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ABSTR ACT 

Assessment of techno-economic viablity of solar energy systems is La 

term performance. The popular design methods for active as vel1 as pasve :Lir rr;.' 

systems require certain proprocessed parameters in adclt ion to Inetcoro çfta! ia 

on appropriate time scale. 

The present thesis deals with defining monthly average transmit tani '-aH-olH a 

product for flat plate collectors and optical efficiency for concentrating collectors oi:d.-

tent with the definition of monthly average daily utilizabilit. The p roced u rc in' 

comparing the monthly average daily useful energy gain for flat. plate (oiler iorfi oht 

by hour by hour summation procedure with the inonthi average daily 'fal a 

gain obtained as a. product of heat removal factor, monthly avcrag (i;iilV ol. 

ation on the collector aperture, monthly average d a.i ly ut ilizal)iti v and mont h Ivy. 

tra.iismitta.nce-absorpta.nce product. In the second calcimla Lion. Ira nsniil I a ace-a 

product is an all day average value on the mean day of the mioni h. Ihe di li '';c:; ;: 1 

an examination of the definition of monthly average daily utiliza.bilit esta bushed I ia 0 

transmitta.nce-absorptance product needs to be (lefl ned as a. weigh ted average of the i a - 

ta.neous transmit tance- absorp t a nce I)rodllct and solar radiation on the colator a 

above the critical radiation level. 

An eqaivalemit mean day (EMD) calculation has been proposed and validacl 

the monthly average transmitta.nce-ahsorptance product for flat plate collectors a ui I H' 

optical efficiency for coiicentrat.iiig collectors tracked iii the live prilu- ijuti ni 

to the above definition. 

A method to estimate the monthly average shading factors for recciars sI lv 

finite overhangs taking atmospheric transmittance into account has beemi devnloprd a :(l 

validated. The procedure involved developing sim pie equations relating !iii to  

factor values to the infinite values which are easily calculable iii ternis of I lie ifl I 

for different planes. The present approach is va 11(1 for Soil tl facing as \veil ;i s na :. 

facing receivers. 

Finally, expressions for the mont hEy average shading factors for in tin I 'vi a,.'. 

analogous to the expressions for infinite overhangs, have been developed a id v; 

A feature of these algorithms is that they take into account the mont lily a vei;g' . H 

diffuse fraction and are valid for south facaing as well as for non-soul hi facing 

ICey VVords: ].'rai'- ittance_absorpta.ncc product . Optical efliciricv. sliadi iig H 

Ov iiangs, Wingwalls. 
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NOMENCLATURE 

English letter symbols 

A sin 6(sin 4) cos /3 - cos 4) sin [3 cos y), Eq. (2.5) 

A* A with /3 = /3*, Eq. (5.24) 

AaIAr aperture area and receiver area for concentrating collectors 

A 1—sin2 cos24), Eq. (4.71) 

Ab, Ad, Ag asymmetry parameters for direct, diffuse and global radiation defined as 

the ratio of forenoon direct, diffuse and global radiation to afternoon Irrc 

diffuse and global radiation on a horizontal surface 

A1  beam irradiated area of the window 

A3  shaded area of the window caused by overhang or wingwaHs 

Ashp area of the shading plane for overhang 

A3hp1, A3hp2 areas of the shading planes (1 and 2) for overhang whieii a gap exists and 

also shading plane areas for wingwa!ls (1 and 2) 

A area of the window 

A' sin 4)sin, Eq. (2,9) 

a denotes one of the five principal tracking modes for concentrating 

collectors, a plane rotated about a. horizontal east-west axis with a. singh' 

daily adjustment so that its surface- norm al coincides with solar beam 

at noon each day 

a a constant in the correlation for rt due to Colla,res-Pereira and Hal)] [12}. 

Eq. (2.20) 

am (a - D f ) or (a - D f ), Eq. (2.28) 

a a constant in the correlation for rj due to Satya.murty a.n(1 Laliiri [15]. 

Eq. (2.23) 

B cos (cos4) cos  /3+sin4)sin)3  cos  y), Eq. (2.6) 

B* B with /3 = 13*, Eq. (5.25) 

2sin4)sin6co cos  ti, Eq. (4.72) 

B' cos 4) cos , Eq. (2.9) 

b denotes one of the five principal tracking modes for concentrating 



N 

collectors, a plane rotated about a. horizontal cast-west axis with 

continuous adjustment to minimize the angle of incidence 
'I- 

b a constant in the correlation for 7-1  due to Collares-Perci ra a iid l aN [1211. 

Eq. (2.21) 

b0 incidence angle modifier c.oeIficieiit 

bl a constant in the correlation for rd  due to Satyamurty and Laliiri [1]. 

Eq. (2.24) 

C cos 6sin8siny, Eq. (2.7) 

C with ,8 = 
, Eq. (5.26) 

C - cos' 6 sin2  , Eq. (4.73) 

Cr area concentration ratio, (= Aa/Ar) 

C1 1/[2/1'(siii w, -- w3  cos)], Eq. (.3) 

C2 (w3/2 - sin 2w8 /4)/(sinw3  - w8  cosw), Eq. (5.39) 

c denotes one of the five principal tracking modes for concentrating 

collectors, a plane rotated about a horizontal norl,h-sotith axis with 

continuous adjustment to minimize the angle of incidence 

D f daily diffuse fraction, Hd/II 

D f monthly average daily diffuse fraction, 'Id/Il 

d denotes one of the five principal tracking IIIo(les for (oltc('Ii t ia i 

collectors, a plane rotated about a horizontal north-south axis 

II.] 
parallel to the earth's axis with continuous adjustment 

EMD equivalent mean day 

e denotes one of the five principal tracking modes for coiicvwxah llo  

collectors, a two-axis tracking surface continuously oriented 10 lace 

the sun 

e extension and non-dimensional extension of the overlia itg for I lie \Vi 

FR collector heat removal factor 

f monthly solar load fraction 

f instantaneous shading factor 

fil, f2 instantaneous shading factor due to wingwall 1 and due to witigwa.11 2 

monthly aw'rage shading factor for finite overhang 



fipi, 1ip2 monthly average shading factor values for finite overhangs 

correSpOfldiJlg to two projections p1 and p2 

Iii, 1i2 monthly average shading factor part values during 'sr to w and 

wo  to w for noti-soutli lacing rec('ivels shaded by hi niLe 

A. monthly average shading factor for infinite overhang or wingwalls 

fi monthly average shading factor for infinite overhang or wingwalls under 

extra-terrestrial conditions 

Jiooi, fjoo2 monthly average shading factor (part values) corresponding to 

fil  and fi2 when the overhang is infinite 

fioopi, fp2 monthly average shading factor values for infinite overhangs 

corresponding to two projectiOns 1)1 and p2 

if monthly average shading factor for finite overhang when = 0.0 

J,P, fjO2 monthly average part shading factors for non-south facing finite overhang 

when fii,fi2oo = 0.0 

g gap and non-dimensional gap between the overhang afl(l the window tOf) 

or between the wingwaU and si(lc of the window 

Ii' height of the vertical receiver and height measure(l along the non-veil ical 

receiver 

H, . daily and monthly average daily global radiation on a. horizontal surface 

fib, Ib daily and monthly average daily direct radiation on a horizoiital surface 

"coil monthly average daily radiation on the collector acc nd i tig ho 

Collares-Pereira and Rabl's [12] definition 

Hd, lid daily and monthly average daily diffuse radiation on a. horizontal surface 

Iid monthly average daily diffuse radiation on a. shaded receiver 

H0 , fto daily and monthly average daily extraterrestrial radiation on a. 

horizontal surface 

Ti8 monthly average daily radiation on the shaded receiver 

"T, liT daily and monthly average daily radiation oti the collector aperh i re  

or tilted surface 

HTY yearly average daily radiation on the collector aperture or tilted surface 

Jl, yearly average daily globa.] radiat-ion on a horizontal sit riace 

XX 



I 

h altitude of any location 

I, 4, Id hourly global, direct and diffuse coin j)ofleitt.S ol solar radiation ott a 

horizontal surface 

I, 4, Id monthly average hourly global, direct and diffuse components of solar 

radiation 011 a horizontal surface 

lbs hourly direct radiation on a shaded receiver (wiiidow) 

I critical radiation level for a solar collector 

Id., hourly total diffuse (sky diffuse and ground reflected) radiation on a 

shaded receiver 

10 ,10 hourly, monthly average hourly extra-terrestrial radiation on 

horizontal surface 

13 hourly solar radiation on a shaded receiver 

IT hourly solar radiation on the aperture of the collector 

maximum hourly solar radiation on the aperture of the collector (lii ri rig 

the day which occurs around w = Wrn  

maximum hourly solar radiation on the aperture of the collector during 

the day which occurs around w = (-'m on the equivalent mean day 

'T,m maximum hourly solar radiation on the aperture of the collector (luring 

the day which occurs around w = W711 on the mean (lay of the mont Ii 

'Tc critical radiation level for a passive structure 

'T,n hourly solar radiation on the collector aperture at solar noon. w = 0 

'T,n hourly solar radiation on the collector aperture at solar noon. = O. 

on the mean day of the month 

hourly solar radiation on the collector aperture at solar noon, w= 0, 

on the equivalent mean day 

Ipi(.') f cos Odw, Eq. (3.44) 

Ip2(W) f cos O cos wdw, Eq. (3.45) 

Ip3(L)) f cos2  0 di', Eq. 

Ip4 (w) fcos2 0 cos wdw, Eq. (3.47) 

Ip5(w) f cos wdw, Eq. (3.48) 

Ip6(w) fcos2 wdw; Eq. (3.49) 

Xxi 



XXII 

Ip7(w) f 1/(P + cosw) dw, Eq. (3.92) 

Ip8(W) f 1/(Q + cos w) dw, Eq. (3.93) 

K Extinction coefficient 

AT daily clearness index, (= I1/II) 

AT monthly average daily clearness index,  

average daily clearness index for the con(ril)uting (lays in a mont Ii. Eq. ( I 

1 T,min minimum daily clearness index in a month below which there is no 

contribution to the useful energy 

'T,max maximum daily clearness index in a month of average clearness in(leX R, 

K1 2r/[24(sinw —c 3  cos w8 )], Eq. (2.19) 

It 2 = (1 + cos/3)/2 for fixed surfaces and 

= 1/Cr for concentrating collectors,  

1(3 = (1 - cos/)/2 for uixcil surfac's and 

= 0 for concentrating collectors, Eq. (I .5) 

It 4 K I KT IIO /B', Eq. (3.42) 

K5 (a — bcosw) Eq.(3.43) 

A.6 (B'Dj/Cr ), Eq. (4.53) 

kT hourly clearness index, (= f/Ia ) 

kT monthly average hourly clearness index,  

L monthly heating load 

LA auxiliary energy requirement for a month 

LAi auxiliary energy requirement for infinite capacity struct ure 

LA auxiliary energy requirement for zero capacity structure 

n day of the year (1 to 365) with January 1st as 1 

N number of days in a month 

N. number of (lays lU a. month that eon tn hII 0 to the isofiil enorgv 

P,p projection and non-dimensional projection for overhang or wiiigvail 

Q D dumped energy or energy in excess of the load in passive sstein 

Q ral of dumped energy 

Qri Qr t .v, monthly average daily net energy transfer from a receiver 



N N 

Q. useful energy gain for a short time interval 

Qu,day single day useful energy gain from a collector 

Q single day useful energy gain from a collector wheti all day average 

transmittance-absorptance product is used 

Q u,m monthly average useful energy gain from a collector 

QLm monthly average useful energy ga i n from a collector wlieii all da iiiont lift 

average transrnittance-absorptance product is used 

daily or monthly average daily tilt factor for solar radiation 

R monthly average daily tilt factor for sola.r radiation for the cont riluit ing 

days, i.e., 1? at '.T = 

Rb instantaneous tilt factor for direct radiation at an hour angle w 

Rb,m Rb at the hour angle 

instantaneous tilt factor for direct radiation for the shading plane 

R 1 , R 2 instantaneous tilt factors for direct radiation for shading planes 

corresponding to wiiigwall 1 and wingwall 2 

Rb daily or monthly average daily tilt factor for direct radiation for a 

tilted surface 

R daily or monthly average daily tilt factor for direct radiation for the 

shading plane 

Rbo Rb evaluated under extra-terrestrial conditions 

R evaluated under extra-terrestrial condition 

'62 average tilt factors for the durations Wsr  to W,  and w0  to w 

for the shading plane of an overhang. Also, average tilt factor for 

shading planes 1 and 2 corresponding to wingwalls 1 and 2 

R602 , 2 evaluated under extra-terrestrial conditions 

Rm instantaneous tilt factor for solar radiation at the hour angle Wm 

instantaneous tilt factors for solar radiation at w = Wrn  on tllC liICuJl (la\ 

and equivalent mean day of the month 

Rf daily rainfall of any location 

R1 yearly average rainfall of any location 

RH relative huniidity 
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d, rt ratios of hourly diffuse and global radiation to daily diffuse and global 

radiation on a horizontal surface 

Tt,rn, t,,n Tt at the hour angle Wm on aii•y (lay and oii the iiuuil hil •v tijea ii day 

?d,m, rd,m rd at the hour angle Wm on any day and on the monthly iiieaii day 

S number of hours of bright sunshine 

S monthly average daily absorbed radiation by a solar collector, also, long 

term average number of hours of bright sunshine 

S/50, /S daily, monthly average daily sunshine fraction 

Ta, T. daily, monthly average daily ambient temperatures 

Tb building temperature 

Tay yearly average ambient temperature 
4 

T collector inlet fluid temperature 

Tmin minimum temperature above which energy is supplied from the collector 

T, Tr daily, monthly average daily room temperature 

t solar time, hour of the day 

UL, Uj overall collector heal loss coellicieji is 

(UA)h building load coefficient 

X. non-dimensional critical level for a day 

monthly average non-dimensional critical level 

MA 
X non-dimensional critical level for the equivalent mean day 

w width and non-dimensional width of the window 

Greek letter symbols 

a absorptance of the receiver 

al B2 +C2 —A2, Eq.(B.3) 

at B2  + C2  - (A - 0.5)2, Eq. (13.13) 

as solar altitude angle (complement of zenith angle) 

ae effective absorptance of the window-rooni combination 

13 slope, the angle between the tilted plane and the hiori,.uitai 

slope of the shading plane Eq. (5.27) 



beam extinction coefficient (Appears in 'lable 1.1) 

01* slope of the shading plale 1 for overhang when gap exists 
I, 

slope of the shading plane 2 for overhang when gap exists 

ö, öm solar declination for any day and ineati day of the iiioiit.li 

Ad percentage difference in useful energy gain for a single (lay 

Ad percentage difference in the monthly average useful energy gain 

d,max maxhnum percentage difference in useful energy gain for a, single day 

instantaneous optical efficiency for concentrating collectors 

11o,day single day optical efficiency according to Collares-Pereira, and lahl [12] 

110,day single day optical efficiency as defined in the present studies 

770 monthly average optical efficiency for concentrating collectors 

monthly average optical efficiency for concentrating collectors as delined 

in the present studies 

Io,ernd monthly average optical efficiency for concentrating (Ullc(toIS as deli te(I 

in the present studies obtained by EM D approach 

7)1,7)2, 773 optical factors for direct, diffuse and ground reflected cOlflp011ents of 

solar radiation 

, Th, 7)3 monthly average optical factors for direct, diffuse and gron n(l reflected 

components of solar radiation 

-y surface azimuth angle, negative towards east and positive towards v(l 

zero due south 

solar azimuth angle, negative towards east and positive towards west. 

zero due to south 

Yd =(-y- -y) 

azimuthal angles of the shading planes corresponding to wingwalls I and 2 

w solar hour angle, forenoon negative, afternoon positive, zero at solar  ilooll 

w0 hour angle corresponding to (ys - 'y) = 0 

WC critical hour angle, the hour angle when the solar radiation i iuidptt I I  he 

collector is equal to the critical radiation for Ilat I)late collectors faci hg 

4' south (' = 0) or tracking solar collectors 

Wcl,Wc2 critical hour angles in general, the hour angles when the solar radiation 



n\I 

incident on the collector is equal to the critical radiation level 

w 1 [max(wci , Ws )1 
IV- 

[rnin(w2, W )} 

Wm the hour angle corresponding to maximum solar radiation incident ull I IIv  

collector aperture during the day 

sunset hour angle for a. horizontal surface 

WS apparent sunset hour angle for a south facing tilted surface or for a. 

tracking collector 

WSO (w0  - we,.) for > 0; (w33  - w0 ) for y < 0 

W3r apparent sunrise hour angle for a tilted surface 

A- 
Was apparent sunset hour angle for a tilted surface 

War apparent sunrise hour angle for the shading plane 

apparent sunset hour angle for the shading planes 

apparent sunrise hour angle for shading plane corresponding to wingwall [ 

apparent sunset hour angle for shading plane corresponding to wingwall 2 

hour angles corresponding to angle of incidence 0 = (WU 

latitude of a location, north positive 

CPR utilizabihity for a single day or monthly average daily utilizability 

(according to Collares-Pereira. and llabl [6] 

day utilizability for a single day 

1'E utilizabihity for the equivalent mean day 

monthly average daily utihizability 

Oy yearly average daily utilizability 

p ground reflectance 

P2 reflectivity of the underside of the overhang 

angle between the shading plane for the overhang and the vc'rl.ica.l 

angles between the shading planes and the receiver 

r transmittance of collector cover 

4.' m, rd, 79 transmittance for direct, diffuse and ground reflected coinpoiu'iil.s of 

r!.i radiation 



(ra) transmittan ce-a hsorpt alice product for t lie collect )r-covrr VI I a 

any hour angle w 

(ra)b transmittance-absorptance 1)lO(lUCt at. any hour angle J for direct 

radiation 

(ra)d transmittance-absorptance product at any hour angle w for diffuse 

radiation 

(rc)9 transmittance-absorptance product at any hour angle w for ground 

reflected radiation 

(rcx) transmittance-absorptance product at normal incidence 

(Tcx)day single day average transmittance-absorptance product, for flat plate 

collecrs 

-4 
()ay single day average transmittance-a.bsorptance product loi flat plate 

collectors as defined in the present studies 

() monthly average daily transmittance-absorptaiice product 

()* monthly average daily transmittance-absorptance product as deli iied 

in the present studies 

()md monthly average daily transnuttance-absorptaiice product as (IOu nod 

in the present st udies obta, ned by EM!) app ma cli 

Ta—) monthly average daily transmittance-absorptance product, for direct. 

component of solar radiation 

()d monthly average daily transmittance-absorptance product. for diffuse 

component of solar radiation 

() monthly average daily traiismittance-a.bsorplancc product for groii 11(1 

reflected component of solar radiation 

( '')i, yearly average daily transnh)t.ta.ncc'-al)sorl)t.a co pi'd id. 

o angle of incidence for direct radiation for a tilted siii'fa,ce 

Od effective angle of incidence for diffuse solar radiation for calculating (T(1),j 

09 effective angle of incidence for ground reflected radiation [r ca]cula Ii iig (rn ),, 

0m, On angle of incidence at the hour angle w = Wrn and w = (I 

angle of incidence for direct radiation for a horizontal surface, zenith angle 
& 

01,92 angles of incidence at hour angles w and WC2 



Chapter 1 

Introduction 

Renewed interest by scientists and engineers worldwide to harness alternate elicigy uire 

is a consequence of realizing that fossil fuel reserves are fast depleting. Price hike of fuel 

oil in 1973 influenced the economic viability of the systems based on alternate energy 

sources. The role of solar energy is expected to be not insignificant among the alternate 

energy sources that are currently under active consideration. Solar energy is an attractive 

alternate energy source because it is non-polluting and abundantly a.vailal)le almost Al 

over the world. 

Conversion of solar energy to useful energy tiia.y be ca rrie(l oil lit tough kvo 

technological routes. In the first route, the photovoltaic conversion, solar energy is dirirhi 

converted to electrical energy. In the second route, solar energy is converted to useful thei-

ma! energy which may be directly used or converted into shaft work. The output from 

the devices in both the routes is strongly dependent upon the solar radiation received. 

The useful energy from a solar thermal energy system can be delivered at. temperatures 

ranging from 40°C to 1000°C or more. Generally, focussing or concentrating collectors are 

employed for higher temperatures say, above 100°C. For applications requiring energy at 

temperatures below 100°C, systems l)ase(l on flat plate collectors are (olttillerciallv avail 

able. Some of the applications are, space heating or cooling, agricultural and indut-trial 

product drying and power generation. In addition to the thermal systems that employ a 

collection device externally, solar energy may be utilized by passive means. Though, active 

and passive systems can not be strictly demarkated, the following examples are generally 

considered to be passive devices. Examples of passive devices are: solar stills, green houses. 

cabinet type driers, direct gain windows, overhangs and wingwalls etc. Passive systems 

like direct gain windows, Trombe walls, overhangs and wingwalls are potential candidates 

for wider exploration as a means to conserve energy and provide better indoor comfort 

condition. 



Active solar energy thermal systems usually consist of components like. the so! 

collector to collect solar energy, a thermal storage device, non-solar auxiliary systeli. 

distribution system to transfer energy from the collector array to the storage and from 

storage to the load points and the control system. Transport, of the working fluid to t ransfr'r 

energy is accomplished by means of a pump or a fan or at times by natural circitlal ion. 

The non-solar auxiliary system is activated when the solar storage is (]c'pleted. The (ont ml 

determines the operation of the pumps, tracking of the collectors etc. 

Passive solar energy systems are characterized by the following k'at tires. ( .eriri'aHv. 

the collection device and the storage unit are integrated with the structure of the building. 

Storage is provided by the building structure as sensible heat. Also, marty passive systenis 

require no mechanical energy for moving the working fluid. In hybrid systems. mitechia tort! 

energy may be used to distribute absorbed energy from one part of the building to another. 

In general, components of passive systems thus, are analogous to the corn poneitl.s present 

in active systems. For example, in a passive system of the thermal-storage-wall type I lie 

solar collector consists of the glazing and the wall surface. Storage is integrated wit Ii th 

absorber surface and can be either a concrete slab or a water wall immediately lx'liiid 

and in contact with the collecting surface. The non-solar auxiliary is used to meet the 

load when passive storage is insufficient. The control elements are integral part of the 

passive system. Backdraft dampers are a control mechanism for storage wall systems 

which eliminate the possibility of reverse thermocirculation t1irotigh the wall air slots 

which are use! to supply warm air during the day. 

Although, the solar collection device is the heart of time system, the perlornia tier 1)1 

the system depends critically upon the other components in the system, like storage. heat. 

exchangers, controls, and the load and its distribution. In general, environmc'nt.allv driven 

systems and solar energy systems in particular, do not operate at either pre-determimiabie 

or uniform conditions. This necessitates predicting a working indication of the performance 

usually based on the statistical averages of the meteorological variables which influence 

the performance of the systems. 

Design of active or passive solar energy systems needs to be based on long term per-

formance. For solar energy systems, the time period over which long term performance 

assessed, is usually one year. Also, the economic viability of the systems is assessed based 

on the long term performance. For assessing long term performance, different input in-

formation and derived or processed information are needed. The time scale over which 

this information is called for, depends upon the method of long term performance 1)rrdic- 

tion. Long term urmance estimates, depending upon the accuracy nee(lcd, are based 



on simulation of all the components in a system throughout the year. smallest, time c l ( ' 

being an hour or less. At the other extreme, the yearly p('rforinallce is assessed t.hrou!t a 

single equation or correlation developed by different techniques. In order to l)ring out tho 

input and derived information needed for long term performance prediction of active i iid  

passive solar energy systems, the methods available are reviewed in the following sections. 

This review is aiiltv(l to identify the liimt.atu)its of* the exist lug jiut hiods iii ca lcillill ill .t, lii 

long term processed parameters and the scope for further studies. 

1.1 Active Solar Energy Systems 

1.1.1 Experiments 

When possible, actual experiments are the best tools to determine long term perforimiance 

of solar energy systems. However, conducting system scale long term experiments is 

prohibitively expensive and time consuming. Also, the results obtained trom experimneii Is 

conducted at a particular location may not be valid for another location. Further, the 

effects of changes in the design and operational parameters can not be easily studied. 

Though, there have been several experimenta.l studies on components in the system, system 

scale experiments have been limited. One such study has been reported by \Titclo'u, 

Beckman and Pawelsky [1]. 

1.1.2 Simulations 

Next to actual experiments, assessment of long term performance of solar energy systems 

is based on detailed simulations. Simulations are relatively quick and inexpensive. Also. 

information on the effects of changes in the design and operational varial)Ies can be oh 

tamed with ease. The system performance obtained from simulations along with cost. 

data can determine an economically optimum configuration. Reliability of the results of 

simulations, however, depends on the validity of the models employed for the components 

in the system and accuracy and details of the meteorological information available. For 

successful implementation of simulation techniques, extensive meteorological data base are 

necessary. For developing comnponent iliodels, coin potien I. scale cx pc ri II1(' rits a ic ii ('e( I 

Nevertheless, system scale experiments are warranted to gain insight. into the practical 

problems which the simulations may not reveal. SIMSIIAC [2], Simulation pr(xJraw foi 

Solar Heating and Cooling of Buildings, is one comprehensive modula.r program. \Vinji {3] 

presented a comparative assessmnexit of several programs for the design of solar energy sys-
tems. TRNSYS [4, 5], Transient System Simulations Program, is another popular modular 

solar process simulation program. TRNSYS contains several component, models required 

cttL!& 

) I 
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in typical solar energy systems. A list of components in the TR.NSYS library can be Ion n 

in [4, 5) and in Duffie and Beckman [6]. 

