&0 Solar Enamgy

These inclede glass mirrors, aluminium sheet and aluminium foil. The
main disadvantage with thise eockers is that althewgh they can ook
all types of food itemna, they requine continueas attention, a3 A result
of which the operator has to be in the sun most of the time, Another
dissdvantage is that except for glass, the reflectivity of all other
surfaces decresses with the passage of time.

2.3 SOME OBESERVATIONS

e will bss usedfisl ta omelude this ehnptor with some cbaorvations. Oar
survey of varicus aalar thermal applicatioss shiws that water heating
systems for domestic ns well as indastrial purposes have alresdy mode
a ankall and eneouraging impact on the Indinn energy seene. The same
is trug of the box-type solor encker, In fucg, Indis now has the
distinciion af kaviag the brgest numbss of aolar eookors amoaget all
the cosntries of the world,

Other applications using heat derectly like space bewling, crop and
timber drping, nnd distillation hove not yot mode the same impact.
This i o little surprising because all of them hove a definite, important
role o play kn certain rogioes or for specifie purpossa. For sxampla,
space heating by passive methods if integrated into the inmitial design
of & building can be very beneficial in the northern parts of Indin.
Similarly solar distillation has an important role to play in meoting
the needs of thouaanida of small semmunities across the coantry whers
drinking water is scarce. A concerted effort has o be made to make
thiese technologics more cost effective and relinble, and to disseminnte
mformation regarding their ase.

A= far &s power generation is concerned, it has to be recogrized that
golar thermal energy eon make a real impact & it londs to large scale
coat-affoctive elnetrical power generation. Our saevey of the warld
renne shiws that altheugh this is Gar from being the casn, jmpreasive
developmenta kave Laken place in Lhe last decsde, Medium bempern-
ture sysbems using line foosssing parabolic collector techoology hanve
been eommercinlized o some extent. Also, the central receiver concept
has been tested extensively om s pilot seale nrd the solar ehimney
cunenpd has bean proved, Both ayslems seem promising, bul nesd a
considerable amoant of developmential work before their suitability
and vipbality can be praessed.

Solar Radiation

This chapler is conotrmed with the availability of solar radiation as an
smargy souren. Extra-terrestrinl radintion, its spectral distribation and
ik paddntion at the sarths surfnee b= déscuased et Inatramesnts uaed
for meksuring solar radiation and methods used for presoting dats
are then described. The geemetry of solar radiation and the varjous
angles wed are defined s that it &= poesible to convert the ffux on one
plane to an equivalent flax on another, Equations for predicting the
availahility of solar radiation ot o location are alse given.

3.1 SOLAR RADIATION OUTSIDE THE
EARTH'S ATMOSPHERE

The characteriatics of the suns energy available catside the earth’s
ntmesphere are Erel canaidered,

The sum is a large sphere of very hot gnses, the heat being penerated
by varicus kinds of fusion reactions. Its dinmeter is 1.30 = 10* km,
while that of the earth is 1.27 x 10" km. The moon distanee between
th twao is 1.496 x 10" km. Although the sun is lasge, i subitends an
angle of anly 32 minutes &t the earth's aurface, Thia (8 beesusn it i
aleo ot o very large distanes, Thua, the beam radiation reciived from
the sun on the earth i almeaat parallel. The brightoess of the san vares
from its centre to its edge. However, for engineering calcwlations, it in
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cumtomary to assume thal the brightness all over the solar disc is
urifarm.

Measurements indicate that the energy flux received from the sun
catatda the earth's stmosphere s ennatamt. The selar
corstant I i the rate at which energy is reecived from the sun om &
unit aran perpendicular to the raya of the sun, ot the mean diskance
af the earth froe thi sun, Thie value of the solar constant has been
the subject of many experimental imvestigations. Based on measure-
meenks made ap to lm,lllud.lrﬂ.ﬂhuuflm‘i'ﬂm*wuldnpud
Im 1871.* However, based om subscquent measurements, a rovised
valuis of 1367 Wim® has been recnmmended t The differance batween
ihe Dwio vidiesd mocaly 1 pef cend, .

The earth revolves around the san in an elliptical orbit having o
wery small eccentricity, and with the sun at one of the foc. Conseguant-
Iy, the distafes batwisn thee sarth and the san varies & Hithe theough
thi year, Hecwisn of this waristion, the estra-tormestial fus also
varies, The value on any day can be caleulated from the equation

:;-:,,[11-&4133.“%} 3.1}

where n is the day of the year,

It im nlso wrefil to know Lhe speetrad diatribution of extr-torrestrial
snlar radintion, Measurements oorresponding to both the values of the
solar constant are given in Table 3.1. It will be seen that the
measurements are in close agreement with each other. For both coses,
the spectral walue first incronses sharply with wawlngth, peeses
through = i &t a bengih of 048 pm and then docronses
aaympiotically to zero. 59 per cont of the sun's radiation is cbiained
e b warebingth of 4 pie, The pencentage of mdiation obiained up to
a certain wavelength is also given in Table 3.1, This value is aseful for
calculating the solar Mux emitied in any specified ronge of
wnvelengths. For casy reforence and visunlization, the spoctral dis-
tribution.  data eorresponding to the solar  mmstant value of
13953 Wis® s plutted in Fig, 3.1

The mdiation coming from the sun is essentially equivalent to
blackbody radiation. Using the Stefan-Boltzmonn law, the equivalomt
backbody temperatare can be shown to be 8762 K for o solar eonstant
of 13563 Wim® and 6779 K for a selar constant of 1357 Wim®

M Thekiaekirs and &0, D d, “Standard Valuss for the Solar Cozsiant and
its Spsctral Componenia”, Nl Plos, Sei, 338, 6 (15700

10, Frelich and BW, Broscs, “Salar Hadistian and it Variatisn s Tims”™, Salar
Phpaics, T4, 209 {18811
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3.2 SOLAR RADIATION AT THE EARTH'S
SURFACE

Solar radistion is received ot the earth’s surfaee in an attesuated form
becnase it is gulsjected to the mechanisms of absorption and seattering
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Fig. 3.1 Speciral Distribution of Exira-lérmesthal Solar Radation (A
Mass Zoro)

[From Naliaoal Asfoniates sad 5 Adminairsisn Repare, NASA S8 (1FTEL]

ad it parses through the earth’s ntmnsphere (Fig. 3.2). Ahsorption conurs
primarily because of the presence of omne and water vapour in the
atmosghere, and to & bsser extent due to other gases (like OOy, KOy,
0, g and CH,) and particalate matter, [t results in an increasn in the
. internal energy of the atmosphers, O the obher hand, scatlering ocoirs
due to oll goseous moleoales as well as porticalate matter in the
atmoaphore. The seattered rodiation is redistributed in all directions,
spane guingg back inte space and soeme resching the earths smirface,
‘The atmosphers at any location on the earths surface = oflen
clnssified into two broad types—an simosphere withoat clowds and an
ntnxosphere with clouds. In the former cose, the sky is cloudless
averywhene, while in the latier, the sky is partly or fally covered by
ehaaila, This mechanisma of ahsorption and seattering (discrthed in this
previous paragraph) afe similar with both types of stiesphics,
However it is obvious that less ptbenuation takes place in a cloudless
sky. Consequently maximum radiation 8 received on the earih's
surfnce under the conditions of o doudless sky.
Solar radiation received at the earth’s surfoce without change of
direction, ie, in lne with the san, is called beam or direct radiafion,
The radiation received ak the varth’s surface from all parts of the sky's

2.8

hemisphere (after being subjected to scattering in the otmosphere] is.

enlled diffuse radiation. The sum of the beam and diffuse rodintion is
referred tn as tafed or glohal ragisfion.
In gemeral, the intensity of diffose rodiation coming from warioos
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Solar radistion

.

