2 cob a, sin ( 2= aye 8) sin( 2a, + &) »
B sin ( a, + & ) sin (“2"' 8)

{(1.11)
The maximum concentration ratio obtalnadble for 3 givem &

alth two-step C™C can bs found by nolving tbs following tay:
Spudlpuslnultanasously .
€ =y g™ O (1.12)

b ]
001 2

and
3C

(=4, 8=° (1.13)

which {wplies that a4 and a, Wst satisty the following
palr of transcedental Eqs,
sin ( aye &) ain ( 20 - '5::2)

» sin o, sin (2a1+ 6 = ay) (1.14)
sad

sin (@, + ) cos (331- %, + 8)

= 008 a, »in (11 - a,) (1.15)
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These two 4ulyucan be uesed to zenerate a series of graphs
to {llustrate the geometrical characteratics of the two-~
step OWC, For each value of a, there i8 a azvoiuioh maximizes
the concentration ratio. The maxinum concentration ratio

of two-step C¥C for & = 9° 18 2.68 at a, = 21° and a,= 8°,

The transverse cross-section ol the three-step CwWe

is shown in Fig. 1.5(b). The inoclinations &y o and Gy of

2
the side walls P Q, Q R and R 8 from the vertical haves been
chosen in such a way that the extreme rays after reflection
from Q, R and S will reach to the point P', The concentra-

tion ratio of this concentrator s given bym

. 2 oos a,8in(2a,~a,e8) ein (2«2-5»6)3111(2%. 5)
= : - < -

sin( g, + 5) nin(¢2 + 8) '111(«34. &)

(1.16)
The maximm concentration ratio of three-step CWC 18 obtained
in the same way as is done for the two-glep CWC, This
comes out to be 3.19 for & = 9° at gy = 25.25°, LPL 13,5°
and Gy = 5.5, as compared to the value 2,68 of the maximum
concentyetion ratio for the twoestep OWI, I$ can b shown
that the three-silop mdel 18 Wre cconvnical than the tws-
step model in the sBave thut it regutres less refiecting

material in order to obtain the eame concentration rotio,

The Pig. 1,6 shows the vertical cross-waction of the

'nontracking' solar concentrator developed by Stng.al
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and 311111‘|

. The concentrator is obtained by rotating AB
( which is a combination of tw parabolas) sbout Zeaxis,
Thus the entrance and exit apertures are the circles of
diameters 2a, and 2a, respectively. A oonverging lens of
diameter 2a, and focal length L is fitted at the entrance
aperture., The concentration ratio of the concentrator is

given by

¢ = ( 8y/ag )’ (1:47)

The atvantage af this design compared o traoking concantrator
1 that 1t dooo not reguirs continvous tracking and can give
the conosntration ratio of the orier of hundred, NHowever,

it roquizes porio2ie aljustnent of its orientation after

about ona hour in the east-west direction during its operating
period, In othor words, this concentrator is not nontracking
in tae usuzl sense of the word since it raquires adjustzents
for tha Aiu:nal motion of the sun and hence is in between

the nontracking and tracking types of concentrators.

4,10 Plan Of Presentaticn

Ve have fabricated a number of models of noniracking
concentrators using different reflecting materiale to study
the offect of relflecting material on the various parameters
0.8. conoentration ratio, thermal efficiency dnd intenai ty
profile. Out of the models fabricated three are winston ope
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=to study its experimental performance, one is modified
vinston CPC— to caloulate the effect of second stage con~
centration on the thcrmal efficiency and three modeis are of
uni form cylindrical concentrators- to obtain uniforam lateral

intensity profile at the exit aperture of the concentrator.,

In chapter 2 we have studied the experimental per-
formance of ¥inston's CP_C using different reflecting materials
The different réflecting materials used by us arej plain
sluminium, gre nular anodised aluminium and mirror stripe,

The effact of refleoting material on the effiolency of extra-
etion cnd cn the lateral intensity proflle ( at the exit
aperture ) has been discussed {n Sec, 2.5, It has been
obmserved that uniformity of fllumination inoresses uaing

gra_nular anodised aluminicm suects,

The comoentration vatisc of Wineton'e 20C oan he
increaned by introducing eseocond s tage ooncentration., We have
pochieved the geometrical concentration ratio in the range
of 20 to 30 by combdining the fsouzsing properties of a pair
of circles/elliprer and that of Winston'®s CPC. In chapter 3
we hove dirousned the four configuration of thim type ( L.s,
modi fied winton's 0P ), Ore of these models has been
Zabricatod here, In 3sc, 3.5 the effird ency of solar esnexgy

extraction of this mdol has been crloulated and effiol ency
is compared to that of Winaton's 0rg,
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The lateral intensity profile at the exit aperture
of Winston's CPC'is nonuniform. Nonuniformity of fllumi-
nation reduces the effiency of solar cell, Thersfore to
obtain unifora illumination we have designed a nontracking
concentrator, called uniform cylindriocal concentrator, In
chapter 4 we have discusced the mathematical formulation of
this design., The lateral intensity profile ( theoretically)
of uniform oylindrical concentrator and that of Wineton's
CPC are given in Seoc, 4.4, The experiments performed to test
the unifornity of illumination of the models fabricated are
disoussed in sSec, 4.6,
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CHA?lER"zo
PREFO BMANCE STUDY OF WINSTON'S CoMpY .HD P 0 CUHURESRATI RS

2.1 Introduotion

To study the performance of a concemtrator one may

conduct experiments on the response of the concentrators in

the following two wayss

(1) optical performance; In the optical performance study
pho to-voltaic devices 9.8., solar cells, photodiodes etc,

are used for measuring the response of the concentrator to the
visible part of the spectrum. ¥ith the help of these devices
we onn calculate how much optical radiation is concentrated
at the abgorher, This informatiod is neeful for using the

concentrator to fabricate povwer unite ualng pho todevices.

(11) Thersal performance; IB the thermal performance study
we are mainly interested 1n investigating how tuuoch anergy
(in the form of heat) concentrator can tranater from solar

radtation to the useful gain of the working fluid which may

be a liquid, vapor or £ase

In the earlier discussion on Dontracking concentrators
(Sec. 1.9) 1t is mentioned that a breakthrough in thie area
has been achieved by Winston'91 compound parabolic concen-
trator, Various 1nvaotlgator92-6 have studied {ts experirental
performance whioh we shall disouss X% ter at the end of
this chapter. In ordex to study the effect of different
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reflecting esurfaces on the performance of the concentrators

in general and as regards the extent of uniformity of
{1lumination in particular, we have fabricated three models
of Wineton's C°C, The different reflecting surfaces used

in the models fabricated by us ares plain aluminium, gra nular
anodised aluminjur and mirror strips. The speciifications and
methods of fabrication of thess models are given in 3Sec. 2.2,
in Sec. 2.3 we have caloulated the concentration ratio and
efficlency of solar energy extraction for first two of these
mdels, In this section we also describe the lateral intensity
profile at the exit aperture measired for two of these models,
The discuasion and conclusions of the experiments performed

are gilven in Sec. 2.4,

2,2 specifications of the Models labricated

The specifications ol these mdels fabricated are

Table~2, 9

W

Model __mmmm:___ Geometrical ¥aterial unmed

Yo (E ] on n conoentration

vy 20,0 2,8 81,0 50,0 8,0 Tet Alumint un ah:e
v2 20,0 2,0 109.4 200,0 5.7 10.0 Mirror strips
w3 20,0 4.0 s5q.p 150.0 11,5 5.0 Gramularly

anodised 3]
sheects.

—



Fotation used ( See. Fig, 1.4)
D~ Size of the entrance apsrture
d - Size of the exit aperture
H - Helght of the concentrator
1 - Length of the concentrator{not shown in Fig,(1.4)]

# - Half_acceptance angle

These models have been fabricated by using two methode which

we have described belows

Firset Method

In thie method firet of all two wooden pleces of 2 cm
thicknenas are made having the shape P R R' p'(Fig. 1.4), which
is the cross-section of the concentratar, to be fabricated,
On ohe alde of thege wooden pieces (called end walls ) alumi-
nium sheet used as reflecting material ie nailed, The end
walle are errected on the wooden frame of the ahaorber at a
distance equal to the lenzth of the concentrater. The tuwp
reflecting surfacee of proper dimensionimade out of the alumi-
nium ebeet of ahove thicimess are fixed on the nides of the
concentrator 8o as to it exactly with the ourved boundaries
P R and P' R' of o end walle. At the outer side of thece
reflecting surfaces the plywood of 3 mm thicknees and of fame
sive are natled. To keep the econocentrator into vertieal
position four lezs are attaohed on the end wells 38 shown in
Fig. 2.1.9n one end wall a plywood Plece of 15 x 20 om? 4p
natled perpendioular to 1t, A line, callea the central iine
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is marked on this plywod plece erxaotly at the centre of

the RR' ( Fig. 1.4)v Thus this line will be perpendicular
to the optic axis of the concentrator, A pointer P'* ips
fixed at he middle point of thie 1line, A provision ig made
8o that the conoentrator can be used for both purposes i.e.,
for thermal and photovoltalc conversion, This 1as achiaved by
cutting a pemicircular portion of diameter ' (Pig. 2.2)
from both the end walls., The mr>del v1 is fabricated by this
metho d.

second Method

Let P R R' ' (Fig. 2.3) b2 the oross-section of the
concenirator which is going to be fabricated. In thls method
first the ribs’ of the shape ? R Q S ( Fig. 2.3) are made
from the 2 om thickiwod, The R Q is taken 2.3 cm and hence
23 18 ecual t0 1/2 ( T=d ) + R Q. These ribs are assembled
to form the two rib assembliesn of the types showm in Flg, 2.4.
The length of the rib assembly 18 equal to the length of the
concentrator and the numdber of ribg in the rib assesbly
depends upon the length of the concentrator., In the fabrica~
tion of these concentratore we have taken the di stance between
two ribe eoual %0 30 om.On the inner side of these rid
aceenblies the plywood of 3 mn thicimess of proper dimenaion
ie nailed, after that the aluminfum sheet ( 1,5 mg thiokness)
of same size 18 nailed on the plywood. These rib assemblfesn
are fixed on a plane wooden plece, aaparat;ld‘:bgrx: di etance

egual to the exit aperture of the Concen irator, The ends AYe
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closed by two wooden pieces ( oalled end walls ) >f proper
dizensione having aluminiua sheet on inner elde. In one

end wall a plywood piece of 15 x 20 cna

is nalled perpendicular
to the end wall. A line, called the central line is marked
on this plywod plece exactly at the centre of RR' (Fig, 2.3),
Thus, this 1ine will be perpendicular to the optic axis of
the concentrator. A pointer is fixed at te middle point of
thie line, The same provieion, desoribed earlier in the
firet sethod i@ made go that the conoentrator can be used for
both thermal and photo voltate applications, The models w2
and W3 are fabricated by this method. In case 0f model w2
mirror etirips of proper dimensione are fizxed on the plywood
by faviool,instead 02 aluminium sheets,

2.3 Experiments Performed end Results

Taree following typea of experiments have been per-
formed on thess models: (a) Meamrements of concentration ratio
using eolar cells, (b) Thermal efficiency of the concentrator
and (c¢) Intensity profile at the axit aperture, The expexi mental
set up i» same in all the ogmes t.8,, 1in all the experiment g
the concentrator .. placed in such a way that i1ts length o
along e east-vest dirsction., DThen the concentrator .. tilted
from the vertical eo that te solap rays are parallel to vhe
optic axis ( See Fig, 1,4 ), of the concentrator, This is
achieved by tilting the concentrator from the vertical unti]
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the chadow of the pointer P*'' falls on the central line (Fig.
2.1). The timed# which the concentrator i1s tilted from the
vertical depends upon the qperative time of the concentrator.
It the operative time of the concentrator is 8 hours l.e,,

2 4 bours from the local noon then the concentrator is tilted
from the vertical roughly two and half hours prior to the
local noon, After that the oconcentrator remain f£1xed during
the whole operative time, The ti1lt of the concentrapor fion
the vertical ha3 to be changed only after a week (Sec. 1.6),

The experimente performed are descrihed below.
(2) Conceniration ratio ueing solar ael}

For mpderate values of coacentration ratio, the short
circuit ocurrent Iac of the solar ocell g direotly proportional
to the intensity, So, in order to caloulate the concentration
ratio of a concentrator, 1t is recuired to measure the short
cirouit current of solar cell in the direot and concentrated
11 ght. The concentrator is adjusted by the method described
above and the short oircuit current ig measured at the entranoc
and exit apertures. The concentration ratio wmas caloulated by

the expmession

I_(¢
Concentration ratio = --8-2(—-2- (2.1)
I”(!v)

Yhere 1.0(0) 1e the short oilrcuit current in the con-

oentrated 1ight {,e., at the exit o
’ perative and I“(D) is the
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short cirouit current in the direat light {.e., at t»
entrance aperture. A few typical readings, spread over a few
day®, obtained for model Wi and model W2 ( See Table 2.1) are
given in Tables 2.2 and 2.3 reepectively.