Meteorological Input for Simulations 

a) Data 

In addition to the component models, the simulation programs iii general re(Iuire I lie 

following key input information. 

Hourly global and diffuse solar radiation values. 

Ambient temperature. 

Wind velocity and it's direction. 

(1) Relative hu11Ii(ljty. 

e) Rainfall data. 

The input information mentioned above are available from different meteorological 

data bases. SOLMET data [7] is one such widely used data base developed by \a.tioiial 

Oceanic and Atmospheric Administration (NOAA). SOLMET gives information about 23 

climatic parameters of 240 US locations (of which, 26 are primary locations and the rest are 

secondary locations) over a period from 1952-1975. National Solar Radiation Data L3a. -

(NSRDB), developed by National Renewable Energy Laboratory, Boulevard. Colorado. is 

available as TMY2 data set [s]. This data base gives, along with solar radiation values. 

23 climatic parameters for 239 locations of US and its territory (of which 56 are primary 

locations and 183 are secondary locations) over a period of 30 years from 1961-1990. 

Hourly radiation values for 18 Indian locations over a, period of 8 years (1971-l97S) ale 

available from Aerological Data of India [9]. For Indian locations, both global and diffuse 

radiation are available for 14 locations and only global radiation is available for the ot her 

4 locations. 

b) Synthetic Data 

In order to carry out simulations for locations for which data are not available and at 

times, for convenience in computations, use of synthetic data also has been reported (see 

Knight, Klein and Duffie [101) in the literature. Recently, Gansler, Klein and Beckman [II] 

investigated the accuracy of using reduced and synthesized sets of meteolorogical models 

for solar applications. In the broadest sense, several correlations available in the literature 

to predict global and diffuse components of solar radiation, ambient temperature. etc. can 

be considered as a part of synthetic data generation. Obtaining daily diffuse radiation 

from daily global radiation from Collares- Pereira. and Ra.bl [12] or ljbs, Klein a mi(I I)ti tI' 
[13] is an example. Similarly, iir1y global and diffuse solar radiation can be estimated 



from the corresponding daily values using the correlations for r, (see Collares-Pereira and 

Rabi [12], Jam, Jain and Itatto [14] and Satyamurty and Lahiri [15]) and rj (see Lill  

and Jordan [16], Jam, Jain and Ratto [14] and Satya.murty and Laliiri [13]) respectively. 

Also, distribution of clearness indices, due to Liu and Jordan [16]1  analytically represented 

by Bendt, Collares-Pereira and Rabl [17], can be used to obtain hourly or daily global 

radiation values from monthly average hourly or daily values. l)iffereiit correlations in 

this category are given in Table 1.1. 

Attempts at predicting ambient temperature in ternis of more readily availa hk' In-

formation are lesser compared to the body of literature available to prlt the solar 

radiation. Erbs, Klein and Beckman [40] and Morrison and Sudjito [23] presented cor-

relations to predict the monthly average hourly ambient temperature. lrbs. Klein and 

Beckman also presented distribution of daily average ambient temperatures as a. function of 

monthly average daily ambient temperature and long term standard deviations. lecen I. 

Choudhury [39] examined the correlations, presented by Erbs eL al. [40] and Morrison [23]. 

to predict the monthly average hourly ambient temperature and found that the swing in 

the daily ambient temperature correlated to the monthly average daily cleariicss index in 

Erbs et al. [40] is highly location dependent. Choudhury developed correlations to I)r('(liet 

monthly average hourly ambient temperature in terms of the maxim ii in and miii nii it in 

temperatures of the day. Choudhury also developed correlations for the moirtlmlv average 

(1a) and yearly average (I,) daily ambient temperature using multiple regression analysis 

using a data base for 220 locations with latitude range of 8° < g4 < 62°. The correlations 

developed by Choudhury [39] employ differing number of predictors. among - latitude (o). 
declination (6), altitude (h), rainfall (Rj) or (Rj) and global solar radiation (/1) or (ii, 

Derived Information in Simulation Programs 

Time following are the derived information/parameters. 

Solar radiation on the surface of interest. 

Absorbed radiation which calls for optical properties of the collector-cover 

system. 

Overall heat loss factors. 

Degree-days. 

Solar radiation on any surface of interest. (other than liorizoittal ) is estinma l frc 'in 

the solar radiation on a horizontal surface multiplied by a tilt factor. R. Met liods to 

estimate the tilt factor, R, applicable for a small interval of time are available in l)millie 
and Beckman [6] based on the developments due to Liu and Jordan [11]. According to 



Table 1.1: Literature on correlations to get more details on solar radiation iItiorIIIltMfl 

Quantities I Methods available in Predictors I IJSC(I for 

Id/I Orgill and ilollands [18] ki,  Calculating 1.1  

Erbs, Klein and 1)uffle [131  kT  

Spencer [19] 

Hollands and Huget [20] kT,T at upper 

and lower atm. 

Soler [21] kT 

Suehrcke amd McCormick [221 KT,t9 ,13e 

Reindi, Beckman and Duffie [23] kT, mr ,Ta,RlI 

Camps and Soler [24] kT, O, S/Se  

Morrison and Sudjito 1251 Evaluated the 

correlation d ile to 

Spencer [19] 

rd Liu and Jordan [16] W,, W Calculating 1.1 

Newell [26] 

Mani and Rangarajan [27] Graphs 

Sa.tyamurty and Lahiri [15] Dj,w8,w Ad 

Id/lo Soler [28] kT, $/, O Calculating L 

Id/b Skartveit and Olseth [29] It/JO lb 

It Suehrcke and McCormick [22] kT,Oz,/3e Ii, 

kT Liu and Jordan [16] Distribution ol 

kTS and Is 

rt Maui and Itangarajan [27] w,w I 

Collares-Pereira and Rabi [12] w,w 

JailL, J alit and Rat to [I 'I] W.1, and Sotfl(' 

location dependent 

parameters 

Satyamurty and Lahiri [15] Dj,w,w, A9  
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Table 1.1 Continued 

Quantities Methods available in PrNlietors ITsd f'r 
- 

Calculating Hj lid/Il Liu and Jordan [16] KT 

Collares-Perejra and Rabl [12] 

Erbs, Klein and Duffie [13] 

Davis and Mckay [30] Evaluated the 

performance of 

the correlations 

reported in 

[121 [1:1] 

Llhadidy and Abdel-Nabi [31] K'r and season 

Gopinathan [32] K, S/S0  

Hd/H Collares-Pereira and Rabl [12] KT,WS 

Erbs, Klein and Duffie [13] K7 

Al-llamdani, Al-Rialti  

and Tahir [33], Soler [34] 

Soler [35] ItT, c 

Hblllo Weaxian [36] ItT, h, R1 I 11b, H(/  

AT Liu and Jordan [16], Bendt A T Distribution of kjs 

Collares-Pereira, Rabl [17] 

Feuillard, Abillon and KT, 9/90  
Bonhomme [37] 

IHY Stanhill [38] 

01 1, L Choudhury [39] 6,,11,llj,_fi 

Note: Meteorological quantities (long term average or longer time duration) direct 
or derived, such as, H, li, Hd/H, lId/H, li are not needed in the simulations. 

However, they are needed in general, in the design methods. Also, a long term 

average value may be the starting point for synthetic data generation on siiialkr 
time scale. 

4 



Liu and Jordan [41], the radiation on the tilted surface cOlnpnses of tltr('e conipniu':it 

direct, sky-diffuse and solar radiation reflected from the ground. Solar radiation absorbed 

by the solar collector is the plo(lu(1 of solar ra(IiaIiojl on the sllrtil(c oh illt('ret iiiuilt 

by an effective transmittance-absorptance product (r(1), or in genera!, optical elficieiicv of 

the collector-cover system. (ra) can be estimated from the tratistitillance of the cover. 

absorptance of the receiver, a, and the reflectance of the cover system for diffuse radiation, 

Pd which is a fucntion of extinction coefficient K [see, Du fflc and Beck luau [6]. cliap t er  

5, page 216-229]. It may be noted that both r and a depend on the angle of incidence 

of solar radiation. ASI-IRAE [42] suggests that the ratio of transinittance-absorpianue 

product (ra) at any incidence angle to that at normal incidence angle, (Ta), can be 

expressed as, 
(rü)  

(ra) 
= 1+ b0 ( cos0 

- i) for 00<0<  60° (Ii) 

In Eq. (1.1), b0  is the incidence angle modifier coefficient and U is the angle of incidence. 

Eq. (1.1) is valid for gray surfaces and can not be used for selective surfaces. Tabulated 

values of (ra)/(ra) for single and double glass covers for incidence angle range of 0 

0 < 90° are available in f-chart manual [43]. Visala.khsi [14] presented an expression for 

(ra)/(ra) for the range 60° < 0 < 90° as, 

(rfl) 
= 2(1 -4-  &) COSt) for 60' < 9 < 90' (1 .2) 

(ra) 

which agrees closely with the data values given in [43]. For concentrating collectors, ratio 

of optical efficiency at any incidence angle to the optical efficiency at normal mcidcnce is 

available in Gaul and Itabi [45]. Gaul and Itabi correlated optical efficiency for ParaI)hc 

trough concentrators of five different makes in a polynomial form. 
p.- 

Overall heat loss coefficient for flat plate collectors comprises of a top loss coefficient 

and a bottom loss coefficient. These can be estimated when the required relations for the 

free convective and force convective heat transfer coehhicieiits are known. In gerieial. it 

be considered that a fair body of heat transfer literature exists on heat transfer coefficient 

required in estimating the loss coefficient and is not dealt with in this review. Radiative 

heat transfer coefficient, being dependent upon the temperatures of the surfaces, iiiakes 

the process of estimating the top loss coefficient iterative. Similar procedure is iollo'ed 

to obtain receiver overall heat loss coefficient for the concentrating collectors. For flat 

plate collectors, Klein [46], following the procedure of llottel and Woertz [41], (lcvelnpcd 

a correlation for the top loss coefficient as a function of number of glass covers, collector 

& 
tilt, etnittance of glass and plate, ambient temperature, meaii plate teiiiperat.ure all(l vi 1(1 

heat transfer coefficient. Recently, Samdarshi and Mullick [48] developed a generalized 

analytical equation for the top loss factor, valid for fiat plate collector with N glass covers. 



The degree-day method of estitiiat.iiig heating load" is I,ascd on I lit' pri nc!l)l(' 

energy loss from a building is proportional to the difference in tern pera hire bet ween  
and outdoors. Values of monthly average degree-days for 210 US locations are avaihi he 
in Duffie and Beckman [6]. Also, Tables of degree-days for several base temperatures are 
available in Balcomb, Jones, McFarland and \Vra.y [19]. A method to esi ititate tin' 
of degree-days is described in Erbs, Klein and Beckman [40] also. 

1.1.3 Short-cut Simulations 

To cut down the expense of coml)utat.ions involved iii the detailed siiiiulatioii net In nls. 
such as, TRNSYS [4, 51, short-cut simulation techniques have been reported in I he Ii 
ture. SOLCOST [50] is one such short-cut simulation method. whereby system siriiiilal len 

is performed over a clear day and a cloudy day and the results of both days' sysl em per-

formance are weighted by taking the monthly average daily clearness index into accoiiP in 
order to arrive at a monthly estimate of the system performance. Typical \letcrolonal 
Day (TMD) method due Feuermann, Gordon, and Zarmni [51], and the Ml1L\ met hod 
due to iteddy [52] and Reddy, Gordon and DeSilva [53] employ one repetitive day calcu-
lation. These methods [51, 52, 53], valid for systems employing energy storage, at I ('Ill p1 

to determine the mean diurnal cycle by an iterative procedure to satisfy a quasi-steady 

state condition. Quasi-steady state condition ensures that the tank temperature at the 

start and after a day remains the same. Iterations are not necessary for systems wit nit 

storage. For both the methods, a mean day needs to be chosen which contains all lie 
necessary statistical information concerning the time dependence of solar ra(liation and 
fluctuation patterns as experienced by the solar collector. 

1.1.4 Design methods developed as correlations to simulation results or 
on analytical considerations 

a) Monthly correlations 

The simulation methods described in the preceeding section, in general, are not rest rctH 
to any specific system. Models for new components can be added as and when become 
available. The system configurations for certain apphi(:aiions of solar citeigy healimig sys-

tems such as space heating, domestic water heating, industrial process healing etc., have 

become more or less standard. For standard system con figmirafioni, from 11110  reciiTt '41 
detailed simulations, correlations to predict the monthly solar load fraction have ln'eii 

developed. The monthly solar load fraction, f, is defined as the ratio of energy delivemcd 

by the solar energy system to the load on the system ignoring the energy 1)IO(111c'd by 
the system in excess of the load, f-chart method [54, 55, 56] is one such simplified design 



method for systems supplying energy at or above 20°C and has l)eeil successfully ('in-

ployed for designing space heating and domestic hot water (1)11W) systems. In the f-ch 

method [54, 55, 561 the monthly solar load fraction is correlated to two non-dinicn.-, i onal  

variables, the non-dimensional collector loss and the non-dimensional al)sOrbe(l eiiergy. 

Experimental verification of f-chart results have been reported by Duffie and Miiclu'll [.Ifl. 

Fanney and Klein [58] etc. Similar correlations to predict the mont liv solar load fract io n 

have been reported in Buckles and Klein [59] and Lunde [60]. 0,  f-chart [61. 62] is aitollier 

popular design method to predict the monthly solar load fraction for systertis deliv'riiig 

energy at or above a desired minimum temperature. 6, f-chart method combines the ufi-

bzability method with the f-chart concept. In the , f-chart method, in ad(lrt ion to the I w o 

non-dimensional variables described in the f-chart method, the monthly average (fatly II Ii-

lizability, , also is required. The two non-dimensional variables, viz, the non-dimensional 

collector loss and the non-dimensional absorbed energy common to both f-chart and 0. 

f-chart, require the monthly average daily solar radiation falling on the collector surface. 

'IT, and the monthly average transmittance-absorptance product (), also reft'rred I 

monthly average optical efficiency, i. 

Monthly Average Processed Parameters 

Monthly Average Daily Tilt Factor: The monthly average daily solar radiation. II'j. lath ii 

oxi flat plate or concentrating collectors can be estimated froiii t lie itioiit.hily averagv (hi iiv 

global radiation on a horizontal surface, fi, as, 

111,  = JIi = ii [(I - I)j)Iti + lt21)f + h a] 

where, Rb is the monthly average daily tilt factor for direct radiation defined as the ratio of 

monthly average daily direct radiation on a tilted surface to that on it horizontal surface. 

D1  (= Hd/H) introduced for brevity, is the monthly average daily diffuse fraction and K2  

and A 3  are constants. When solar radiation data are not available, D1  can be calctih iod  

from [63, 16, 12, 13]. The constants Ic2  and It 3  are defined by. 

I 
(1 + cos/3)/2 for flat plate collectors 

h2= 
1/-r for concentrating collectors 

- f p (1 - cos /3)/2 for flat plate collectors 
1t3 ç (1.) 

0 for concentrating collectors 

In Eqs. (1.4) and (1.5), is the slope of the collector. In the second expression of Eq. (1.1), 

C, is the concentration ratio defined as the ratio of the aperture area of the collector to the 

area of the receiver and in Eq. (1.5), p  is the ground reflectance. In general, concentrating 



collectors do not "see" the ground-reflected solar radiation and hence the SCCOIRI expresi.:n 

in Eq. (1.5) is zero. From Eq. (1.3), R can be expressed as, 

II = [(1 - D1) ll + K 2  h1  + h 31 (1 .6) 

Rb in Eq. (1.6) can be estiniated from Liu and Jordan [6.1]. Klein [65] or 1< Hit 

Theilacker [66]. Lahiri [67] also presented methods to estimate 11h considering asymmetry 

in the solar radiation distribution. Collares-Pereira and Rabl [68, 69] presented mud hods 

to calculate H 011, the monthly average daily solar radiation, received (luring an ;ivera,e 

collector operating time period for flat plate as well as concentrating collectors tracked in 

the five principal modes'. Lahiri [67] developed explicit expressions for calculating I?b for 

concentrating collectors tracked in the five principal modes. 

All the methods [64, 65, 66, 68, 69, 67] for estimating solar radiation on tilted sit dares 

discussed above, employ isotropic sky-diffuse radiation model. Descriptions for anisot ropic 

sky-diffuse radiation have been reported in the literature. Some of the models ale due to 

Temps and Coulson [70], Hay [71], Kiutcher [72], Hay and Davis [73], Perez. Stewart, 

Arbogast, Seals and Scott [74], Cueymard [75], Perez, Seals. Ineichen and Stewart [76]. 

Perez, Seals, Ineichen, Stewart and Menicucci [77], Reddy and Attalage [78]. Ma and lqhal 

[79] have compared the predicted solar radiation values using the isotropic iiiodel a ml I ho 

anisotropic models due to Hay [71] and Klutcher [72] against measured values on tilted 

surfaces for one Canadian location and found that the anisotropic mutodels agree better vitli 

the measured values. Abdelrahman and Elhadidy [80] reported opposite observations for 

an Arabian location, where the agreement with the measured radiation values is bet I 

with the isotropic model rather than with the anisotropic models due to Hay [711 aid 

Kiutcher [72]. Recently, Utrillas and Martinez-Loza.no  [81] evaluated the. 1)etfOrmna11(:( 

of [74, 76] and concluded that the simplified circumsolar model approximates riieasured 

values more closely. However, Kambezidis, Psiloglou and Cue mard [82] reported that 

Perez model does not perform well for Athens data. In view of the inconclusive results 

and in the absence of verification against widesprea(l imicasured iii fuiiiia bit t he miii 

for anisotropic sky-diffuse radiation perhaps need further scrutiny. 

1 The five principal modes of tracking considered by Collares-Percira and Rabi are - 

Mode a: A plane rotated about a horizontal east-wcst axis with a single daily adjiisi.uteiit so that its 

surface-normal coincides with solar beam at noon each day. 

Mode b: A plane rotated about a horizontal east-west axis with continuous adjustment to mnimiinhixr itie 

angle of incidence 

Mode C: A plane rotated about a horizontal north-south axis with continuous adjust imicilt to miniltllii 

angle of incidence. 

Mode (I: A plane rotated about a liOrthl-sC)flthl axis parallel to rarths axis, wit Ii toni liiliilis ohtitsi 

Mode e: A two-axis tracking surface continuously oriented to facc the sun 



Monthly Average Daily Utilizabilily: Collares- Pereira and Rabl [6$] suggested that 

chart correlation [61] can be used for systems employing concentrating collectors as vell 

when the monthly average daily utilizability and the optical efficiency correspond to I lie 

concentrating collectors employed. Hottel and Whiller [83] introduced the mont iiiy average 

hourly utilizability which was later generalized by Liu and Jordon [ii]. Monthly average 

daily utilizability, 0, as defined by Klein [84] is the ratio of the suni for a mont Ii. ovrr 

all hours and all days, of the radiation received by the collector surface above a critical 

radiation level to the total radiation falling on the collector surface over the sanie mouth. 

The critical radiation level corresponds to zero useful energy gain from the collector. 

ilowever, Collares-Pereira and Rabl [68, 691 defined the monthly average daily iii ilizahili! y 

(designated in the present thesis as OCPR  for clarity) in a slightly different way, as the 

ratio of solar radiation received by the collector above the critical level over a  nioilth 

to the total radiation during the collector operating time period over the same 111old I. 

Klein [84] presented a correlation to calculate 0 for flat plate collectors facing the equator. 

Collares-Pereira and Rabl [68, 69] have presented generalized correlations for ()( J )/ viuiclu 

include non-south facing flat plate collectors and concentrating collectors tracked in he 

five principal modes. Retaining the same form of the correlation due to Klein [$1]. thur 

constants have been rederived by Theilacker and Klein [85]. Other correlations valid 

for flat plate collectors facing the equator are due to Evans, Rule and Wood [86] a 11(1 

Lunde [87]. The correlation for the long term hourly utilizability due to Clark. Klein and 

Beckman [88], valid for flat plate collectors with no restriction on the surface azimuthal 

angle, can be employed for obtaining the monthly average daily ut ihiza l)ihit y by nu juicriru I 

integration of the hourly values. The met hod of hlollands and II uget [89] to pre(lJ(t 

long term hourly utilizability for solar collectors also calls for nu ineiicai integration to 

obtain the monthly average daily utilizability. Klein and Beckman [90] presenied an 

excellent comparative study of the different correlations [85, 86, 87, 88, 68. 69] avuila hlu' 

for evaluating the monthly average daily utilizability and suggested that stu(lies be pu rsuued 

to develop methods for estimating the monthly average daily utilizabilitY wit Ii sui lh eiuuu 

accuracy when the utilizability is low. Yearly average utilizability for principal ty1)u's 

of solar collectors can be obtained from the data based correlations due to fl aid [911. 

Gordon and Zarmi [92, 93] have developed a simple method of estimating the yearly 

average utilizability valid for concentrating collectors. The method of Gordon and '/;r:ni 

has been developed for clear climates which fortuitously works for cloudy conditions as 

well. 

In an attempt to develop general enough method to estimate niolithlY average daul 

utilizability, Acharya [94] studied the hiniitations of the correlations of Klein [xl] and 



Collares-Pereira and Rabi [68, 69]. Acharya [94] introduced all equivalent mean day (li 1)) 

calculation to obtain the monthly average daily utilizability as a single day calculation for 

south facing flat plate collectors. Employing the correlations for 
r1  121 a.11(l rd [161 I 

express IT , expressions for the utilizability for a single day have been obtained from, 

rWc2 

/ (IT - 1) (1W 
.wL = k'. 1  

Yday 
IT (1W 

where, wc, and Wc2 are the hour angles corresponding to IT = 1c Lahiri [671 generalized 

the method to include noji-south facing flat plate collectors and coiiceiitratiflg co1k 
lol 

Choudhury [39] studied the influence of asymmetry in the solar radiation distribution 

on the monthly average daily utilizability for principal types of collectors. 'I'lie NI iiival'iit 

mean day is defined as the average day of the days in a month that contribute to the useful 

energy. The days that contribute to the useful energy have been ident.ilie(l as the days wit lu 

clearness indices higher than a certain minimum clearness index, KTJTIin. AT,m,n can be 

obtained by equating the critical radiation level to the iuiaxinhllll) radi;u tiotu on I he eoll" or 

surface during a day. Explicit expressions to obtain K'f,min are available in Lahiri [67]. 

The fractional time for which AT > AT,rnin or the ratio of the contributing clays, X. to the 

total number of days in a month, N, can be obtained from the generalized distribution of 

clearness indices for a given F(T due to Liu and Jordan [16] or from analytical expressions 

presented by Bendt et al. [17]. Indeed, in this method any distribution of K7' caul be 

employed. The equivalent mean day is characterized by an average clearness index of 

which is the average of clearness indices of the contributing days, I. C. days \ it Ii 

KT > 'tT,min. Let, the utilizability for the equivalent mean day be 2E. \lont.luly averae 

daily utilizability is obtained from the utilizability for the equivalent mean day (Single 

day), realizing that the solar radiation in a month falling on the collector surface abo 

the critical level is the same, calculated as, ç  N "T or OE  N .. Thus, 

,'r ILñ* 
- JV I'j' 

N I? It T  

where is the average tilt factor for the contrii)Utiflg days in a month. The alorpinen-

tioned studies [94, 67, 391 are, general enough, any distribution of clearness indices can be 

employed, and are Vali(l in the range 0 < < I within a Fills di Irerence of .1 Ix. nitlp.l 1-1  

to the hour by hour computations employing solar radiation data. 

Monthly Average Transmit ta nce-A bsorptanee Product or Optieol Effieic?1fY: The 01 her 

processed parameter needed in calculating the non-dimensional absorbed energy (one of 

the two variables in the f-chart and 0, f-chart correlation) is the monthly average daily 

optical efficiency. In the present thesis, generally the term trauIsmiItanceal)S0rPhi 

(l.) 



product has been used for flat plate collectors and oplica.l clliciency for (oncel1t.ri 

collectors. Also, when literature is reviewed the original notation of the author is preserved. 

Collares-Pereira and Rabl [68, 691 introduced monthly average optical eflicic'nc . i,', for solar 

collectors defined during the operational time period of the collectors. However, no method 

to explicitly calculate either the O)(rat.nIg IIIIR' pri(l OF lit' loii g  t.t'iiii oplical ('fli(i((V. 

77, has been presented. To date, studies to calculate monthly average transmit laic-

absorptance product, (), pertaining to flat plate collectors are tine to Klein [95]. Sfeir  

[96], Satyamurty and Acharya [97] and Choudhury [39]. The methods reported in [95. 96. 

97, 39] define the monthly average (laily transmitta.nce-absorptance product for flat pl;l Ic 

collectors as a weighted average during the entire inoittli, the weighting function l)cing the 

incident solar radiation. The monthly average daily absorbed energy, S. (see l)ullie an(l 

Beckman [6]) is expressed as, 

S = 1lT(F?) = iIb/1bVfö.)b + K2JLI()d + "3"()2  

where, ()b,  (F)d and ()g  are the monthly average transmittance-a.bsorptance pro net 

values for direct, diffuse and ground reflected radiation respectively. From Eq. (1.9). () 

can be expressed as, 

- [' Rb(Te)h + 1 2 Th(i + 1 3 
  (rn) 

= llbRb + A21Id + K31I 

()d and (To--)g  can be estimated easily employing the correlations for the effective anlc 

of incidence 0d  and 09, for diliuse and grou mid rellecicd radiation rcsJ)ectvely accord i 

to Brandemuehi and Beckman [98]. ()& is the weighted average of direct radiation oi 

the tilted surface and the corresponding transmittance-absorptance product over all 1 he 

hours and all the days in the mouth and is expressed as, 

(r)6  = 

1: E 1bRb(T0 )bdW 
days hours 

>i: >ii fbllb(iW 
days hours 

Klein obtained effective angles of incidence Ob  to calculate ()&. Ob lois been f)rceIII <d 

graphically, evaluating Eq. (1.11) on the meami day of the mouth, as a function of the 

latitude 0, the collector slope 0, and the surface azimuth angle y, for all the months of 

the year. The graphical results of Klein [95] can not be easily computer implemented. 