Fig. 3.2 Schematic af (I} tha Machanisma ol Absanplion
and Scataring, and (i} Baam and Difusa Radation Recaived
at the Earf's Suriace

directions in the sky is mot uniform. The diffuse radiation is therofoes
sald tn be anksotropic in neture. Ho in many sitanticns (e.g. part
or hoavy deud cover), the intensity from all disestions tends to b
resonably usniform, 18 & then modellod as being perfectly eniform and
e wnidl Lo b fsatropie in nature

A torm called the air mess (AM) i3 ofton used s 8 messare of the
distance travelled by beams radistion throagh the stmosphere beline
it reaches a location onm the earths surface. It i= defined as the ratio
of the mass of the atmospbere through which the beam rodintion
p-mfnﬂmmmilwmlldmﬂ-wnhifﬂumi:dincﬂ_fmmm
(i.e. ot its zenith). The zenith sagle & is the angle made by the sun's
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rays with the mormal to o borizontal susface, [t cn be abown
approzimately that for lecations at aen livel and zenith angles from 0
to 70", the air mase is equal o the secant of the zenith angle. Thus
nir mass zero {AMO} corresponds fo extra-terrestrinl radistion, air
meass ane (AM1) corresponds to the case of the sun ot its zenith, and
alr mass two (AM2) corresponds to the ease of a senbth angle of 607,
Extensive stadies have been made on the mechanisme of absorption
and scattering, and on the determination of attenuntion cosfficients
for various substances. MNevertholess, it is in general not prasible to
predict, to reasonnble degree of accuracy, the variation with time of
the beam and diffuse radintion which might be expected ot a specified
Ineatice an the earth's surface. Thus the desi of salar |
equigments hus b resort e ane of the felliing eptions

1. Make measurements over o period of time at the location in
quistion whers the aolar equipmsent is G be inatalled,

2. Use measuremsents available for scme other location where the
climate is knows o be reascaably similar to the keation under

oomsideration.
i Use empirical _[.'ldl.cmrn nqmnnullhlnhlink the values of solar
radiation with otlss tars whoss waluses

are known for the locatin under conabderation, Examplea of
such parameters are the number of hours of sunshine received
per day, the previpitation, the dlood cover, ete.

3.3 INSTRUMENTS FOR MEASURING
SOLAR RADIATION AND SUNSHINE

The instruments used for measurement will mow be deacribed. Solar
radistion flox is uswally messured with the belp of & prarometer or
a prrheliceneter.

A pyransriter 18 an instrument which messures alther glabal or
diffuse radiation over a hamispherical fisld of view (refer Photo No. 30
A sheich of one Lype of pyrosometer a8 inatalled for the messurement
of global radintion is shown in Fig. 3.3. Basically the pyranometer
ronsists of o ‘hlnck' surface which heats up when exposcd to solar
racliation, Its temparatune ineriass until the rate of heat pain by solar
radiation equals the rate of beat loss by convedtion, conduction and
reradiation. The hef juncisans of o Ehermepile are attached to the Black
surfnce, while the cold junctions nre loented in such nowoy that they do
nnt receive the radiation. As o result, oo oemd |8 generated. This e
which is wsually in the range of 0 1o 10 mV can be rosd, récorded or
inteprated over & pericd of times and is a meddiane of the global radiation.
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Fig. 33 Fyrancmater for Maeasuring Global Radiaticn (1. Black Surlaca,
2 Glass Domes, 3. Guard Plate, 4. Lewelling Screws,
5. Mounting Plate, & Grouled Balis, 7. Platform)

The prrapmmeter abown in Fig. 5.3 is weed commenly in India. It
has its hot junctions arranged in the form of a circular disc of diameter
% mm and is conted with & specinl block lnequer having o very high
absorptivity in the sodor wavelength region. Two concemtrie homd-
gpheris, 30 and 60 mm in diamater respectively, mado of aptical glass
heving excellent transmission charscteristics, are used to protect the
di=c surface from the weather, An sccuracy of about £2 per cent can
b biaineed with the instrament

The pyranometer ran alse be used for the measarement of diffuse
radintion. This is done by mounting it at the centre of @ semiciroular
shadirg ring. The shading ring is fixed in such n way that its plane is
paralbel to the plane of the poth of the sun's daily movemsent aeroas
the sky and it shades the thermopile element and the two glass domes
of the pyrapometer at all times from direct sunshine. Conseguently,
the pyrasnmeter measures only the diffuse radinton received from the
aky. Tha py tor is ted at thie centre of the: shading ring.

The constrsction of one type of shading ring is shown in Fig 3.4,
ABCD is o horizootal rectangalar frame 35 cm = B0 cm with its long
sides in on eastowest divection. To the sides AR and CD of the frame
are plvoted two anglesiron orms EF and GH, 70 em long with slots
along their beapth, carrying sliders, 85, on which s mounted the
semicircular shading ring K. The arma are piveted about & horizontal




Fig. 34 Shading RAing Arangement for tha Measuremaent of Difusa
FAadalion

axis which passes through the cantre of the rectanpalar frame and can
ks andjusatod al an angle e tha horgzental squaal i the Batitede of the
piation. The movement of the ring up and down the arme allows for
changes in the sun’s declination. The shading ring is of aluminium,
0 mm bread, and is bent to o radivs of 450 mm. The inner surfaece of
the ring is pointed dull black, while the rest of the shading ring
arrangement 8 painted dull matt white, To the beltom of the frame
ARCD s fixed a thick metal plate P with a circular alot so that the
[rams, when fixed on o masonry platform with nuts and bolts, can be
ndjusted in its proper positinon by rotation abowt n vertical axis. To the
top of the frame is fitted another thick metal plate P on which the
By 4 !'l |

A pyrhel tév 18 B0 knat & which wh biskm railiation,
In combrast to a pyranosmeter, the Black absorber plate (with the hot
Jjunctions of a thermopile attached to it) s boented ot the base of o tube
iFig. 3.5). The tube is nligned with the direction of the sun's rays with
thi help of & two-nxis tracking mechardsm and an alignment indicstor.
Thiss this hlack plate receives only beam radiation and a small amoaet
of daffase radistion Falling within Uhe ‘soceplance angle’of the mnslrument.

The duration of bright sunshine in a day i= measured by means of

Soder Radiaton  GH

Fig. 3.5 Pymakcmater far Maasiring Baam Aadiation (1. Tube Black-
aned on inside Swiace, 2. Algnmant incicatcr, 3. Black Ab-
sarbar Plate, 4, Thermople Junctions, 5 Two-axis Tracking
Mechanism)

o sunshine recorder shown in Fig. 3.6 (refer Photo Ko, 4). The sun's
rays are focussed by & glnss sphere to & point on & cord strip beld in
& groove in a apherbeal bow] meanted eoncantrically with the sphom,
Whsstirvar thers & brighit sunshing, the isage formed i intense enmigh
1o burn a apot oa the card atrip. Through the day as the min maes
across Ehe sky, the imapge moves along Ehe sbrp. Thus, a burnk Ersce
whose lemgth is proportionnl to the duration of sunshine is obiadned
on the strip.

34 SOLAR RADIATION DATA
Moet radiation data is measured fer horizental surfims, & trpieal daily
record of the global amd diMse radistion smeasured on o eloar day s
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Fig. 36 Sunshine Recorder

shown in Fig. 3.7, It is seen that a fairly, smooth variation with the
maximum occurring arcund noon is obtained on a clear day In
contrast, an irregular variation with many peaks and valleys may be
obtained on cloudy day.