Table=2,2
pe termination of the concentration ratio of model wt by

measuring tie short ocircuit currents

S.KO I.o(D) I_(¢) Concontration ratio
_(ma) (mA)
- 0.36 2.68 3,1
2, 0.92 2,86 5,1
3, 0.83 2.58 3.1
Table - 2.3

Deternination of the conaentration ratio o2 model w2 by measuriny

the short circuit currents,

S,R0. 10(M) I.0(%) Concentration ratie
(=) (
1. 0.45 3.5 7.3
2. 0.50 4.0 8,0

(b) Thermalleffiolenoy of the comoentrator

The efficiency n, of the Cpg 2olar concentrator is
defined as



ob
= o= (20?)

where J is the heat energy extracted and I 1s the total
incident energy. The optical efficiency n,. of the solar
concentrat or is definedas that fraotion of I, which reaches
the absorber and is absorbed there. 350 the effieiency n of

Jssooncentrator can de written ap

N
Nen - —i288, {2.3)

) I
where Q .o i® the overall heat lost due to radiation,
conduction and convection., It is clear fronm €. {(2.3)
that in order to have high efficiency n, of the solar cone
cantrator, the losses should be very small, Here we have
caloulated the effiolency of model W1 and W2, The experi-

ments performed on these mdels eore described below:

(I) Model ¥t

In order to caloulate the efficiency n, the concentrue-
tor 4s adjusted for parallel rays at 10,00 a.m. by the method
desoribed earlier. The oircular blackened tube (aluatnium
ofroular pipe of outer diameter 2,7 am, thickness 0.2 cm mnad
blackened by bladk boall paint) 2111ed with water is kept at
the exit aperture. Pollowing readings are obtatned:

(1) Amount of water fi1led in the oircular tube
(= 180 Gyanms

(11) smbient Temperature = 22%



(111) Temperature rise (In one hour) T = 34%
(1v) Intensity of solar radiation = 85 mw/cuz

(v) Area of the entrance eperture = 50 x 20 on®

. o Heat energy extracted ( Q)
= MST
where ¢ 18 the specitioc heat of the water
¢ Q= (980 x 1 x 34 ) Calories
= 2,97 x 10% Joules
Totel fnoldent energy (1)
« 50 x 20 T 85_X 3600 x 0.92" Joules

1000
s 2,81 X 105 Jogloa
. 2,57 x 40
° » ne = .09
2.81 x 10’
j.o.o Ao 9 Z

«This factor(F) comes from the fact that for a fixed CPC
concentrator tilted ™ the south, the normel incident solar
flux w11l vary spporoximately as the cosine of the szfmuth angle
of the mna. Hence integrating over the Lipci .. ial time( the time
for whioh the calculations are done 1.e,, from 10,00 a.m, to
11,00 a.8. ) 0f approximately constant flux, a f£ixed CpC

concentrator will Ye able to use mughly

-u/12 -n/12
f‘/ cos 0 do/f /‘ds
-n/6 -n/6
-n/12
) ( ain 0 ’;;és - 0,92
(0o 0_:56

or 92 / of the tnoident energy.
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(11) Model w2

For caloulating the efffoiency n, the concamtrator is
adjusted for parallel rays at 10,00 a.m. by the method dee-
crtbed earlisr, The circular dlaockened tube ( Mild steel
ciroular pipe of outer diameter 1,87 cm, width 0,18 em and
blacksned Ly bdlack board paint ) filled wi th water is kept at
the exit aperture, Following readings are obtained i

(1) Amount of vwater, filled in the circular tuhe,
(M )= 480 Qpyanms
(11) Asbient tomperature = 20°C ( i.e. temp. of water )
(111) Teuperature rise T = 80°C
(2v) Mass (m) of the water converted into steam in 4 boun
= 350 Granms
(v) Intensity of solar radiation = 90 mw/cm’

(vi) Area of the entrznge aperiure = 200 x 20 om?

. ) . Heat energy extracted (Q) = MST + oL
where S s the spescific heat of water and 1 {3 the latent
heat of stean,
s$.6, Qw (480 x t x 30 ¢ 350 x 536 ) Calories
= 94,92 x 10 Joules
Total inoident energy (I) = 200::20:%%31350(:;0,95' Joules

= 49,25 x 10° Jo.l0s
. 94.92 x 10t o

. « N=m — 0,193
; 49,25 x 10°
~ L ] L] 8o 1903 Z

+ S Loplungte vw paue (o,
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¥ have alm performed an experiment to find the
maximn temperature obtainable by this model (w2 ), The
concentrator is adjusted at 10.00 a.m, for parallel rayse.
The ciroular blackencd tube ( the same used for caloulating
nof ¥ 2) £filled with transformer oil is kept at the exit
aperture, The maximum temperaturs di*-ined 1s 170% (stagnant
temperature ) in the month of December and 178°% in the month
of April at 12.00 noon, The Table 2.4 ghows the variation of
oil temperaturemd ambient temperature from 10,00 a.m. to
2.00 p.m.

Table —-2.4
Variation of oil temperature and ambgent tempearature

—

T4me = M 17 m
-] 0 [+
2, (70) T C) To(7C) T.(C )

10.00 a.l, 20.0 20.0 2?.0 27.0
10.’0 a.m, 140.0 2206 ,4’500 2900
11,00 a.2, 156.0 26,0 160, 0 30.0
11.30 Q.M. 165.0 2600 16900 32.0
12,00 Noon 170.0 27.0 178,0 34.0
1.w p.m. 1‘0.0 26.0 1‘6.0 33.0
2.00 p.n. 120.0 26.0 130‘0 33.0

where 17, 1is the temparature of traneformep oil and !. ie the
ambient tempature,

(c) Inteneity profile at the oxit apertire

The loteral intensity profile at the exit aperture has

been studied for models Wt ana ¥3 ( Ses Tabdle 2e1)e The expepi
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mental set up is same in both the cases and has been already
deseribed in section 2,3 ., The experiment .. conducted on
various daysifrom winter msoleticeto equinox., Now first we

will desoribe the experiment performed on model w1,

(1) Experiment performed on model W9

Ae mentioned earlier in Seoc, $,.3(a) that the concentratior
ratio of the ooncentrator can be expresced by the Eq.(2.1)as
I_.(C)

Concentration ratio s ~—o—— (2.4)
Igo(D)

Therefore for testing fie uniformity of 1llumination the
concentration ratlos Wy measured ( using above E;.:) at two
dgfferent noiute ( since the sige of the exit apsrture of
model ¥1 is 2,8 em, however in case of model W3 conoentratiox
has been neasured at three different points becansge the slze
of exit aperture 1a 4.0 om ) along the width of the exit

+ The factor ¥ for this experiment ig

x/6

. n/6
oos & do / J ae
-n/6 74

(5ince the caf,pulations are done for te time fyom 10
to 2.00 Dellle )

+Q0 ’.M,

r/6
- (ein 9)-1!/6 ) 0.5 + 0.5 3—
/6 /3 n
A )-!/6

= 0,95
or 95.0 / of the inoident enemy.
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aperture by plaocing two eolar cells, Table 2,5 shows

the reading obtained on various dates. The noxund formity of
1lluaination for the model WY comes out to 16 to 23 / + Thus,
the intensity distridbution at the oxit aperture is nonuni forn
for the model w1,

I¥ he & been obperved that unlformity of illumination
1s zuoh better £ we can provide scattering centres at the
reflecting surface., The nonuniformity in the $1lumination oan
e smoothed by providing discontinuties on the reflsoting
surface. The discontinuvities and soattering centres are alaso
source of d¥fuse reflectidr md thus wa lose g part of inooming
yudiation in tiis process aud hence we yain'terms of urd formi ty
but we lose in terme of conoentration. Thece diecontinuities
on the reflecting surface can Lo obtatned by Rra nularly
anodised al_ uminium sheet., The model ¥3 has been fabrioated
using gra nuhrly,\aluminium sheot as reflecting materinl,
Now we will descride the experiment performed on model w3¥,

(11) Exeriment performed on model w3

The experiment on model ¥3 _u conducted along the
experiment of model WY under fdentiocal conditions from winter
solatioe to eouinoxX, s mentioned earlier that for teating
the uniformity of 12lvmination the concentration ratiol are
measired at three 4 frerent points along the width of the
exit aperture LY placing three BO1RY cellp at equal intervalg,
The reeding obinined are given sp Table 2,6, The nonuni formq ty
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of 11lumination of model W3 comes out to 2 to 7 / .

2.4 Discussions and Conclusions

The experiments performed on the Winston's CPC models
whioh we have fabricated are; (x) measuremsnt of stagnant
temperature, ( b) thermal efficlency and ( ¢ ) lateral
intensity profile, In this seoction we have discussed the
yepsults obtained using theose models with thet of others work

of similar ype.
(a) sfagnont temperaturs

The staznont temperature ie measured for model w2
( sec. 2.3) . The variation of stagnant temperature of oil
and ambient temperature i1s given in Table 2.4, The highest
stagnont temperatures of 170°G and 17e°c were obtained in the
month of Decembsr and April respectively., Also the averaged
out temperature of nearly 150°C i3 available contineously
for four bours. The measurensnt of stagnant temperature has
41s0 been done by Pahoja and Nanda® who have fabricated a
number of nodels of Winston's CPC with half-acoeptance angle
2 ) ecual %o 6° and exit aperture (d) equal to 1,0 o.m,
These dbdels were truncated at 38,0 c.m, height ( actual
height bYeing 50.5 ¢.m,), so the corresponding zeometriocal
concenkration ratio comes out to be 9.4, The refleoting

surfaces were made of aluminium sheets and four different
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types of absorher were used (i) copper pipe, (11) aluminium
pipe, (iil) Zlat metal strip inside a glass tube and (iv)
black 1iquid in a glase tube. The h-ighest stacnant tempera-
ture of 98°C was obtained for the 'flat metallic strip in
glass tube' type of sbsorber, v“hen a glass cover was used

at the eatrance aperture, the tempreture margzinally increased
to 101°C « It ie also clear from thelr figure ( dram for
the variation of gtagnant temperature ) that the averaced out
temperature of 95°C 1a available contineously for four hours.,
Thus the averaged out temperature which we have obtained with
model 72 La higher by 55°C compared to that odtained by

pohoja and Nanda? because the reflecting surface (mirror

strips ) used for model 42 ,
(b) Thermal efficiency

Tae thermal efficiency i.e., the efficiency of solar
engrgy extradotion has been calculated for models w1 and w2,

(I) Model ¥1

The efficienoy of solar eriergy extraction of this model
comes out to be 5/ ., The main reasons for this low collection
elfioiency are (1) Low refleotivity of the reflecting surface,
since oxdinary aluminium sheete have boex used without any

surface deposition and (11) Atsorder 1a also made of aluminguy

The zaterial of the absorber plays an {aportant role in the
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efficiency of thermal conversion of solar energy, For

9 that the

exsmple 1t hes been reported by Acharya end Misra
efficienctes of solar energy collection, using sluminium pipe
and copper pipe as the absorher ( keepinz all other conditions
of the experimente same ), are 11,5 =nd 14,4 / respeotively
1.8, effioiency increases by 25 / using oopper pipe as an

abeorber compared to aluminium pipe.