Further, the results do not show the dependence of Ob  on the nuimiber of glass covers or a 

climatic feature, say, clearness index or diffuse fraction. Following the approach similar to 

Klein and Theilacker [66] in evaluating Rb, Sfeir [96] developed an analytical expression 

for Sfeir employed a relation to describe the angular distribution of (1/(b/?/o.fl ) ii 

terms of the ine 1 angle modifier coeIflvietit bc,. Valid for ti' '-_. 0 GO'. iii I to'( '111 ile  



range of 00 < 9 < 900. Satyamurty and Acha.rya. [97] have elinitnat ed the limitations of 

Sfeir's expression by employing piece-wise continuous functions of 0 that closely loflov: 

the distribution of (1o/'1on ) iii the eiitire ra iige of 0° < 0 < 90'. The Iii tnt 1 t 1k 

1, (1 + b0) and 0 at 0 = 00 , 60° and 001  respectively. Sat aniurly and Acharya 

[97] developed expressions for (?,5/rk,n) under extraterrestrial conditions and related the 

values to the terrestrial values as a function of the daily diffuse fraction for south facing 

flat plate collectors. Choudhury [39] has shown that the expression of Sfeir [96] leads to 

serious error since the apparent sunrise and sunset hour angles for a tilted surface have 

been implicitly set equal to the sunrise and sunset hour ang]es for the horizontal stirfac'. 

Choudhury has shown that, indeed this is responsible for large errors according to Sfeijs 

expressions in summer nioitths eveit for a south facing coUect.or. Chotidhii ry st ticlir'd I he' 

influence of asymmetry in solar radiation distribution also in obtaining (Th. 

Methods to calculate ii for concentrating collectors are very limited. Gaul and 11thi 

[45] investigated the incidence angle modifier for l)arabohic trough collectors and presenli'(I 

the results in two forms: a) a polynomial fit, to data and b) a. single iiuiiiber, I lie all dv 

average optical efficiency for typica.l operating conditions. Further studies in obtaining  

for concentrating collectors tracked in the five principal modes are needed. 

b) Annual Models 

To further reduce computational effort, Barley and Vinn [99], Lameiro and Bend 1, [100] 

and Ward [101] ha.ve  proposed methods which are correlations obtained froiti f-chart re-

sults to predict the annual load fraction directly. Annual models to predict the yearly solar 

load fraction are also available in Satyainurty and Beckman [102], Satya.iii ii it v, Visal;dd li  

and Sastri [103] and Satyamurty and Visalakhsi [104, 105] for space heating systems and 

Visalaklisi [44] which includes industria.l process heating s stems as well. The a nnial 

models described particularly, in Satyamurty and Beckman [102] and further extensions 

103, 104, 105, 441 require yearly average solar radiation l'('ceivNl h' Ow ('I i]loet or. Iij,, - 

yearly average utilizability, 0.  and yearly average transmittance-ahsorpta.nce pro(lIct 

(),,. Visalakhsi [44] developed a method to estimate the yearly average solar radial ion 

received by south facing flat plate collectors from the yearly average solar radiation on a 

horizontal surface valid for —15° < ( - ) < 15°  which is more general than Gor(loti and 

Zarmi's [106] method. Visalakhsi's approach correctly accon n Is for urn her of hon rs  or 

solar radiation as received by the collector in the year. Visalakhsi also (IeVe101>('(l an cx 

pression for the yearly average transmittance-absorptaiice 1)roduct uu(ler ext ra-t err('s rOt 

conditions. Satyami eLy and Visalakhsi [105] calcula.t Ni the yearly average iii ihiza hill t v for 

south facing flat plate collectors accurately using Klein's [84] correlaltion for the mont 111y 

average daily ul.ilizability assumirtg the critical radiation level to be constant for all HIP 



If 

months in the year. This const ant value has l)celi (Iios('ii as I l)t' aV('rae of I in' iut I liv 

values. Other parameters in Klein's correlation such as R are replaced by correspondiiig 

yearly values. Lahiri [67] generalized the method to estimate yearly average solar rafl:r-

tion received by principal solar collectors by taking whiter (5 < 0) and summer ( > 0) 

averages separately. Similar concept has been validated by Lahiri to calculate the vealy 

average uti]izability also. Approach described in Lahiri is valid for flat plate colie(, lnrs 

with no restriction on the azimuthal angle, slope and concentrating collectors I racked in 

the five principal modes. 

c) Simplified analytical approach 

Owing to the input forcing functions (insolation, ambient temperature, load. etc. ) vary-

ing on all (hourly, daily and seasonal) time scales, and the presence of coiit ml fu ictions 

for changing the mode of operation of time sstem, solar energy systems do not pemnilt 

simple analytical solutions. however, with a set of simplifying assumptions. performance 

estimates of simple solar energy systems have been represented anaiticahly. Gordon a ad 

Rabi [107] have proposed a design method for open-loop industrial I)lO(e55 heating svtoims 

without storage, which is applicable when the thermal load is ii niform over I lie time scall' 

of operation, usually a year. The design procedure proposed by Collares-I>ereira, Gordon, 

Rabi and Zarmi [108] includes a well mixed storage. Similar methodology has been a1)1)ite(l 

by Ba.er, Gordon and Zarmi [109] for solar stcam generating systems. \ iialytica1 modck 

for liquid systems with well mixed-storage (Gordon and Zarmi [1101) and air systems 'vii ii 

stratified pebble-bed storage (Ajona and Gordon [111]) have been reported assuniin, 

constant radiation model, where the (lilirnal variation of solar radiation ],as  been replaced 

by a constant value over the time scale of operation. 

1.2 Passive Solar Energy Systems 

Several concepts for passive solar heating or cooling have been developed that aiv 

ficiently distinct in pri nclj)les and functions. These are (Ii rect gal ii wi idnw. r oi let 

storage-walls (also called Trombe wall) and su nspace. In direct gain sysl eiiis. em cv 

through windows can meet part of the building heating loads. The window acts a a 

collector and the building itself provides some storage. Overhangs, wingwalls or oilier 

architectural devices are used to shade the windows during times when heating is not 

wanted. Collector-storage-wall COLII biiics the fu iicl.tuiis of a. tollert or a 11(1 sIOF!,(' iii 

single unit and is a part of the building structure. Part of a south wall may he single or 

- double glazed; inside the glazing is a massive wall of masonry material or water I an ks. 

finished black to absorb solar radiation. Heat is transferred from the storage wall to the 



room by radiation and by convection from the room side of the wall. Room air is circu-

lated by a fan (or natural circulation) through the space between the glazing and I he wall. 

Room air may enter this space through openings in the bottom of the wall and ret urn I o 

the room through openings in the top. Sunspa.ce attachments (which are green-lions' lily' 

structures) to buildings have been used as solar collectors, with storage in walls. Iloors, or 

pc'hl>Ie hods. Forced air cu rciilu 1.1011 toI ii'' F( >01115 a ii >1)1.1> >11 l> II> P I> )VP I Ii>' iii III I.;> >1> 

absorbed energy. In cold climates, energy losses from suiispaces may exceed the absorbed 

energy, and care must be taken to ensure that net gain accrues from such a system. 

The calculation of solar radiant heat gain through fenestration system is an mi per-

tant component for cooling load calculations. In the terminology of heating Vent ila,t lug 

and Air Conditioning (HVAC) engineering, solar heat gain coefficient. (SIIG(.) defined as 

the fraction of incident solar radiation on a fenestration aperture that enters the building 

as heat [112, 113] is an important parameter. The solar heat gain coeflicient. P caii be (5-

tiivated as a function of the i!aiLsiuiltalice and absoiptiutce of the glaLltig and 1 Ii>. Ii .0 

of absorbed solar radiation that enters the building. This calculation calls for estinialiug 

the incident solar radiation on the fenestration system. Methods reported in [112, 11 3] for 

the fraction of absorbed solar radiation are essentially thumb rules. For energy analyses 

including hourly building performance simulation calculations, it is suggested that I. lii ri iwr 

studies on angle-dependent values of solar heat gain coefficient (SllGC) be, developed [112]. 

In almost all passive devices, solar radiation is absorbed, conduct ed. ra(lia I ('(I ol 

convected into the space. The absorbing surface may be a parl of a heat loosing snnla((' 

of the structure. In general, net energy transfer due to a receiver comprises of energy gain 

from the solar radiation and the thermal loss from the receiver. The specific transinitlalLce 

or absorptance associated with the receiver differ from system to system. Over a short 

period of time (say, 1 hour), net energy transfer, Qr, from a. receiver of area, A,. can be 

expressed as, 

Qr = Ar  [!bRbf 1/1  + 1%2102 + A 3 17)31 It r UL (7'r - T,) (1.12) 

In Eq. (1.12), Ib, Id and I are hourly direct, diffuse and global solar radial ion al irs 

on a. horizontal surface; Rb  is the tilt factor for direct radiation; fi  is the instantaneous 

shading factor defined as the ratio of direct solar radiation received by a. shaded receiver 

to that on an unshaded receiver (f i  = 1, if the window is unshaded); fi  can be esl inia ted 

from the algorithm developed by Tseng-Yao Sun [114]. K2  and A 3  are constants already 

defined in Eqs. (1.4) and (1.5); UL is the heat. loss coefficient for the receiver; 'L. is I  he 

room temperature and T, is the ambient temperature; ill
, 

i>' and ij are I lie optical factor, 

associated with direr I diffuse and ground reflected components of solar radia.l ion wIt lilt 



depend on the specific receiver. For example, for direct gain window. 

hll_ YeTb 112 = aTd and 113 = crq (1.13) 

vhere, o, is the ellective absorptaiice of the wiII4low-1-00111 coiiihniial iuln TI,. 1,/ alad 

are respectively the transmittance for direct, dilfuse and ground reflected components of 

solar radiation at appropriate angles of incidence; The effective absorptauce, n,- can he 

estimated according to Duffie and Beckman (see Chapter 5, Section 5.11). For collect or-

storage-wail, 771, 112 and 173 are given by, 

111 = (Tc)b i2 = (Ta)d and 113 = (rn) (1.1 h) 

It may be noted that (rc)& is a function of the angle of incidence whicli varies with 1 line 

during the day. 

Just as in the case of active solar energy systems, method to pre(lict long term 

performance of passive solar energy systems also may be classified as simulations and 

design methods. A brief review of these is presented in the following. 

1.2.1 Simulations 

Although experiments are the best tools to determine long term performance of so!ar 

energy systems, system scale experiments are very limited iii the literal ii re for pasi VP SI Ii 

energy systems. Like active solar energy systems, methods have been developed to siinii!atc 

the components of passive solar energy systems. Eq. (1.12) forms the basis for siinulai ions 

for passive solar energy devices. It may be noted that Eq. (1.12) gives the net energy 

transfer across the receiver (a passive device) and not the useful energy gain. Eq. (I . 1 9 ). 
-r 

wlieii combined with the load on the system and performance of other components (storae,c 

etc. ), determines the useful energy gain from the passive system. PASOLE [1151 is 

one simulation program developed by McFarland of Los Alamos National Laboratory. 

Later versions (Version 12.1 and above) of T R NSYS [.5] uaii also he iis1 for sin Ii Is a'; 

building energy systems. Numerous building simulation programs for commonly employed 

components in the building have been developed. The widely used ones are: ESP - 

Building energy simulation systems [116], is used to simulate coupled heat and mass flows 

in integrated building and plant systems; BLAST [117], The Building Loads Ana] sis 

and System Thermodynamics uses heat balance method and is used to simulate building 

mechanical systems like fans; WINDO\V [118] and VISSION [119]. are used to siiiiiilate 

solar optical and heat transfer calculations to arrive at centre-glass 14actors and sol;r 

heat gain values. 



MI 

1.2.2 Design Methods 

To estimate the long terni (monthly) average net energy transfer, Eq. (1.12) can be su in incd 

up over a month for all hours and all days. Such calculations are conveniently ieplaced 

(though some accuracy may be lost) by monthly average calculations. Monthly average 

net energy transfer, as given in [6] is expressed as, 

Qr = Ar [[1b1?bJ 1)1 + 1 2 1L1u12 + 1611i131 241r1L (1;. - 

= A,. S - 24 A UL ('Yr - 

where, 'tb, I'd and Ii are the monthly average daily direct, di ffiise a tid global sola 

dia.tion values on a horizontal surface; Rb is the monthly average tilt factor for direct 

radiation; fi  is the monthly average daily shading factor; f1l ,  Th  and  03 are the 11101)1 lily 

average optical factors for direct, diffuse and ground reflected components of solar ra.dia-

tion respectively; UL is the monthly average loss coefficient.; '1r  and I, are respect ivrlv hi' 

monthly average receiver and ambient temperatures. S is the monthly average energy a1 

sorbed by the receiver per unit receiver area.. Eq. ( 1 . 15) becomes available to est irna (' 

through a single calculation wlieii f, can be calculated. Other inoiit.lil average pa in 

in Eq. (1.15) have already been discussed. 

The energy balance on a building as a. whole or a, passive solar energy system in 

general, shows four major energy flow terms across the boundaries. The two input streams 

are the solar energy absorbed in the building, ArS and the auxiliary energy added.  

outputs are the excess that cannot be used or stored without driving the rooni tenhlicla lii 

to unacceptably high (the 'dumped' energy, QD)  and the load, L (corn prising of t lie 

losses and infiltration losses minus the internal energy generation). l'he auxiliary energy 

required for a month, neglecting differences in stored energy at the beginning an(l end of 

the month, will be, 

L11 = 11rSQD - L  

Similar to the useful energy gain from solar collectors employed in active systei 

Eq. (1.15) gives the energy available for heating/cooling by passive rnea.ris. Eq. (1.15) is 

the analogous of long term useful energy gain for active systems, except, that the loss is 

for 24 hours in the case of passive systems. 

The Solar Load Ratio (SLR.) method [120, 121], is widely used for designing direct, 

gain, collector-storage-wall and SI! nspace systems. The S LR method is a men us of Ic ii- 

lating annual requirements for auxiliary energy based on extensive simulation studies of 

performance of many passive heating systems done with the simulation program i>AS() I 

[115]. Although SLR method gives aimnua.l requirements for auxihiar energy 'vi lion 11 
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accuracy of 3%, monthly values can be erroneous. 

310. 
Empirical correlations of simulation results have proved their applicability in den;ii-

ing standard passive solar heating systems as well. The unutilizabilitv method (also ca)l'd 

UU-method) of Monsen, Klein and Beckman [122, 123] is another design method apj:ika-

ble to direct gain and collecl.or-stoiage-wa11 systems based on the concept I hat a J ) 

heated building can be viewed as a collector with finite heat ca padi 
• 

Correlat ion a ic 

developed for estimating the auxiliary energy requirement of two limiting cases, i.e.. an 

infinite capacitance structure that can store all energy in excess of loads an(l a Zero ca-

pacitance structure that can store no energy. '[lien the correlations are used to deteriiiii(,  

the auxiliary energy requirement of a. rea.l structure which lies between these liiiits. 

Depending on the monthly energy flow streams entering and lea vi rig a pa.ssiv(' J Hi C 

ture, at times there will be insufficient solar energy to meet the loads and auxiliary energy 

must be supplied to the system. There will also be times vhieii there is excess solar energy 

absorbed that is not used to meet the losses and can not be stored and hence the excess 

energy must be dumped or vented. In case of infinite capacity struct nrc, all a l)snrl)e(l ('ff - 

ergy in excess of the load is stored in the structure, maintaining a, constant. temperature of 

the conditioned space. A monthly energy balance gives the auxiliary energy requirement 

for infinite capacity structure, Ij, as, 

= (L - Ar S  

where, iV is the number of days in the month. The superscript pIlls igri iri(lica I.e 

only positive differences are considered, i.e., when (L - Ar iV) < 0. (L - A.rSN) (1. 

In the case of zero capacity structure, since there is no storage capacity. energy 

deficits must be made up by auxiliary energy supply and excess solar energy is dumped. 

The temperature of the conditioned space is maintained fixed by addition or removal 1 

energy rather than by the stomage. An instantaneous energy balance on I lie si intel It me 
the rate at which energy must be dumped from the structure, Qj., as. 

QD = [ArIT(T) 
- (UA),L(Tb - '1')] (1.l) 

where, Tb is the building temperature and ( UA)1, is building load coefficients and (all he 
calculated by standard methods e.g., ASHRAE [12.1]. 

A critical solar radiation level can be defined as that level at which I lie solar gaii 

just offsets the losses and can be expressed as, 
4, 

I - T,c — (1 t i)' llr(T()) 



In this case, absorbed radiation above the critical level iiiusl be dun p('(l a 

unutilizable. The dumped energy for the month, QD, can be estimated by sumilillig up 

Eq. (1.18) over the month as, 

QD = Jlr() / (IT - 1T.e) (ii (I 
in oil I/i 

Eq. (1.20) can be expressed in terms of the mont iiiy average daily iii iliza hill tv. lI, 

QD =  11r  S1(P (1.2!) 

The auxiliary energy requirement of a zero capacity struct nrc is thus. load 

dumped energy minus absorbed solar energy and can be expressed as, 

= L (1 - c5)ArSN  

It is warranted from Eq. (1,15) that evaluation of the monthly average sh adi mig far.  or. 

fj  , is necessary for the calculation of average solar eiiergv gai mis from a d i roci g;ii ii vI viii 

Shadiiig by horizontal overhangs for vertical windows have been studied by different re-

searchers. Utzinger and Klein [125] defined instantaneous shading factor, L. as the fraclioa 

of beam irradiated area (the ratio of beam irradiated area of the window to the total area 

of the window) and suggested expressions for the monthly average daily shading factor, 

Utziiiger and Klein [125] evaluated the shading factor numerically under extra1 ('imesi  iiefl 

condition using the algorithm developed by Tseiig Yao Sn ii [Ill] antI present ('(I I he re-

sults in graphical form, for only south facing surfaces with different overhang parameters. 

Jones [126] developed a method to evalima I.e Limo I of al radia Lion over a sir rf;' slr;uli'il 

an overhang of infinitely long extent so that the end effect can be neglect ed. II it .Jorl(' 

[126] calculation was based on, evaluation of the tilt factor. R6, under extra-teiresl oal 

condition. Sharp [127] presented an analytical solution to the calculation of monthly aver-

age insolation on shaded surface at any tilt and azimuth tinder ext ra-t errest rial coiu! 

Yanda and Jones [128] presented analytical methods for calculating nionifilY average in-

solation on a vertical surface facing towards the equator with overhang sliadimig of finite 

lateral extent, also under extra-terrestrial conditions. Studies on monthly average shacli 

factor clue to wingwalls in conjunction with t he overhang which is (()iII irionly referr ri 

as egg-crate structures have been reported by I3arozzi and (rossa [129]. Another study 

by Delsante and Spencer [130] dealt with the estimation of the J)roportion of sky seen h 

windows shaded by horizontal or vertical projections which can be used to calculate the 

diffuse radiation incident on the shaded window. Works carried out by Acliarva [!) I 

Lahiri [67] showed that there is a considerable difference in the value of month lv a verage 

tilt factor, 'ib, evaluated under extra-terrest rial and terrestrial conditions for 1)01 h oirt ii 

facing and non-south facing surfaces. So, a similar trend can be expected in t he case of 

monthly average shading factor, f, also. 



1.3 Summary of drawbacks and limitations of existing nieth- 

ods 
FT 

From the review presented in § 1.1 on active solar energy systems it is evident hat long 

term system performance is assessed based on simulations or design methods I hat ma le 

use of one calculation for each month or one yearly calculation. Third approach pert ai ts 

to analytical calculations with varying degrees of limitations. Simuula I ions req tire. i ll  

addition to the component models, a large body of meteorological infotiriation typicail' 

on hourly time scales, calling for enormous computational resources. When the data is 

not available, use of synthetic data is resorted to with an associated penalty on accuracy. 

Thus, simulations are, in general, not ideal for routine design and sinail scale systcne. 

Design methods, particularly, the f-chart and , f-chart methods to a certain exlcit 

46- fulfil the need to make available quick and inexpensive means for sizing active solar energy 

systems. However, they are valid for standard system configurations. Also, the correlations 

are composite in terms of the perforniamice of tire solar collectors a miii ()t her (0111 potter I 

the system. Thus, it is desirable to re-examine methods to estimate long term useful energy 

gain for principal types of solar collectors. It appears, within the framework of available 

models for diffuse sky radiation, methods to estimate monthly solar radiation received 

rii by the solar collectors are general enough. Similarly, ont iriy average (lady itt iliaa bill 

for principal solar collectors can be estimated within a few percent of accuracy through 

several correlations or by single day calculation. The single day is tire equivalent mean 

day (EMD) as defined in the studies of Acharya [94], Lahiri [67] and C!iorohliury [39]. 

However, a limitation on all tire methods to estimate th is that the critical radial ion levri 

is assumed to be constant. Accounting for variable critical level calls for details of the 

operational strategy of the system, making thereby calculation of 0 iterative and not 

simple meteorologic and critical level statistic. 

Estimation of the monthly average useful energy gain for principal types of sobir 

collectors also needs an appropriately defined long ternr average optical elliciemicy. 'ilroirh, 

methods to estimate () for flat plate collectors are available as a weighted average of 

incident solar radiation, a further examination on this definition is warranted particularly. 

since Collares-Pereira and Ilahl [68, 69] defined an average optical efficiency during the 

operational time period of the collectors. Explicit methods to est inrate even tire niont lllv 

operating time period for solar collectors is not available. Expressions to evalrrate ritorit lily 

average optical efficiency for concentrating collectors need to be developed. The met lick 
to evaluate (a)/( ra ) need to be general enotigh to  include iron-son (hi lacing (011(11 (rs 

also, in view of it's applicability for passive structures. 



Monthly average performancc of passive systemS critically (kpendS oii t lie sota r 

diation falling on the receiver. It may be noted in general, the receivers that form i  rt 

of a passive system are shaded by overhangs, wingwa.11s or a colnl)inafion of both ami 

even by adjacent structures. In view of the importance of the SIIGC for architects and 

in applications such as direct hcat gain systems, trombc walls methods to esi imate ta r 

radiation falling on shaded surfaces of general orientation need to be further studied. A 

key parameter in such estimates is the monthly average slia.(liilg factor. INc riiel.ii.ols 

reported in the literature evaluate the shading factor under extra-terrestrial conditions. 

1.4 Scope and Objectives 

The review of the literature given in §1.1 and §1.2 and the drawl)acks summarized in 

1.3 motivated the studies on the following aspects. The studies pert alit to a rrivi rig il a 

definition for the long term (monthly) average optical efficiency for flat plate collect cirs 

and concentrating collectors and develop methods to evaluate the same. The rion Ny 

average optical efficiency is defined so as to be consistent with the definition of inert 

average daily utilizability and yields the monthly average daily useful energy delivti r(l 

by the collector per unit area as a product of heat removal factor, monthly average dail 

solar radiation falling on the collector aperture, monthly average daily utilizahility and 

monthly average optical efficiency. The second study pertains to obtainiiig mont lily aver 

age shading factors for surfaces shaded by overhangs and wiugwahls. In order it, tle\iN 

an understanding and methods to evaluate the aforementioned parameters the follo\vi!.: 

topics which form the subject matter of chapters 2 to 6 have been ttidjed. 

Monthly useful energy gain and a definition of transmit tance-absorptancc 1)rod nul  

for fla,t plate collectors. 

Evaluation of monthly average t ransniit.Ianrce-absorpt.ance prod irci (lilting I lie iper-

ational time period for fiat plate collectors. 

Evaluation of monthly average optical efficiency during the operational t i rite pri uI 

for parabolic trough concentrators. 

Evaluation of monthly average shading factor for surfaces shaded by overhangs iiii ii,, r 

terrestrial conditions. 

Evaluation of monthly average shading factor for surfaces shaded by winrgvahls tinder 

terrestrial conditions. 

Chapter 2 is devoted to studies on calculating the daily and t he nionthlv aver;e 

daily useful energy gain for fiat plate collectors. The study reported iii (liaptcr 2 



aimed to establish validity or otherwise of calculating monthly average daily t ransliii I I 

absorptance product, (), as a mea.ii day calculation (as defined by 1<1cm [951) \\ln"n a 

flat plate collector is supplying energy above a itiluhll)ulil (ciii l)('raI iii'c.  

radiation level, I, is given by, 

('i, (Ti -  'L1) 1.23 ) 
— F(ra) 

Useful energy gain for a. day, Q0,d , per ii iiit area. of' I he ('Oli('(IOI is cva111;1 1 cd  

cording to, 

Qu,da= FR T, (IT  

hours 

If (T(A)day IS the trallslllittance-al)sOrl)t a.iicc prod net deli tied as. 

(ro)d = IT(T0)/ IT  

4.. hours hours 

Let, be given by, 

"n iLj' (TO)duy iduy (I .) 

where, Od,V  is the utilizability for a single day and is defined by, 

Oday = 
1 

(I. 