Solar radiation flux is often reported in langleys per hour or per day
(1 langley = 1 callem®). The unit langley’ has been adopted in honour
of Samuel Langley who made the first measarement of the spectral
distribution of the sun.

A solar designer is primarily interested in average values for a
location. The averaging 15 usually done over a month, and tabulations
showing the hourly wvariation of global and diffuse radiation, the
amount received per day and the sunshine hours per day are prepared.
Detailed tabulations for many locations in India have been published®,
Data for a few lecations iz given in Appendix 3.

A peneral idea of the availability of solar radiation over different
regions can be obtained by constructing solar radiation maps. Such
miaps have been drawn by Mani and Chacko? for India and are

*s Mani, Handbook of Seler Rodietion Deta for India, Allied Publishers, New Delhi
(B8O
tA. Mani and 0. Chackn, “Solar Radiation Climate of lndia®, Solar Energy, 14, 139 {18730
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Fig. 37 Record of Global and Diffuse Radiation Measured on a Clear
Day

reproduced in Fig. 3.8 and Fig. 3.9, Figure 3.8 shows the distribution
of the average daily global radiation, while Fig. 3.9 shows the distribu-
tion of the average daily diffuse radiation.

From Fig. 3.8, it is seen that the annual average daily global
radiation received over the whole country is around 450 langleys. Peak
values are generally measured in April or May, with parts of Rajasthan
and Gujarat receiving over 600 langleys, In contrast, during the
monsoon and winter months, the daily global radiation decreases to
about 300400 langlevs.

From Fig. 3.9, it is observed that the annual average daily diffuse
radiation received over the whole country is arowrd 175 langleya,
The maximum values measured over the whole cowstry are about
300 langleys in Gujarat in July, while minimum values, between 75
and 100 langleys, are measured over many parts of the country during
MNovember and December as winter sets in.

3.5 SOLAR RADIATION GEOMETRY

In order to find the beam energy falling on a surface having any
orientation, it is necessary to convert the value of the beam flux coming
from the direction of the sun to an equivalent value corresponding to
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Fig. 3.8 Average Daily Global Radiation Over India in caliom’-day Fig. 39 Average Dally Diffuse Radiation Over India in calicm’-day
Fram Mani and Chacka.) {From Mani amd Chacko.)
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the normal direction to the surface. Relationships for making this
conversion will now be given.

1f @ is the angle betwesn an incident beam of flux Iy, and the normal
to a plane surface, then the equivalent flux falling normal to the surface
iz given by [y, cos 8. The angle & can be related by a general equation
to ¢ the latitude, & the declination, ¥ the surface azimuth angle, w the
hour angle, and B the slope. Each of these will first be defined.

The fatitude & of a location is the angle made by the radial line
joining the location to the centre of the earth with the projection of the
line on the equatorial plane, By convention, the latitude is measured
as positive for the northern hemisphere. It can vary from =80° + 90°,

The declination & is the angle made by the line joining the centres
of the sun and the earth with its projection on the equatorial plane, It
arises by virtue of the fact that the earth rotates about an axis which
makes an angle of approximately 66.5° with the plane of its rotation
around the sun. The declination angle varies from a maximum value
of +23.45° on June 21 to a minimum value of —22.45° on December 21.
It is zero on the two equinox days of March 21 and September 22,
Cooper* has given the following simple relation for calculating the
declination

& (in degrees) = 2345 sin [% (284 + n}} (3.2)

where n ia the day of the year. Equation (3.2} is plotted in Fig. 3.10.
Its accuracy of prediction is adequate for engineering purposes,

The surfoce azimuth angle v is the angle made in the horizontal
plane between the line due south and the projection of the normal to
the surface on the horizontal plane. It can vary from =180° to +180°,
We adopt the convention that the angle is positive if the normal is east
of sguth and negative if west of south.

The hour angle w is an angular measore of time and iz equivalent
to 15° per hour. It also varies from =180 to +180°. We adopt the
convention of measuring it from noon based on local apparent time
(LAT), being positive in the morning and negative in the afterncon.
{The term ‘local apparent time’ will be defined later.)

The slope [ iz the angle made by the plane surface with the
horizental. It can vary from 0 to 180°,

It can be shown that

e0s B = sin & (5in & coa [ + cos & coa ¥ oos wsin f)

+coa @ (cos & cos w cos f§ — sin & cos yein )
+ cos § sin ¥ sin © sin B (3.3)

*P.L Cooper, “The Absorplion of Solar Radiation in Solar Stills®, Selor Energy, 1E, 3
(1969).
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Fig. 3.10 Varation of Declination Over the Year—Eq. (3.2)

Simpler versions of Eq. (3.3) are normally required. Some of these
are as follows
Vertical surface f = 90°,

" cos B = gin & coa & cos ¥ cos @ — cos ¢ 8in & cos ¥

+ cos & gin ¥ 8in {3.4)
Horizontal surfoce = 07,
cos @ = gin ¢ gin & + cos § coa § coa w (3.5)

The angle 6 in this case is the zenith angle 8, (defined earlier in
Sec. 3.2). The complement of the zenith angle is also used quite often
in caleulations. It is called the solar altitude angle and will be denoted
by the aymbol o,. Some of the above angles are shown in Fig. 3.11.

Surface focing due south y=0°,

cos 8 = sin & (8in & cos | + cos & cos weEin )

+co8 & (cos & cos w cos i - sin & sin [{)

=gin & sin (¢ — B) + co8 & cos weos ($—[F) (3.6)
Viertical surfivee focing due south =907, y=10°,
cos B = sin § cos & cos @ = cos ¢ sin & {3.7)

The angle of incidence & can also be expressed in terms of 8. the



Fig. 3.11 Diagram llustrating the Angle of incidence 8, The Zenith Angla
iy, the Solar Altilude Angle c,, the Slope f and the Sudace

Agimuth Angie 7

zemith angle, B the slope, 7 the surface azimuth angle and ¥, the solur
azimuth angle. Braun and Mitchell* have shown that

c08 B = coB B, cos [} + sin 8, sin i cos (3, = 1) (3.8)

The solar azimiuth angle v, is the angle made in the horizontal plane
between the line due south and the projection of the line of sight of
the sun on the horizontal plane. Thus it gives the direction of the
shadow cast in the horizontal plane by a vertical rod. By convention,
the solar azimuth angle is taken to ba positive if the projection of the
line of sight is east of south and negative if west of south. In order to
SR Eq. (3.8 ik 1= necessary to first calculate B, and T B 18 abtained
from Eq. (3.5), while v, is abtained from the expressiont

€08 ¥, = (co8 B, Bin ¢ - 8in &)/8in &, cos ¢ (3.9)

*JE. Braun asd J.C. Mitchell, “Solar Geometry for Fioed acd Tracking Surfaoes”,
Sadar Energy, 31, 439 (1983,
M. lgbal, An Infreduction fe Sedar Rediafion, Acodemic Press, Canada (1963)
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Exampie 3.1
Caleulate the angle made by beam radiation with the normal to a
flat-plate collector on December 1 at 0800 h (local apparent time). The

eollector is located in Wew Delhi (26%35' N, 77%12'E), and is tilted at
an angle of 36° with the horizantal and is pointing due south.

Faor this case, ¥=0" and Eq. (3.6) is applicable. On December 1,
n =335,
From Eq. (3.2),

E:
= 2345 gin [ﬁzm + 335!]