(11) kiodel w2

The erficiency of golar energy extraction of thia
modael comes out to be 19.3 / . However, the maximum officiency
obtained by Collares - Pereira and et al‘(with ceC  of
ciroular absorber ) 1s 40 / ueing a C°0 having half.-acceptance
angle equal %o 8° and abeorber diametor 1.% en, The C2C wag
truncated to an effective concentration of 5.25 ( actual con-
centration veing 7.19)., Aluminized mylar sheets were used
for reflecting surface and a commercially avallable evacuated
receiver was used as the absorber, The effiociency which we
have obtained by model W2 1s very less compared to that
obtained by collares- Pereira and etsl due to following reasona
(1) G.I. pip® was used as the absorber and (11) the asorber
was not enclosed in a evacuated tube, Here we have not uged

the evacuated receivers aince the cost of fabrication will be

higher using these recetiversg,
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It has been observed by Collares — Pereira and et a16 that

(1) the efffociency of CoC increases signt ficantly uasing evae~
cuated absorbvers with selective surfaces compared to non-
svacuated receivers which are useful only in the range of

50°¢ to 70% and (11) the CPC's having concentration higher
than five ( using these evaocuated receivers ) are not necessary
pecause for the CPC of concentration ratio 5 the losses are
already so small that a further inorease in conceniration

ratio will corresponds to a unegligible increase in operating
efficiency,

The sffiociency of extraction carn also be increased by
pllowing the working fluid to flow through tue sbsorber pipe.
By adjusting the Ilow rate one cen malntain the absorber
temperature at any desired value and losses onrn be minimiged,
The experiment of this type hao been performed by KsKe Rao

ot alz. Ten models of Winston's CPC were fabricated
having halfeacceptance angle equal to 14.5° and exit aperture
of 1.75 ome, Aluminiuzs sheeis were used 28 wveflecting material
and G.I. pipee as the absorber, All the concentrators were
placed parallel to sech other and their abasorberswere cone
nected to one-another, in such a way that the ouérgf one igs
the tnput of othek, . “Water was allowed to fiow at a
conptent rate ond the flow rate was measured by rota-meter,
The inlet and outlet temperatures were measured by copper

constantan thermo couples, The experiments were
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performed for tiree different flow rates, It was observed
that the efficienoies are 35 7 , 50 / and 55 / at flow
rates of 5 litres/hour, 19 litres/uour end 15 litrez/nour

respectively,

It has eleo besn chaerved that the degredation of
reflecting surface was very fast in cgse of model w2, However,
the refiecting material i.e. mirror etrips used for thig
model are chesper compared to othep reflecting materials,

At the some times, these strips provide rossio atricture

which makes replacemeni easier,

(o) Inteneity Profile

Tae variation of inteneity at the exit aperture of
model W1 18 16 to 23 / | however it g only 2 to 77 for
aodel W5, Rhus the lateral intenelty profile at tho exit
aperture iy more uniform in case of modsl ¥3 compared to
model ¥t. Tho uniformity of illuminstion (decired fopr
sonie pnrpouo ) hae been achieved by providing scattering
centres ( obtained using{gra;nnlarly anodiged aluminium

sheets ) at tne refiecting surfaces at the cost of decrease

in conceatration rakiu,

To conolude it can be safd that using mirpor atrips,

the nethod by which we have fabrigateq the mode)l w2 is not
g00d from durability points of view, asinoe by glueing the
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mirror stripe on the plywood the coating of mirror strips
vanishes within one and half ycars, also better conducting
abgorber can be used but it means additional cost of fabri-
oation and finally the lateral intengity profile at the exit
aperture bscomes more uniform using gra nularly anodised
aiminium pheets for reflecting surface, However, the uni-
formity of illumination 18 very important for photovoltaio

applications and not for thermal applications,
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3.1 Llogic and Hethodology 02 Second Stage Concen tration

Upto now we have been discusaing non~tracking con-
centrators which involve only the firag etage of concentration
of the solar radiation, It s for such a concentrator only
that for an half. acoeptance angle of 6° trahor" g0t a concen-
tration factor of about 3 and unsfonz got a concentration
factor of 9,6 sto, It is naturally tempting to ask whether
1t is possible to get higher ooncentrations by intreducing
more atazes of concentrations so that the exgt aperturs for
one stage of concentration bocomes the entrance apsrture for
the next stage of ooncentration and so on, In answer to this
question Tabor had proved that the seocond staze concentration
makes only a marginal improvement and raises the concentration
factor from 3 o 4 and that the third staze will not even deo
thet much, For Winston's design a second or bigher staze
concentration will be of no advantage, in general, bec.use
the half-acceptance angle for the pacond gtoze 1teelf wily
alvays be 90° irrespective of the sterting 7 value, and
that iaplies no further cancentrotion tince (4/sin go"),'.
However, for thermal applications there can be a possibily ¢y
of achieving effectively higher concentration faotors, This
followa from the fact that for the concentrators having o
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worcing fluid, the diameter of the pipe will be equal to

the extt aperture and it will be heated only from the upper
talf portion and therefore we can think of a smaller pipe
getiing heat from bottom as well as from top., In this chap ter
we discues this poeafidilily 4in some detall and gince the
second atsge of concentration §e¢ achieved by introducing some
modifications a2t t he hattam of Tiaston's 079, this second
stage concentrator is ozalled ae the modified Winston's CpC.
It should ba howsver, exphasired that aince this modification
eifectively results in £01ding of the oxit ancrture of aingle
stage Winston's CPC 1% cabnot zive sny advantege, what goever
in puotovoltaie applications where the solar cells are to be

1liuminated only from one stde,

The concentiration ratio of %Vinston®s Cpo (Pig.1.4)

ims given by
1 )}
C= B — (3.1
oin § 4 ¥

where § is the half acceptance angle
D is the size of the entrance aperture and
d 1e the slze of the exit aperturs.

If we want to uge the Tiuston's ¢pl for thermal con-
version, we will have to keep a flat absorber of width 4 op
a circular pipe of diameter 4 at the exit aperture, 7The
abgorber will get heated from top oRly, If we use, a flat

a'oorver of width L' « /2 as shown in Hge(3.1 which only
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shows the bottoam part of Winston's CPC shown earlier in

Fig. 1.4)or a circular pips of Alameter AA' and reflectors
below AA' in such a way that tte 1light passing through pty!

and PA 1s reflected back to AA', IR this case the ahsorber
will get light from top as well as from bottom and the heat
concentration will be inoreased by a factor of 2. Here we
have developed variouas types of heat ooncentrator; Né.}l:t;('l\iﬁod
14nston's CPC), the hoat concentration ratioe in the ranze

of 20 % 303have been achiaved by combining he focuasing
properties of a pair of el'ipses/circles and tut of vinston'y
¢cpC. In Sec. 3.2 we have diescussed the advantagzes and

d¢ sadvantages of these models and the theory of modification

of these models have been disouseed in Sec, 3.3,

d_Digadvantazes of 3econd 3tage Concentrators

3.2
The advantaze of these models e that we can sat the

pigher temperatures and hence the Carnot effioienoy ( given

by Ege 1.4) will ce highgy,K The disadvantage of these modela

are:;

(1) mae to more number of reflections( because of second reflec;
ora) the optical loeses will be more,

(11) It can not be used for photovoltaio donversion,

5.3 TheoLy of 2031 14 cations

Here we have studied four models of modifyeq ¥ineton'e

pg. These concentrators are useful only for heat concentration
'PC. ‘ on,
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In this section we would discuss the theory of modiffcations
0f these models., Since the second stage oconcentration arises
from a modification of the bottom portion of the firmt atage
concentrator, all diagrame in thie section depict only the
bottom part of the concentrators . In all the modsle dlacussed
here first stage comcentration is cohleved by 3inston's Cpo
and peoond stage ooncentration by a pair of ellipses in

models I and II and 7y a palr of circles {in models III and

Iv,

(a) Yodel I

The transverse croas-eecction of the model ig ahown
in Fig. %.2(a). The second stage concentration gps obtalned
by ueing ellipses E and E' which are of equal alse, P’ ang o
are the fooil of eliipse E'y P and O are those of eliipse %,
vhe circular abgorber of diameter PP'/2 {sa placdithe centre
of the exit apteture as shown in the figure, In caee of flat
alsorher, the width of the absoxber occupies the length ppe/2,
the eccentricities 'e' of the elliipees have been chosen in
suoh a way that the ellipases E and E' touch the absorber
gentially at two diametrioanlly opposite noints A' and 4,

tan
This is achleved 0y takingle'! to be equal to

regpectlfﬂly’
nalg for both the ellipses, Ainalysing the focussing properts es

of e1lipse (Appendix 1 ), 1% has Been odserved that am1 tne
yays passing through P'A' mnd PA are not Teaching to 5* 4
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after reflection from the ellipges gt and B, So the second
stage concentration is notteo for this mode1r, 1y Sec, 3.4 we hav
calculated the smecond s tage concentration for this model whion

oomes out to be 1.95,

(b) MNodel I
The transverse orossesection of the model e shown

in Pig. 3.2(b). Doth the ellipees & ana n* are ecual sized,

having ecfentrj.city ecual to half and Major axis eguq) to

2/3 of the exit aperture (PP') of the CPO. This results in

an overlap (AA') equal to one third of the oxi ¢ aperture,

The absorber 18 placed in this overlap rezion and therefore

occupies /3 of the exit aperture. The absorver oan be eiroulay

in s hape baving dinmeter equal %0 A4’ and rlag 4p shape having

width equal t0 AR', In this model alwmo, all tne rays reaching

the exit aperture ( PP') of the ¥inston's Cpc coulg not be

made to reach the absorber after reflection from ellipges,

Therefore, this depign has the second stagze %oncentration 14 aa

than fthres,

(o) Kodel III

The transverse oross-aseotion of the hodel i5 & hgy n
tn Fig. 3.3(s). PothEhe olroles ¢ and 0r having ggangter
soual to half of the oXit sperture, tauch cach othey 44 the
-entre of exit apertars ae shown &n the gyg,.0 Therefore
prav and A are equsl % /4 of the exit aporgur,. g,
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absorbers ( whioh may be circular wi'th diameter ecual to

1/4 of the exddt aperture or flat having width equal to 1/4

of the exit epertore ) are placed at P'A' and ra, Inthip
design all the rays pessing through OA' and OA after reflection
from respective circles C' and C reach the A'P' and Ap

respectively ( Apoendix 1), Hence the second staze concene

tration of this model is two.

(d) rodel IV

The second etage concentration with a palr of circles
at the bottom of CPO will be maximum .if in t he tranaverse
seotion, the circles overlap at the bottom of CPO and the
oirolular ahsorder passes through the centre of both the
ciroles and also through the point of intersections of the
oircles C and C! as shoms in Fig. 3.5(b). Under these condi-
tions te radius r, 0f tBe aleorber will be R/ JE, where R {¢
the radius of the cireles ( € or C'), 3ince fromta fizure

4t 18 clear that
( on)? » (0047 = (0'0)?

2 2
{i.0. r‘? er =R
A I ;;/fz (302)
In this design all the rays passing through P'g* ang PA after

rofleotion rOR ¢! and C respectively will reach the absorber
TR also clear froz t he Fig, 3.3(1!) that )

Now
P' ""'0 .d/z
Re T - 4/2
=4

2(3;:)
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Putting the value of R from BEq . (3.2) we get
(V2 + 1 )r=d

. e d/2r a {1 ¢ V'2
™ 1 + 1041‘

= 204

Thus tne asecond stage concentration of this design 1s 2.4.