If given by Eq. (1.24) is equal to given by Eq. (1.26). defining ( TO  ),/ 

according to Eq. (1.25) is correct. Chapter 2 examines the validity of defining  

order that Eq. (1.26) yields useful energy gain correctly equal to t lie energy gain giv'ii by 

Eq. (1.24)], (TU)d0y needs to be defined as, 

" >(IT —Ic)(rn) 
(T)duy = (I - 

(I 

It may be noted that, the notation (r) < , has been ciii ployed to designate the present 

transmnittance-absorptance product. Numerical results for Q u,thzc, a iid given k' 

Eqs. (1.24) and (1.26) are presented in Chapter 2 for Il? = 20°, 10° and (iO°: ( - .3) :. - 

00 , 15° and 0 = 900; -y = 00 , 30°, 600  and 90°; for KT = 0.3, 0.3 and 0.1. hu non- 

dimensional critical levels 0 < Xe < I. 'rite rain) of to QUAZ!, is IlS() ('(Itlal to tic' 

ratio of (Ta)ay  to (ra)d0 . Normalized difference defined by, [(r) - (To )du?,]/(r'i  

increases as X, 0 and -y increase and in general, the azimuthal angle has a. sigiiiliea ii, 

influence. 

- A similar numerical examination, performed on the inoiilhly aVerag(' usefti I cliii gy 

gaul and transmittaitce-ahsorptance product, reveals that {Y - ()/(0) is Iiiglic'r 

than the correSl)Ondliflg single day value, i.e. when K, for lice day is numerically cjcca I to 



AT of the month and for a fixed I. Thus, the studies reported in Chapter 2 est ablisli t he 
need to develop method to evaluate ()* according to Eq. (I .2) \vrittc'n for t he morn h. 

.01  

Chapter 3 is devoted to develop methods to evaluate the mont hlv average t ransinit a ire-

absorptamrce product, (fl/( Tfl  ), (left ned as a weighted average over all iou r.n in I all 
days in a month, the weighting function being the solar radiation on the collector surface 

above the critical radiation level. An expression valid for the transinilta rice-a I)sorpl r rice 

product for the single day (T) ay /(TO)ii has been developed ilsi rig integral eqrii valeni I of 
Eq. (1.28). IT has been expressed in terms of r1  [12] a rid r,j [16] correla lions. N;i inieri 

cal values obtained employing the expressions for (r) ,/( rr), have been validated by 

comparing with the hour by hour calculations according to Eq. (1.2) eniploving solar 
radiation data. 

In order to obtain the monthly average transmittance-absorptance prod rid . (t7i) /( ro \. 

equivalent mean day (EMD) approach as explained in §1.1.4, has been adapt NI. lfasicallv. 
the procedure involves calculating on the EI\ID which is characterized by 

= and AT = K. K is the average clearness index of tire days I hat con lii lint (' to 
useful energy. ()*/(Ta), values obtained according to the EMI) calculation have lmet'mm 

validated by comparing with the values obtained by detailed hour by hour calcmilatioii. 

Monthly average optical efficiency for concentrating collectors also has been defined as 
a weighted average over all hours and all days iii tire rrroirl.lr. t he weight lug lurid loin hoiii 

the solar radiation on the collector aperture above the critical radiation level. Following I lie 
procedure similar to that for flat plate collectors, studies to evaluate the monthly aVerage 

optical efficiency for concentrating collectors tracked in five principal nimodes have honi 

-jr
reported in Chapter 1. Expressions developed for (/,/q,) have been validated agai tiat 

hour by hour computations employing solar radiation data. The results include evahinat big 
the influence of the diffuse fraction, cut-off time and clepen(lence on latit tide. The nuioiut.Jilv 
average optical efficiency, (/i/on ) has been obtained by following the EMI) approach and 
validated by comparing agal nist the values obtained by hour by hon r cool pill at ioir. 1 lu' 

numerical results and the validation have been discussed for a. wide range of the paraniucters. 
latitudes, declination, clearness index, critical radiation level for concentrating collectors 
tracked in the five principal modes. 

The importance of estimating the solar radiation received 1w shaded surfaces has 

already been emphasised in §1.2. The methods reported in the !iterat ire (lea! WI tIn rat 

mating monthly average shading factor, A. under extra-terrestrial conditions. Even under 

extra-terrestrial conditions, for finite overhangs, Yanida and .Jones' [I 2] noel 110(1 of slra(II rug 

plane concept is available for south facing surfaces only. St udies available iii I he li tej ao ii ru 



[66, 67] show that the monthly average daily tilt factor for direct radial ion deprudk i-

nificantiv on the atmospheric transmit lance, particularl. br itoit-solil Ii laritig 

Since, the shaded windows can have a general orientation (not facing the e(Iita tor (Hi lv) it 

can be expected that the monthly average shading factor values. t.akiiig atniospheric I ia 

mittance into account, differ from the values under ext ra-t.errest rial cond it otis. S I ii (1(5 

on evaluating the monthly average shading factors for receivers shaded by iii finite or Ii ii l(' 

overhangs are reported in Chapter 5. The monthly average shading factor for iniiiiilc' 

overhangs, A. under terrestrial condition has been oval nated, on the mean (lay of I lie 

month, according to, 

= I IhI?hfl
fill 

(1W 
I 

I tbRbdW 

'b in Eq. (1.29) has been expressed employing the correlations for r 1  [12] and r [16]. 

Eq. (1.29) is integrable when the overhang is infinite and yields expressions which  are 

equivalent to the expressions obtained by Jones [126] using the shading plane concept 

Also, formalization of fj according to Eq. (1.29) allowed generalization for itoii-vert ical 

receivers. Numerical values obtained for fi,, have been validated by comparing wit It the 

values obtained employing solar radiation data. hlie infl notice of i :icliidiiig a.t Ii1osl)Iieric 

transmittance in evaluating f is significant, particularly, for low latit tides in suinuter 

months and when the receivers are non-south facing. fj (fillers froiii I lie correspoiidiiig 

extra-terrestrial value by 30% when = 30°, -y = 30° and D1  = 0.1 for typical oveiliatig 

parameters, the non-dimensional projection p = 0.3 and height of the window being ('(lila I 

to the Wi(lt.11. 

Eq. (1.29) is not amenable for integration when the overhang is finite. In order I.e 

alleviate this difficulty, monthly average shading factor values for finite overhangs. 1; have 

been related to the infinite overhang shading factor values as a. function of the ext etision 

of the overhang. The correlations and the procedure developed to obtain •fj values front 
_j values have been validated for a wide range of latitudes and clititatic conditions as 

indicated by the monthly average daily diffuse fractions for south as well as for non-soil I Ii 
facing receivers. 

Starting from an equation similar to Eq. (1.29), expressions for fi,  for recrivcr, 

shaded by infinite wingwalls have been developed ali(l ate reported in ( 'hapt.ei 6. j .. 

wingwa.11s also can be interpreted in terms of the shading ida tie cflhlc('pt wit Ii I 1i'  

differences. 

1. Eq. (1.29) needs to be integrated piece-wise from W&r to w0  and from w
Al 

, to 
. 

and w3  are the appuent sunrise and sunset hour angles. w0  is the liotir angle \vlieti 

solar azimuthal angle equal to the receiver azimuthal angle. 
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2. Shading plane for the wingwall is the plane joining the outer edge of the wingwall 

to the opposite side of the receiver. Thus, the shading plane for the wingwall is 

characterized with an azimuthal angle different for the receiver azimuthal angk. 

Tabulated values of the shading factor for wingwalls for a wide range of latitudes, clearness 

indices and projection of the wingwalls are also given in Appendix D. 

Chapter 7 summarizes the significant results of the present study. 

.1 

4.1 

Eq 



Chapter 2 

Monthly Useful Energy Gain and 

a Definition of Transmittance- 
Absorptance Product for Flat 
Plate Collectors 

2.1 Introduction 

It is perceived that the monthly average daily useful energy gain for a flat plate (olloc or of 

unit area can be obtained as a product of heal removal factor. iiioiil lily average (holy r 

radiation falling on the collectors, monthly average daily Utilizal)ility and a n a ppvopr 

ate average transinittatice-absorptaiice product. Klein [9I iiitrod Ilce(l a nioii I lily a\erao 

transmittance-absorptance product, (), calculated on the average day of the wont 

which is also a key parameter in calculating the non-dimensional al)sOrbed energy (niic of 

the variables in f-chart [54, 55, 56] and , f-chart [61, 62] correlations). (ollares-Perelia 

and Rabl [68, 69], however, used the terminology of average optical elficieiicy pert i ncitt to  

the collector operating time period, though no method to obtain the same is availa hl. 

In the present chapter, it is proposed to evaluate, first, daily useful energy gain as 

summation of hour by hour caiculations. Daily useful energy gain is J)rOpoSe(l to be ob-

tained as it product of heat removal factor, daily Sola r radial ion falling oti I lie couNt 

daily utilizability and an appropriate average transmittance-absorptance product. iroiti 

the useful energy gain for the day obtained by hour by hour calculation, an effective 

transmittance-absorptance product has been evaluated. This transmit tance-ahsorptaiice 

product has been shown to be differing from the tratisiiritt.airce-absurptaiice pro(! tic I eva Iii 

ated following Klein's [95] procedure for the day. This difference is found to be drpeii dent 

- on clearness index ! critical radiation level, in addition to the latitude. dechi ia I 

slope and azimut i Ingle. 
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CalculationS similar to those described above for lie si iigle (lay have also b('cii pci 

formed to obtain the monthly average daily useful energy gain and a. monthly

Ac  

avera' 

transniittance-absorptaiice 1)i'o(111Ct, to be assc)ciate(l with the product of Eu. 11-i alld  

so that the correct monthly average daily useful energy gain can be obtained. Like I li(,  

transinitta.nce_absorptance product for a day, monthly average transmittance-a hsorp I a !I cc 

product which yields the correct monthly average daily useful energy gain differs [turn 

the monthly average daily transmittan(C-al)sOrl)111ce prO(hllct obi al uN1 by N heli 's V] 

procedure. 

2.2 Daily Useful Energy Gain 

Consider a flat plate collector characterized by I'j(ra).,, and where. J is the 

collector heat removal factor; (ro) is the t ransmittance_absorptance j)rO(1UCI at nortilal 

incidence and UL is the overall heat loss coefficient of the collector. The flat plate collector 

is delivering energy at or above a. minimum temperature of T0 j, which correspoil(hs to it 

critical radiation level of I. Let, KT be the daily clearness index. For such it (011cc I (IF of 

unit area., daily useful energy gain can be obtained [rout, 

= FR (ra)1  E [I - Ic1 (r)/(T( 1 (2.1) 

hour 

where, (ra) is the trausniittauce-a.bsorptauice product for the (01100.0l-c0V('r sysl ('lii 

the hour angle, w, centered for the hour in question. The superScril)t plus sign is iisc'd 

mean that only the positive differences will be considered in the suiuiiiiation f)roc('ss 

when (17' - I) < 0, (IT - i) = 0. IT in Eq. (2.1) can be expressed. (0111 prisilig of (Ii red 

diffuse and ground reflected components as, 

IT = lb Rb + A 2  Id + 1 3I (2.2) 

where, A 2  and K3  are constants as defined by Eqs. (1.1) and (1.5) of (hiapto r  1. 1. Ii, a tid 

Id are the hourly global, direct and diffuse components of sola.r radiation on a hori,.oiil a 

surface. Rb is the tilt factor for direct radiation and is evaluated from, 

COS (2.3) 
cos  OZ  

The angle of incidence, 0, for a surface of general orieiitation call be eX1)resSed as. 

cos 0=A+Bcosw+Csin (2.1) 

where, the constants A, B and C are given by, 

A = sin (sincos/J - cosósin,cos'I) (2.) 

B = cosb(cosQcosi3+siri(sin/cOS')) (2.6) 

C = cos(5sili/isiny (2.7) 



II] 

In Eq. (2.3), Oz  is the angle of iiicideiicc' for a horizontal surface ( •3=() ). also Ca lied a 
zenith angle and is given by, 

cosgz  = cOspcos(5 COSW + Sifl5 Sin 

= A'+B'cosw 

= B'(cosw—cosw,) (2i) 

where, 

A' = sin 0 si [16 and /3' = (05 6c0S( (2.9) 

In Eqs. (2.5) to (2.8), 0 is the latitude (north positive) of the local on. 6 is 1.hc dechiiat Hi 
and 7 is the surface azimuthal angle, '-ye' towards east. 6 can be obtained [see. I)ullie a 11(1 
Beckman [6]] from, 

= 23.45 sin (360284+ fl) 
(2.10) & 36; 

The ratio of the transmittance_absorl)tance product at any incidence angle to tha a) 

normal incidence, (rü)/(ra), can be expressed as, 

(Ta) 
= IbJ?b(Tl)h/(Tct), + Ic2Id(ra)j/(ra) + K31(rn),,/(i-(I),, 

 (ra),, 1&I?& + 11 2 1d + h 3 1 

where, (ra)&/(ra'), (ru)d/(ro) and (7-a)9/(ra) are the transmittanceabsorpti flee 

product ratios for the direct, diffuse and ground-reflected components of solar ra(lial Ian. 
(ra)&/(ra) is evaluated corresponding to the angle of incidence 0.  
(7-a)2/(ra) are evaluated at 0d and 0q the effective angles of incidence for sky (liliuse 

and ground reflected components of solar ra(liatioii respective1%. 0d and 9q have l)een 
correlated to )3 by Brandemuehi and Beckinami [98] as, 

0a = 59.7— 0.1388 + 0.001197/32 (2.12) 

= 90— 0.5788/3 + 0.002603132 (2.13) 

The variation of (ra)/(Ta) with incidence angle, valid in the range of 01,  < 0 < 600, is 
obtained froiii ASlIItAE [42] as, 

(Ta) 
1+h0 (_ (:050 ) for O°<0<60° (2.11) 

Visalakhsi [14] presented an expression for (ro)/(ra) for the range 60° < 6 < 90° as. 

(

(ra) 
= 2(1 + b) cos0 for 60° <0 <90° (2.13) ra) 

which agrees closely with the data values given in [43]. In Eqs. (2.1I) and (2.1.5), b<, is I he 
incidence angle n.Liijier coefficient. 



Since the objective of the l)resellt chapter has been to obtain an appropriate I ransiii0 - 

tance-absorptance product that yields daily useful energy gain. QU(!'q'  as a prodlicl of 
X FR, HT, 'day and the appropriate transmittance-absorptancc product, it is ProPocd  to 

calculate Qu,day using Eq. (2.1) employing Tt and 1'd correlations to obtain 1. L1 and R. 

The correlations for r t  and rd due to Collares-Pereira and Rabl [12] and Lin a td Jordan 

[16] are given by, 

rt  = I/Il = Ki(a+bcosw)(cosw—cos.j) (2.16) 

= Id/lid = Ki(cosw — cosw) (2.17) 

Ii and "d  are the daily global and diffuse radiation on a horizontal surface. , is tIn' 

sunset hour angle for a horizontal surface given by 

cos-1 [- tan tan ] (2. 

The constants K1 , a and b are given by, 

K 1 = 7r/[2d(in w - w8  cosw)] (2.1 I)) 

a 0.409 + 0.5016 sin(w., - 7r/3) (2.20) 

ii = 0.6609 - 0.4767 sin(w, - ir/3) (2.2 1) 

The correlation for rd which takes in to account a climatic paraiiit or, nanielv. liii' 4Iai1v 
(or monthly average daily) diffuse fraction, D1 = lid/Il (or D f  = IL,/H), froiii [i.]  is 
given by, 

rd = K (a' + b'cosw)(cosw - cosw) (2.22) 

where a' and 45' are evaluated as 

a' = f 
0.4.922 + 0.27/i)j for 0.1 < Dj 0.7 

(2.2.) 
0.76 + 0.113/Dj for 0.7< D1 0.9 

= 2(1 - a' )(sinw3  - w cosw) /(w, - 0.5 sin 2) (2.2 

When a' = 1 and b' = 0 is put in Eq. (2.22)1  Eq. (2.22) reduces to Eq. (2.17). In the p 

investigation correlations due to Collares-Pereira and Ra.bl [12] and Liii and .Jnrdon [I 0] 
have been employed since most of the calculations are ratios and no sigiiifica nt diufeicn(e 

is made when Eq. (2.17) is used instead of Eq. (2.22). 

When the daily clearness index, AT (=JJ/I-I)  is known, the hourly compoiten Is of 
solar radiation, viz. I, Id and 4 (=1 

- Id) can be expressed ittakiiig use of the correla I ioie 
for r j  and rd given by Eqs. (2.16) and (2.17) as, 

I = L1ArH0  (a + bcosw)(cosw - cosw)

Id 

 

= I1ITHoDf(C0SW — COSW) (2.20) 

I& = rH - rdild = It1ItTIIo(G1 + bcos)(cos - (.osw) (2.27) 



where, 

(ti = a -  Df (2.2.') 

In Eqs. (2.25) to (2.27), H0  is the daily extraterrestrial radiation on a horizontal siirfarc. 

Df is the daily diffuse fraction. Ij gi veit by Eq. (2.2). can itow I )(' ('xl ic I. 

Eqs. (2.25) to (2.27) as, 

IT = 
K1KTHO 

[(ai + bcos) COS + I 2 1)J13((0sW - (()S) 

+K313'(a + b cos w)(cosw - COSu.)] (2.2!)) 

Critical radiation level of I corresponds to a noi-dimensioiial critical level. X. for  Ihe 

day and is defined as, 

It may be noted that, 'T,m  is the maximum solar radiation falling on the collector (lii ring 

the day which occurs at w = Wm. Generally, L.'. = 0.0, for south facing collectors. is 

expressed as, 

'T,m = rt,mR m A T"o  

In Eq. (2.31), Rm is to be evaluated from, 

I - R + 1c2  Df + /:3 (2.22) 
trn ri m  

Td,m and R&,m in Eqs. (2.31) and (2.32) are re, rd and Rb at w = analogoii 

to Eq. (2.29) can be written as, 

'T,m =
K1 KT H, 

[(am + b cos Wm ) cos Om  + ]t'2DIJI'(coswm - cos) BI 

+Jt :  ff( a + h cos W,, )( C()SW,,, - W ) (2.22) 

where, 9m  is the angle of incidence at w = Wrn. 

Eq. (2.1) can be re-written using Eqs. (2.16) and (2.17) for ri and rd and Eq. (2.30) lot I 

as, 

QtL,day = P'rItj'H(ra) [rR - rim1?ynXC]+(r()/(T(m ) 

PR.hJlmTII0(7-a) [R(a + bcosw)(cosw - cosw) - 1?.,1,X(a + bcosw,?,) 

X(CO5Wm - cosw)] (r)/(r(V) (2.21) 

In Eq. (2.34), R is the tilt factor at w which can be obtained from Eq. (2.32), ie-writlen 

without the subscript in for rt, rd etc. 
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Figure 2.1: Graphical depiction of daily utilizahility 

Utilizability for a day, qday  is defined as, 

= - 1'1 (2.3) 

Graphically, Oday  is depicted in Figure 2.1. It is desired that Qu,(!" Ij  is givc'n by, 

Q u,day = I"( ro), IIIc(1ay (2 .:l(j 

subject to a suitable evaluation of (T)ay.  Not wit hstaiiding how (r(1 ),)i,  is to In' caIrn-

lated, (TU')ay  should be equal to, 

* - 
(Jv,!a -. 

(Ta)da, 
- 

"R" TYday 

Using Eq. (2.1) for Qu,day  and Eq. (2.35) for Oday in Eq. (2.37), it follows. 

(rc ay  = [Pr  - fcJ / [I],  -  IX 

Eq. (2.38) yields (ra) to be used in conjunction with Eq. (2.36) to obtain Q1,ia 1  con- 

veniently, when simple method to calculate the RITS of Eq. (2.38) is developed. 

Let Qday  be the useful energy gain as Ol)taiued From, 

Q,day 7  FR(T0)dayITTday  



where, ( 7 a)day is obtained from an expression for the day analogous to Klein's [9.} mcI hod. 

Thus, 

(7)j0  = IT(T(.)  

[(a 1  + bcosw)/?b(T)h + I2 1)J(Tfl)d + /\((! + h (s)S)( r(r)j 
2 

7 d [('i + h cosw)J?b + '2 D1  + K3(a + h (OS)] 

( 7 a)da y  can be obtained without going through hour by hour calcitial ion ada pt.i tig 

the expressions given by Sfeir [96], Aclia.rya. [9.1] or (lioudliury 13J• I lowever. 'lun 

simple methods to estimate (TO) ay  defined by Eq. (2.38) are developed, Qlf!ll/  as given 

by Eq. (2.36) can be obtained. The present chapter is concerned with examining ille  

differences between Qday and due to employing (r(j )(ja?, inst cad of (70 ),  
Eq. (2.36). Numerical results are discussed in j2.4. 

2.3 Monthly Average Daily Useful Energy Gain 

Consider the flat plate collector with the (Ilaracterist us as described iii 2.2 vliidi hJ 

energy at or above a minimum temperature of corresponding to a. critical radial  ioll 
level of I.  It is assumed that the critical radiation level is constant through out the ino;ith. 

The monthly average daily clearness index is KT.  For such a. system, the mont 111y average 

daily useful energy gain from a flat plate collector of unit area can be obtained frotit. 

= Fn(r)n (Jr - J) (T(l )/(ro ), (2.  11 
day hour 

where, N is the number of days in the month. Since. I he Objective has to obl alit 

an appropriate monthly average transnlittance-absorj)tance product that yields 0 as 
a product of FR, 'IT, and the appropriate tra.nsmittance-a,bsorpt.ance product . it is 

proposed to calculate Q,rn , using Eq. (2.11) employing i( and 'i'/ torrela (bus In obi .ii ii 
I, Id  and lb. A critical radiation level of I '  corresponds to a 1110111 Ii lv average flout-

dimensional critical level, X, defined by, 

- I. 
xc = (2.12) 

It may be noted that IT,,, is the maximum solar radiation falling on t he collector which 
occurs at w = Wrn  on the monthly niea.ii day i.e., 6 = , K1  = It-j-. [sing r 1  a uid r 

correlations, similar to IT,,, [Eq. (2.33)], can be expressed as, 

'T,m = rn'1 

= Ji h 7'II0( COS Win - C05 w) [((1 + C05 T) ) I?, + 

+Ka(a+bc0sw111 )] (2.1:1) 



In Eq. (2.43), overbars on and 117fl  indicate that they are ('Valua.te(I on I lie tna ii d :iv 

of the month. 

Eq. (2.41) can be re-written using Eqs. (2.16) and (2.17) for r t  and rj and Eq. (2.12) 

for I as. 

Q,m = i(Ta) K'r110 L [vJ? - r1,m1?XcI '  (T()/(TO  )n  
day hour 

= KiK'II0 [i(a + bcosw)(cosw cosw) - 
day hour 

Rmc(a+b cos, wm)(coswm _ cos ws)j+(y(I)/(r)n  

Let be the monthly average daily utilizability, deliitcd as, 

(2J6) 
day /10tH 11(11/ flout 

It is desired that u,m  is given by, 

Qu,rn = FJ(Zi)iIT (2.17) 

subject to a. suitable evaluation of Not witlisl.audiiig how (i) is to Iu' calciil;i 

()* should be equal to, 
- 

U.fl = 
--  

I? "T 

Using Eq. (2.41) for Ou,m  and Eq. (2.46) for q in Eq. (2.47), it, follows, 

(Y = (iT-1c )(Tn)/ (Jr —  /J (2.1)) 
day hour day hour 

Eq. (2.49) yields ()* to be used in conjunction with Eq. (2.17) to obtain Q0.m rouvr-

niently, when a sinhl)Ic  method to calculate the ItliS of Eq. (2.19) is (l('V('lOI)NI. 

Let Qm be the monthly average daily useful energy gain as obtained froiii. 

1'I?( 7 )17T0 (2.0) 

where, () is obtained, as proposed by Klein [95], from, 

() 1T(rc)/> i IT 
day hour day hour 

- 
ra [(ai + bcosw)Rb( ra)b + I2Df(r()d + I3((1  + hcsrnL.1 

 2. - 1) - 

rd [(ai + b cos w)1?b + K2DJ + A3(a  + b cos w)] 

When a simT)Ir,  method to evaluate ()* is developed Q111 can be obtained 

Eq. (2.47). Thc present chapter is concerned with examining the (llIlerence between Q,,, 
and m resulting from using () instead of in Eq. (2.17). 



'ft 

2.4 Results and Discussion 

Qu,day' (To')d, and (r) 1  for single day calculations and Q,.rn Q,.n, (f7fl and 

() for the monthly average calculations have be('I1 Ol)t ained using l'js. (2.1 I ). (2.3) ). 

(2.40), (2.37) and (2.45), (2.50), (2.51), (2.48) respectively. The parameter values and 

their ranges are as follows: 

= 20°, 400  and 60°N 

/3 = 0+ 15°, 15° and 900 

= 0°, 30°, 60° and 90° 

—23.450  <b < 23.450  

b,, = —0.1 (applicable for flat plate collectors with a single glass cover) 

0.3 < K1 0.7, 0.0 < X, < 0.8 

0.3 <- AT < 0.7, 0.0 < X 1.2. 

It may be noted that Qu,m > 0 for Xc  < Xc,max, where corresponds to monthly 

average daily utilizabilit.y, 0 = 0. will be approxiiiiately eq ual to  

'T,max is the maximum daily clearness index vlieii the mont hly aveiac daily ck'a FII(ss 

index is KT.  In this chapter numerical results are presented for 0.2 1.2 since 

Xc,m  varies widely say, 1.2 for K1 = 0.7 to 3.0 for KT = 0.3. 