= -22.11°
At 0900 h (local apparent time), w = 45°. Substituting in Eg. (3.8),
wi have
co8 B =gin (—22.11%) sin (28.58" - 36")
+ cos (=22.117) cos 45° cos (28.58° - 36%)
= (6982
B=457"

The: angle § can also be calculated wsing Eq. (3.8) in conjunction
with Eqgs (3.5) and (3.9). From Eq. (3.5)

cos B, = sin 28.68° sin (-22.11°) + cos 28.58° cos (-22.117) cos 45°
= 0.38522
B, = 66,72
From Eq. (3.8
cos Y, = [cos 66.T2° sin 28 58" — sin (-22.11%))/sin 66.72° cos 28 .58°
= 0.70103
o= 46497
Substituting into Eq. (3.8), we get
cos @ = cos B6.72° cos 38° + sin B6.72° sin 36" cos (45.49° - 0%)
= 06882,
B = 45.7°
Apparent Motion of the Sun

It will be useful at this stage to describe the apparent motion of the
sun ns seen from the earth. To an observer on the carth, on any given
diy, the sun rises in the sast, moves in a plane tilted at an angle of
(80" — @) with the horizontal, and finally sets in the west. Thus, the
apparent plane in which the sun moves intersects the horizantal in a



7B Salar Enargy

line pointing east-west. However because of the declination angle this
E-W line of intersection does not coincide with the E-W line passing
through the observer & (Fig. 3.12). For a location in the northern
hemisphere, this ling is to the south in winter (declination negative),
to the north in summer (declination positive) and coincides with the
E-W line passing through the observer on the two equinox days of
March 21 and September 22 (declination zera),

E
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Fig. 3.12 Appareni Plane of Motion of the Sun for a Location in the
Morthermn Hamisphare

Sunrise, Sunset and Day Length

The hour angle correaponding to sunrise or sunset (w,) on a horizontal
surface can be found from Eq. (3.5) if one substitutes the value of
9 for the zenith angle. We obtain

cos o, = ~tan § tan §
w, = cos”' {~tan ¢ tan 5} 300}

Equation (3.10) yields a positive and a negative value for w,, the
positive value corresponding to sunrise and the negative to sunset.
SBince 157 of the hour angle is equivalant to 1 hour, the corresponding
day length (in hours)

Snn=%m-'l(—taniu.nﬁ] (4.11)

The hour angle at sunrise or sunset as seen by an chserver on an
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inclined surface facing south (y=0") will alse be given by Eq. (3.100 if
the day under consideration lies between September 22 and Mareh 21,
and the location is in the northern hemisphere. This is because during
this perind, the declination is negative and the apparent plane of
maotion of the sun intersects the honzontal plm in an E-W line which
lies to the south of the E-W line passing through an observer on the
inclined plane, However, if the day under consideration lies between
March 21 and September 22, the hour angle at sunrise ar sunset
() would be smaller in magnitude then the value given by Eq, (3.10)
and would be obtained by substituting 8 = 30" in Eq. (3.8). This yields

e = eos " [-tan (¢ — B} tan 8] 3.12)

Thus the magnitode of wy for an inclined surface facing south
{y=10" in the northern hemisphere is the smaller of the magnitudes
of the values given by Eqs (3,100 and {3.12),

In general, for a plane surface not symmetrically oriented, hour
angles at sunrise and sunset would be unequal in magnitwde apart
from having opposite signs. The general procedure would be to
calculate my, by substituting 8 = 80° in Eq. (3.3) and by using Eq. (3.10).
Depending upon the day of the year and the orientation of the surface,
proper judgement would need to be exercised in selecting the correct
values from the solutions thus obtained,

Example 3.2

Caleulate the hour angle at sunrise and sunset on June 21 and
December 21 for a surface inclined at an angle of 10° and facing due
sauth (y=0%). The surface is located in Bombay (19707 N, 72°51° E).

For June 21, we use Eq. {3.12),
iy = eos ! [—tan (18.12° — 107} tan 23,457 = 184.0°
For Decamber 21, we use Eq. (3.100,
dily = coE ' [<tan 19.12° tan (-23.45°)] = £81.4°

Local Apparent Time

The time used for calculating the hour angle w is the lecal apparent
fime. This can be obtained from the standard time observed on a dock
by applying two corrections, The first correction arises because of the
difference between the longitude of a location and the meridian on
which the standard time is based. The correction has a magnitode of
4 minutes for every degree difference in longitude, The second correc-
tion called the equation of time correction is due to the fact that the
earth's orbit and rate of rotation are subject to small fluctuations. This
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correction is based on experimental observations and is plotted in
Fig. 8.13.

-1 N T

dan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Mont
Fig. 3.13 Bquation of Time Comection

Thus, Lecal apparent time = Standard time
+ d(Standard time longitude
= lengitude of location)
+ {Equation of time correction)
The negative gign in the first correction is applicable for the eastern
hemisphere, while the positive sign is applicable for the western
hemisphere.

Example 3.3

Determine local apparent time (LAT) corresponding to 1430 h (15T) at
Bombay (1907 N, 72°61" E) oo July 1. In India, standard time is based
on 82.50" E.
From Fig. 3.13, the equation of time correction on July 1 is (—4)
minutes. Therefore,
Laocal apparent time = 1430 h - 4{82.50 - 72.85) minutes
+ [—4 minutes)
= 1430 h - 38,6 minutes - 4 minutes
=134Th
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3.6 EMPIRICAL EQUATIONS FOR PREDICTING
THE AVAILABILITY OF SOLAR RADIATION

Since measurements of solar radiation are often not available, attempts
have been made by many investigators to establish relntionships linking
the values of radistion (global or diffuse) with meteorological para-
meters like number of sunshine hours, cloud cover, and precipitation.
Some of these equations will be given in Sections 3.6.1-3.6.5 and their
use illustrated with the help of a few numerical examples. These
equations are generally valid for clondy skies.

3.6.1 Monthly Average Daily Global Radiation

The first attempt at estimating solar radiation was due to Angstrom
wha suggested that it could be related to the amount of sunshine by &
simple linear relation of the form

H, 5
T a+ b[§“] 13,14}
where, _, = monthly average of the daily global radiation on a
_ horizontal surface at a location {kdfm®day),
H,= monthly average of the daily global radiation on a
horizontal surface at the same location on a clear day
_ (el -day),
&= maonthly avernge of the sunshine hours per day at the
loeation (hi,
L- monthly average of the maximum possible sunshine
hours per day at the location, ie the day length on a
horizontal surface (h),
a, b= constants obtained by fitting data.

Because of difficulties in deciding what constitutes s clear day, Page*
suggested that 5, in Eq. (3.14) be replaced by Hy, the monthly average
af the daily extra-terrestrial radiation which would fall on a horizonatl
surface at the location under consideration.

€

L] max

Vilues of @ and & have been obtained for many cities in the world by
Lof et al. They are given in Table 3,2, A similar set of values have also

H %
ﬁ'“*ﬁ[giJ (3.15)

*J.H. Page, Proc, DLW Conf” New Sowrces of Energy, Rome_ 4, 3TH (18611
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been obtained for 17 Indian cities by earrying out a citywise regression
analysis, These values are given in Table 3.3.