5.4 CZalculation Q0f Second Stage Concentratienm

48 mentioned earlier {n See, 3,3(a), all tho rays
passing thmugh entrsnce aperture, after refl:cotion from
the vinstcn's CPC and ellipses always do not reach the absorber
in the esecond stage comf,\'trator. In this gection we have
calculetied the percentane of the Yotal incident beem, reaching
the ahaorber and the second atage concentration £or model 1
(aseunming reflection cofficient of the concentrator ecual to
one ). The calculations are done for Winston's CPC having
exit aperture (d) equal to 2 om and geometrical concentrgtion
ratio equal to 10 ( Fig. 3.4) or having balf acoeptance angle
equal to 5.740. So the entrance aperture RR' will be 20,0 om,
The entrance aperturs is divided into 50 intervals of eoual aize
1.0, into the intervale of 0.4 cm width, Therefore, we have
R* = w 0.4 , r'r% 0.4 and 50 on upto ©*9 R e 0.4 om. g
point P is connoted to the points R*,rd ... %9 .4 o Then
all the angles these lnes ( e.g. » RY, pr',, » #49 PR )

make with the Vertical are calculated. If the line 15 on the
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left side of the vertical, the angle is considered poaitive
and 4f the line is on the right side, angle 15 conmidered neg=
ative. Now consider a parallel beam of light(nakinz an angzle
R' Q r25 with the vertical) incident at the entrance aperture,
This beam after reflection (may be one or more number of
reflectiona ) from the concentrator will reach the exit aje-
rture PP', If the reflected rays are reaching within aa',

these rays will strike the absorver and will be absorbed there.
1f the raye are reaching the exit aperture within ap, then these
rays will be reflected by the ellipse E either towards the
abporber or back through AP. If the rays are reaching the

exit aporture within A'P‘, these rays will be reflected by the
ellipse E' efther towards the absorber or back through a'p',

Phe acontribution of the rays reflected back thmugh Ap or ztp¢
will be zero, Now we will @iscuos the method used in calculating
the percemntage of total incident beam ( passing through the
entrance aperture at a perticular inolination 8), reaching to
the ahsorber after refleotion from Winston's CPC and ellipges

% and B'. The equatien of the surface Pp( FigZ. 3.5) is given by

24028 + x2 cos” f « 2 X3 ain § cos §- 42,2 cos ¢
0“lesi.nﬂ---4a oi’ﬂnainﬂGOGﬂ«choaﬁ
¢ 2XL con ﬂ + 4a;L sin P = 0 (5.3)

%

where £ 18 the half-zcceptance anzle of Winaton's CPO,

[ is balf o
-L(1¢l’-np)

¢ the exit aperture 1.0, /2 amd

"
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194

The angle a which .ﬁorm
al to the surface P, at any point

"

( X,Z2) makes with the vertiocal 1 given by

daz 2 .
o Z ) L cos“gd o 4a1 ain P,2x coazﬂ.az sinf cos £
dax 4alcon P - 2L sin P coa P-2X sin Pooa p-2z—atn2¢

(3.4)

Now conasider a ray from S(a point on the RR® line) whose

c8ordinates are (X.,Z,) where Zy W11 be (L ¢ = } oot 2.
ain @

th
Let e ray strike the reflector surfgce Pp at a point g,
The equation of S ray will dg
2 - %, = x-x,)

or ZwmZyenm( X~ X)) (3.5)

where n = ~cot B
The coordinate of the point o(X,,2 ) can be obtained as
follows;Ueing Eq. (3.5) in Eq. (3.3) and 8implifying we get

2
BXeCwO
A X » ¢+Cw (3.6)

2 2
where A=wDm ain p L Ooazp +» 2m gin p 00p p

2 2 2
Ba -2m°X 680 | A 2az 81070 o 2z'n.lnﬁ cos ﬁ-bx’unp cosp

~4a,0 cOB Pe 4ay01nP o2 nl einp cos # , o, con’p

and L2 2

2 .2,,8%8, 2o
-‘QIQL cos p‘ 2..’10 &inﬁ oblﬂ-zm!‘hunﬁ °°ﬂpb4a)Lun p
rhe x coordinate of the point q, Xy 08N be obtatneq by solvy

ng
5. (3.6) and the 2 coordinate , Zy ™11 bae (using 7ge3.5)
L™ ¢
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Zg= By ¢ B0 XgXy) (3.7)
The engle Y which the reflected ray QT makes with the
x-axis ia given by
(= 20 ~ 90,0 -0 748)
So the equation of the reflected ray QT will be
3 - 2g ™ B I = t‘) (5.9)

where o, = tany

Putting z = 0 in this equation we get
%

8
X=X, = (3.10)
"
.
ship i8 the value of X-coordinate of the point T( i.,e, OT)
where the reflected ray mests the x-axis, If the mamitude

of OT is less than d/2, the reflected ray QT 1s reaching

the exit aperture af
of OT i greater than d/2, the refleoted ray is not reaching

ter reflection from Q, I the magnitude

the exit aperture. 1% will strike the surfaoce Py at any

point Qg ( not showa in the figure ) hetween ¢ and P, The

coordinates of G, can be calaulated by the same method uged

gor caloulating the coordinates of Q. Let the coordingtes

of Q, are (Xgq0 z“). The value of angle @, vhich the normal
to the surface Pg at Qg makes with the vertisal can be cal-

culated grom BGe (3.4) and the values of .1 and Y will be

- - Be
yy = 28y = 90.0- 0, (3.11)



89

NHow the equation of the reflected ray T will be

2w Tgq = Oy X Tg) (3.12)

where m.1 = tan ‘n.'

Putting 7 = 0 in Ba. (3.12) we get

2a1
X X -

[} o (3. 13)

a1

This 48 the value of X-coordinate where the reflected ray
c‘r acets the X-axi8 1.0., 0T, II the maznitude of OT i
less than d/2, the reflected ray 4,7 is reaching the exit
eperture, If [0T) 1e greater than 4/2 repeat the above
af ecussed procedure until the reflected ray reaches the

exit aperture, Now, oheok whether OT 1a positive and nesative

l‘h;:f;‘bnﬁanea will be there.

(a) Cass I

tet OT be poaltive. If OT is less than or equal
to OA, the reflected ray will reach to the absorber, It o
{8 gresater than OA L.8., Point P 48 within AP, the reflected
ray W1l strike the ellipse B, Then we have calculated
shat tho ray after refleotion from ellipse ®( usinc the
rofleotion proparty of sllipse disocussed in Appendix )
4 reaching to the absorter or passing back through a», 1¢
(¢ 18 paseing back through AP, thhs ray will not reach the
abasorder and 1ts centributions u:ll be gere,
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(b) Case II
Ist OT be negative, If OT 1= lees than or egual
o
to O1', the reflected ray will reach the ateorber. If
. oT
1g greater OA' 1.8, point T fa within A'P', the reflecied
e0
ray will atrike the ellipse L', Then calculate Shst thi
® ray

after refleotion from ellipse i8 reaching to the abeordb
er or

passing back to A'P’.

Por a psrticuler ifnclination 8, of the fncident

besn the whole procedure ie done for all the rays peaing
through all the 50 intervale ( or 5% points on the '\antranee
aperture ) and for that value of0 percentage contribuvion
In Table 3,1 we uave given the percentage

48 caloulated.

contri tutton for all anglen varying from § %0 O, Th
. L |

symmne txy of the

the percentage cont
be same as for @ angle, Hence the contributions for ¢
or the

concentrator design oﬁ:ioualy implies that
ribution for a particular -9 angle will

range O to -$ ars not shom 12 this table
.

1t can be seen from Tabls 3,4 that 100 / af th
4 e

1ncident bent reaches of the absorber ex
cept when g an
zZle

-]
14 s

within this Tanas
Therefore, a very small fraction of tn
®

90 / or morse of the beam still reach
aches

the absorber .
1noidmt peam is shle to come out of AP or Az'p* ¢
or a sasll

duration of time. Hence for caloulats
ng the second
otage
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T4 Be3,1

The percentage of the total incident beam reaching the

absorber after reflection from concentrator for various

inclination of the incident beamwn

o P J P 9 p
(T ecree) 7 |(vesree) / (Cegree) V4

5,74 100.9 3.66 84.60 157 100,0
5,55  100,0 | 3.45  100.0 1,36 00,0
5,32 90,29 | 3.24 10,0 3015 100,0
54 11 90,80 | 3.03  100,0 0494 100,0
4,90 90,67 | 2.82  100,0 0,73 100,0
4,70 90,35 | 2.61  100.0 0452 100,0
4,49 89,867 | 2.40  100,0 0u31 100.0
4,28 92,32 | 2.19  100.0 0,10 100, 0
4,07 92,77 | 1,99  100.0
5,86 93,83 | 1,78  100.0

neentration ratio, we have Just taken the averase of all

ributions given in Table 3+1, oven though 9 variation

6o

the cont
Ls not Jinear with time., This yields tho resultent persentage
tion to D€ 37,55 and hence the second staze soncen-

coni tribu
tor as 1.95 1f this nonlinsarity fs taken inte

tratton 1a°



account and an exact calculation fe done, 1t wil) yield
a result which 1s slightly higher than what we get by the

simpler approach adopted here.

3,5 Experiment Perforaed

One model of modified Winston's C2C (NW1) of the
type discussed in Sec, 3.3(a) has been fabricated. The

specifications of which are given below;

(1) Size of the entrance aperture (N) = 18,7 cm,

(11) 9ize of the exit aperture (4) = 2,6 onm,
(111) Height of the concentrator (H)s 75.7 cm,

(1v) Length of the concentraior (1) = 75,0 ca,

(v) Half acceptance angle ( B ) = a°

(v1) uaterial used- plain aluminium shests,

this model _.i fabricated by the firet method des-

cribed in 3560, 2.2, The experiment performed on this

aodel w1 18 discussed below;

The thermal effiolency of solar energy extraction, n

of the model W¥1 is caloulated ( uaing Bq.(2.2)) adong wdth

the model ¥1 ( Sec. 2,2), The thermal efficiency n of the

model W1 B
caloulate th

(1luminium oiroular piple of outer dlameter 1,26 om, thicknegs

and blackened by black board patnt) f111es with wate
r

e n, the ooncentrator ie adjusted by the metnog
2,5 The ofrcular blackened absorhep

.08 om.
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1s kept at the exit aperture ( at apoeition desort ied in
Sec, 3.3(a)). The following readings&avsf'dbmln.a

(1) Ampunt of water filled in

circular tube (M) « 100 Grame
(14) Amdient Temperature e 22%
(111) Temperature rise(in one hour )7 = 75%
(iv) Inteneity of solar radiantion » 85 nw/cmz
(v) Areca of the entrance aperture » 18.7x75 one

Heat Energy Extracted (Q) = MsY

where S 1e the specific heat of water,
S Q = (100 x 1 x 75) calories
- 100 x 75 x 4,2 Joules
= 3.15 x 10 Joules

Total Incident Energy ( I.)