2.4.1 Single Day Useful Energy Gain and '1'rausinittaiicc-A hsorpl.;URc 

Product 

South Facing Collectors ( = 0) 

Values of Qu,day (MJ/7112 -day),  Q10 (M.J/m2-day). (To )ria,/( ) . ( T ):I/(  T ),, a 

the percentage differences in the useful energy gain and the transinittancc-ahsorptancr 

product are given in Tables A.1 to A.3 of Appendix A for = 20°. •10' and 60' resperlivIy. 

for 'y = 0, for different slopes, clearness indices and the non-dimensional critical radia t ion 

levels. Mean (leclillatioll of Llt(' 11I()ullI has been chtorii as t he (l((IiIIatIc)Il ir 1 114 ,  1:1\'. lii 

Tables A.1 to A.3 (ra)day/(T)n and (rO)ay/(Tfl')tz  ate designated by Z and Z*.  Summary 

of the Tables A.1 to A.3 giving only the percentage differences is given in Tables 2.1 to 2.3. 

The percentage differences, d,  in the useful energy gain and traiisnii t lance- absoi'i )I1 um 

product are equal and is calculated as, 

= Q71,de2y — Q1,,10 
= 

(rn'), 
x 100 (2.1') 

Q (rn )doy 

It may noted that Ad  has been normalized with respect to (7a) 11 . since this is the 

comrrioiily employed definition in the literature. Qi,doy IS the (:orrespondi ng tiscin I 

gain that would be obtained. When X = 0, obviously A1  = 0 and (rn = (To )r 



'fable 2.1: l>erceiitage difference Ad Ii useful energy gain and Liainiiiit La rio al ,rpi 

product, 0 = 20°N, b = b., -y = 00  

Percentage difference. .d 

X AT = 0.3 A 1  = 0.5 /,. 0.7 

((leg.) Mar Jun Dcc Mar .1(111 Dec Mar .J nil Dec 

0.2 0.13 0.14 0.10 0.97 0.96 1.14 2.56 2.19 3.05 

5 0.4 0.28 0.30 0.22 1.31 1.53 1.90 3.63 3.57 4.71 

0.6 0.45 0.47 0.36 1.83 1.86 2.28 4.11 4.07 5.10 

0.8 0.62 0.64 0.51 2.10 2.13 2.56 4.32 1.45 5.85 

0.2 0.14 0.11 0.14 0.95 0.91 0.97 2.17 2.50 2.35 

20 0.4 0.29 0.24 0.29 1.45 1.65 1.11 3.13 3.90 3.33 

().6 0.46 0.39 0.46 1.76 2.03 1.70 3.92 4.19 3.80 

0.8 0.63 0.55 0.61 2.01 2.32 1.94 .1.27 1.91 1.16 

0.2 0.13 0.07 0.17 0.98 0.73 0.71 2.53 2.16 1.67 

35 0.4 0.28 0.16 0.33 1.48 1.71 1.07 3.53 1.45 2.36 

0.6 0.44 0.32 0.52 1.79 2.30 1.32 4.01 5.11 2.76 

0.8 0.60 0.16 0.67 2.01 2.62 1.53 1.37 5.92 3L07 

0.2 -0.26 0.00 0.11 0.53 0.00 0.38 2.77 0.00 0.51 

90 0.4 -0.51 0.00 0.21 1.09 0.00 0.57 4.92 0.00 I . 17 

0.6 -0.66 0.00 0.31 1.68 0.00 0.73 6.78 0.00 1.18 

0 -0.68 0.00 0.40 1 2.30 0.00 0.87 1 8.17 0.00 1 .73 

From the values given in Tables 2.1 to 2.3, Ad.  increases as Xc.. ' and K1 inco'aa'. 

The percentage differences for different slopes will depend on the decliiiation. lor exam 

at low latitudes (say, = 201N), when /3 = 900, the change is zero in June and is liighNl 

in March. Similarly, when the latitude is high (say, 0 = 60°N ), I lie highest (Ii Ilereir '. ii 

general, are in the month of June. 

Variatioii of d  as defined by Eq. (2.52) with the non-dimensional crit cal level X, 

is shown is Figure 2.2, for = 40°. S = 23.09°, -y = 00  for ( - ,3) = 0" and /3 = 90' 

at KT = 0.3, 0.5 and 0.7. It is evident from Figure 2.2 that .\,j increases with K 1  for 

/3) = 0. Ad  is about 6% at X = 0.8, when Kr = 0.7. When /3 = 90, is regal vt' 

for all clearness indices and Id is higher for higher K1. Similar plot for 6 = -23.05' 

with other parameters being the same is slio%vii in Figri ne 2.3. It is evident From 

2.3 that d  is always positive for all clearness indices for both (c - /3) = 00  arid 3 = 00'. 

Ld negative iruphes (ro)/(rn),, (a weighted average (luring part of I In' d;rv. tho 

operating time period) is lower than (r)d0y /(70)TL . the weighted average over the ('iii lo' 

day. This is due to instantaneous (rx)/(rr) does not inonotonicallY reach a maximmin 

at w = 00, for 'y = 0° when ö > 0, in general. This feature is J)roliouxrce(h when /3 90'', 

since w is considerably lower than w. During to -w (also during w to ) only I Ire 

A 



Table 2.2: Percentage difference Ad in useful energy ga.i n and transmit (a nce-absoi'p 

product, = 10°N, 5 = 6m, 7 =  oo  

Percentage (lier('IIcc', All - 

3 X K?' = 0.3 AT = 0.5 IT-i = 0.7 

((leg.) Mar Jun Dec Mar Jun Dec Mar Jun Dec 

0.2 0.15 0.14 0.11 1.11 1.01 1.21 2.70 2.19 2.22 

25 0.4 0.32 0.31 0.28 1.68 1.81 1.78 3.82 3.83 3.63 

0.6 0.51 0.49 0.43 2.02 2.21 2.09 4.32 '1.10 4.19 

0.8 0.68 0.68 0.58 2.28 2.51 2.34 4.70 4.82 1.60 

0.2 0.18 0.12 0.21 1.12 0.92 0.70 2.59 2.18 1.12 

40 0.4 0.37 0.29 0.41 1.63 1.91 1.03 3.56 '1.14 1.86 

0.6 0.57 0.49 0.59 1.96 2.11 1.28 '1.01 A.81 2.28 

0.8 0.75 0.67 0.73 2.22 2.74 1.19 IN 5.31 2.60 

0.2 0.19 0.09 0.27 1.17 0.73 0.42 2.66 237 0.5.5 

55 0.4 0.39 0.24 0.50 1.70 1.89 0.69 3.60 1.60 1.07 

0.6 0.59 0.49 9.69 2.01 2.70 9.91 1.11 5.7-1 1.12 
0.8 0.78 0.68 0.86 2.30 3.09 1.10 150 6.30 1.60 

0 0.10 -0.36 0.31 1.60 -1.38 0.26 3.63 -3.81 0.23 

90 0.4 0.25 --0.79 0.53 2.71 -2.73 0.18 5.91 4.80 0.62 

0.6 0.41 -1.26 0.70 3.31 -3.23 0.66 7.02 -1.23 0.93 

08 0.57 --1.52 0.83 3.62 3.10 0.81 7.53 :1.18 1.16 

Table 2.3: Percentage (lifference A j in useful energy gain and transmit I ance-ahsnrpi Mwe 

product, 0 = 601N, 6 = 6rn , 7 = 0°  

Percentage (1 Ilerence, Ld 

3 X KT = 0.3 AT = 0.5 AT = 0.7 

(deg.) Mar Jun Dec Mar Jun Dec Mar Jun Dec 

0.2 0.26 0.23 0.17 1.41 1.12 0.12 2.90 2.61 0.09 
45 0.4 0.51 0.56 0.31 2.02 2.36 0.36 3.07 130 0.26 

0.6 0.75 0.89 0.12 2.38 2.96 0.38 4.18 5.06 0.02 
0.8 0.96 1.14 0.52 2.67 3.36 0.77 4.86 5.35 0.06 
0 0.33 0.21 0.10 1.13 1.00 0.07 2.75 2.52 0.06 

60 0.4 0.61 0.58 0.31 1.96 2.38 0.23 3.70 1.51 0.10 
0.6 0.86 0.98 0.41 2.32 3.17 039 4.18 5.39 0.11 
0.8 1.0$ 1.26 0.50 2.59 :1.61 0.5:1 1.51 5.05 0j67 
0.2 0.34 0.15 0.18 1.30 0.79 0.05 2.80 2.36 0.0.1 

75 0.4 0.65 0.48 0.30 2.05 2.29 0.17 3.79 1.86 0.12 
0.6 0.91 1.01 0.39 2.11 3.48 0.30 '1.28 6.30 0.32 
0.8 1.14 1.35 0.4$ 2.69 4.02 042 -1.65 6.93 0.5:1 
0.2 0.34 -0.02 0.18 1.71 0.15 0.04 3.09 1.14 0.03 

90 0.4 0.63 0.12 0.28 2.36 1.41 0.13 4.33 '1.47 0.10 
0.6 0.89 0.69 0.37 2.75 3.24 0.26 4.87 7.21 0.26 

______ 
0.8 1  1.12 1.41 0.45 1  3.04 4.71 0.36 5.27 9.01 0.16 

A. 

Ir 
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Figure 2.2: \Tariation of percentage difference in (ra)1m,, and QU,d(U,  with noll-(Iin1etIsi I1 

critical level, 0 = 40°, 6 = 23.09°, 7 = 00 

sky diffuse and ground reflected components cont ri bli te to ( Tfl'  )/ ( ro  ). 'Ph is cont ribu lion 

is included in (r)d0 /(r(x)n , whereas, (T)ay/(TQ)r,  depends upon X. whic]t (leci(les 

the operating time period. Thus, (r)/(r -v)7 , cati be lower than ( rir(rn  ) . 

feature is demonstrated in Figure 2.4 where a plot of (70:)/(7)1, vs w is shown br 

40°, 3 = 90°, 6 = 23.09, -y = 00 for KT = 0.7. Depending upon the value of Xr. 

(TQ) ay /(TQ•)n is constituted during —w to we.. If, w > w, (rn) 11 /(Yr),, will 1w higliri 

than (ro)/(ra) wlieii w < w. As can be observed in Figure 2.2, this w corresponds 

to X 0.4, beyond which Ad starts increasing, implying (ra),,/( T()1, is increasing. 

Ad variation with latitude when -y = 00. for (th -  13)  = 0° and = 90'. for 5 = 2:L01) 

is shown in Figure 2.5 for three values of non-dimensional critical level.... = 0.2. 0.6 and 
O.S. Once again, when /3 :. OOA, '-sd (1I,e itot vary ntuiiol.cnivall with '. IICL\\('\('t . LI  1111.1) 

latitudes, say, c = 60°, Ad goes up to 9% when 3 = 900. Thus, it appears that dilkrriice 

in Qu,day  obtained by hour by hour calculation and by using Eq. (2.34) is not iitsignifica nt 

for vertica.l collectors, which may be of importance in direct gain systems. 

A plot of Ad vs declination for y = 0°, when ( 
- ) = 15° and (o 

- ) = —1.1' is 

shown in Figure 2.6 corresponding to a non-dimensional critical level. X = 0.6, iou I In 

three latitudes, = 20°, 40° and 60° when K1  = 0.7. It is interesting to note that A,,. 

when (ó - 3) = 151  is higher than the values when ((1) - /3) = - I ° lou /1 I) and 
opposite is ttI<' Wlt('lI / > 0. Also, the hiie, lot a giv('n ç', iresputohitig h  
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23.09°, 1T = 0., y = 0° 

and ( - /3) = —150, intersect exactly at (S = 0. This feature reveals the import ancc 
in developing a suitable method to estimate (To) (I?,, since ,j may not he insignificant 

depending on whether the system is summer optimized [(g5 —13) = 1511 or winter nj)t i in i'c I 

- /3) = - 15°]. In order to further confirm the in II uence of /3 011 (T(I )i , and 
 

a plot of Ad  vs declination is shown in Figure 2.7 for = 6 90
, 0.7. .V  

different slopes, /3 = 00, 15°, 30°, 45°, 60°, 750  and 901. These values of ;3 vicid 
variation of zj with (S for I- /31 = 00, 151, 301, 15° and 601. It is inIerost.int., In 111th' I 

the curves for fixed l - /31 (/3 = 450, 750  and /3 = 300, 90") intersect at (S = 0'. 

Ad as a function of clearness index when X = 0.6 is shown in Figures 2.8 and 2.9 
for ( - 

/3) = 00  and /3 = 900 respectively for = 20°, 400  and 60°, for (S = —23.05' and 
(S = 23.09°. When ( c5 - 13) = 01  (Figure 2.8). A,, monot onicallv increase vil h K7  ;!nd  
is higher at higher p when (S = 23.09, whereas, when (S = —23.05. A,j is higher at 

. As ha.s been observed in Figures 2.2 and 2.5, Xd is negative for all clearness IIi((5 

when /3 = 90° for 6 = 23.09 for low and moderate latitudes. however, VlleIL 0 (di. 
d is positive and increases with K'1 . In general. for /i = 90'. when l = —23.1. AI k 

insignificant at all clearness indices and latitudes. 
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Table 2.4: Percentage difference -d iii useful energy gain and I ransniit lance-absor j)Ia !(e 

product, = 20°N, ( - /3) = 00 

Percentage difference, A i 

-/ X = 0.3 K7  = 0.5 hI. = 0.7 

(deg.) Mar Jun Dec Mar Jun Dec Mar .J un Dec 

30 (LI 0.28 0.25 0.28 1.38 1.51 1.11 3.11 3.75 3.10 

0.8 0.62 0.57 0.59 1.96 2.24 2.00 3.97 1.75 1.07 

60 0.4 0.27 0.26 0.23 1.24 132 1.38 2.80 :1.19 :1.17 

0.8 0.61 0.61 0.57 1.91 2.04 2.16 3.70 '1.16 1.27 

90 0.4 0.23 0.27 0.14 1.15 1.20 1.23 2.81 2.0 3.55 

0.8 0.59 0.62 0.55 1.93 1.90 2.42 3.80 3.72 5.22 

ji 
/ e- 

9L'LTcj. 

/ 

-- 

Non-South Facing Collectors (y 0) 

Even though flat plate collectors are sel(loln oriented non-son lb facing (genera liv. al 

imuthal angle is within + 150  (In(,  south), investigating the difference in ( rn a tid  

is motivate(1 since these results are indicative for direct gain \vindowsas well a itci I lie ax 

imuthal angle for such windows can be -1801 < 1801. 

Values of Qn,day, Q>day' (T(1)d0 >j, (ra) calculated according to Eqs. (2.3.1). (2.:10). 

(2.40), (2.37) respectively and the percentage differences, A,, in the useful energy gain 

and the transrnittance-absorptance product [Eq. (2.52)] are given lit Tables A. I In .v.9 cii 

Appendix A for 6 = 200, 401  and 60° respectively, for - = 30°, 60° and 90°. frr t \Vfl sloi>e.. 

( - /3) = 0° and /3 = 900 for mean (lays of (li 1r('r(iuI. uuionths, clearness i li( hues a uud I he 

non-dimensional critical radiation levels. Summary of the Tables A.l to A.9 giving only 

the percentage differences is given in Tables 2.4 to 2.9. 

From the values given in Tables 2.4 to 2.9. Ad increases as . c a rid "T  nurea sc'. 

The percentage differences for different slopes will (lepend on the dccli nation.  Wilell 

- /3) = 0°, the maximum Ad  is under 8 %, for low and moderate lati I udes. I lnwe IF. 

at higher latitudes, say, = 60° (see Table 2.8), Ad is as high as 19 ¶4 in I)ecemher. vhuen 

AT = 0.7 and ' = 90°. When /3 = 90°, ET = 0.7 and X = 0.8, at lower hat it ii(les. say. 

= 20° (see Table 2.5), Ad  is negative and J_Ad j is 11 %, whou = 30' in .luuie. \V!uereas. 

at higher latitudes, say, = 60° (see Table 2.9). A., increases sharply as increases a nil 

Ad is about 21 % when = 90° in 1)ecember. 

Variation of Ad with the azimuth angle, y, for 3 = 90°. h = 23.09. K1 0.7 is 

shown in Figure 2.10 for three latitudes, 6 = 20°, 10° and 60°, for two noui-dirticrusinnal 



Table 2.5: Percentage diIfereiicc Ad in useful energy gain and Ira I - iuill.a )CP-a I . 

product. 0 = 201N, /3 = 900  

Percentage difference, -d 

7 X = 0.3 I 7' = 0.5 Kr = 0.7 
(deg.) Mar Jun Dec Iar .J un Dec Mar .J nit I)cc 

30 0.4 -0.44 -0.14 0.13 -0.96 0.26 1.36 0.60 -1.80 :-1 .6I 
0.8 -1.21 -0.09 0.85 -0.82 0.11 3.08 3.78 11.22 5.17 

60 OA -0.30 -0.26 -0.32 -0.72 --1.06 -0.22 1.57 1.25 2.77 
0.8 -1.28 -0.83 -0.83 -0.32 -4.75 1.77 1.60 0.59 5.,12 

90 0.4 -0.24 -0.23 -0.34 -0.78 -0.79 1.16 1.71 133 1.56 
0.8 -1.01 -0.94 -1.33 -1.60 -1.92 -2.62 5.03 1.15 

Table 2.6: Percentage difference Ad in useful energy gain and traiisiiiil 1ance-ahsorp 
product, 0 = 40°N, (0 - /3) = 0° 

Percentage (]illcrclice, Ad 

7 X. AT = 0.3 = 0,5 = 0.7 
(deg.) Mar Jun Dec Mar 4 uti Dec Mar .1 iii Dec 

30 0.4 
0.8 

0.36 
0.76 

0.28 
0.74 

0.38 

0.74 
1.44 
2.13 

1.62 
2.60 

1.63 
2.22 

2.81 
3.60 

3.95 
5.15 

2.89 

3.7.1 
60 0.4 

0.8 
0.24 
0.82 

0.21 
0.71 

0.19 
0.91 

1.06 
2.20 

1.03 
2.17 

I .11 
3.02 

2.61 
3.80 

2.95 
l.1 

3.14 

5.10 
90 0.4 

0.8 
--0.05 

0.30 

0.12 -0.56 
0.61 -1.31 

0.30 

2.01 
0.65 

1.9.1 
0.84 

0.48 

2.5:1 

.1:15 

2.53 

:3.82 

2.52 

6.67 

Table 2.7: Percentage difference Ad in useful energy gaiti and transIni1,tance-al)so1p ave 
product, ç = 40°N, /3 = 90° 

Percentage di IFerenre, Ad 
X KT = 0.3 = 0.5 Kr 0.7 

(deg.) Mar Jun Dec Mar Jun Dec Mar .Iuti D'c 
30 0.4 

0.8 
0.08 
0.84 

-0.53 
-1.64 

0.59 

1.09 
0.88 
2.8.1 

-0.71 

1.93 
2.13 

2.86 

2.71 

1.79 
-0.6.1 
2.29 

:3.51 
139 

60 0.4 

0.8 
-0.27 
-0.74 

-0.30 

-1.30 
-0.20 

0.59 
0.10 
1.83 

0.75 
-1.24 

1.10 
3.78 

2.'17 

4.79 
0.63 

:L81 
:1.86 

6.18 
90 

_____ 

0.4 

0.8 ] 

-0.31 
--1.31 

-0.23 -0.60 
-2.46 1  

-0.80 
-0.69 

--0.65 
-0.90 

-1.68 

-2.07 
2.34 
5.60 

1.77 
1.51 

2.47 
8.51 

.4. 



'I 

Table 2.8: Percentage difference AI in useful energy gaiii and transmit I an 'c'-a hsoi p a ice 

product, q = 60°N, (0/3)= 00 

Percentage difference, .Ld 

7 .X c  1 T = 0.3 1T = 0.5 J = 0.7 

(deg.) Mar Jun Dcc Mar Jun Dcc Mar .J i m Dec 

30 0.4 

0.8 

0.64 
1.25 

0.36 

1.13 

0.49 

0.80 

1.81 

2.66 

2.07 

3.46 

1.45 

1.91 

2.61 

3.73 

4.39 

5.6 

1.80 

2.58 

60 OA 
0.8 

0.17 
1.23 

0.11 
0.71 

1.07 
3.39 

1.31 
3.04 

1.39 
3.0() 

1.12 

7.50 

3.13 
'II'! 

3.97 
5.51 

6.39 
9.8 

90 0.4 
08 

-0.48 

1 
-1.66 

-0.12 
-0.30 

-2.42 
-8.11 

-OAI 
1.70 

0.35 

2.01 -1.97 
-3.68 3.32 

(5.31 
2.77 6.21 

1.51 18.58 

Table 2.9: Percentage difference d  in useful energy gain and

01 

Ira nsniitl an re-absorpi an cc 

product, qS = 60°N, /3 = 90° 

Percentage difference, A , j 

7 X A.T = 0.3 K7  = 0.5 = 0.7 

(deg.) Mar Jun Dec Mar Jiiii Dec Mar -11111 Dee 

30 0.4 

0.8 

0.74 
1.62 

-0.06 
0.41 

0.47 

0.77 
2.04 
3.15 

1.37 
3.82 

1.16 
1.60 

3.05 
1.18 

1.37 

7.97 
1.39 

2.15 

60 0.4 

0.8 

-0.12 
0.76 

-0.21 
-0.72 

1.67 
4.41 

1.11 

3.16 

0.72 
2.57 

4.98 

7.93 

3.26 

1.93 

3.61 

(5.29 

6.75 
9.7:1 

90 0.4 

0.8 

-0.53 
-2.47 

-0.25 

-1.17 

-3.07 

-10.54 

-0.69 

1.37 

--0.16 

1.18 

-1.33 

5.76 

3.41 

6.79 

2.29 

'1.60 

7.G 

20.77 
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Figure 2.10: \1ariation of percentage difference in (r)d0  and Qii,day with azimuthal angle, 

= 90°. 6 = 23.09°, K1 = 0.7 

critical levels. X = 0.1 and 0.8. As observed for south facing collectors, Ad is negative 

for low latitudes wiLell 'y < 500 . As !atitll(le increases, Ad becomes positive for lower y. 

Also, as > increases. Ad is higher for all 'y and is higher for higher X. Similar plot for 

6 = -23.1° is sliowii in Figure 2.11. It may be readily seen from Figure 2.11, that Ad 

is always positive which has already been explained with reference to Figure 2.2 and 2.3. 

For higher latitudes and higher i, Ad is significant. 

V. Maximum Percentage Difference 

In general, since Ad  increases as X increases, it can be expected that Ad " d,max as 

1.0. When X - 1.0, operating time period tends to zero. Considering operating 

time period to be sinai!, let the collector operate from -c to around W = w. DUF 

lug this small operating time period. (ro'),,,/(rn) from Eq. (2.38) can be expressed in 

Ill egral form as, 

f(c 

I ( 
r(Ta)/(mQ)nd1' Icj (T()/(TC)0 (lW

CC   ra 
)Il/ 

- - (2.53) 

I " - I)d (I- - I)dw .L (~C 
- 

-(C 

Considering the intensity of solar radiation to be constant during —E to €, Eq. (2.53) can 
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Figure 2.11: Variation of percentage difference in (rc )d  and Q1,1i111, With aziniu thai a uge. 

= 90°, 6 = —23.05°, K = 0.7 

be replaced by, 

(rcr)ay 
- 

(ro)  - 

Eq. (2.54) reduces to, 

17  f(r()/(r()n  (1W 

2(GT - 

( (rn )/( T(I  ) (IW 
(2.l) 

 

(ra) ay  - 

(Tcx) 

(GT - G) (r)/(rn ) (1W 

2(GT - 

fCC  

2 

(2.5) 

 

(2..6) 

Eq. (2.56) can be approximated as, 

[ (i-a) 1 
(ra )d,  
(ra) - 2E 

As X - 1, € —+ 0 and (Ta)a/(rx)n approaches a limiting value given by, 

2
. (.. - j 

When (r(.I')/(ru) (ra)/(r)lLIW,,1 as X 1, s  in Eq. (2.52) becomes 

given by, 
(ru) 

- 

(ru)4ai1 

= (TU)da 

(r)7, 



d,max values are given 111 Ial)IC 2.10 for = 20°, 10° and 60°. i = and . : 90'. for 

00, 30°, 600 and 90°, with KT = 0.3, 0.5 and 0.7 for mean days for the iiiiil to. of 

March, Juiie and December. It is realized that when X 1.0. (,, 0. lloWrV!. 

w 1' 

the d,max 
values are indicative of the diflrenceS that can be expected in 1 hr  

average values. 

2.4.2 Monthly Average Daily Useful Energy Gain and Transrnit,ta11C 

Absorptance Product 

South Facing Collectors (- = 0) 

Values of () 
and ()* have been caictilal ed using Eqs. (2.15 ), (2 .0). (2..)1). 

and (2.48) respectively, for Q = 20°, .10" and 60°. = or,. K', = 0.3. 0.5 and 0.7, and hr 

non-dimensional critical level 1) < X,.. < 2.0. Dep('lidtllg on  

for a finite value. Xc,inax Will be a pp roximately equal to  

KT,rnax 
is the maximum daily clearness index in a month whose mont hly average clr 

index is 1T• The percentage di1lrence Ad, in the monthly average dali useful ellel
. p Y 

gain and transmit,tnce.abs0rPtahtce product is (11clhat accor(iiulg to. 

Ad = 
,m - ,,m x 100 = '> too (2 

(2' Ti, TTL 

It may be imoted that as in Eq. (2.52), difference in () and (T) has been 1 orluu,u1i/.'d 

with (), 
since, (7) as given by Eq. (2.51). is the coin tiwitly ('ill f)lc).\ ('(I (l('lI ult 1' 'n  

literature. Q,m 
[from Eq. (2.50)] is the corresponding monthly average daily useful enri'gy 

gain that would be obtained. 

A 1)101. of Ad vs Ac is showii in Figur(' 2.12, for = 10", h = 23.09".  