Table 3.2 Constants a and bin Eq. (3.15) for Many Cities of the Warld*

Range of

Laocation BE.. o b
Albuquergque, New Mexico, LS4 0.68-0.85 041 0a7
Atlanta, Georgia, USA 0.45-0.71 0.38 26
Blue Hall, Mass., USA 0.42-0.60 0.22 0.50
Brownaville, Texas, USA 0.47-0.60 0.35 0.31
Buenos Aires, Argentinn 0AT-0.68 0.26 0.50
Charlestan, 8.C., U8A 0.80-0,75 048 0.0%
Dairen, Manchuria 0.55-0.81 U L 0.23
El Paso, Texas, USA 0.76-0.88 054 0.20
Ely, Mevadn, USA 061089 .54 o.18
Hamburg, Germany 0.11-0.48 022 .57
Honelube, Hawaii, 1184 05674077 14 k]
Madison, Wiscansin, UISA 0.40-0.72 0.30 034
Malarge, Angoln 0.41-0.84 0,34 034
Miami, Florida, USA 0.66-40.71 0.4 0.22
Wice, Framoe 0.49-0.76 017 0.63
Pune, [odia { 025048 0,30 051
065-0.59 0.4l 0.34
Seanleyville, Conga A4, 0.24 0,55
Tamanrassot, Algoria 0.76-0,B8 0.80 0.43
G007 Lof, J.A Draiie asd OO Smith, “World Distnbution of Sclar Hadiation®, Salor

Energy, 10, 27 (106681 Adapted with permission.

[n the above computations, the quantity Hy is the mean of the value
{Hp) for each day of the month. Hy is obtained by integrating over the
day length as follows:

H.,:J,[lm.na:im%  (siin ¢ sin & + cos ¢ cos & cos ) d
13.16)
180 w
Mow, = 5%
where ¢ 18 in hours and w i8 in radians.
=180
H:rux, cﬂ—lﬁldm

Substituting in Eq. (3.16),
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-,
Hu=%ju[1+ﬂmm%} J (sin & sin 8 + cos ¢ cos & cos @) do
-

=%J,{1 +0.088 con %]{qmum B+ cos ¢ cos 5 gin &)
(3.17)
Table 3.3 Constants @ and b in Eq. (3.15) for Indian Cities*
. Mean error
Location n b {par eeat)
Ahmedibad 0.28 [XT] a.0
Bangakore 0,18 64 LR
Bhavnagar 0,28 047 2B
Caleutta 0.28 0.42 L3
Goa 0.30 0.48 21
Jodhpur 0.3 0.46 bl
HKodaikanal 0.3z 0.55 249
Mndms 0.30 044 4.5
Mangalore 0.27 043 4.2
Minicay 0258 0.3% 1.4
Nagpur 02T 0,50 L&
New Delhi 025 0.67 an
Pune 041 043 1.9
Shillong 022 0.57 3.0
Srinagar 0.35 040 4.7
Thirovananthnpurnm 0.37 .39 25
Vishankhrpatnnm 0,28 047 L2

“Vijuy Modi and 8P Sukhatme, “Estimation of Daily Teal and Diffuse Insalation in
Indis Frean Westher Data”, Soler Energy, 22, 407 (19700, Uand with permission,

The caleulation of Hp has been simplificd by Klein®, who has
determined the particular day in each month on which the extra-ter-
reatrial radiation is nearly equal to the monthly mean value, The dates
an which the value of Hy is equal to Hy are as follows: January 17,
February 16, March 16, April 15, May 15, June 11, July 17, August 16,
Septamber 15, October 15, November 14 and December 10. As expected,
these dates are close to the middle of the month.

Equation (3,15) can be used for caleulating the average daily global
radiation at a location when data on sunshine hours is available, and

*2.A EKlein, “Caloulation of Monthly Avernge Insolation on Tilked Surfooes®, Solar
Energy, 18, 326 (18771
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values of o and b are known for a nearby location with a similar
climate. The procedure is illostrated in the following example.

Example 3.4

Estimate the monthly average daily global radiation on a horizontal
surface at Baroda (22°00° N, 73%10° E) during the month of March if
the average sunshine hours per day is 9.5,

We will assume that the values of a = 0.28 and b= 0.48 obtained for
Ahmedabad (Table 3.3) are valid for Baroda, This is a good assumption
since the two cities are fairly close to each other and their climate is
similar. Based on Klein's recommendation, we will 1ake i to be equal to the
walue of My on March 16. Further, we will assume that this recommendation is
also walid for the caleulation of Smax.

On March 16, n = 75, From Eq. (3.2),

4=23. 45m@[234+75]
=-2.42°

From Eq. (3.10), the sunrise hour angle

@, = cos" [=tan 22° tan (=2.42°)]
= 88.02° = 1,564 radians

Day length, Sam=
From Eq. (3.17),

2
T 83.02=11.8Th

Hy =Ex'l 67 xamn[i + 0,083 cos= E H'Fﬁ] 1.654 sin 22° gin (-2.42°)

+ cos 22° eos (—2.427) sin Eﬂ.fﬂ"}

= 34 206 kJ'm*-day
Therefore, from Eq. (3,15},

Hy = {ﬂ'EE+{J ﬁ[llm]}HMEN

= 22718 klim*day

Other metecrological parameters have also been used for predicting
solar radiation. These inchade cloud cover (the amount of sky dome
covered by elonds) and precipitation (the number of days in the month
with precipitation greater than 0.3 mm). However, in general, the
sunshine ratioc parameter (5/5,.;) has been found to be the most
reliable predictor,
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262 Monthly Average Daily Diffuse Radiation
Based on a study of data for a few countries, Lin and Jordan® showed
that the daily diffuse-to-global radiation ratic could be correlated
ngainst the daily global-to-extra-terrestrial radiation ratio. The cor-
relation was expressed by the following cubic equation
H, 1,390 - 4W’Fﬁ +5531 i a.108 ﬁf‘: (3.18)
H, oy mI T '
where Hﬂ‘ muonthly ;\-:rm of the daily diffuse radiation on a
horizontal surface (kJim -day).

The dhnr symbaols have the same meaning s given earlier. The
ratio [H' I'Hul is often denoted by the symbol K;- and is called the
monthly average cleamess index. Kreitht has pointed out that
Eq. (3.18) has been obtained with a value of 1394 Wim? for the salar
constant.

Whﬂl a.vﬁlllllz ]ndil!'l. I:].H.l. Was i.n.nlyled,t the Hl-mlr.ing' |."|.1'||.-.nz
equation was obtained

Hy i,
=" = 1411 - 1686 (3.19)
H, [Hu
In a separate atudy, Gupta ef al.** have obiained the equation

”
& =1.354 - 1.570)| = 3.20)
g, Hy

Equations {3.18) and (3.20) are valid for 0.3 < (H,/Hy) < 0.7. They
agres well with each other. However, when compared with Liu and
Jordan's Eq. (3.18), it is ocbaserved that there are significant differences.
These are due to the fect that the diffuse component ia much larger
in India.

Example 3.5

Eatimate the monthly average daily diffuse radiation on a horizontal
surface at Baroda during the month of March.

*B.Y.H. Liu and R.C, Jardan, “The Intermelationship and Characteristic Distribution
of Direct, Diffuse and Total Solar Radiation”, Solor Energy, 4031, 1 (19600,
tF. Kreith and J.F. Kreider, Principles of Solar Engineeriag, Chapter 2, McGrow-Hill,
Mew York (1878
1¥ijay Madi and 5.F. Bukhatme, “Estim tion of Dadly, Total and Ciffiase Imsolation
in Iadia from Weather Data®, Sslar Enery,, 22, 407 (1579).
"3 L. Gupta, K. Usha Bao and T A Heddy, "Badisttes Design Dain for Salar Ensngy

Applications”, Energy Mosagemand, 5, 399 (1975,
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We will use Eqe (3.19) and (3.20) for making the estimation. From
Example 3.4, H,= 22718 kim’-day and Hy= 34 206 kJim®-day
Monthly average clearness index Ky = 06642,

From Eq. (3.18),

H,;=22718(1.411 — 1.696 = 0.6642) = 6465 kl'm*-day

From Eq. (3.20},

H,=22718(1.354 — 1.570 = 0.6642) = 7072 kl'm® day

‘Thus we see that the predictions made by Eqa (3.19) and (3.20) are
within 10 per cent of each other.