L 48.7x75% 22 X 3600 x ,92* Joules
1000

= 39,48 x 104 Joules

B Q 315
3 . Q] W — © - 0.0798
T 39.48

t.0.0/ - 7.98 /
—-8/

+ The factor F for this model 1e neme ay for model u1

dosorlbcd in Sec. 2.3(d).
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3.6 Tesulte And Niscussions

The erfiotency of sol®r energy extraction n of model
wvi1 18 9 /7 and that of model MY 18 8 /. Thus 1in onse of
modl f1 ed winston's CPC the efficiency is less only by 1 /
but the temperature obtained in one hour in model WY is
7% where 1t 48 only 56C1in case of model Wi. Thus the

~arnot efficiency ( Eo. 1.4) U4 © higher for nodel mw1,
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CH .PY 5

GNIFORM CYLINDRICAL COWCERTRATORS

4.1 Latroduction

we have already obeerved in chapter 2 that for
#inston type nontracking concentrators the radiation reachi
ng
the admorber 41luminates the same nonuni formly, Followi
'Y A ng

two types of probleme are ueaally faced when such concentrato
re
are uged for photovoltalo applications:;
(1) Intenaity di stribution on the solar cells at the absorb
er
18 nonuni form,
(11) solar oelle maY be partially 1lluminated and nome of

the solar oells may be completely under shadow

fhis results 1n the loss of power output frou the solar cell

p@'lo

1 the solwr cell is iluminated nonuniformly, the

density of carriers
ym and a potential gradient will be developed

generated by the inoident light will also

be nomani fo

along the junction. The voltaze developed acress the portion

of the solar oell, which 18 under high illumination, will

o co-pared to the portion which 48 less flluminated

he mor

.nd hence tne 1ptter will De forw ard biased, which will

give rine to the hole current in a direction so as to reduo
e

the voltage drop acoross the highly illuminated portion
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In actual solar oell this polential gradient gives rize
so the internal circulatory ourmtn’. Those ocurrsnts
w11l reduce the voltsge every vhere aaross the junotionm
plane and the afficiency of the solar cell decrssses,

wbile using solar cell panel along with the non-
tracking concentrators, the panel may some times be partially
§1luminated, This aleo results in loss of power output
from the panel, Let us consideyr the case when one of the
cells 1s completely in shadow, If this chadowsd ocell is
in gories with some other illuminated oells, 1% will dehave
like & reverse biased dicde and will block the current
through the 1lluminated oslls, allowing only the reverse
saturation current to flow.0n the other hand 1f the shadowed

perallel with {lluninated oells, it will bhecome

cell is iR
slightly forward blased and shant a part of the current

gmqm‘t.d by the {lluuminated c8ils.

e the uniformiXy of illumination is quite
{mportant whed solar cell panel 4s used along the abaorber
ciag concentrator, The fdeal eltuation will

of nontxeo
obviously be to have a concentrator in which the whole ef

the absosdeT is completely and uniformly $lluminated through
out the operating period. This, however, 18 mot poesible
peosass of tB8 complex nature of the apparent motion of the

p— gperefore, with an objsolive of achlieving as mich



uni foxuity as possible we have developed a new type of
non traoking sonceatratore’ > in which the absorber is uni-
foraly {liuminated SRS Af’r-tfcx‘tm& !o"x\&vim% the operating
period and no lateral shadowing throughout the period of
operation. We have discussed the theoretic:l deterination
02 the surface of suoh a nontracking oancentrator im Seo 0o
ml‘:4.5. In Se0. 4.4 we have discussed the theoretioanl
intensity profile on the absorber for varieus angleqof solar
{nolination . The detalls of models fabricated and the
experiments performed on these models are disoupsed in

Cee.

Sac. » 4.5 and/\‘ NP

4.2 sed Cancen ¥ Deat

The prodblem of designing nontracking ooncentrators
nas been approached by Vverious investicators fn two different
wayg. In oa¢ approach the reflection pattern is epecitied
giret for‘a partionlar receiver shape and then the shepo of
the reflector is worked out. This method has beem f0llowed
by Horton and HoDomttts. Burkherd and Sheally" and Rab).s.
In the oihe? approach e perticular refleotor ehape 5 conps

dered pad thEd 1ts reflection pattera and comoentratiom

are worked out. Two important attempts of the latter
o}

type are W rebor’® and WastoniC, 1y the present attemps

we follow 02 £4rsts approach to determine thy shape of the

factor
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concentrator taking the absorber to be flag surface and
reflegtioa patlemn to te uuiform gver the eniire receiver
surface for a particuler inclination of the incident golig-

B2ated Lean,

The first part of the fermulatien is te obtain the
ray -trace eguation whiech satisfies the laws of r9flection gon
the retlector surface. The laws of reflections ave that

(1) The angle of incidemoe 6, { Fig. 4.1) muat be equal to

the angle of refleotion §.. Tals ocondition is matisfied

provided, :
(I+R) W=D (4.1)

where I and R are the unit vectors in the direotien of
incident and refieoted rays respoouv“') and X 1s the ualt
veator normal to the surface.

(11) The inoideant ra¥, reflected ray and surface normal
pust be ooplaner 1.6. all these three muet lie in one plane,

This oonditicn requires that

(TxR) . H=0 (4.2)

nle formulating we cuet alsc ensure ¢
W 2 hat enexgy mast
consuxvad 1.0 whatever euergy, lucident on the reflestor

be
the revelver after reflection, These two

mipt readb
conditiens yield & aprferential equatica of the reflector

—— Tl whiob cat bve sclved to zet the xequired refleo _—

nr‘.ﬂ.o
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4.3 Mathemabical FPormlztion

since every nontracking concentirator has to have

9, we have

an axis ( length ) in the east-west di rection
only to determine the oross=section of the concentrator and
take 1t to be cylindrical along the third direction. Thue
the problem 18 only two-dimensional. A further simplifi-
oation comes from the fact that during a day the EvwV altitude
a varies between s, and g, and theresfore if we tilt vhe
concentrator at an angle ( &, + ©,)/2 to the horisontal,

the oross-section of the concentrator can de taken to be
symmetrical about the east-west plane inclined to the hori-
ontal through the agle { &, @,)/2, thie happens because
W owing 1S through an angle ( a, - “2)/2 on either gide,

to caloulate the one alde of the concentrator

E

Tims we have
pids is to be obtained by mirror symaetryal.. i. .}l

e

and other

Let the receiver be placed along X~axis ivom -L to L
as sbown 12 Fig. 4.2, The equation of one side (part) of
refleoting surface indicated by APR' cud be written as

the

3-"”(3)'0 (4.3)
wnere F(X) 1o tae function te be calculated, The relation-
ahip yetween surface norzal anéd gradiemt to the surface

19 given Y
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H.- - >91.3
where £ and k are the unit vectomalong X-axig aad Z-axis
reppeotively,

Let the inoident beam make an angle ( x-g) witn
the Z-axis, a8 shown in Fig. 4.2, The direction comines ef
the incident beam sxe { sin H, ~ cos # ),

How consider the incident ray IP which 1s imoident
on the reflector at the point P (X,2) and is reflected to the
point P'(X*,0) on the reosiver, The directienm costines of the
refleoted ray PP’ will be (X'-X)/R, «<Z/R  where

= (x0-0)? 4 & (4.5)
How wa can write the my-trace equation (Eq. 4.1) for the

conﬁ.guratm ﬂhom in FLS. 4.2 as,
(i atn p -k cos B)ed(X=X)/Bk 5/R] ofi ¥1(x)-k}u0 (4.6)
or oin f FO(x)4F (x) o (X'=X)/Reco8 F & 2/R w 0

g2e Roos £

4' .F.(x)‘ (x_x.)‘,a ain p (4.7)

get 1 be the intensity of tmotdent solar benm ana

po intensity of solar radiation on the absorber. pop |

X bet
she m‘waﬂm shown in 7ig, 4.2, the Gongervation of mmi

roquires hat
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raL = BdXx?
or 141 seo f = EaX'

or T( cos § dX « min P 4Z) .ze0 f apdx!

Now applying the energy houndary condition over the reflector

and roced ver surface we get

- X 2 - Xt
I{ [ex st/ oz |uE [ ax
L o = -5

or Li(XL) +3 tan § | = B(X* ¢ 1)

or X' a=l+ [(XL) :Ztam @] ifE

» ~L + [(I-In) + 2% tan ’J /m

whare He ”I

ave X's ], & I(I-L# 2 tan ‘) “.8)

where m= 1/
Bg. (4.7) With X' given DY Bqe (4.8) gives the desired

““,mu,: equatien for the reflecting surface, The

appropriate boundary condition whioh satisfies the starting
vyalue of Z fo¥ X = L and whioh uniquely defines the solutfoy

is givem DY

Sep, = ° (4.9)

1 .04, starting soint on hie reflector is (1, 0),
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To gemerate tho surtaoo 0f the reflector we have
solved Eq. (4.7) us.lng,\two dit!ormt methodg;

(a) Taylor's serieas expansion method

In this method we stars with lig. (4.7) 2nd them

£ind the higher-order derivatives as follows;

, F(x) « Rooca @ g
#'(2) = }I ) -k ain B ince Z = F(x)

o (mEIR) = XG0 = A2 wtn B o coo g

Squaring both the aides of $¥his equation andg putiing the

value of 32 from Eq. (4.5) we get

po(0? [ (3x)? oo <B(x)° stn®s] 20 (x)( (x-x1)p(x)
*(ﬁx-)z gin g cor P o#(x)? atn $econ g

* F'('Jt)2 mzp -( 75-1")2 con® f=0

Now aifferanidating thuequation with respect to X and

aimplifying e get
’1 + ?__g L 4 t: +* T4

=T
pi(x)’ [2(3-X') oin § aos BAL +2F(2)e1n’s ] ,

rn(;) B

where 11
f'(!‘; [2(}.:0) aif ﬁ * 2 (X-I‘) W.aﬂ/“ .2!(:) tan e

-4 (X-X*) ein 23/ + 4%(x) ein # oos p]

(x)[2E(x) 00° %9 -2(x)/M & 4(X-X')ein B oo p
5~ - G(x-x') =18 § cos £/u |
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Tg =2 X=3%') con® g 1)
¥

Ty = 2P'(x) [(X = x)2 0082,5-?(1)2 mzﬁ ]l anag

Te = 2F(x) [(X= X')e¥
6 )+¥(x) oin B con p] 2(X=x1)? sin # cos p

In the same way higher-order derivatives ogn be obtag

The initial slops of the surface 4 chosen 1 h
suo

a may that the extrems ray after refleotion froms ( 1,0)
’

This implf eg that t he Soordingt

htano)uthﬁ.'/4‘_p/2
where § 18 the angle which the extreme

reachies to the point ( -L,0 ).
oI second point will be ( R,

Tay makes with the

vertiocal, The velue of X coordinate was inoregged in an

interval of B and corresponding 3 = F(x) was obtagnes by

Taylor series 2
F(xoh)uP(x)sbF'(X) 7 F''(X)s00s

taken upto the point at shy
alue of X "8 o
Fhe maxisum V.

.p Upto the point at wnioh ¢ ~
(nfinite Lo0es g
dg/dx becoses

to the resiec i b ¢heo various points of refleoton
pragran oo 550 o 5 S5 NSRS NI 48 by, ‘38

yas ¥

P s .
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1

T4=2(I-X') coazﬂ(1--)
M

'1'5 - 2F*'(x) [(X - I')2 coazﬁ-F(x)z ainap ]l and

Te = 2F(x) [(X= X')+F(x) uin B com B] & 2(x-x")° stn # oo 2

In the same way higher-order derivatives can be obtained,

The initial slope of the surface s chosen in such
a way that the exireme ray after reflection from ( L.0)
reaches to the peint ( -L,0 ). Thie implies that ¢t he coordinate
of second point will be ( b, & tan v ) with § = x/4 + g/2
where P 18 the angle which the extreme ray makes with the

vertical. The value of X coordinate was inoreased in an

interval of h and corresponding Z = F(x) was obtained by

Taylor series
hz

F(xeh)wF(X)ehF'{x)} ;-; F''(X)+ees
The maximum value of X waa teken upto the pointat which

d2/4x becomes infinite 1.e., upto the point at which tangent

to the reflector is perpendioular o X-axis, A Gomputer

program was made to obtain the various pointa of reflector
surface for a given @ andl M for various values of he, It
was found that tle value of h = 0,05 gives good convergenae

of the reflecting surface. Using this method we have

designed Jigce models, the detalls of which have been discussed

in Sec, 4.5,

® A ligting of this computer progfas ia given in fppendix-2,
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(b) Displaced polar coordinate method

Eq.(4.7) can also be solved by transforming £t to
di splaced polar coordinates R and 8 with variable origin
at X = X' as follows ( Fig. 4.3);