= 900, for kT = 0.3. 0.5 and 0.7. Also, shown in the figure is the col-l-("'  1  )0 
 11  ( ling tloI 

of Ad vs X numerically equal to the vat ue of X which is a re- plot from Figure 2.2 for 

.kT = 0.5, ( - /3) = 00  and j3 = 90°. It can be seen from Figure 2.12 that A., incrro 

as K, irucl'easrs. A,, is lowrr t ha ii 1 A,11 for equal values of .V and ,.. II ma he no1 d. 

> 0 for X > 1.0, whereas. = 0 for X ? LU. 'l'iuis. ii cali be 'x1r'cl':l 

Qm estimated with Eq. (2.50) which employs Bcj. (2.51) for (Th) di1hrs inure fi'om Q 

obtned from hour by hour calculations than the corresponding (lilferen('e bet worn 

and 

Variation of d with latitude for - ;) = 0" and 3 = 90" is showui iii 1"iuuu rr 2. 3. 
( 

 

for a fixed = 0.8, for three declinations, = —23.05°. —2.1" and 23.09". 1 he I rn-i is 

similar to that shown in Figure 2.5 for the single day for b = 23.09". 



'I'able 2.10: Maximum percentage difference A((  in useful energy gain arid I ia usrH a rice- 
absorptance product for south facing and non-south facing coUecl.ors. o = 20. 10 
60°N, /3 = d' and /3 = 90° 

Percentage difference. 

/3 7 ItT = 0.3 AT = 0.5 ItT = 0. 

(deg) (deg) (deg) Mar Jun Dec Mar JIIn Dec 
] 

lar .liiii 

0 0.77 0.69 0.75 2.22 2.51 2.13 .1.51 5.23 
30 0.77 0.72 0.73 2.16 2.16 2.22 1.25 5.07 1.35 

20 60 0.76 0.76 0.72 2.13 2.28 2.30 3.98 I. 16 1.58 
20 90 0.73 0.77 0.70 2.1.1 2.12 2.67 .1.09  

0 -0.62 0.00 0.48 2.89 0.00 0.9!) 9.96 0.0() 1.92 
30 -1.62 0.52 1.09 -0.02 -3.15 3.37 6.19 12,17 5.78 

90 60 -2.57 -2.61 -0.11 1.50 -6.36 2.81 5.05 3.56 5.'% 
90 -3.40 -3.30 -4.01 0.1:3 o.si -0.59 5.6:3 1.99 6.78 
0 0.91 0.8.1 0.89 2.12 3.01 1.66 1.66 5.66 2.8:1 

30 0.93 0.90 0.88 2.36 2.86 2.12 3.97 5.19 1.0 I 
40 60 1.01 0.93 1.19 2.16 2.13 3.28 .1.10 LIT 5.16 

40 90 0.77 0.83 -1.53 2.17 2.21 2.57 .186 1.13 8.52 

0 0.71 1.55 0.97 3.86 -2.68 0.91 7.90 -1.9 I 1.35 
30 1.27 -2.29 1.29 3.17 1.7.1 :3,05 5.15 1.02 1.6! 

90 60 0.33 -2.80 1.8.1 2.88 0.81 .12:3 .5.09 I.!) I (i. 1) 

_______ 
90 -3.96 -3.39 5.65 1.73 1.23 0.65 6.12 5.05 9. 18 
0 1.27 1.18 0.60 2.81 3.95 0.65 1.82 6.35 0.80 

30 1.45 1.36 1.01 2.87 3.82 2.10 3.99 6.27  
60 60 1.60 1.14 4.27 3.32 3.35 7.88 1.75 5.88 10.28 

60 90 -1.50 0.55 -9.65 3.25 2.52 3.18 6.78 .1.80 27.70 
0 1.3() 1 .72 0.52 3.28 .5.21 0. Ui .5.58 9.67 (Li'; I 

30 1.87 1.19 0.98 3.16 1.57 1.76 1.1!) 8.60 7.32 
90 60 1.90 0.47 5.38 3.80 3.11 8.15 5.29 6.80 10,22 

90 -4.79 -2.55 13.12 3.55 2.33 8.51 7.29 5.03 25.6! 

± 

A 
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critical level, 0 = 40°, b = 23.090, 'y = 00 
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0.7, X, = o., 'y - 00  

Percentage difference in () or  Q,m plotted against declination is shown in l'igurc 

2.14, for three latitudes, = 20°, 40° and 60°, for ( - = - 15° and IS'. for a 1ix4 

= 0.6 and .KT = 0.7. Variation of A,1 with 6 is exactly similar to t he corresponding 

plots for the single day shown in Figure 2.6. It may be note(1 from Figure 2.11 also. I ha! 

Ad, when  ( - 
= 151  is higher than the values when ( - = - 1.5°  for (5 < 0 and 

opposite is true when 6 > 0. The hues for a. gi vell correspondi rig t o ( - :i ) = I i' an 

( - 
= —15°, intersect exactly at 6 = 00. 

Variation of Ad with the  nionthly average daily den mess i n(lex. I\ is show ii in 

Figure 2.15 for q5 = 20°, 40° and 60°, 6 = —23.05° and 5 = 23.09°, for a Ii xed •V 0.6. 

Ad continuously increases with KT/' and is higher at higher latitnl(Ies .Also. L\,j is ldghtr 

when b = 23.09° compared to the value for 6 = —23.05°. 

Non-South Facing Collectors (7 0) 

A plot of Ad vs -y for = 20°, 10° and 60°, /3 = 90° and 6 = —23.05°. is shown in 

Figure 2.16 corresponding to two iron-dimensional critical levels. X,. = 0.1 and 0.>. for 

KT = 0.7. It may be seen from Figure 2.16, that the dependence of A ,j on -i is sinuila r to 

the dependence of Ad  for single (laY as slI(}Wii in I''ignnr'e 2.11. 'FIn' dilh'reniu' ._\,; 1. 

than the corresponding L\,j for a single day. \d  is hot nioniot onic wit Ii . owing to di lien 

changes for Wsr and w from w and getting limited to w, beyond it certain - 
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2.5 Conclusions 

4- In order to estimate the daily useful energy gain or the month lv average daily 1:1 

energy gain for flat plate collectors, using the utilizabilit.y conceptS aii aj)l)rOl)riat(l.\ "-

eraged transrnittance-absorptance product has been defined. The average transmit1 ui 

absorptance product apj)licable for the day or the month are the weighted average ul 1 he 

instantaneous values, the weighting function being the solar radiation above the critical 

level. The differences between (rr)iuy  and (rr) of () and (?VY have been ('si iuiia I 

for a wide range of latitudes, declinations, slopes of the collectors, azimuthal angles. cleat-

ness indices and non-dimensional critical ra(IiatiOil levels. It has 1)eeu lou uud I ii at I lie 

percentage differences iii the aforciiicntioncd quaiitities are tiol itisigili tiud III. lii grte'rd 

the differences are significant for higher latitudes and cleariiess illdi('es. partjitilaily 

= 900. Also, Ad and 'd are higher when 'y ~ 0. Though, flat plate collect ors generally 

A are not orientc(l with y re 0, time results a relevant for direct: gain systeius. (n) diliet s 

more from () compared to the corresponding differences iii (rr),, 1  and  

these differences are higher at higher non-dimensional critical levels. Chia imges at Ii i.! te 

critical levels are relevant for designing direct gain systems. 

Noting that methods to estimate 'IT or are widely reported iii the lit era liii e. 

estimating Qu,day OF Qu,m according to EqS. (2.3 1) and (2.13) will be Straight foiwi 

when methods to calculate (rcm), of (?) conveniently are developed. ( hapt ('F 1 is 

devoted to such studies. 



Chapter 3 

Evaluation of Monthly Average 
Transmittance-Absorptance 
Product during the Operational 

14 Time Period for Flat Plate 
Collectors 

3.1 Introduction 

The inont.hlv average daily useful energy gaul from flat plate collect or is coiuiiioii ly 

at.ecl as a product of FR,  Hr, 0 and a mont lily average t iansmit tance-a l)sorptaflre product. 

Studies reported i n Chapter 2 established that the appropriately deliiie(l 11will lily ar-

age transiflittallCe-al)sOrptallce 1)rOdulct.. (rn), is a \veighted average oh 1 lie i list a iila iii 

(ro) and the solai radiation oii the collector above the critical radial ion level .\ 

ical results discussed in Chapter 2 show that I he difference bet weeri (To ) and  ( To us 

not insignificant. This difference is significa ut. particularl . for iloit-snu lit acing vertical 

collectors. Direct gain systenus, in general. rolliprise unit-soul It f;tciuig collect ion 

Methods to estimate 0 and ii'j are widely availa He it, (lii' Ii era lii '. Lq. (2. IT) to ca 

late Qu,m becomes available when nietliods to evaluate ( 7i) have been developed. I he 

usefulness of these methods is enhanced when they become applicable for collect or 

general orientation. 

In the prusent chapter, nit eXpres.sioui for (rn (lefiuted bY lhj. (2.3). apptic;i dc 

for a single day, has been developed, assuming critical radiation In be consl alit. Lq. (2.: 

has been rewritten in terms of corresponding integrals. Flie inst ant alienuis solar 1 011 

falling on the collector surface. IT. [Eq. (2.2)] has been ex presse I 1ISI np 1 lie correla I outs 

due to Collares-Pereira and Rabl [12] for r1 and Liii and .Jorda ii [I 6] for r,. It tins l)eeu) 



shown that the appropriate mont IIIy average transmit I a IIce-al)sorj)la I)C(' j)N)(l II! . ( o 

can be calculated with the expressions developed for a single da, the single day I"Hg the 

equivalent nican day ( EMD  ). Equivalena niea ii day approach has been slicc('sshih [.) 

in calculating the monthly average daily ut ilizahihi Iv from I lie expresiolis (IeveI( nd hr 

utilizability for a single day. Numerical values obt.ai nod for ( rn  ) and  ( TY . u:d ug lie 

expressions d0v0101)ed in the present chapt or. have been validated agaInst hour by Ii I 

calculations, as obtained in Chapter 2, as well as, by corn paring wit Ii t lie values ohlokyl  

using solar radiation data. 

3.2 Evaluation of Daily Transmittance-Absorptance Pr 
uct during the Operational Time Period for Flat Pi 
Collectors 

3.2.1 I\4atheinatical Foriniilal.ion 

The effective transmittance-absorptance product for a. day, (r),, given liv iq. (2.3 ). 

after normalizing with the traiisniittance-absoipt.a rice prod uct at normal in (1(10111 c. ca a 

be expressed in an integral form by, 

1 /T""  
[Tt  I] (1w'  

(ro)7 , (r), 

It may be noted that replacing Eq. (2.38) by Eq. (3.1) requires 1' to be a cont intiotis 

fuitctioit. Also, J' has been treated as a. rate in writing lhj. (3.1). I liougli. thin v;iiuiorik 

employed notation (for example, in l)uIlie and Beckman [6]) is I hat it is t he solar radia-

tion over a. short time interval, say, an hour. In Eq. (3.1), ( he superscript -l- I al ica 

that when (I-i'  — I) is negative, it will be considered as zero. Assiriiiirig that I- has 

single iiia.xiinuni value during —w. < ' < w, Eq. (3.1) call be jo-writ t('Ij droppiiig I lie 

superscript. '+' as, 

(ra) [2 

— J] 
(ro) 

dw //[I — IJ (I (:12) (To ), (ro),, 

In Eq. (3.2), wi and Wc2 are the hour aiigles corresponding to 'T Ntiial to  

wlieii expan(led leads to, 

(r) = JW
dny

C2

IT  

 (rn) 
(1W 

/JW2 

I'T - (IW — 
(rn) 

 (ro),, WcI (ra),, Wc1 ( ) 
(:1.3) 

Eq. (3.3) is equiv!rnt. to Eq. (2.3) \Vhicll is obtained l)v eqiialiuig the daily useful en 'in'. 

gaul to the product of (ra)ay,  1', llj and Q(h11,  [i'q. (2.35)]. It I ll ay be not ial I hat 

Eq. (3.3) is different from (2ollares- Pereira and R ahh's f6. 691 deli nil ion for . \V hen Ii 



definition of Colia ros- Peiei ra and 11 aid for q,, is adapted mr a si 1f le day, le>'i d as 

11o,day, in the presetit notation becomes. 

11o,day = J Ii (rn) dw/ I IT (L) (;i. !) 
Wet  

Eq. (3.3) when integrated yields (T()ay Tue expre.ssions thus ol)tailte(l will coat 

determined wlieim cxplicit met 11O(IS to evaluate W.i and 0,72  are iii a(I(' availa . i 

Wc2 can be found by equating IT  to I and solving for w. The i'e]eva n t eq tat ions h ave bee ii 

developed by Lahiri [67] and are given in Appendix U. 

In the case of flat plate collectors, the solar radiation incident, on the collector a I il nv  

time can be estimated from, 

IT = It, Rb + 112 Id + 11 3 I 
'IL 

where, the constants 112  and 1%3 are as given by Eqs. (1.1) and (1.5) of ( liaptcr I a id are 

reproduced here for flat plate collectors for ready i'efei'eiice. 

12 = (1+ cos3)/2 

I 3  = p(1—cos/3)/2 (27) 

The instantaneous tilt factor for direct radiation, R. at. an hour angus w is deli tied b. 

('05 0 
Rb  

cos 

9 is the angle of incidence for direct, radiation which is given iii ('ha pter 2 by Eq. (2. I). 0 

is the angle of incidence for a. horizontal surface (/3=0), also (ailed t he zeitit ii a t),ie aid is 

given by, 

cosO = cosQcosb co5.J + Slfl )Si11 

= it + /1' ('05W 

= B'(cosw - cosw,) (3M) 

where, 

it = Sill 0 siiih and H' = ('OS('OS'5 (.1.10) 

ra)/(ra), in Eq. (3.3) is given by Eq. (2.11) of ( liapter 2 vliiclt is l'('pi'o(l uced lore ot 

ready reference. 

- 
1,, Rj,(T(k ),,/(ra )n, + A 2  l,,( r (V )/( r (V ),, -I- A 3  1( r 

( 3.  
(ro )It lb 11b + It2 1d + 113  I 



Using Eq. (3.5) for IT and Eq. (:3.11) for (ra )/( T(  ), in Eq. (3.3). I q. (3.3) IN 

(rc) = JWc2 
J 'blib (1W + It2 Id 

Li
dw  + 

(rc) (rn),,  

fWc2 (r)q [2 (T( ) 
3 / I (1W 

- Ic / (1W ~ 
i 1 (T(I  

fW 2  

I IbRb(1 + 1 2 I 1j(/.) + I 3  
Jw 1 Jw .1 JWcI JW-1 

Eq. (3.12) can be written in a compact form as, 

(TO)
*  
d 

= [uN + 12N + /3\' - [lID + 'W + /30  
Ta)yl  

where, 

'iN = 
J

"

j 

C2 

4
(70.),, / 

(3.1 1

it 

) 

W.2 (rfl) 
' 12N = '2 f td (2. I ) 

W (To )rl 
dw 

13N = 
(r)9 

(/W (:3. 
Wrl 

["c? (rfl) 
= l (IW'  

and 

Ill) = I Ibll/,(tW 

12D = A 2] id(IW (3.10) 
LI/cl 

13/) =  

14 /) = I / (1W  

It may be noted that the limits ofintegratiomi for the direct radiation part given by ! v 

and liD [Eqs. (3.14) and (3.18)] are designatc(I as w1 and w2. The critical hour aiigles. 

wj and Wc2,  for low critical radiation levels may ext end beyond I he a ppa rent sun rs' a ii d 

sunset hour angles W3r and w and less than the sunset hour angle for a horizontal su rbC('. 

w. In this situation 'IN  and I j are to be evaluated from W Sr to Ws.,  0111V. W an 

thus are given by, 

= max [wi,w.,1 (3.22) 

= k' 22 

Methods to evaluate war  and w are available from E)uflie and ]3cckma ii [6] or Klein nd 

Theilacker [66] and in Lalmiri [67] for more general situations, such as. (loll ble su nslii ii". 

The equations needed to calculate Wsr and are given in Appendix B. 



3.2.2 Expressions for (TQ) q /(TQ)n 

Eq. (3.13) in ternis of the int(gi'aIS (lelifled by Eqs. (3. II) to (3.2 1) In'coius ay.Ha 

for evaluating (ra),/( TL ),, wheti speci lie ex pressioiis for the jut egi als are (ievrlp 

may be noted that the critical hour angles and 2 can be read 1k eva lia 

Eqs. (B.27) to (11.35) of Appendix B. 

Using Eqs. (2.25). (2.26) and (2.27) from Cltaptei' 2. for I. I,, and I, repecI I vely, a 

Eq. (3.8) for Rb with Eq. (2.4) for cos 0 and Eq. (3.11) for ( TO  )/( TO  ), . the I ni et ral. i a 

Eqs. (3.14) to (3.17) for 'iN  to Jr are given by, 

'iN 
= (Ki  IcTIl) /2 

(a1  + b cosw) (OS 0  
13 . 

(To ), 

12N = 
(1t K1 I/o) 

'2 ' / 
2

(COS  W 

 
- cos w) 

(To 

13N 
= (Ki  1t-1I) 

1I3' 
/W2 

+ bcosw)(cosw - cos,;, ) :J( 
Ii . 

(ro ), 

I4iv = I(TO )/(ri),,  

It follows from Eq. (3.17), ()/(rQ)0  is deFined as, 

Similarly Eqs. (3.18) to (3.21) for 'ID  to Ljj) are given by, 

= (Ki Kllo ) /2 
+bcosw) cos0il 

12D 
= (_

i A'T a) It2I)JIJ fri 
(cosw - (O5W; ) (IW  

T3D 
= ( 

A' I  Ic. 1!o  ) h 3 11/ f (a + bcosw)(cosw - cosJilW (3:11) 

2 

111)  

It may be noted that ( Ta)d/(Tr ), iii Eq. (:3.25) and ( 'rr ):j /( i-o iii Eq. (3.26) are i 

pendent of the hour angle w. ( To )j/( TO ),, and  ( TO  )/( TO  ),, ('all be oht at ted oni H 

Eqs. (2.14) and (2.15), using 0 = 0( j or O, the effective angle of incidence for sky di)lase 

and ground reflected components of solar radiation. 0,1 and G. have been correlated to 

the slope of the collector by Brandeinuelil and Beckman [9] and are given by Eqs. (2.12) 

and (2.13). (rn),,/(r(v),, in Eq. (3.21) (I('lX'Il(15 on the angle Of ilnidellee. l)elnlnielne 

(ra)/(ra) on 0 as described by Eqs. (2.1.1) and (2.15) of Chapter 2 has been ('mf)]nyNl 

in evaluating Eq. (3.24). ( ra)/( ra ), variat ion wit It 0 as given by 1.qs. (2.1 1) and ('2. I 



is piece-wise continuous. Let w 1  and w2  be the hour angles corresj)ohldtllg to 0 = (i0'. 

and w2  can be obtained by setting 0 = 600 in Eq. (2.1) for cosO. The relevant c(jllaUons 

to determine w1  and w2  are also given in Appendix B rUhils 'IN nee(ls to be evalti1rd s. 

'iN = 
(Ki  KTHO) UJI 

[/ 
(('1 + bros w) 2(1 + b0) (052  01w 

+f ((ti +bcosw) cos0 I +h0  ( - fko 
\COS 0 j 

+J"

"

2 

c 
(ai +bcosw)2(1+b0 )  cos 2 0dw 

Integrating Eqs. (3.25) to (3.33), Ipj etc. are expresse(l as. 

IIN = K1 2(1+ be,) {aj!p3(w1 .w 1 ) + h!p 1 (w1 .w 1 )} + a 1 (I 
- 

+a1b0(w2 —w1 ) + b(1 - b(,)Ip2(w2,w1 ) + bb(,I ,'5(  w2,w 1  ) -I- 

2(1 + b) {aiIp3(w 2,w2) + b1p I (w 2,w2 )}  

12N = I(1K2DjB _
n) 

 [I 5(w 2 w 1 ) - cosw(w2 - wci)]  

13N = K4Jt3B' 
(r)9 

 [1c5Ip5(w 2. wj) - a cosw(w2 - wi) 
(ra) 

14N - - 
_____ 

I C (rn')1, 

and 

'ID = It4[aiIpi(42,w i ) + b1p2(w 2,w 1 )1 

12D = Jt4Ji2Dj 11'11 5(w2,w1) - cosw(w2 - wi )j (3.3!)) 

13D = A4K3B'{L5Jp5(2,w.1) - (iCOSW(W2 
- LOr.  ) + hi p(  

14D = I(w2—wc1)  

where, 1 4  and K 5  are constaiits given by, 

= Ki K7'II0 /!3' (3.12) 

= (a - b cos w) (3.13) 

The primitives Ipx, J1'2,  IJ', Ip4  , Jj'5 and Jj' appealing iii Eqs. (3.3 I) to (3. 0) 

delined by, 

'Pi (w) 
= I cos 0dw  



'P2 (.') 
= J COS 0 COS W (1W 13. 

Ip3(w) = J cos2 0dw (:3.ft) 

Ij'4(w) 
= f cos 2  0 cosw dw (3. 17) 

Ip5(w) = Jcoswdw (.LN) 

ij6(w) 
= / cos2  w (1W (3. 

Detailed procedure to evaluate ()/(Tn)?l  in Eq. (3.37). d'lined liv Eq. (3.2-1. 

presented after evaluating the primitives for non-soiil.h facing and soul h 1aciIu1, collrl or:., 

Non-South Facing Colkctors 

Using Eqs. (3.34) to (3.41) in Eq. (3.13), (rn)/(rn) IS ('X1)I('SSCd as, 

(TQ) ay  - 
12(1 + bo ){(t i  1p3(w j ,w 1 ) + b1j'4(Wj w )} + ( (I - bj li 

+a1 b0(w2  — w1 ) + b(1 - b0 )Ip2(w2,wi ) + bb.1f's(w2.wl ) + 

2(1+bo ){aiIp:3(w 2,w2)+bIpi(w 2 w2)} + 

/2 !)j II' 
(rn),, 

We I ) - (US I )] + 
(rn)T, L 

K3k(T(~)g  I k 5Ip5(wc2.w i ) — (I COSWs (Wc2 W(1) + l)Ir6(W2,WI )j 
(rc)  

[I, ' ) + b/i2(w2.w1)  + MM 

K4 (ro)1 j 

K2 DjB' [IP5(wC2,w1) — cosws (u)c2 — wci)] + KB' [A1i(u c2 .u'eu ) 

a cos w3  (w2 - w ) + h I,'(w2, w.1)] - _4 (w,.2 - w.  
A 

The primitives IPi  to 'PG. in Eq. (3.50), on evaluating Eqs. (3.41 ) to (3. 19). aro 

by, 

Ip(w) = Aw + LI sinw - C cosw 
7w s1n2w\ cos2w 

Ip2(w) = A sinw+]J + 
) 
- (32) 

Ip3(w) = [,12  + B w + 2A13sinw + 
(2 

lie 
cos w— ---tos2w 



Aliw + (112  + 1J2)sin w + in 2w - 
jj2 (2 

AC 2BC 
----- cos 2w— ---COS w 

Ip5(w) = sinw 
(w siii2w\ 

IJ)((w) 
= + 

---i----) 

A, B and C appearing in Eqs. (3.51) to (3.56) are al icadv defined by 

(2.7). 

South Facing Collectors 

The expression for (ra)a,/(r)n  for south facing collectors is oht aiited front E(1. (3.50)  

when the limits of the integrals are changed suitably. For sout Ii facing fiat plate eolk'c( ors 

I I = IWC21. Let the critical hour angles thus be —we  and we-. Siinila ily W111  a fl(I  

replaced by —w and w. Also, w1  and w•2  are replaced by —w' and w'. Thu k s. i saul it 

facing collectors, 

= 12(l + b0 )[a i 1p3(w,w') + bIpi(w,w')]  + a( I - b() )1p 1 (w', 1)) 
(r) 

+(' i b0(w' - 0) + b( I - h0  ) I 1'.2(w', 0) -F hb, /':)(w'. 0) 1 

K2D1B' 
(r(1)d 

 [1p5(w. 0) - cosw,(w - 0)] + 
(ro ) 

. 