3.63 Monthly Average Hourly Global Radiation

A number of studies have alse been conducted with the ubju:ti'rr. af
obtaining relations for predicting the diurnal variation of the monthly

average hourly global radiation at a location. Collares-Pereira and

Rahl* have developed the following relation
L _L
-
where a = 0.409 + 0.5016 sin (o, - 607),
b= 0UEE09 — 04767 min {m, - &GO,
I, = monthly average of the hourly global radiation on a hori-
zontal surface (kdfm®h),
Iy = monthly average of the hourly extra-terrestrial radiation on
a herizontal surface (kJim®hj,
The other l_'l'melE n Eq {3.21) have been defined earlier. Eq. (3.21)
has been developed on the basis of the following facts

(i) Measured data generally show a similarity between the diurnal
variation of Ip and J;

(1] !hg i= a E'l.lﬂ_d.' correlation between the values of the ratios
{TJH,) and (TyHy.

It will be noted fram Eq. (3.21) that the symbaol [ has been used for
denoting an heurly value (klm®h), while carlier it was used for
denoting an instantaneous value ie o flux (kWim®1. For most situa-
tions involving solar radiation, transient processes occur at a slow
pace. IE is therelore nol necessary to make a distinction betwesn the

{a + b coB w) (3.21)

*M, Collares-Peraiza &nd A Habl, "The Average [DEstribubion of Solar Radiation
Correlstéons belween Diffuse and Hemipherical and betwesn Daily and Hourdy
Insalation Valoes®, Solor Ewergy, Z2, 155 (1973,
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two quantities. If necessary, an hourly value (klim®h) can be caleu-
lated by ohtaining the instantanecus value (KW/m®) at the mid-point
of the hour and multiplying by 3600,

Satyamurty and Lahiri® have tested the predictions of Eq. (3.21)
ngninst the measured data of fourteen locations in Indin and shown
that there is a good correlation between the two sets of values, The
rms difference between the predicted and messured values of (L/H )
ranged only between 2.9 and 5.5 per cent for thirteen of the fourteen
locations. A significant difference of 10.4 per cent was obtained only at
one location.

364 Monthly Average Hourly Diffuse Radlation

In & manner gimilar to that adopted for developing Eq. (3.21), Liu and
Jordant have suggested the following relation for estimating the
manthly average hourly diffuse radiation

L kL
— — 13.22)
Hy Hy

Satyamurty and Lahirif have also tested the predictions of Eq. (3.22)
agninst the measured data of fourteen locptions in Indis. In this CHED,
relatively poor agreement is oltained, the rms difference betwesn the
predicted and measured values of (Iy/H ) ranging between 5.7 and 13,4
per cent. Satyamurty and Lahird have therefore suggested the following
improved relation

é"; ={a" + &' cos m) é"n i3.23)
where o' = 04922 + (0.2WH H) for 0.0 (HHy) <07
ar ' =0.76 = 010 HHY for 0.7 < (HyHy) <08
and b =21 - a'lisin o, - o, cos 000w, — 0.5 sin 2u)

Example 3.6

Use the prediction equations, to ealeulate the monthly average hourly
gl.ulm] and |'||:|u:|':|:|.I diffuze radiation dur.in“ the month of April on &
horizontal surface at New Delhi (28°35° N, 77°12° EbL Time; 05900 to
1000 h (LAT). The average number of sunshine hours per day is B8,
Compare the predicted values with the available measurements.

YV, Batyamurty aed PR Lakici, “Eatissation of Spmmetric and Asymmelric Hourly
Ginbal and Diffuse Radiation from Daily Values®, Soler Eoeegy, 48, T 115603},

+B.YH. Lig and R.C. Jordan, op. cit.

V.V Batyvamurty nnd PHE. Lahiri, op. ot
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Daily Radiation
The representative day in April fa the 15th. On April 15, n = 105,
From Eg. (3.2),

&= 23.45 sin %:2&4 - lﬂﬂl]- 9.43°

From Eg. {(3.10),
w, = cos ' {~tan 28.58° % tan 8,427
= 85,15 = 1.66] radians

-2 -
S =7z %95.18=1269h

Substituting in Eq. {3.17), we get

24 260
Hy= E ® LBGT » 3600 lﬁﬂ.ﬂaﬂmmxll}"i

% (1661 ain 28 58° 5in 9.42° + cos 28.58° cos 9.42° cos 95,187
= 57 034 hlim”-day
From Tuble 3.3, 2 = 0.25 and b=0.57.
Putting Hy equal to Hy on April 15, and substituting in Eq. (3.18),
we gl
H, = 37034[0.25 + 0,57  (8.612.69))
=23 564 Himz'dlj'
From Eq. (3.18),
Hy=23564[1.411 - 1696 » (23 56437 034)]
= TEZ0 kdim*-day
Hourly Radfation
The hourly extra-terrestrial radiation on o horizontal surface on April 16
between 0800 and 1000 b is obtained by caleulating the instantaneous

value at 0930 h and multiplying by 3600 s,
Fram Eq. (3.5),

e 1.33?(1 + (.033 cos % = 105

 (Ein 28587 sin B.42° + cos 28,58° cos 9,427 cos 37.5%)
=1.0384 kWim® = 3738 kJim®h
Substituting in Eq. (3.21),
a = 0408 + 0.5016 sin (85.18° — 60°) = 0.69800
b = 0.6609 - 0.4T6T min (95,18° = 60°) = ,38625
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Onee again putting I, equal to Iy on April 15, we get
L _ s
23564 37 034
I, = 2389 klim* h

Finally, from Eq. (3.22),
In- = TR20 = (3TIRITIE4)
= 788 kJim*h

Instead of Eq. (3.22), if we use Eq, (3.23), a slightly different value
ls obtained. We get

{0,658 + 0.3BE25 cos 37.57)

Ty = 780 klim*h

Comparison Between Predicted and Measured Values

Mepsured values of Fxl .Eru-. Fﬁ wne ju- for Mew Delhi are given in
Tables A 3.1 and A 3.2 Table 3.4 gives a comparison between the
predicted and measured values. It is seen that in all the cases the
predicted walues are in reasonably geod agreement with the measured
values,

Table 3.4 Comparigon between the Predicted and Measured Values of
Solar Radiation

Location : New Delhi
Month  : April

Time : 0S00-1040 b (LAT)
Predicted Measured Dhfference %)
H. tlim®-day) 23 564 34 BGE 5.8
Hi (ki day) TEZO HEOE 12.2
Ty (kdim® ) 2389 2617 A7
Ta (klim®.h) 743 B&M 7.2

365 Daily and Hourly Diffuse Radiation

A number of correlations have been suggeated for predicting the walue
of the daily diffuse radiation Hy from a given value of the daily global
radintion A, on an individual day. These correlations are wseful
because the d:L'i]:,- glul.uﬂ radiation is recorded at manY atations,
whereas the daily diffuse radiation is not. Coliares-Pereira and Rabl®
have suggested the following eorrelation hased on an analysis of data
recorded at a number of stations in the United States,

*M. Collares-Perirs and A. Rabl, o eit.
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H,
F"-D,EIE for Krp=017
L4
= 1,188 - 2.272 Kr + 9.473 Kf - 21,856 K7 + 14.648 K
for 0,17 <Kr08 13.24)

where Ky = H /Hy.