X-X'"=RH8in ¢ (4.10)
and Z = R coB @ (4.11)
where R = (X=X )2422

Now differentiating Bgs. (4.10), (4.11) and (4,8) ve get

dX ~ X' = R sin @ » RooB B 48

{.6, 4X = &X' 4 dR 8in 8 + R cos 8 de, (4.12)
dz = - R e8in 0 d6 ¢+ o088 © dR (4.13)
and 4X' = m ( 4X « tan 0 42 ) (4.14)

Subetituting the value of 4X' from Rq. (4.14) in Rq.(4.12)

we have
dX = m (AX « tan P dZ) « dR ein & ¢ R cos 8 46

or dx(1-m) -m tan $ 47 = ain 6 AR + R cow 0 d0 (4.15)

Fow diviaing Eo. (4.13) by Bq. (4.15) we get

az co® & dR =R nin ¢ de

ax( 1=m)-m tan P83 oin 8 dR « R Ooa 8 49

Dividing numerator and denominator of L.H.S. by dx and

nuner ~ator and denout nator of R.H.83. by 88 of this Oquntj.on

and solving we have
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4z (1-m)( co8 9.dR/d0 « R min 8 )

dX (=iz p+n oo

® tan F)AR/AD + R cop BR =in 9 m tan g

(4.16)
Now from Eq.(‘.T) ve have

a4z 2+ Roos g

dx (X=X') « Ratn @

Using Egs., (4.10) and (4,11) ve get from tuis equation that

az

== ( co5 6 ¢ cos £)/(ain 6 - sin #) (4.17)

Comparing Eqs. (4.16) and (4,17) and solving for dR/46 we have

1 4R oos S, cosf0+F)/2|-m win g, eini(o + @)/2]

R d0  =in(6 + £)/2/0 cos f + m cos b ] = (4.18)

The transfomed boundary conditioR can be obtained from Eqs.
(4.8)y (4.9)y (4.10) and (4.11) as follows;
Using Bq. (4.9) in Eqs. (4.83, (4.10) and (4.11) we get

Rafin 8 = 21,
Rcos 9 =0 ,
. Re2Land tan 0= w4.0,)C «n/2

Thus when 8 = %/2 R = 2L (4.19)

The solution o Ege (4.18) whioh natisfies the boundaxy
condition (4.19) is given by ( oo Appendix-3Z )
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1ox R(e)'. 1 e s oin # 3 Q cos P 008 O !
2L 1 +m L1=008(0+f)] 1em oos #
2mein p -1, V{308 f-m)
. - Ltan™ ' ( -
(tem) Y(cos®g-n®) Y(ocos fem) tom 0/2J
g l1’_(09&! fg-m) )
Y(cos B « m ) (4.59)
R(O N fesin 1
" m[_ls_ ;)I' e p . 2o M cos P voo 91
A Met 1=008(0+ff) tol X com #
, et e oL Ll A B
(1a0)Y (P oos’pe1) V(X cos Ba1) 2
_q Y(oos p-1)
= 1 (= }i (4.21)

Y(M cos B »1 )

< here prinoipal values of tan”! has to be takem:
£q.(4-20) 78 have obtained the valuee of R for various
For actual fabrication purposs, from each pair

Fron

valuen of B.
o2 (R.,06) values, the corresponding values of ( X,3 ) was

oth“ w ul!lns Bq‘. (408).(‘.'0) and (‘.1',. Bow x"
the maximm value of X and the corrvesponding valus of

¢can be obtained from the consideration that, the slope of 2(X)
uas to remain positive, since the negative slop would imply
the folding ©f the refleoting surface on itaself, Thus,
will be the value of X a$ whioh d3/4X becomes infinite, beyon(
this 4%/4% will be negative., From Bqs.(4.7) and (4,;0)9

thia yields the minizum ¥alue o2 9 equal to



Bmln =P
So from Eqs. (4.7),(4.10) and (4.11) we have

Ratn (3, = 1)

RcoB fm
. L Xg - X
tan § (4.22)

. o =

Some important conclusions canbd e drawt from Eqa

(4.,20), (4.8) and (4.7).

(1) In case of extreme nomuni formity, oharsotert sed by M
"n:uq\;to infini%y 1.s. m tendnto pero, Eq, (4.20) reduces tq
R 1+5in 0
21, 1= con (e @) Sy

Transforrdng Bq. (4.23) into ocartemian (X,3) So-ordinates,
it can de shomn that this 1s araquation of parabola with ¢,
axis inclined at an angle f will the 2 axis and fts foous at
X = -] .8, the equation of Winston's parabolic surface,

 substituting m = O In . Eg. (4.8) we have
X' » = L Zor all values of (X,2) 1.0, all the extrome rays
after reflsciion from Winston's parabolic surface will reagoh

to -1, whioh s true in Winstonfs C P ¢ case,

(14) The optimunm value of M, N, for which whole‘itm base
will be illuminated can!ls obtained by putting X'= 1, Zex,

and g = Z, in Eq. (4.8),
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10'.9 L'-LO(I.-LQ'Z.M,G)AAO
Substituting the value of tan £ from Eq. (4.22) we have
Le=L o+ (XL 8 Ef—)/ll,

oy 21.-(I.~L01..-I.)/R°

or AL =2 (2, ~5)

where C, is the ratio of entrencs aferture bty exit aperture,
so the optimum concentration fuotor Cp w1l Do equal to

Co = ¥ # 1 (4.25)

and the corresponding height of the concentrator can be

obtained from equation (4,22) ag

( X, - 1)
8.

or Zy = ( Xy =L )cotp

;‘I--(-—x!--‘l)ootﬁ
L L
= (C,~1)ocotp (4.28)

tan f =

or

Now the maximm value of X' L1.s. X', for the extrems point

X, ® =L # (X, =L + 7, tan )/
=<l + (X, ~-1L)2/M (4.27)
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Let the & ximum values of X' at K, and M be x’;a(a L) and X!

then from Bq., (4.27) we have

1 1
’ - ’ - 2 ( ad L ) (— - —
g o-R=20x = i —
(-
1 1
l° 1]
How it 45 clear from Eq, (4.28) that Lf ¥ 18 greaterthan
xo,x;' will be less than I (eince for a concentrator (x--x,)
will be poeitive) 1,e,, whole of the recoeiver will not be
11luminated and for ¥ less than llo. &: will be greater than
L, which implies that the rays reflected from the top por-
tion of the reflecting surface will atrike to its lower

portions and will not reach the receiver directly,

be ob ed
*he magnitute of uo can be obtained by numbrically
solving Bq. (4.20) for a speoified value of 7,

putting 6 = ﬁ in BQ. (4.2‘)) we have

we { BEEL— 1 = oy 208 U000 - Py boe(ra,

2n sin § L ton V(c0s® g-n®) "
" (o s pad) no(1estng)

or log LR(F)1=208(ZL)+ T15) 2o8( i-on & ) (1,.1‘ log(1em)

2 2
2o Y(cos” J-n")
ain ’ t tan“" ( ’ ] (4.29)
(14m) Y(co® gen") me(1e ain §)
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Fow eubstituting 6 = P and X' = L in Eqe. (4.8),(4.10) an«
(4.,11) we huve

Lee«L+r(Reinfg + Roos P tan @ )
--L*Znﬁmﬂ

{,8., BR=in =L/
Paking log 0f tothk the nideiwe got

log R(P) = log L ~log sin P ~ log & (4.30)

E(Tllam Eq.o (4029) end (4030) we got

1 1e8in
1og I~log ctn £ - dog e log L « oG 24 Yog( - «
N 2m sin P _ coslfon’
(14 ) ( 1+m)Y (o for™) mel 1 o o0 )
(4.31)

or F(fp .m)=»0

o 1 t+0in @

log 2) ~— log
r(ﬁ.n)-locmmdnh 8 »( et ( — aﬂ)

2m ain P 1 ¥ (oos? ") .

m
D { tan
- “R“'-).(ha)‘f(; ._.2) (1+ oin £)

(1+m)
(4.32)

Thue for e given value of § ( half-scoespiance angle), the

value of My (Mg -%o- ) can be obtalned by eolving iq. (4.31).

For,this, function F(P,m ) given by Ed. (4.32) has been ploted
¢ m for varicus values of P roging from Pu 40050.50.7".8"

agnins
he vaMies of K, for Various § values obtatned

( Fig. 4«4) P
from PAC. 4.4 are g'VeR in Table 4.1,
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Table- 4,1

Optimm conoentration ratios for Yarious values of #(hair

acceptance angle)

0 o o

“o 3.45 ‘035 5.50 7.4 9.64

An can be seen from Table 4.1 taat My fOr B = 6°
comes out to be 5.5, which gives the concentration factopr
equal to 6.5 and the ocorrespouding beight in uugts of L will
be 5.5 cot #, The maxfrum concentration faotor in winston 's
desizn for £ = 6° 12 about 9.6 and the corrssponding height

in units of L is 10,6 cot f. Thus we ses that fop g = 6°

and the same eize of the receiver the present design ag
coapared to the vinston's design has the advantagze of uni £o vy
i11lumination amd height reduction by about g faotor of 2 byt
has the disadvantage of reduction in the doncentration factoy

by about 32 / .
(c) Shape of the transverse oross-section of unifopm
oylinédrioal oconcentrator

The shape of the transverse oross-section oz the

uni form coylindrical oconseatratox for g = 6°, ¥, = 5.5 ana

L = 1 c.m. 18 sbown in Fig. 4.5, One side of the concentrator

(PR) was obteined by solving Eq.(4.21) for R for Yartioug
values of 8 from 90° to 6°, From each pair of(R,0) values,
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ihe corresponding values of (X,2) pailr was obtalnegd using
Bqg4(4.8), (4.10) and (4.11). The values of (XeZ) wiich we
have used for ploting the reflecting surisce PR areg given
in Table 4,2, As mentioned earlier in Sec. 4,3

the other aide of the ooncentrator can be Obtained by wi.ror

eymetry. Thue the surface P'R' mam obtatned by taking the

mirror image of PR gbout Z-nxig,

Tabl. 4.2

Coordinates of the points used in plotting the transverpe

crogs-section of the concentrator

X 3 RS pS b 4 3
i ) < ™. 1e.m) e n) “ )
1.0 0,0 3.0 3.86 5.0 14.2
1.2 0.2 3.2 4.5 5.2 16.0
1.4 0.49 | 3.4 5.2 5.4 18.1
1.6 0.78 3.6 5.95 5.6 20,5
1.8 1.10 3.8 6.6 5.8 23.4
2.0 1.46 | 4,0 7.73 6.0 27.0
2.2 1.85 4.2 8.76 6.2 31.7
2.4 2.% 4.4 9.9 6.4 38.9
2.6 2.76 | 4.6 111 | 6.5 5.4
2.8 5.3 4.8 12,6
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4.4 Iheorstignl Cajoulotion Of The Illumiggtion Profile
At _The ;bgggggr

In this section we present the theoretical intensity
profile of uniform cylindrical concentrator having §# = €° ,
M, = 5.5 and of ¥inaton's C P C having half-aceptance angle
@ = 6°. ™o size of the abgorber in both the ocases has deen

tacen to be 2 c.m, (i.e,, the receiver is placed from (=1,0)

s0 (1,0) as shown in Fig. 4.6),

Let iBe ipcident beanm falling on the entrance aparatire
make an angle ’1 with the optic axis of the concentrator, =s

ghown in Fig. 4.6, This beam ia divided into a number of

ortions of same width dX. Now coneider one portion AB of this

P
beam which after undergoing one or more reflectlona on surface
PR reaches the absorber at points A'B*, The width of the bean

reaching the absorber, compared to initial inaident beam, is

deorenged by a factor,
faotor, S0 the looal conceantration faotor for beanm AB due to

gsurface PR comes out to be 01

may be called as looal congcentration

where

AB
01' T

At B.