(r)9 
 

_
() 

± [al 1p J(W"O)+ b112(w, 0) + 

112 D f  13' [1pr(wc , 0) - cosw,(we  - 0)1 + K;3 /1' A*.-, Ii'(w. 0) -- 

acosw8(w - 0) + bIp( ;(w, 0)] - (We  - 0)] 

The prinutives Ip to IJ'(; in Eq. (3.57) hecoue, 

Ip1 (w) = Aw + 13 sinw 

Ip2(w) 
w si112w ( '\ 

= A sinw + 13 + ) 

Ip3(w) = 2 
/32 

A + --- 
/12  

w + 211/3siu w + 
-f- 

sin 2w 

Ip 1 (w) = i113w+ (,12 + 112 )sinw+ siri2w - -- siiiw (Ll) 

IJ)5 (W) = slow 
w sin 2w 
+ ) 



it It may be noted that the constant C, (lefiuled by Eq. (2.7) of Chapter 2, is zero for ce!f 

facing surfaces and the constants /1 and /3, obtained by putting I = 0 in E(Is. (2.) id 

(2.6), are given by, 

A = sin (siit ()C()S3 - (SoS O51fl 3) ( 

B = cos /(cosøcos /3 + sin sin 13) (:lM) 

Evaluation of  

Eqs. (3.50) and (3.57) shall become availal)le when ()/(rn') defined by Eq. (3.2) i 

evaJuated. Expressing (r4/(Ta) in terms of the total absorbed radial ion by I he colIc 

aid the incident radiation, ()/( TQ  ) can be eXpresSe(l as, 

() - 
[Wc 4 Rb(T)h/(T()n  + 112 1( /(TOd/(TU ) + A I( rn )./( r(r) 

(ra) - lb Rb + 112  Li + A'3 j 

Eq. (3.66) after splitting leads to, 

~Ta()/(ra)?L  = + 12 + 1 3 (3.67) 

where, 

I, I?,(),/(r -  ) 
,, 

= Jw1 'b Rb + 11 2  Id + A-3 i 

7 2 = 112 1  
cI 'b Rb + A 2  Ij + It 3  1 

fW2 i( TO ),/( ro 
T: = 113 I . - (k.) (.1. (l )  

J1, 1  Ii, !?i, + A 2 'd +  A :i  I 

Using Eqs. (2.25), (2.26) and (2.27) for I, Id and lb respectively and Eq. (2.3) Ii I?;, Iii 

Eq. (3.68), and using L and w 2  instead of w and Wc2 as has been done in Eq. (:l.  I I). 

can be written as, 

r 
(a1  +bcos) 

cosO 
 12(1 +i',0 )  cos 0 Lal= I (OSO. L 

T1 = I —d 
(ai + b cosw) 

COS 
+ K 2  Of + 1t:3(a + h (0) 

COS 

(050 I 
[W2 (a + b(-osw) 

0 
+ b0 - 

+ 
'WI (a I  + b cos w) 

cos
0 + I2 V1  + K3( a 

('OS (.1. 

(o I  + h COS w) 
cos 0

2(1 + b(,) cos 0 

+ I 
c2 s 0 

(37 I) 
+ b cos w) + K2Df  + 1t(a  + bcosw) 

cos 



On sinipli!icatioii, after some what lengi liv atgcbra 7 I ill I j. (2.7 I) l: l\ L\. 

= 2(l+b0 )Tii(wi,W j  )+( I —b )'I'i2(w2 ,wi )-t-boTi:i(7.Wi )±2( I -  Fh) 1 i([. - 

The prinhitives 1, 112 and '1 in tq. (3.72) are dClllL('d by, 

- 

I 

(a i 1-  b cos w) c()52  0 (IW 
T11(w) 

- (a1  + b  cos w) cosO + h 2 Dj COSO + Ka(a + 1 (05W) cos 0  

L - 

j 
(a 1  + 1) (05 ,) COS 0 (Ii...) •1 - I .

— (a1 + bcosw)cos0+ K2Djcos0 + K(a + bcosW)cosO 
 

I (a I  + 1, cos ,,)) (1W -. - 

113(w) 
= I (a + bcosw) cosO -F K2I)J cos0 + k3(a + Cos 

(2 

Using similar procedure, T2  and 1 3  Caii be expressed as, 

T 2 = J2 l)j( TO ),I/( T) T2(w 2 , w-1 ) 

T3  = K(ra)q /(rn 17cl 12.77) 

where, the primitives T2(w) and T3(w) are (lefl  ned as, 

- 

COS0.(1W - 

T2(w) 
- f (a1  + bc.osw) cos9 + !2Df co 

I S 
s 0 +!(o ± bcosw) (0S0 

(2.) 

- J 

 
(a + b cos a.,) COS 0: (1W 

T3(W) 
- ai + h cOsw) cosO 4- K2DJCOS 0 + Ia((1 + 1) (05W) (050- 

T, '1 2  and T3, as given by Eqs. (3.72). (3.76) and (3.77), where t he priniil ive are 

defined by Eqs. (3.73) - (3.75), (3.78) and (3.79), are not ml egra ble for lion-Son I It fad 

collectors. In what. follows a sunpie procedure to calculate ()/( r(l ), for iioii s ,ti II 

facing collectors (which is valid for son lb lacing collectors also) and a ii alvi ical eval na I ion 

for south facing collectors is described. 

J\Sitf/i F'acinq 6?017ee1or.: In order to evaluate ()/( rn  ),, for noii-sntit Ii faciui 1 

lectors, a. simple procedure which yields accurate results is suggested. let. () . Op and (.i 

be the angles of incidence for direct, radiation at. the liou r a tigles W-1 , Wm and reP 

tively. It may be noted that Wm corresponds to the hour angle for lilaxi lflhl I)) radia I n 

the collector surface. Let, 0 be the ('fled Re angle of i uciden cc (tell ited by. 

= 
UI + Om + O 

(:LO) 

Let, 7i be the hour angle corresponding to (). can be 01)1 ained from Eqs. (IL 12) to . I 

of Appendix B, by rc>laciiig the lilinn'rical Value of 0.5 Willl 1111' \.)lll(' (Ii liP.O iV''I) 



Eq. (3.80). It is suggested that ()/(ra) be calculated from. 

() = 
1b(W)Rb(W) 0  + !I/(W) + 

 
(ra) Ib(.Z')l?.b(J.') + A2Id(w) + KJ(w) 

It may be noted that in Eq. (3.81), (he value of (ra )b/(  ra ) is I lie (urIe)on(lirIg va a 

0, from Eq. (2.14) or (2.15). 

South Facing Colketors: For south faiiig collectors, T 1  , T2  and T: as given by I.q. (3,68 ),  

(3.69) and (3.70), reduce to, 

= 2 
/(7,   lb 111, + '2 'i + "a I 

- f I,j( ro )/( TO  ), 
12 = 2 It 

J lb d Rt + '2 ' + /t) 
(IW H. 

= 2 It 
•j 'b Rh + '2 Id + h3  / 

(.I. 

On simplification, T1  is expressed as, 

T1  = 2 [2(1 + bYJ' i(w,w') + (1 - b0 )7'12(J, 0) + b0 J'1 /, 0)] 

where the prmutives T11 , T12  and '13  are as defined by Eqs. (3.13) to (3.75). and Far 

south facing collectors cosO is given by Eq. (2.4) witli C = 0 and .1 and I] are giv'nr he: 

Eqs. (3.64) and (3.65). 

On evaluating the primitives which involves lengthy algebra T 
. 112 a rid 1 C.!!! 

expressed as, 

= D j Ip5(w,w') ± Cr I) I  (w - w') + C1  D I I/'7(/. ') + 

C1D1Q5 Ip8(w,J) 

T12  = E1(w' —0) + E1 P2 lp7(w',O) + E1 Q2 1p8(w',0) (+7) 

T13  = E2P1 1p7(w',0)+ L2Q j lp(w.0) 

Similarly, T 2  and T3  can be expressed as, 

T2 = 
(Ta)d 

[P.n [,;(w 0) + Q:n!j's( W, 0)] 
(ra)7, 

T3 = 
(ra)9 [E

3(w - 0) + E: FIp7(w, 0) + EQ Ij5(w, 0)1 (:IJ)0) 
(ra ) 



Using Eqs. (3.85) to (3.90) in Eq. ( 3.61),  ()/( ri) ca i) be cx prcsad a. 

Ta 
= 2 2(1 + bo){Di 1p5(w.w') + C1  D1 (w - w') + C 1  [) Il/ 7(.) + 

(r) 

+ E j (w' -- 0) ± (I I + II' )I 1' 7('. 0) 

(E1 Q2  + E2Q i )f' 5(w' 0) +  
(r 

(r 
[E3(w - 0) + E3 P.1 /p7(w,0) + E:3QiIi's(0)1] F) 

Ip5(w) appearing in Eq. (3M 1) is already giVen by Eq. (3.62). Hie P111)111 yeS ij.-( ) an' 

Ip8() in Eq. (3.91) are defined as, 

(IW P  -F- (05W 

Ip8() 
= J 

(IW 
Q +  

wit ii 

I, = 
l?2 

\
//112 Iui  

= !. ± 
/j32 - 

In Eqs. (3.94) and (3.95), X2  and 13 arc given by. 

- Aa i  + i'20 f/l + I:irl(I  
2 JIb -F i fl'h 

B12 = 
Ab + (11 13 + IS 2 1)113 + KaA'b + K3 t1I' 

Bb + K3 13'b 

11)7(W) and 'P8(W)  defined by Eqs. (3.92) and (3.93) are standard i iii ograls. Ip'(..' ) 1. 

given by, 

1 (1+T'('OSW\ 
Ipy(w) = 

. 
cos ( , J ii /) > ( .O" 

- I \ I 1 ('0S.3 / 

1 V1 + 1' + 1 - P lan 
i 

(w/2) 
= log f I' < I  

y1 p2 /i+ P vi — Ptan(w/2) 

Ip8(w) can be obtained froiii Eqs. (3.98) and (3.99) by replacing P wit Ii Q. 

The constants Cl , , etc., appearing in Eq. (3.91 ) a to (loll tied as f( )llows: 

Cl = 

aiB+21b / 
1I (3.FOU) 

112 

13 +K313' 



E1= 
(1 - b0 )I3b 
lib + K3 B'b 

E2= 
Bb + K3B'b 

"I = 

hi' - (11 

(21 = 

(ij - bQ 
P—Q 

(/lb+ (1113 - 13hB)1' - (Aui  - ,lI1b) 
P2 = Bb(P — Q) 

(Aui - A Jib) 
- ( 1Lh + (i 1 13 - Bb IJ )Q 

(22 =  iib(l'— (2) 

K21)j(B'P - it') 
P3 = 

(Bb + K3B'b)(P -(2) 

K2 D1(A' - B'Q) 
= + K3B'b)(i'—Q) 

(A'b+ aB' - I3'bB)P - (Nab) a - Ai3 
P4 = 

13'b(P 
- (2) 

(Va - A11'b) - (1Vb + all' - ll'bi1)Q 

II'b(P -(2) 

:1.1(112) 

1(13) 

I ((: 

(:1.1 

(3.iflq) 

= [{2/1Ii I  + 112b - - + Rb -- /? l?b)} i' 

- {A 2(i 
- i1(a 132  + 2Afl15 - I1112h)}] 

- Q)(a j J32  + 2.11Th - fl! 2 h)] 

(25 
= 

- A.(ai 112 + 2/1 fib - 1J1 132h)} 

- {2A1ii.1  + A2h - 1!132b - 13(a 1 13 2  + 2lI31 - I1  132  b)2 2 }Q] 

± [(P 
- 

(a /32 -F 2t fib - W 112b)]  

Though, ()/(r) for south facing surfaces has been oba.ined after jut egrat 1 ng 

Eq. (3.66), the resulting expression is some what lengthy. however, adapting an 

tive angle of incidence, 0, as has been done for tion-south facing coiled ors [Eq. ( 3.0  )J. 

()/(ra) can be evaluated easily. 0 is now defined as, 

= 
2O+ O (3.1 
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Figure 3.1: Validation of the al)proxima I.e proced nrc to calculate ()/( TO ),, for 

facing collectors 

where, O is the angle of incidence at iiooii Ii ni('. Let., w be t he lion r a iigle (i)rrej)nhidi ii 

9. ' can be obtained from Eqs. (13.12) to ([3.18) of Appendix 13. replacing I he flhifliericdl 

value of 0.5, with the value of sO giv en h v Eq. (3.11 I). 'ilnis. Te l 

facing collectors is given by. 

2.0 

-41  

() 
(ro )C 

Ib()l?b(-') ra)n + A 21,1(W) H' + 

I,,(J) I?,,(J) +  
x 2 w, (:3.1I) 

It may be noted that (ro' )5/(ra )CC  in Eq. is  the value oht aiiied from I q. (2.1 ) 

(2.15) with 0 = 0 given by Eq. (3.111). 

Validahon: Calculating ()/(ro) using Eq. (3.81) for non-south facing su rface:'.ai 

Eq. (3.115) for south facing surfaces has been validated by coin paring wi ih t he v I 

obtained by numerically integrating Eq. (3.66) for ", = 0. 30'. 60" and 90": o = 20 

401  and 601; —23.05° < 6 < 23.09°  AT = 0.5 and X,.. = 0.6. with 3 = 6 - i'. 

+ 151  and 13 = 900. The comparison between ()/( ro  ),, . obtained vit Ii Eqs. (3.S I 

and (3.115), designated as ()/(ro )1,(approx ) with the value 01)1 aiiied 1)\' nil niC'ricdhiy 

integrating Eq. (3.66) designated as ()/( To )JC(  nuin) is shown in I igu re 3.1 for son I 

Al facing surfaces and in Figure 3.2 for non-south facing surfaces. 'Fhie aereeiio"iit is exc'' 

an(l the values diIrer by less than 1.0%. 
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Figure 3.2: \Talidation  of the approxiiiiale proce(l tire to calculate ()/( TO  ),. for 111)11 

facing collectors 

3.3 Evaluation of Monthly Average Transniittaiice-Ahm' 

tance Product during the Operational Time Period ici' 

Flat Plate Collectors 

3.3.1 Equivalent Mean Day (EMD) 

In order to obtain the monthly average t ransnhi t t.aiice-a 1)501 1 )1 (' 1 rod ii tin ii H 

period of operation of the collector, it. is proposed that ( fñr/( rn ),, be obtained etit vi i 

the expressions developed for a single day given by Eqs. (3.50) a rid (3.57). aIoi, 'vii h 

Eq. (3.81) (for non-south facing collectors) a rid Eq. (3. 1 IS) (for ,,mi I In f.j  n ,  

for ()/( r  ) -, on a suitably chosen day. The single day chosen. desigita ted as eq i 

ineaii day (EMD), is characterized by the following feat tires: 

I. Declination for the equivalent mean day is the riteari decliriatioi,. . 1r ilir iiioti ii 

has clearness index of A. h. is (Il(' average of lll(' clearness indices iii I lie d 

that contribute to the useful energy. 

Days that contribute to the useful eneigv are described by K7- .>  

'T,min. is the clearness index of the day for which t he maxim ii iii solar radial ion on 

the collector surface is equal to the cr-n ical ratlialiorn level. Let. .V Ix' t lie ii nit tier 
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0.0 

-11  
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and Jordan [16] for KT = 0.5 

of days with KT > KT.rnin. K.., thus is obtained froiii, 

= AT, (KT> K7,,,,) 
jI 

K. is depicted in Figure 3.3. Distribution of clearness indices for K 1  = 0.5 from I.;. ii  

and Jordan [16] is shown in Figure 3.3. For a certain I( _ is t he clea ritess Index 

below which there is no useful energy gain for the collector. This (orrespolids to a. cert airi 

fractional time of fmjfl  k. is the average of KT values during f f,j,, II) I 

number of contributing days is obtained from, 

= JV (1 
- f,, ) ( :3. 7) 

where, N is the n u niber of days in a. iuioii I. Ii. 

Evaluation of  

Let X be the non-dimensional critical radiation level which corresponds to a (fl 1  i(a! 

radiation level of I and is given by, 

Ic = X (:3. I I 

where, 1T,p  can be obtained from Eq. (2.33). replacing Kr with K 1  and 1) \vit h I)j. Ii 

may be noted that IT,,n  is the niaxinin in radiation on the collect or xii rfaee on lu na ii 

day of the month which occurs a.t Wm 



Equating I to the maximum radiation on the col]ector surface for a day wil It ck'a 

I!I(ICX 

Ir = r1 ,, R A 1',m in 

Rm  in Eq. (3.119), given by Eq. (2.32), is reproduced here. 

+  

I i,rn 

where, (rd,m/rg,rn) is given by, 

1  

( 

 = (3.1)!) 
re,,, J (a + b COS)m) - 

In Eq. (3.120), D1  rorrespornls to I?, is the instanlarieotis till facNr I{F hH I 

radiation at w = Wm. 

The correlations due to Collarcs- Perieia. and H abl [12] br (I a ilv (Ii Iluse irat ii . O f . 

have been linearized for explicit evaluation of KTmj and the following form is sugges! ('. 

Df = L + L 2  ltTmjn (3.122) 

The constants L 1  and L2  in Eq. (3.122) assume the values according to it7,,,,, (liVJde(! 

into three bins as, 

= 1 L 2  = 0 if A'r rn i n  < 0.21 (:L1::i) 

Ll  = 1.37 '2 = 1 5i if 0.2.1 < K/ K 0.71 

L 1  = 0.23 L2  = 0 If > 0.74 (3.12:) 

In Eqs. (3.123) to (3.125), A'T.miv is used instead of K1 to signify that these a ppio'<i na 

relations are used to del.vrniiue the (laiR' (Ii lfiise fraction to uhtai II uii lv. 

Using Eq. (3.122) for D f  along with Rn, given by Eq. (3.120) in Eq. ( . II 9). K j,,. 
now be obtained from the generalized quadratic eq nation, 

'I 1J.rnin  + 2 1,rnin + .S3 () (;t. I 2() 

where, 

I 
1 

= 
( L 

(a + b cos Wm 
L2( ' 2 - III,,,), ) 3. 127) 

82 
= (a +/i cosw,) 

Li (J -  

83 = Ic/(i,m11o)  

A. 



If Jjp is either < ON or 117 L = 0. giving s = () from Eq. (L127) ..c fl 

horizontal surface also, since K.2  = (1 -1- cob ; )/2 = 1. ll, I 'iltits. w lwii . 

- •;i/•.i (:. I 2(1) 

The procedure followed to rleteriiiine the a pproprial.e value of K-1 ,,, is I o use a ll  

the three equations. Eqs. (3.123) to (3.125). to get the respective coelTicieiits . an d 

from Eqs. (3.127) and (3.129) and suhseqiieiitly cakitlate K 1•,,, bun lq;. (3. 122) in 

Eq. (3.130) when .s = 0. Out of the four values of (Ol)taiiied one each 'En 

Eqs. (3.123) and Eq. (3.125) are used and two when Eq. (3.121) is used) ohtained. 

one value falling in the range for which I lie eq ua.t IOU em ploye(l [lq. (3. 1 23). (3. I 2 I 

(3.12.51 is valid, is to be accepted. 

The (lifficulty of solving Eq. (3.126) three times corresponding to t he three seln  of 

values for L 1  and L2  as given by Eqs. (3.123) to (3.125) can be alleviated by reali,i ag 

that, 

jc = t,in11m 'T,miu 11 ll, "T 110 .Vc 3. 1 

In Eq. (:3.131 ). 1'j,, I?m , 1I, corresl)oli(l to the values on I he iveraue clay  or I he 110101 h. 

Assuming tlia.t 2a rh,Rja. a)proXiIIlate value for I%j,,,,,. to (tet('riiiiili' 10  

relevant equation from Eqs. (3.123) to (3.125) for D f  is gi ven by. 

'T,mi,,,a = XK7 (3.122) 

where, 'T,rnjn.a is the approxinial e value of . It may be noted I hat Eq. (3. 12(0 ii 

COIl lUilcI joit with Eq. (3. 121) for 1 and L. still viehk two values i)i A Ha' vaIn 

'T,min iiea.rer to ItT,niin,a is to be accept e(I as the va]ue of 

\Vhen K'j'j.0  is determined. \(. and Al. can be 01)1 aitmeol from Table :1.1. pretmrrcl 

from KT distribution curves of Liu and Jordan [1(i}. Alternately. Q can be obt ai tied from 

analytical representation for the Liii and .Jor(IaiI curves given by I tetid I et at. II 

3.3.2 Evaluating /(ro),, from the Single Day Expressions 

It IS Proposed that (T)*/(ro)  be obtained using Eq. (3.57) for south lacing (hit dale 

collectors and Eq. (3.50) for non-sout ii facing flat plate collect ors which have beeti devel- 

oped for a. single (lay. 'I'he value thus 01)1 airied is desigriat ed as ro ) The si ugh' 

(lay expressions, to ol)taifl Qn Qq A rn ) are used with 

 

KT = t'' and 



Table 3.1: Daily dearness index (list til)LIl.iOii from Liii and .Jor(IaIi [ 1 61 cnr':, 

of contributing days and average clearness index for the con I r him itig (las 

0.3 - 0.1 0L5 0.6  0.7 

Day KT  N KY;,  AT N. K.. J. iV,. I\.;. I\T .V. 

1 0.01 30 0.30 0.05 30 0.10 0.08 30 0.50 0.12 30 0.60 0.37 :)() I 

2 0.02 29 0.31 0.07 29 0.41 0.12 29 0.51 0.1!) 29 0.62 0.17 29 I 

3 0.04 28 0.32 0.09 28 0.12 0.16 28 0.53 0.25 25 0.62 0.32 28 I 

4 0.06 27 0.33 0.12 27 0.13 0.21 27 0.51 0.31 27 0.61 0.57 27 I 

5 0.07 26 0.34 0.14 26 0.43 0.24 26 0.55 0.3226 (1.66 0.60 26 I  

6 0.09 25 0.35 0.16 25 0.16 0.28 25 0.57 0.37 23 0.67 0.63 23 

7 0.11 24 0.36 0.15 24 6.11 0.21 2.1 01,5 0.13 21 0.65 OtiS 21 

8 0.13 23 0.37 0.20 23 0.18 0.35 23 0.59 0.47 23 0.70 0.6623 

9 0.15 22 0.38 0.23 22 0.50 0.37 22 0.60 0.50 22 0.71 0.67 22 I  

10 0.17 21 0.40 0.25 21 (1.51 0.10 21 061 0.51 21 ((.72 (1.60 21 

11 0.19 20 0.41 0.29 20 0.32 0.43 20 0.62 0.56 20 0.73 0.69 20 

12 0.20 19 0.42 0.12 19 0.51 0.16 H) 0.63 0.39 1:) 0.72 ((.7)) I!) 

13 0.22 18 0.43 0.34 18 0.55 0.19 18 0.61 0.61 18 0.74 0.71 

1.1 0.23 17 0.45 0.36 17 0.56 0.52 17 0.65 0.61 17 0.75 0.72 17 

15 0.27 16 0.46 0.39 16 0.37 0.31 16 0.66 0.66 16 ((.79 (1.73 16 

16 0.29 13 0.17 0.11 IS 0.59 0.36 IS 0.67 0.65 IS 076 (1.7:) IT, 

17 0.31 14 0.18 0.44 14 0.60 0.37 II 0.68 0219 11 ((.77 0.73 II 

18 0.34 13 0.49 0.46 13 0.61 0.39 13 0.69 0.71 13 0.77 0.7! 13 I 

19 0.36 12 0.51 0.49 12 0.62 0.61 12 0.69 0.72 12 0.78 0.75 12 I 

20 0.38 11 0.52 0.51 11 0.64 0.63 11 0.70 0.13 Ii ((.79 0.76 (1 

21 0.11 10 0.51 0.51 10 0.65 0.01 10 0.71 0.71 II) (1.1!) 0.76 I I 

22 0.43 9 0.55 0.57 9 0.66 0.65 9 0.72 0.75 9 0.50 0.77 9 

23 0.45 8 0.56 0.59 8 0.67 0.66 8 0.72 0.76 8 0.80 0.77 8 1 

24 0.47 7 0.38 0.61 7 0.68 0.67 7 0.73 0.77 7 0.81 0.75 7 

25 0.50 6 0.60 0.63 6 0.70 0.69 0 0.71 (1.78 6 (1.87 0.711 6 

26 0.53 5 0.62 0.65 5 0.71 0.71 3 0.75 0.78 5 0.52 0.70 5 

27 0.36 1 0.61 0.67 1 0.73 0.72 1 0.76 0.80 1 0.82 0.80 1 

28 0.60 3 0.67 0.70 :t 0.75 ILlS 3 0.78 0.82 1 0.8 I ((.51 2 

29 0.66 2 0.70 0.73 2 0.77 0.77 2 0.80 0.8.1 2 0.85 0.81 2 I 

30  1 ( 0.71) 0.82  ( I O..7 0.5 I 

-If 

1.17 

(.77 

1.73 

1.73 

1.73 

1.73 

1.76 

1.77 

.77 

.78 

.18 

.77 

$0 

.81) 

5! 

0 1 



3 = 

where, is the single day (now the equivalent. mean (Iay) non dimmu'mminmi;ml UFj s 

a.tion level corresponding to I and is given by. 

-. --
IC 

- 

ATI?U> II) 

From Eq. (3.11), it may be noted that V is related to .V liv. 

- - 

rnKrRrn  
- C - 

= 
7?? (3.1:1) 

"U> 

when, is obtained, by iewriti ng Eq. (2.33) for (hi' ('(]nival21Lt meali day, as. 

- K 1 K11 - 

'T,m = B' 
[(ii.i + b  cos w> )c.osO, + J 2/)JI1 (COSJm  -- 

+J 3 I3(a + b (OS W. )(cos>)>>, )}  

D f  in Eq. (3.135) is the daily diffuse fraction corresponding to K. 

'I'his methodology l)ecolnes available to calculate (ifl/(T(I ),, wheit valith) I 'd 

the defining equation [Eq. (2.19)] which is reprod miced here. 

J)+(r)/(rn) 

IT ' )+ 
-LI •(); 

Q>,11 can thus he calculated from, 

= Ej( ro ) 11Tø C>/  
( rn  

3.4 Results and Discussion 

Numerical values for (rc)ay/(T).n  obtained using Eqs. (3.0) and (3.57) and  

using the EMD approach have been vandated against, the values reported in C kip!ol. 2. 

obtained by hour by hour numerical integration. The validation has been ca rmicd os 

the following values of the I)aranmet ers. 

Q = 20°, 400  and 60"N 

=0 + 151) , 0, - 15° and 900 

= 0°. 30°. 60° and 90° 

—23.450  < 6 < 23.150 



ii,, = —0.1 (aj)l)li('al)l(' for flat plat(' (ulle(h)rs \VIIII a siII',I(' 'II:. 

0.3< AT < 0.7. 0.0 <.\ (' < 0.. 

0.3 :5 liT :~ 0.7 0.0< X. 