In a similar manner, correlations have also been developed for
eatimating the hourly diffuse radiation [y from measured values of
1. Spencer* has suggeated the following correlation

I
E=f.-r-b[i'] (3.25)

where o= 0945 + 0.0118]9|
b= 1,185 + 0.0135]¢|
and 4 = latitude in degrees.
Eq. (3:25) is valid for 0.35 £ ([ 0y = 0.75.

366 Hourly Global, Beam and Diffuse Radiation

Under Cloudless Skies
We now turn our attention te the prediction of radiation under
cloudless skies (clear days). Bazed on an analysis of US data,
ASHRAET has given a method for estimating the hourly global and
diffuse solar radintion falling on o horizontal surface under such
canditions. The equations are based on an exponential decay model in
which the beam radiation decreases with increase in the distance
traversed through the atmesphere. The global radiation §, reaching o
horizontal surface on the earth is given by

L=h+iy

where I, = hourly glebal radiation,

Iy, = hourly beam radiation,

Iy = hourly diffuse radiation.
Mow, [y=lp, cos b, (3.268)
where [, = beam radiation in the direction of the rays,
and 8, = angle of incidence on a horizontal surface, i.e. the zenith

angle.

“I'W. Spencer, “4 Comparison of Meihods for Estimating Hearly Diffiase Solar
Radisivos from Glebel Solar Radintion®, Sofor Esergy, 28, 15 (1582,

fAnercsn Soelety of Hesting Refrigerating nnd Air-conditisning Engineers
{ASHRAE), Mandbook of Fundomentals, pp. 385443 (19723
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Thus, fg=lpncon i+ Iy (3.27)
In the ASHRAE model, it is postulated that

fuw = A exp |-Bicos 8| (3.28)

and Ii=C1ly, i3.20)

where A, B and C are constants whose values have been determined
on a monthwise basia. These constants change during the year because
of seasonal changes in the dust and water vapour content of the
atmosphers, and also because of the changing earth-sun distance. The
values of A, B and € were initially given by Threlkeld and Jordan*
and subsequently revised by Igbalt. The revised values are given in
Table 3.5 and are recommended for use.

Table 3.5 Values of the Constants A B and C Used for Predicting Hourty
Soler Radiation on Clear Days

A (Wim®) 2] [+
January 21 1202 141 0103
February 21 1167 0142 0104
March 21 1164 145 D10
April 21 1130 0164 0120
May 21 1106 (18 ¥l 01340
June 21 1052 185 0,187
July 21 1053 01686 i0.138
Aupuat 21 1107 0.162 0.134
September 21 1136 0.165 0.121
Orctober 21 1136 0,152 0111
Mavember 21 1180 0.144 0.106
Decomber 21 1204 0.141 0.103

Example 3.7

The following hourly values are messured arcund mid-day on a clear
day at Nagpar (21°06' N, 79°03° E).

*J L. Threlkeld and B.C, Jarelan, “Direet Salar Redintion Awsilable on Clear Days®,
ASHRAE Transactions, #4, 45 (1958},
. M. Igtal, An Introduction fo Soler Rediation, Academic Pross, Consds (19630
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Date: June 18, 1568,

0800 1000—  1100-  1200-  1300-  1400—
Local apparent thme 1000 1100 1200 1A 1400 1600

Eb;l":‘l.'admuun T

{lnngleyath) 616 a0 TH3 84.5 9.5 640
Diffuse Radiation
(langheyat) 17.1 152 17.6 1E6 1659 17.6

Cwnpnrc these values with values which would be predicted h_'p the
ASHRAE methad. '

On June 1%, 19648, n=171
From Eq. (3.2,
G = 23,45 sin 260 (284 + 1?11}1 - 23447
365 ) :

Therefore from Eq. (3.5),
cos @, = ain 21.10° sin 23.44° + cos 21.10" cos 23,44 cos o
= L1432 + 0L.BRED cos

From Table 3.5, the values of A, B and O are

A =1092 Wim® = 38812 klim™h

B =0.185

C=0,137

The remaining calculation is conveniently done in tabular form. The

values obtained for §y, Iy and [ from Eqs (3.26:-(3.29) are given in
Table 3.6 and are compared with the measured data. It is seen that
the values of A, B, C obtained on the basis of US data predict high
values of the beam radiation and low values of the diffuse radistion;
when used to predict radiation under Indian conditions. The two effecta
tend to balance each other to some extent. As a result, the values of
glnhul radiation are prm]i.dud to o reasonable ﬂrﬂ'rm-. tﬁmmq.

Table 3.6 Comparson of Predicled and Measured Values of Houdy

Radiation

I elien®la) Lo thdimm-hk Iy ik il

LAT (deg) I'ne- MEC;- _Pre- Alen- Pra- Men-
dizted  sured dicted  sired dicted  sured

0B00-1000 A7.5 2581 2114 4a0 U6 Aol 2Ea0
10600-1100 226 A0l 9588 442 838 3454 AZ4
11001200 75 3236 25E3 M7 TaT 3633 3320
1200 1300 75 3zIE 2750 4T T 3EAT 3538
1I00-1400  -2EE 3012 2621 M4z TE 3454 3329
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3.7 SOLAR RADIATION ON TILTED
SURFACES

From the preceding sections, it is seen that very often measuring
imstruments give the values of solar radiation falling on a horizontal
surface. The same is also true of the empirieal equations given in
Bac. 3.6, However, most solar equipments (z,g. fint-plate collectors), for
absorbing radiation, are tilted at an angle to the horizontal, It thercfore
becomes necessary bo caleulate the Nux which falls on o tlted surface,
This flux is the sum of the beam and diffuse radiation falling directly
on the surface and the radiation reflacted onto the surface from the
surroundings.

Beam Radiation

The ratio of the beam radiation flux falling on o tilted surface to that
falling on a horizontal surface s called the il foctor for beam
radiation. [t is denoted by the symbol ry. For the case of & tilted surface
facing south (i.e. 7= 0%,

cos B = gin & sin (¢ = [ + cos 8 oos @ oos (0 - [[§)
while for a horizontal surface

oos B, = sin @ sin § + eos ¢ cos 8 eos w

_com @ sin & sin (g - [+ cos 8 cos wcos (§ - B

B cos @, sin & sin & + cos @ cos 5 cos w

3.3

Similarly, expressions for ry can be derived for other situations in
which the tilbed surface is oriented in a different direction with
s 0®

Diffuse Radiation

The talt factar Fg for diffuse radiation is the ratie of the diffuse radiation
flux falling on the tilted surface to that falling on a horizontal surface,
The value aof this tilt factor depends upon the distrbution of diffuse
radiation over the sky and on the portion of the sky dome seen by the
tilted surface, Assuming that the sky is an isotropic soures of diffuse
randiation, we have for o tilted surface with a slope i,

rq=Lteos {330

a
sinee (1 + cas fV2 is the radiation shape factor for o tilted surface with
reapect to the sky
Reflected Radiation
Sinee (1 + cos V2 is the radiation shape ful;_luu' for @ tilted surface with
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respect to the sky, it follows that (1 - cos )2 is the radiation shape
factor for the surface with respect to the surrounding ground. Assum-
ing that the reflection of the beam and diffuse radiations falling an the
ground is diffuse and isetropic, and that the reflectivity s p, the tilt
factor for reflected radiation is given by

r —p[l ‘;“ﬁ] (3.32)
Flux on Thited Surface
The fhax fr falling on a tilted surface at any instant is thus given by
Ip=Iury + Ty + (T + Lo, (3.33)

where the values of ry, ry and r, are 88 given in Eqs (3.30), (3.31) and
(3.32). It should be noted that Eq. (3.30) is valid only for a tilted surface
with y=0" whereas Eqe (3.31) and {(3.32) are valid for any tilted
surface with a slope f. Dividing both sides of Eq. (3.33) by I, we obtain
the ratio of the flux falling on a tilted surface at any instant to that
on a horizontal surface,

:,—:: 1- :f r-,,+:,—rd+r (3.34)

One difficulty associated with using Eq. (3.33) is that the value of
the diffuse reflectivity p is not known for most situations. A walue
arcund 0.2, generally expected with surfaces of concrete or grass, can
be used. Fortunately, the reflected radiation term does not very often
contribute much to the total.