in the same gashion the looal concentration factors were ¢al-

culated for the
entrance aperfure, tak

the reflected beams fro
™e loocal asongentration fa0

total inoident beal passing through she
i{ng into asccount the effect of both

m PR, P'R' surfacesand that of the direct

bens. tor for the beam reaching otmaja?
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*n the absorber is equal to one. Iz our caloulction we have

taken dX to be 0,5L.Mm,

In case of Winston's C P 0 whan #, = 6° the local
conoenvration faotors on the absorber are due to the refle-
oting surfece PR only. For f « 5% 5 looal concentration
factors on the ubsorbex will be due to the surface 7R and
direct beam, since for f = 5° the 1,77 c.m. ( from point p)
of ateorber width will get the direoct beam, Fror L 4°,3°,2°,
4° ana 0° the local comcentration factors om the absorber will
be due to both the reflecting surface PR, P'R' and direot
beam., However in case of uniform oylindrioal conaentrator,
the looal concentration factors on the absorber jor all valusa
of g, = 6%, 5% 4° 3% 2% 1% 0° w11 be aue to bown tne
refleocting surfaces PR, P'R' and direct beam, For a given
value of M, the resultant of these local conoentration faotors
is plotted along the width of the absorder. It was found
that the resiltant curve has various peaks, These peaks were
gmatﬁd out by atviding the absorber into the segments of
6.2 o.m. width ( tiese segments are numbered from 1 to 10,

The ahgment one is fronm (=1.0,0) to («0.8,0),tha seocond
from (=.8, 0) to (=.6,0) and so on,) and thea the relantive
inteneities are aoslonlated for these asgments of the absorber.
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The valculated values of relative fatensities ( segment viee)
used in plotting are given in Tadblen 4.3 ~4.5 for beth the
concentrators i.e., for uniform oylindtiocal concentrator and
winpton's C P C, The Tables 4.3(a) and 4.3(b) give the
comparision for relative intensities, considering the contri-
tution only fxom surfaoe PR for unifoxm cylindrical concen-
trator and Winston's ¢ P C , respeotively. The Tables 4.4(a)
and 4.4(b) give the sdmilar information from the surface p'R’
for bth the concetrators, Tables 4,5(a) and 4,.5(b) give the
comparieion of resultart relative intensittes, coneidering
the contribution from both the surfaces PR, P'R' and that of
dtreot light, for uniform oylindrical coneentrator and Wineton's

c p G , respectively.

The relative intensity curves obtaired for varioug

values of §, = 6%~ 0° are chown £n Fige, 4.7 « 4.13, It is
olear from Fig. 4.7 that for i, = 69 the intensity distribution

along the absorber is almost uniform in ocase of unifors
¢ylinarical concentrator and 19 extrenely non-unf{form in oa__

of “inotan's C P 4, since intensity iz = at a partioular

° 0
point and sero clse where, Ae t?:‘ fﬁ ohmges from 6~ to 0,
the intensity proiilec becomes less, uniform in case of uniforms

[P LS |
cy2indriosl comm trator md bacu mei uni form in oane of

Wineton's C P O.
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eoiilcat The Mod Fabrlcated

Three models of uniform oylindrical Concentrators have

been fabricated. The specifiocations of these models gre &1 ven

in Table 4,6,

Table «4,6

of the uniform oylindrical concentrators

Specifications
Tabricated
Q= ——
Modeol Specifications Haterial
5o . D d H l j /] C useqd
Ut 15.2 2,0 60,2 100,86 &,0 76 Aluminspn
aheoty
anodl sed zlge
um gheet
U3 30,4 4.0 123.5  300,0 6.0 7.6 Plain anodyge
ill.'.m.!!’.llﬂ ahe:

Notation ured;

D - size of the entrance aperture ( in om)

d - size of the exit aperture, 2L ( in
{( in om)

( in om)
( in Deg,)

cm)

H - Hoight of the concentrator
1 - Length of the concentrator

# ~ Half avceptanoe angle
¢ -~ Geometrical concentration ratio
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Model U? was febricated by the first method desoribed in
990, 2,2 and models U2 and U3 were fabricated by the seconad

method desoribed in the same section,

4.6 Ixpe riment:Performed

Two iypes of experiments wers performed for (a) The
determination of lateral intensity profile at the oxit aperturs
of uniforw cylindrical concentrators and (b) Comparision of

intennsity distribution along the length of uniforn oylindrioal

concentrator and Winaton's C P C. The experimental aset up ig

same in both the cases and has besn already desorided in Sec,2,3,

(a) Lateral intenaity profile at the exit aperture

This experiment is performed for model:V1,U2 and p3

( See Table 4.6).

(1) Experiment performed on model U1
For low values of oconcentration ratio, the phato dfod,

current is directly proportional to the intensity, Hence the
conaentration ratio of the concentrator oan be expressed as

I (C)
concentration ratio = ;—E;-)—' (4.33)

where I(0) is the diode curreat in the concenirated light {.e,

at the exit aperture and I(D) is the diode
. [ b
11ght 1.6., at the entrance aperture. The EQ.(4.33) can be

written as
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concentration ratio = Eﬁgl:f— = )
I(D)xR Yo (4:36)

where Vc is the voltage drop acroas the loaad reasfstanoe R
when diode 18 in the oconcentrated 14ght ana Vp 18 the voltage

drop aoross R when diode 15 in direot light,

For testing the uniformity of 1llumination we bave
measured the concentration ratio at three difforent points
along the width of the exit aperture by placing three germani ux
photo tranaetstors (AC_p 132 PNP ) used as dtode, along the
width of the receiver ( exit aperture ) at equal intervals,
The circuit shown in Fig. 4.14(a) is used and the voltage drops
acxose load resjetance R are measured at the entrance and exit
aperture, the values of load resistanos R and supply voltage
V, are chosen in guch a way that the value of colleotor
curreat rematna within 10 mA to 20 mA ( Property of ACP 132 pNp)._

The experiments are performed on various days from winter
The Table 4.7 shows the readings

solstice to summer solstice.
obtained after an interval of 2 monthe. The nonunfformity of

{11lumination for the model U1 comes to 1t 95/

(11) Experiment performed on model:U2 und 03
. 2,3(a) that the ocon-

As mentioned earlier in Sead.,.
centration ratio of the concentrator can be expressed by

Eq. ‘2.’) (-3
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ocoucentration ratie » _19(__)_

Igo(P )

7or toeting the uniformity of f1llumination the
concentrat.is.are measured ( using above Yufys) at three different
points along the width of the exit aperture by plaoing three
solar oelle at equal intervals as shown in Fig. 4.14(b). The
expéeriments are conducted on both the modele U2 and U3 sia) tg-
neously on various days from winter solstice to squinox, The
intensity profile curves ( for faw days after an interval of
20 daye ) obtained are shown in Fig2 4,15-4.17. The percentage
nonuni formity of illumination for model U2 s 1 to 5 ana Zor
modul UJ 1p 3.0 %o 8.0,

(b) Inteneity distribuvion aiong the length of the uniform
pylindrd cal conoenirator and Winston's Qg

"his experinient has heen performed on models U2 and
¥S to teat the distribution of intensity along the length of
the concairator.s . The concentration ratlo is measured (usiag
Eqe 2.1) along the length of the concentrators by putiing solar
cells at O, 30, 60, 90, 120 and 150 c.m. In case of wodel Y2

( Fig. 4.18 ) at 10,90 a.m, the conoentration at10 was measureq

at 0, 30, 60, 90 and 120 c.m, and then We CUIve was extended

upto 131 o.m., since the length of the concentrator Irom 134 o 5,
to 150 0.m. was in shadow, However in case of model W3 (F13,4.13)

at 10,00 a.m. the concentration was measured at 0, 350, 60, ana
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90 om and then the ourve was extanded upto 117 cm, since
rest of the leugth was in shadow. In this way we have
plotted the curve for these two models from 10,00 a.m. to
2,00 p.o, This sxperiment was performed in the month of
April after ad {nterval of 4 days. It im clear from

Pig. 4.18 that the 110 ci. of the length of U2 ( i.e. from
21 om to 131 om ) is getting concentrated 1ight from 10.00
a.m. to 2,00 p.Bey however in csee of ¥3 only 80 cm of the
Jength of ©3 ( 1.e. from 57 cm to 117 om) is getting con-
centrated 11ght from 10.00 a.m, to 2,00 p.m.

4.7 wosultiand D4 acussions

The experimente performed on the uniform oylindrical

conocentrator models, whioh we have fabricsted here cres

(a) measurement of lateral intensity profile and (b) measur-

ment of intensity distribution along the length, In this

gection we bave discussed the rosulta obtained using thess

models with that of winaton's CPC models ( Chapter 2},

(a) Latoral {nteasity profile

e lateral intenslity profile at the exit aperture i@

measured for models U1, 02 and US. The nomuniformity of

{1lumination of these podels comes to 1 to 3 s 1% 57

and 3 to 8 / respeotively. The lateral intensity profile
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of model UV 18 meamured using photodiode and for models

U2 and U3 we hgve uged solar cells ( Seo. 4,6), The non-
uniformity of 1llumination of model W1 is 16 to 23 / (Sec,2.3).
Thus the intensity profile at the oxit aperture 0of uniform
cylindrical conocentrators is more uniform compared to
inston’s C°C. Though ueing gra nularly anodised aluminium
sheets ( inatead of plain aluminium sheets) for reflecting
surfaoce the Lndetvil, of dliwlile-at the exit aperture can be
{ncreased .2, for model W3 nonuni formity of fllumination
in 2 to 7T/ (Sec. 2.4), but at the same time intensity
of illumination decreases, Therefore, for photovoltaic
applications, where uni formity of fllumination 1a very
{mportant, 1t would be more advantageous to use uniform

¢ylindrical concentrators,

(b) Intensity distribution along the lerngth

Phe intensity dfetribution aleng the length of the
concentrator has been sessured for model U2 and mpdel w3,
fhe variation of intensity comee 6 %o 8 / and 20 to 27 7
respectively. Thus the inteneitly distridbution slong the
length of model U2 is more uniform compared to model w3,
Als in case of model U2, 110 om. of the length of the
concentrator zets light { contineocusly ) from 10,00 a.m,

to 2.00 p.m., while in case of model W3 only 80 ol. of the
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length of the cencentrator gets light (continuously) from
10.00 a.m, to 2,00 p.m. The intenaity detribution along
the length of the concentrator cam be made more uniform by
modi fying the end walls, This 18 dene by extending the
procedure outlined in Sec, 4.3 in such a way as to aveid
partial shadowing over the entire absorber area. The
resuliing ocoencentrator is a combination of 2 two=dimenaional
uniform cylindrioal concentrators, one along the north-
gouth and the other aleng the east-west directions. Also
the length to width ratio of the absorber in such s
concentrator canhiot be arbitrartly chogen but 1s determined
by the operating period 1tsel2'! a0 that the 2 two-dimensd onal

concentrators, meantioned above, have the same height,
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APPENDY X~ 9

(a) Refleottion Properties of Ellipse

Now we will discuss the reflectien properties of the

elliipse, umed tn Sec.5.4, The ecuation of the ellipge

(ru. 11.1(n) /18
2 42
(11.1)

—T-O—T N |
a b
where 'a ip the semimajor axis and b’'is semi-minor axis.

The normnl to the ellipse at any point P(Xp. zp) makes an
angle o with the x-~axie. Sc we have

2
(Y Z
¢ x) (1-0)x,

since 5% az( $s 02) where @€ 1g the eccentricity of the ellipse.

New consider an incident ray P'P on the ellipse as showmm in

P1g. A1.1(a). The inclination 0 of this ray mith the x-uxia

will be given by .
X - X*
(%, )
and the angle of incidecnce 64 of the ray at the point P can

be expressed Y the equation {uslng Eqs.(A1.2) and (41.3 )}.

2
yA ]
- [ - —F j/l 1+ -0,
tan 91 ('-.gﬁ’ (xp. xo) “‘02))(‘,(2(?-1(')1
e '
5 (v =% (A1.4)

(1-02)( ate xpx')
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Therefore the equation of the reflected ray PT will b
2

2 2.( X e°% xv)
(1-.’)1: - (1--’)({- X' )
=2 . 2 il ]
ar 200 Q2 [ % x]
. Z (X0 xv) P
(1-02)‘Xp(az-XPX')
er

- 2 *
27yl ?E(‘ I ')+ 3x A% (X0~ x1)
1 (1-0%)%(a -xpx')-zﬁ(xpez-x')

2
d (1-0 )(x-xp)

1.9.. 0T ¢can be Obtalned b’ put‘nng ZuQ ‘. EQ-(A1.5)

2 2 2 2.2
2X_ e - X' a e X
s 2 (8 +ex)

Xp = (A1,6)
az + I: 02 - 2pr'

Now conglder X' = a e ( £~ 1) with O ¢f¢ 1( 1,6, the
point P’ 19 confined between origin O and fecug A "!tp- aa

with =1¢q & 1( 6% 180°> 8 > 0°)which means that the point p 44

confined to first md second quadrant, Putting the values of
xp and X' in Bg. (A1.6) we get

(e eq) - f(1+e q 5}
(A 1.7)

x,r-ao'

(1+ eq )2“ 2q et

or 22 - 2
(lerg.d, (-0 200 (A1.8)

= 3¢
1 (1+ quz) ¢ 200 (1~1)
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Now consider the following twe cames

(1) Case I
Let o be positive 1.e,, podat P is in first quadrant,
From ¢the R,HE.S5. 0f Eq.(&1.8) 4t is clear that X, %11l be positive

we known thatg
( 1 = eq )2 >» 0

1« 02 q2 > 2 eq
or

(1 + e29%) 2 > 22 aq
since f is alwaye positive, Therefore, the numeratsr of ReH.S.,
of Eq. (A1.7) £8 lesa than the denominator and hence Xp¢ ae
i.e. the refleoted ray will paes through 0A, Thus we can

gay that 1f the incident ray pasees between A' and 0 ( i.e.,
ketwecen one foous and origin ) and the point P ip in first
guardrent, the reflected ray will always pass through o,( 1,844
between origin and other foous ) where the absorber (cireulany

or flate ) has to be kept as shown &in Fig. A4.1(a).

(11) Case II
Let q be negative 1.e., point P 18 in second quadrant,

Now consider the Egq, (A1.8) i.e.,

(14 65%) ( 1=2) + 2 6g

XT a0 [

(1+ ezqz) ¢ 2 og (1=1)
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The values of Xp are oaloulated ( for model I discussed in

Sec, 3.,4) for different values of £ from O t0 1 fer various

values of q ronging from O to -1, If Xp is positive the

reflected ray will reach the absorberand if X, is 2ezative, the

reflected ray will not reach the abeorber,

For 0 ¢ £ £ 0,62, iy 18 positive for all values of
q{i.0.-1 < g  0), hence the reflected ray is reaching the
absorber, Por ether values of f ranging from 0.63 £ £ (1,
the values of g{i.e., from g = O to that value of q Xy 18
positive and beyond that X, ie negative ) are listed in

Table Al,.1

Table-At.1
The maxioum value of g( upto which Xp is peaitive) for

various £ values

b 4 q b ¢ q b 4 qQ b 4 g
1.0 0.0 0.90 ~0.10 | 0,80 0,23 0,70 =039
0.99 -0.09 { 0.89 ~0.11 | 0.79 0,24 0,69 0,40
0,98 -0,02 | 0.88 -0.13 | 0,78 «0,25 0.6 «=0.42
0.97 =0.035 | 0.37 «0,14 | 0,77 =0.27 0,67 «0.45
0.96 <0.04 | 0,86  <0,15 [C.76 <0.28 | 0.66 -0.48
0.85 0,16 | 0,75 0,30 0,65 0,50
0.94 -0.,06 | C.84 «0,17 (0.74 ~0,32 0.64 0,53
0,93 ~0,07 | 0.83 «0,19 | 0.T3 «033 0,63 ~0.56

0092 *0008 0082 "0020 0.72 "‘0.35
0. 91 -0.09 0081 -0.21 0071 ""0037

0. 95 -0. 05




It 1o obvious from Table -A1.1 that for f @« 0.7% 17 t he
value o©f g is from O to -0,30 the reflected ray wlll reach

the absorbar and 1f g 1s hetween ~0,30 to0 -1,0 , the reflected
ray will not reach the abeorber i.e., contribution by that ray
will be zere. Using the refleotion properties of e¢llipse
¢iscussed above we have calculated ( Sec., 5.4) the percentage
of total fncident beam ( entaring the entrance aperture ),
reaching the absorbesr and the meocond atage soncentration of

¥edel I ( Sec. 3.3(a)).

(b) Reflection Properties of Jirole

low we will discume the reflection properties of the
circle used 4in seo, 3.,3(c) and Sec, 3,3(d), The equation of

the circle shown 4in Fig., A1,.4(Dd) s

Xa + 22 .o (11.9)

Nem oconeider an incident ray P'P on the oircle as shown {n the
figure. The inclination of this ray with the x-axis will be

2
tah 9 = .4 ” (A1.10)
(xp-x-)

Consider the situation that point »' lies between O and 4!

and point P varies {n the first and second quadrant ( 1.e.,
0% o \<180°).m‘.mrenootod ray PT after refleation ( one
or more nuiber of reflections) from the ocircle will alwvays

reach within OA where the absorber is to te kept.
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APPENDIX-3.

Dotﬂiled SOlution of Eq. ("018 )

Here we present the detalled solution of Eq.(4.18),

given by
1 @R cos P cos [(0 « $)/2)-n sin 6 sinl(0 + @#)/2]
;" :!; e ( cos 0 +» m con @) sin [(0 « P)/2]

?he R.H.8. of this equation ocan be writien as
cos( (0+0)/2)( cos # + m oc08 9)/2 -;m 8in 0 sin((8+0)/2]
(cos ¥+ moos 6 ) sin [ (6 « £)/2]

cosl( & +« £)/2)(m cos 8 = cos #)
2( cos @ + m coe 0) eini(0 + B)/2)

*

(m cos 6 - con ¥) cos L(0eP)/2]

- T“Q (ﬁB.‘)
2(coe § + m cos 8) sin ((e+0)/2]
where
- conl(6+8)/21(cos Fm oom 0)/2-n ain o sinl(e+9)/2]
1 ( cos £ + m cos 0) ain [(6 + £)/2)
So we have
1 4R ’ consl(e+£)/2] cos g aosl(0+0)/2]
- — * —
R 49 1" 2etnl(e+#)/2) (m cosgsaoaf) sinl (04f8) /2]
oy rTpeTy (18.2)
cos [ (0 +90)/2]
where 12 - and

2ain ((0+P)/21]
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cos P cos L( 8 + £ )/2)
T3 (m cos 8 « con F)sini(Ref)/2]

T LaWR = (2,0 T, ¢ Ty) (43.3)

Now coneidering only r,de we have

cos L( 0 « g)/2] cos P
.40 = = x 40
? siniL(e « ©)/2] ( m cos & & cos @)

c08(0/2)oos (f/2)=-min(8/2)ein(B/2) L cos #
- > {
sin(6/2) cos(P/2)-cos{6/2)sin(f/2) m cosd +c08 P

o ide
Row dividing R.H.S. of this equation by cos (6/2)cos(B/2)
we geot

t-tan(0/2) tan(g/2) cos @
T3d°' - x [ 440

tan (8/2) » tan (9/2) mCco® O o 0OB P

(A3.4)

. 1
et tan (8/2) m ¢t . 3002(9/2)3 de ;— = 4t

or do = 2dt/(1e ta)

Now subetituting the values of 4¢ and tan(p/2) in Boe(A3.4)

we have
2 cos A 1~ t.tan ($/2)] at
!3“ “° (¢t « tan(g/2))] {ooe ﬁ(ht’)m(%—?; J T
at -2 2( cos B -~ m),¢
.(‘;:;). Lt +tan(s/2), ‘ L{eos Bum)t®,(a0e pm)]
2m oin @

) NCLL ﬂ'ﬂ)tzf(ena Pam) ] ) (43.5)
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Now substituting the values of T,. T2 and ‘l" in Bg.(A3.3)

and integrating we have

108 R = = logi{cos fem cos 9)ein{(0+0)/2}]- !

1

2 2
logl(cosf-m)t

logl tan(B/2)+t]e
(1em) (1em)

( = 2m sin P _ Y(cosf-m) .
Je - tan
ereoe el (um)f(cosrﬂ-mz) Y(coefem)

+ K (AS.G)

where K is the constant of integration., Putting the value

0f ¢ « tan (8/2) in Bg.(43.6) we get.

log R =~ 1log{(cosfem cos6)ain{{0+0)/2) ]+ loglein{(0e0)/2}]

2 1

logltan(9/2)etan(f/2) .+

(1+m) (e )

logl{cos ﬁ—m]tmg(e/?.)d con Pem})

2 main P -1 Y{(cos g-m)
* o e AN { tan(o/2)}
(1+2)V(coa“g-n“) Y{cos fem )
+K (A3.7)

Now conpgidering only firet four terms of the Eq.( A3.7)

we get
=logl(cos ﬂ.m coe 9) s:ln[(9+ﬂ)/2}]+108[81n{(94’)/2}]

1
log[icosf-m]tan’(n/2)

2
- em———-logltan(e/2)+tan(8/2) Je

(1em) (1)

+(cos Pem)]
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= -log(cosPsm cos 0)~loglsini(0ef)/2] leloglein{(8+£)/2]})

2 2
- e logloin( (0+8)/2) }¢ ~—— [log{ocona(9/2)}+log{cos{6/2)}]
(1+m) (1+m)

1
- -—-) logloos .6[1+tan2(9/2)}ml1-tan2(e/2)]]
(1.2
sin{ (6+0)/2}

coa(8/2)cos(B/2)

gince tan(e/2) + tan (g/2) =

1
= =log( cos Fem cos 6) — == log[ 1-cos(e.0) ]
(1em)

1
¢ — [logicos®(8/2)}s logl1s cos $ }]

(1em)
1 1 2
s = log(cos gen 008 8) - log{cos“(a/2)}
(1em) (1+m)
-2 1 1¢ 000 f
- e 108(co8 P43 cOC 0)e Yogl )
(1sm ) (1em) 1~-coa{n+9)

since 1 ¢ tanz(a/z) = 0902(9/2)
1- tan®(a/2)

1e tnn?(e/z)

and = 008 8

Now Irom Za. (AS.7) we have

_ 1 1 1+ cos
log(cosfym 0080 )s == logi M 8 J

( 1e8) (1+m) 1=con(919)

2mgin @ st V(cospem)
’ (1+m)1)'(cosiﬂ-m?) ¥ (oos ﬂ:;) tan(0/2)]

log R =

¢ X (13.8)
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Now applying boundary cond tions 1i.e., when emx/2,
R = 2L in Bg. (A3.8) we get

m 1 1 con §

. e 208(278 P e 10g[ o]
. 1""""”("”I')*‘(ma ) L) 2 (Tomy Y, ain B

2m sin @ 1. V(nos f-m)
(1+2)Y(cos“g-m" ) Y(con fem)

putting the value of X in Eq. (A%.8) we get

m cos f+ m cos @ 1 1+6ing
log(R/2L)= = wwmm= logl le logl
(1+a) ces # 1. 1-c08(0 +£)
2 meind i.tan-1[ V(cosp-nm)
4 “-e——r t
(1M)V(°°B£¢-m‘) Y(congem) an(6/2)}
ran= Y(cos £ - m) .
- tan
V(coa ﬂ 1 ) (A’og)
1
SubstiWtiNg W » —— in Ko. (A3.9) we get
u
-1 ¥ cos @} & com 9 N
log(R/2L) = logl 1 o —
(142) ¥ cos & (1+M)
1 odn g 2% sin g
log L .

8 2 7
1 - 08 (am) (1#}{){(” cop ﬂ'1)

V(M cos #-1) = M
=T tan(G/"z}!-tan"{ Y{lious ﬂ-ﬂn

l Y(k coc fe1) & V(Moor Ba1)

[ tan

(4310)
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