Equation (3.34) can be wsed for caleulating the hourly radiation
falling on a tilted surface if the value of w is taken at the mid-point of
the howr. It can also be used for caleulating the monthly average hourly
value (Iy) if the calculations are done for the representative day of the
month as specified in Sec. 3.6.1, Eq. (3.34) is then usad in the modified

form

I 1 I
Tol1-2Fp+dreT (3.35)
'FI' ’I 'EI'

where Fy, = r, on the representative day,
Fa=rg=(1+ coa N2,
Fr=r,=p{1 - cos B)/2
‘The daily radiation falling on a tilted surface is also of interest in
many applications. Liu and Jordan* have proposed that the ratio of

*BYH. Liu and E.C. Jordan, “Dadly Iosolation on Surfsces Tiled Teward the
Egonter”, Thuns. ASHRAE, 67, 526 (19610
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the daily radiation falling on such a surface (Hy) to the daily global
radiation an a horizoatal surface (H,) is given by an equation having
a form similar to Eq. (3.34), Thus

i
- Rﬂ,+H—Rd+R, (3.56)
e

For a south-facing surface (y= 07, Liu and Jordan show that
u.l,rumﬁam[n—l]]ﬂ:mﬂul.nm.cm[n B]

e ﬂhﬁln¢mn5+:m¢m5umu, (337

Ra=ry=ttg=0 (3.38)
1=

R'”':";i_;mﬁ] (3.39)
i

In Equation (3.37), w, and e, are the sunrise or sunset hour angles
(expressed in radians) for the tilted surfiece and a horizontal surface
respectively.

Equation (3.36) can also be used for calculating the monthly average
daily radiation falling on a tilted surface if the values required are
caleulated for the representative day of the month. Eqg. (3.36) ts then
used in the modified form

h-':r [ Hy Hy —
— Rbf-—ﬂ'u--rﬂ‘ (3. 400
B Hy | ﬂ,] H,
where R, = R, on the representative day,
Ry=Ry=(1+cosly2
R =R, =p(l - cos fiy2

Example 3.8

Calealate the moanthly average hourly radiation falling on & flat-plate
collector facing south (y=0°) with a slope of 15°, given the following
data

Locatiom — Madras (13°00° W)
Muanth — Oetoler

Time — 1100 — 1200 h (LAT)
I — 2408 klim®h

I - 1073 klm®h

Assume ground reflectivity to be 0.2,

The ealculntions will be done for the representative day in October,
viz. October 15.
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L]

On this day, =286,
From Eq. (3.2), &= - 9,500°
Substituting in Eqg. (3.300, -

_ &in {-5.699°) sin (13.00" ~ 15+ cons (-9, 5887 cos 7.5° coa (13.00° - 16%)

#in 13.00° gin (~9.588%) + cos 13.00° cos (=9.595°) cos 7.5°
= 11204

From Eqgs (3.31) and (3.32),

rq= (1 +cos 15°12 = 0,9830
ro=0.2{1 - cos 15°V2 = 0.0034

Putting F, equal to ry on October 15, Fy = ry and 7. = r,, and substituting
in Eq. (3.35), we have

I (0 1073 1073

T,_[l__ﬂ CE]“ L1200 + ——— x 09830 + 0.0034
=1.0624

Tr=12558 kJim*h

PROBLEMS

1. (a) Find the temperntuse of the sus’s surfase if it s sasamed 1o be blsck and the
wvalue of the solar constant |s 1367 Wim® .
{b) Uséng Flanck's law, calculate the spactral distrib for the ¥
calealabed in (). Compara this distribution with messured values of the
distribution given in Table 3.1.
2 Eatissabs tha rate st which the sun emils energy, What fraction of this energy is
intereopted by the sarth and what & the smount inleroepted?
3. Caleulats B sangle of incidence of beam madiation on o fint-plate collector for the

following situation:
Laocation Mugpur (21706 N, 75°03° E)
Slope of mllecter i
Surfsce arimath angle 18°
Diate December 1, 1972
Tims OB b (I2TY

4 Cabeolate and plet the varation of the angls of issidenss of baam radistion on
Mey st on n fat sarfeee lsoted in Bambay (19907 N, T2°61E] The sarface ia
tilted &t &n angle of 107 with the horizontal and is pamting dus south. Would yous
prafir to plot the varistion against 5T or LAT?

% Find the days of the year on which the san is directly overhoad at 1200 b (LAT)
at Pune {18432" WL

& An array of flat-plate collectors b facing dus south asd is inclined at an angle
[ to the hori | Eeilecti i of the same bengibh L as the collectors are

nsed to boost the outpat ﬁ.&lﬂ.mhmwmﬂnthmhmm
the fop of the mirmes (line AA] &t 1200 b (LAT) sbeald ks reflacted ta the tep of

1n.

Fig. 3.14 Problem &

the cellectors (line §E), derive an expression for the morredt inclinston v of the
booster mirrors in terme of §, & amd &,

Filot the variation of the day length on a horizontal surface through the pear for

tha follewing lecatises:
Erinagnr {0406 W, 7451 E),
Caloakta (2373 N, BE*27" E)
Vishakhapatnam {1743 N, BI*14"E)
Thirgvananthaparam (B"19 M, TEST" E)

Caloalate the day length oo May 1 and December 1 for a seath-facing surface
tilted ot am angle of 40° and located ot New Delhi (2535 N, 7713 El
Calpalake the hour angle 8t sunrise and sunset on a plane surface tlted ot sn
angle of 40°. Given ¢ = 38° N, &= -31° and y= 48°.

Calaslate the length and direction of the shadow et em the ground by & 1 m
long vertical stick for the following situstion

Loeation Eombay (10°07' N, T2'51' E)
Dite Fehruary 13, 1980
Time 1000 b (15T}

A horizontal stick, 1 m. long, is fiwed a% right angles &0 & vertical south fscing
wall (7= 0¥), Calculste the length and direction of the shadoe cast By the stick
on the wall for the llewing situation
Loution Jodhgur (2618 ¥, 73°00° E)
Diate: November §
Time 0900 h (LATY

Treat i validity of the recammendation that the value of Hn for July can be takes
spanl & the valss of Hy on the seventeenth of the month by doing calalations
fr Shillang rE=34° N, 91956 E).



	PG60_61.pdf
	PG62_63
	PG64_65
	PG66_67
	PG68_69
	PG70_71
	PG72_73
	PG74_75
	PG76_77
	PG78_79
	PG80_81
	PG82_83
	PG84_85
	PG86_87
	PG88_89
	PG90_91
	PG92_93
	PG94_95
	PG96_97