It may be noted that when X ~: the monthly average (IailV ii tiliia l)ili y. c' 

"C,7au.r will he approxini;ttely equal to where Ajm,,r is I lie nid xiiiin iii d;i~ 

clearness index in a month of average daily clearness in(10x  

3.4.1 Transrnittance-Absorptance Product for at Sitigle Day, (ro). ,/( To  ), 

South Facing Collectors 

Even though, in priiicii)le, iiunierically integrated values as uhf aiiied in ( ha er ai 

the values ol)taine(I from integrate(l expressions should not differ. (cxc('pt for a SI all 

(lilkroilcc' (1110 to numerical nt ('gration) this validation has l)N'11 iiiiilertakeii SIIIC'' hr 

analytically obtained expression involved certain intricacies, such as.e Ill ployi ug '. a nd  

W42 itistea.d oruy, and w and d('terlulii)iilg the 5W('• (ri'r),,,/( TO ) values have IH411 

obtained using Eq. (3.57), along with Q. (3.115) for ()/(T),. (ro )7,,/( ro  ) 2d 

following hour by hour sllllllltalic)ul accor(hiuig to Eq. (2.3) of ('hiapli'i 2 iIiui.iftl 

(rc)/(rr)( num). A plot of ( ra  )/( r(r  ), vs  ( ro  )/( r(r  ) (niiuii  ) is shiovui ill 1 a 

3.4 for 0 = 20°. 40' and (iO°, for —23.05° < h < 23.09", 3 = - I .1''. (. C) + id 

/3 = 90° for 7 = 0° at X 0.6 and AT = 01. The agreeiueilt is near perfect eveii f.l:ouigh 

Eq. (3.115), which yklds ()/(r),, suiiii'vli;uI ll)proxiIllaI('lv. is used. I lie ufillei.'ia 

in the foit rth (lecimal l)lace in ( T( ,/ ( TO  ),, 

Non-South Facing Surfaces 

l>lot,s of (r) 0 ,/(r(l) vs (Tr(ru ),1(nuttn) are shiovit iii Hgiires 3.5. 3.6 ;itid 3. (i 

= 30°, 60° and 90" respectively. for ó = 20°. .10' and (jO'. for -23.05'  

— 150, th, 0 + 15° and 3 = 90 al Xc 0.6 and I\' = 0.5. IIic' iE7('(LH1 

between (ra) uj /(ra).,, and (ro )',/(rn ),(uiuini) is as good as t he agree luleuil for cH 

facing collectors in all 1 6,  three Figures for riiiui-souil Ii facing colleclous. 

Validation Against Data 

values as obtained uisluig Eq. (3.57) Or south lacing and E(1. (3.50) fo r Lea 

south facing collectors respectively have been coiii pared wit Ii t he val ues obtained ('111 ploy-

ilig monthly average hourly solar ra Wa I ion data for .3 local ions. .\ Ii luledahad  

New Delhi (p = 28.58") in India and Madison, WI (o = 13.1fF') iii [S.\. Flia l,dlil 

have been takeii from [132], for the Indian locations a nd tIle L\I \ (Ia la ioi \ I 
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Figure 3.8: 'validation of (7),1 /(To),, with (To ) 1 ,,,,/(T(1 ),,(dala) for iitli hl(irlg 

tors for Ahniedabad ((& = 23.07') 

[133]. obtained using Eq. (2.3) ertlpk)ying the data is de-igriated 

Plots of(r1i),,/(Tr), vs (n ),',,,,/(ro ),(dala ) arc shown iii Hg 

3.8, 3.9 and 3.10 for the three locations, Ahmedahad. New Dcliii and N ladison espert '1 v. 

Figures 3.8 to 3.10 are drawn for 
, 
= 0. for all I he 12 mouths wit ii ,1 = 0- (5". 0.() -1- I.) 

and d = 90° for X = 0.21  0.4, 0.6 and 0.8. The agreenieuit is goo(l . The (Ii 1['rcI1c(s 

in Figures 3.8 and 3.9 arc due to einployiuigr1  [12] and r,j [16] courela lions iii oH aoi 1!?. 

Eq. (3.57) for (rn')/(ra) . however, these diik'rences are small. Sorriewha I Ia rger dii-

ferences in Figure 3.10 between (Ta),,/(rn ), and (To)zq ,,/(To ),(dala) for Madison. WE 

USA is due to low K-1' values for the months of November, Decciniber a nd .la nunarv. 

Similar plot of ( r ), vs  ( Tn ),( data.) is shown in 11gm re 3. I I h 

Delhi ((p = 28.58°), India, for !J = o -  15°, c.  0  + 1.50 and = 90". ftr X,. -- 0.2. 0. I 

and 0.8, for all the 12 mouths, for-7 = 30''. 60" and 90''. It is ('videni from l'igtrre 3.1 I hat 

the agreement is good. The rins difference for indian local ions between ( TO ro ) and 

(data) is less than I % for south facing as vell as mon-son t h fad rig eol ret or. 

For Madison, WI the rms difference is 1.4 (%• It may be 11010(1 tha t 1 he mmlv in KnNo loin 

required to calculate (rl )/(rn ),, is time daily dillmnse 5aclimi or alUrnn;ii clv I he rica 

index K'j. 

1'ransmntta.nce-al)sorptance prod net for the day as (1cm ned ii I .....(...'  ). (2. 0) 

3.4), using the solar radiation data for the 3 locations ( in mneda bad. .\ ew l)chlmi 111d 
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Figure 3.11: Validation of (ro),1 /(rn),, with (T).H,/(To  ),,(daia ) for ion-soul It 

collectors for New Delhi, India (ç5  = 2$.5°) 

IViadison. WI), (1c'signated respectively as  

(7/o,day//o,n)CpJ? have heeii calculated. PlOt of ( T(  )a.,/( ° ) I IL and ( i,,,;,, ij.., ) 

v'S (ra) ay /(r)i(dat.a) is shown in Figure 3.12 for 3 = ._ 15". C,. + I .5" a id  90 

—23.050  < 6 < 23.090, for X,. = 0.2, 0.1. 0.6 and 0.8, for = 0°. It, is evident from 1ic)I Fe 

3.12 that. values (levia ft more iha n ( 11.,./a 1 )I( lU val iii's in ni to' 

ra) ay/(ra )(da1.a.) values and the devial ions are not i risigiii (lea iii . ( 1 , '/7///(';' hr- 

ing closer to (r')/(rcu)(data) is due to )'j la'in, defined as Ito' 

for the operating period. 

3.4.2 Validation of EMD Calculation of Pvlonthly Ave rage r1\1.at1sI.r 

Absorptance Product 

The values of (?i)*/(ru).  as given by Eq. (2.19) have already been reporled iii  

§2.3. for ç = 20°. 40" and 60°. 13 15". 0, c -I- IS" and 90'. h 0.3. 0.5 a jot 0L7. ;i id 

0.2 < X < 2.0. The values thus obtained by hour by hour n nmnerical mt i'gra lion Ion a H I 1 1n

hours and days are desigHated by (?fl/( r ) ( liuni). As proposed iii the presoni ( His p1 ci. 

§3.3, monthly average tra.nsniittance-absorptance produci., obtained cmii ploying I lie i1 1) 

method, designated as (?r),,,,,/(ro ),,. has also beeii (alciliatril for I lie a Iiireuii'il Ii'd 

parameters. It may be recalled that the E\I D talc ulat ion ent ploys 1 lii' exp Fi'SSlOil 

6 

Ion 

(Ta) a a single day wit y /(ra)n developed for . Ii = 6 m, X c  = X and Kr K-. 

In vliat follows, rn),, values have been ro;iipa.red wit I' ( f ,/( r ),.  
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calculated according to Eq. (2.49). 

Plots of (f?r) H,/(ra)fl vs (7Y/(ro) 7 (irrrrir ) are ,frowrr irr !rryrres 1. It 1) 2. 

7 = 01, 301, 600  and 900  respectively, for o = 20°. 10" and 60°: .1 = o. for all I lIt' 1 2 

months for 0.2 < Xc  < 2.0, for AT = 0.3, 0.5 and 0.7. ii is evidew from Hgrircs :1.! 3 to 

3.16 tha.t the EMD approach yiel(ls values which agree well with (?iY/( ro  ),, ohl airrH h 

hour by hour calculation for the ruonilt. The rins (liflcrencf's a re 0.50 V. 0.5:3 V . 

it and 1.03 % for 'y = 00, 30°, 60° and 90° respectively. 

()md/(T)n values have also been compared with  

90° for = 00 and 90°, for the same pa rameters as sta:t ed in the preceding pa ragr'apil . The 

comparisons are shown in Ergures 3. 17 and 3.19. 'l'lie agreenreri t fx't.'verrr  
and ()*/( Ta ) is within a rms dillerence of 1.76 V and 1.23 V. 

Thus, the EMD approach predicts the mon(hly average Ira 1Itrnit I a rice-al a.orp! 

product, (/(ra), defined as a weighted average of iristanlaricous (To ) and I ii 

radiation above the critical radiation level over all the hours and d ays i rr the 1110111 !r v: it Ii 

a small rms (lilference. 



Ir 

1.00 

0.98 

C 

0.96 

0.94 
I- 

0.92 

0.90 
0.90 0.92 0.94 0.96 

()/(Tc)(n urn) 

0.98 1.00 

1.00 

0.98 

C 

0.96 

0.94 - 

U- 

0.92 

0.900 90 

0 

70 

0.92 0.94 0.96 0.98 1.00 

(F)/(Ta)(nurn) 

Figure 3.13: Validation of (?r),fl(/ /(rn), against (Tc)*/(ra)u  for = for south ficiiig 

collectors 

Figure 3.14: Validation of (r),fld/(ra)fl against ()*/(r.r)n for 3 = Q for 



SI 

c 0,95 

E 

Its 
Fs 

:: 0.90 

0  
0 

co 

00 
 

0.85  VI 
0.85 

y=60 
I'll 

0.90 0.95 1.00 

()/(T)(num) 

Figure 3.15: Validation of (? rn( j/(rn),, against (ThY)/(r)0. for ii = ó for - 

'S 

0 

0 

e / 
0 

000 9J94b 

00 
  

0 
0. 

lilt 

0.70 0.80 0.90 1.00 

()/(Ta)(nurT) 

0.90 

0.80 

fl.. 

0.70 

I'ig , . ure ..1(i ' iclaiion of (r)1.,11/(r ),, 
. 

) (rt) /( TO iir ,j ui 



um 

 

 

0.90 

C 

I.. 

0.80 

I ts 

0.70 

0 

 

00  

/0 0  o  

 

0.60 - 
LJLL.LL 

0.60 0.70 0.80 0.90 1.00 

()/(Ta)(nurn) 

Figure 3.17: Validation of (f); 1/(r)1, against (Th)*/(rU ),, for vertical collc'c( o; For 

7 = 0° 

ASTIM 

0.90 

I- 

0.80 

its 

0.70 

0.60 0.70 0.80 0.90 1.00 

()/(ra)(num) 

Figure 3.18: Validation of ()/( T(  ) against. ()*/( r ), for vertical colicci oi For 

7 = 90° 



3.5 Conclusions 

An CXI>reSSiO1l to evaluate the I ransiiiit ta.iice-a.bsoiptaiice l)rod itci. for a i ligl(' (laY% drAK  

as a weighte(1 average of iiistaiitaneotts ( TO  ) and t he solar rala%i a lxve I lie 

radiation level has bceii (leVcloped. ilie apprOach fOUOWe(i iii volves liii era I iuig I he 1 

equation during the perio(l of operation. The period of operat 1011 lrmuu Ia•. ni' 

related to the critical radiation level. N uiiiieiical vahles (11)1 ai ted for ( ro  ) /( have 

been compared with the values ol)ta.ined (Hl ploytuig hou r by,  hour sola r ra(lia I iofl t koa  

for south facing as well as non-south facing collectors. The agu('eullelil is go(')(l. will iki a 

rins difference of 1.0 % eXcept for it few months when K1 < 0.1. ( ro •/( rn ),, ( da ra 

values differ to it. significant. extent front I lie all day and oi>eral loutal I llP 1>0od av('ra.i,'d 

values calculate(l as PCF the i)u'oce(l nrc of Klein [] and Colla res- leuei ra a nd Ha liE ( 

respectively. 
If  

A PIOC('d(IFC has 1)eell developed tin obtain t he tutourl lily acera' Ira lli-lllll I a I ice-a  

product, (/(rn )11,  defined as a Wetgilted average of iuist.a I II a IICOIIS ( To  ) and I hr  

radiation above the critical radiation level over all the hours in tile itinuil IL. The P FO( cdli 

involves employing the expression developcil For a single day in the present. stnndv nit I hr 

equivalent mean day (EhID). The EMI) is charactet-ized be h = . K = K . v In in A 

is the average daily clearness index of the (las t hat ('(>111 ri blue LII uieI iii (lL('li,y. \ a I ins 

obtained according to the Erl I) caicula.tion differ front tile \a hues ntEi ii and 

by hour by hour numerical calculations by less titan 1.8 °i runs. 

Ar 



-.-. 

I y,c,i 

IQ, 

Chapter 4 

Evaluation of Monthly Average 

Optical Efficiency during the 

Operational Time Period for 
Parabolic Trough Concentrate 

4.1 Introduction 

Studies reported in Chapter 2 have (-,tlhLtSlied I hat I I ic' prod I III ol, 1 . Iii 

'ieIds the monthly average daily useful energy gain io'i unit area for flat Jufa I 

tors, when is (lefinred as a WOI1?11te(l average of'  I li(' inst iniI a un('oirs I r;uri:.euil I oil . ' 

absorpta.nce product, (r(,v) and the solar radiation on the collector surface al)ove I hi' cci I 

radiation level. A proce litre to calculal (' (rn). using air ('X pF('SSioli ilevi'li ipeil corisideI i 

a single day and applied on tIre s1niivdrnI nireali day ( IM 1)). lie Iu'ui rll'v'IOTd 

valt(la t.e(l in ( hia pier .. 

Neither the graphical presentation of Klein [95) (with its Own Ijuill atiuuis. .':H 

not account for diffuse fraction or tire operating (.iiiu.' I)erio(l ) iron I lii' aiialytival tppro,wh 

similar to that of Sfeir [96] is available for concent rat Jig (011ectors. iI il(liC'S report c'c! by 

Gaul and Rabi [45] provide a polynonrial expression hoc (he I ricideir ci' a rgte uiouli fi for 

five difkreitt brands of parabolic trough conceritralors. Gaul arid If a hI sko ac 

a. procedure to obtain the all-day average optical elliciericy. i,_ arid preseuted lahihud 

information for two cut-off times. one or two hours before sunset. Flu i 1 icaiieo1 

(lay average optical dfliciency valtres in place of mont lily average Values to olit ii Iou! H': 

average useful energy gain has not been established. Also. cert ii ii ('( Illailo i ls Iii a a a 

Rabi's work appear to be inconsistent. For I h(,  sake of charity i.)  I/f -  /)aj lit ejr if 

Gaul and II ahl's article is reproduced heir in I lie boX (hat FoiIov. In I his ref)ro'I at '1 

e(lUati011 nlilirrl)ers rrter to the iiinunihers irs a1>1oa.1-ed in (trunt alld rtds in 



From Gaul and Rahl's [45] article, 'Iransactions of (lie i\Si\1 1. Joanmal of' S: lar l.nrgy i 

Ileering, Vol. 102, Page- 10-21, 1980.   

5 All-Day Average 

Use of a single nirniher, the all-day average optical elliciency ii.., is liii' more cori\im!il 

function i,(0) for short-hand prediction of pe'rlortnarrce. To he cormse.retit vrtlr Ihe  

irietliod [10], the all-day averirgi' tiint he cimlittlirted wit It F Ire Io:imti  

factor. For this purpose, the long-t.ernm average nieteorological iorreia Lions of I lo' Ia ii mu' Je r - 

dan type [11] are appropriate (see [8] Appendix). The. beam 'radiance correspond rig lo hon 

angle w and sunset hour angle un is given by the equation (lr tat ilirmles hetvcr'ir 1.5 di'g  

45 deg 5) 

I (w, w) = ( -I- b cos w - 111i11) i, i (II) 

where, 

U = 0.109 + 0.5016siti(. - 1.017), (12) 

b = 0.6600 - 0.4767 sin (w - 1.0-17), (13), 

10 = solar constant.. 

Rh = clearness index (ratio of terrestrial to extraterrest naT daily total irriuli;-ml ion 

on the Irorizorit al surface), and 

liel/ Rh = ratio of diffuse to licimiis>licnic;ml ilailv tot itt ini':rdt;mr ri on I lii liii iiuI il 

sir rface. 

Since concentrating collectors operate primarily dnning sunny periods, one cart ;rssiruie f/a/I! 

0.23 and hh = on (the values of K,, and I do not rirat icr for liii' calcirlirt ions in I In-

The all-day average is defined by the luriiiirla 

4 = / h () cos 0 rj( 0) d/ / i, () cos 0 il (11) 

where, y can be K, I', A'L', or j,,, and w is the hour angle correspciiriliirg to t rrie of div 1. 

incidence angle is a function of t imue of day and (-inn' of year given by 

cosOjjw = cs6(cosw + t.air 2 m)1 "2 (IS) 

where b= solar declination For it collector wit It horizontal tracki ig axis aligned in t lii-  

direction. For it collector with horizontal rackirg axis aligned in tire imorlli-sorrlli dire'tiinr, 

is given by 

COS ONS = cost [siir 12 
 e -1- ('05' + tan is ,,i j

i \)Ju/ (I(;) 

with \= geographic latitude. 

For polar mount, the incidence angle equals the dccli imat ion, 

c()s Opokjr = COS (1 7) 

at all times and is so small that, the incidence-angle nmodiiier ran be neglect eilii:niostr 



Strictly speaking, one should calculate kl'; liowevir, (lie prcsci:tat ion 1 (114 If a 

siliiplilic(l by (.li(' approxiillattoit 

09 

ii, = i/,,(O = l))/l' I)) A I (I 

Therefore, we Iirst. invc'stigatc (''e 'table 2) tin' ratio iA KI' aiid A I' for I line (lii lair' 

or the ratio or the collector ktigt ii to local b'iigt Ii, 1/f, cOrresponiiIig II :i lll'\'a I lI (c 

operating as a single module or as Iwo or (our nodules oiiied in a row. tot l hk tafd a,:". vo l 

as the next two tables, the following (orinat has been adopted: all valnes art. i'.'ilciilaftI a 

sunwuer solstice, equinox, and winter solstice for hot ii cast-\vesi and ion li-a, ii1 Ii iii' alit . a' 

for each case, values are entered for two cut-oil tiiiies [1,. = I, -- 1/i ((&p row) a n d I  

( bottom row)], based on the assiiiiipt.ioit that. the collector operates inoiii f tii,iira !ih 

until Q hours afternoon (1., is the sunset hour tnne). The diflererice bet wean tie nyc nae I' 

(lie product, and the product or the averages is seen to be small rni':igli to In' iiagl'ctccl. sine 

('Olh('('toi's with hiorizoni at I i'acki ig :ixas will iisii;ihlv Icc' mist all ct in Ic iii', r , ma 

Therefore, two tables sulhcc to present tie all-clay averages. 'i';ilcic 3 lists I :15 :1 lund cii  

and Table 4 lists I for each of (lie collectors t lint have haen testict. (orii[:ariaon at 1h,(at a 

for different cut-oil tues, 1,., nidicates variation on I lie order of 1 :ercc'nt . 1 his unpIn a 

an all-day average interpolated (row these tables is quit' :icci'iitahlc' (or usc' in caleil:i a a''. '1 

tong-term energy delivery. 

Conclusion 

The incidence angle modihers for several coniinerctallv available jiaraliohic I rough (''H'' 

have been calculated from test ilat a. 'hue i'esult a hi:ivc' lien I' i' int i'd in two tori' is iii: hi i 

curve fits and all-day averages. 

Not wit.hisiandii1. how Eq. (1.1) of (;aiil and lEihi [ 15] has been imitc'or:itu'cl. lcj. I I I 

from which Eq. (11) follows, does not appeal' to be coi'i'ect I,, in I Aj. ( I I ) or 1 1,51 Ai:nicl 

be the (tour!y extra-tei'i'esti'iaI radiaton ( KJ/w 2-Iu') over a licuri,'ontal sni hoc tuat:i A 

around the hour angle w. As tnt'ntmtieil in (atil and Iahl [l.]. I,. i tiul tIn' solar i'ini'A u:i. 

Indeed, I does depen(h on in addition to latitude. o and ulei'liiial iut1. .. \lsi'. I 

colicentrating collectors ox'rate during sunny days and On (II) iii( aitl and Ifalil Ar,'a tn? 

(lepelid Olt (lailV clearness index explicit IV. 11, appeiinittg ni l'ai. (I I). whiu'n c'v,ilit:it '''I 

rt [12] and rd [16] correlations, (lepends on /I,j/ II. ei Ilier a (fat a 'al ic or a va lie tint eL I 

to 11"1. It may also be itoted that the ('nt-oil times depatid on t lie critical radiit oil 

and one or two hours before sunset do not mu ply saute di mnieitsioii at or tion-di niei:slfl tat 

critical level for difl'erent trackimig itiodes. In lit tides and decli nat.ion. Ibis. Ii ir a 

critical radiation level and iiioiitltiv average (laity cbeartli'ss md'x I'd I , silica I lii' clii U 

time (lifters from tlav to (lay, optical t'ihcii'ncv or a singie (hV can lx' expect ad lii eiH'ar 

from the mont iiiy average value. l''ui'i bier, one or two hours cut till tittie before  

CorreSponds to operating periods (hllei'illg by a factor of more 1 han Iwo Ilipelulti Ii oil I f,'' 

latitude and the month. Or example. loi' I-lit' ('mit-oil tiiiii- 1e1,m' aimiiOi . I tic'  
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periods for 0 = 60° is 16.3 hours for June and 3.7 hours for December. Also, the influence 

of clearness index needs to be examined. In this context, it may be noted that the solar 

radiation incident on the aperture consists of diffuse (onhl)OneiLt as well, though small 

when concentration ratio is high. The effect of including the diffuse component of solar 

radiation in IT  can be expected to be importaiit when concentration ratio is lower and KT 

is not very high. KT 0.6 can be considered moderate, when a concentrating collector can 

be operated satisfactorily. Indeed, a few locations have an an yearly average KT greater 

than 0.5. Further, as has been shown in Chapter 2 of the present study, to be consistent 

with the definition of utilizability, average optical efficiency is a. weighted average of the 

solar radiation on the collector aperture above the critical radiation level. Eq. (14) of 

Gaul and Rabi, though takes into account the cut-off time in principle, is a weighted 

average of the incident beam radiation only. In this context, Gaul and Rabi's calculation 

implicitly assumes that the collector operates continuously from it, certain cut-ofF period 

after sunrise to a certain cut-off period before sunset. This is not true for tracking mode 

c, since the solar radiation distribution can be bimodal even within the franie work of Pj 

and rj correlations. This is explained in Figure 4.1. I'r va.ria.t.ioii with w for tracking 

mode c for K7 = 0.7, for ç = 40°, in December is shown. Also, shown is the 1/2-hr cut-off 

time. The collector actually operates from —w to —w and we,, to w and not froni - 

to . 
If the cut-off time is 3-hrs, according to Gaul and Ra.hl, the optical efficiency is 

estiimiated from —w and Wcb whereas, in reality the collector does not operate during this 

timiw interval. In terms of critical radiation level, I (also shown in ligure 1.1), both 1/2-hr 

and 3-hrs cut-off times correspond to the same critical level and the period of operation 

is discontinuous. 

As has been reported in Gaul and Rabl [45] to apply test results from a collector 

module to collector arrays of arbitrary length, it is necessary to sepera.te the end loss from 

the optical loss. The end loss factor, defined as one minus the fraction of the rays incident 

on the aperture that spill out the end of a receiver of finite length, is strictly a geometric 

quantity. In the present study also, as proposed by Gaul and Rabi [5], it is assunied that 

can be calculated as product of K and F. 

As a first step, the dependence of optical efficiency for a single day, defined as a 

weighted average of incident radiation (comprising of direct radiation only and direct 

radiation and diffuse component) on latitude, clearmiess index and bimodal nature of solar 

radiation distribution has been examined. This part of the study is essentially along 

the lines of Gaul and Rabi [45] as fax as the weighting function in defining the optical 

efficiency is concerned. Present study is concerned with developing a method to calculate 

InontlLly average K, i.e., the monthly average optical efficiency, ( q/ i, ) with a niodified 
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definition consistent with the deli nit ion of iii ihiza bihit V. In order 1 o be consist eit1 vit Ii 

definition of utilizabili Iv, exj)ressiolts for optical eIlicicticv, deli ned as a We;ght I NI a':(  

of incident sola.r radiation above the critical level, have been developed for a sinl 

for parabolic trough conceit! rat ols tracked ill the live l)iirlciPal ittodes. lo laci Ii I I 

present approach, a suitable l'onn for the inciience angle ittodifier. a iitena.hle for a ial':I 

treatment., has been chosen. H na llv, the mouth ly average optical ('llietemlcY ca  

employing the EvEI) a)proaclI it as l)eert valida(ed. 

4.2 Incidence Angle Modifier 

The iiicideitcc angle modifier i(0)/ij,(O = 0) for irtfir,itelv long )ilral)ohic I cwgll 

for tue live' brands of parabolic co,,coiilra.t.ors sl I,(IINI I) ( aiml and Rahl I I) 

following: 

x 10_O2  . IlX l0O- 

LL- 

= 1-2.02 x +l.6!) x lO7O3_  i.0 
710,TJ. J 

'subscript I to 5 in the LILS ol !qs. (1.!) to (1.5) oicr to 11w I'raiik:  
Ilexcel; 3=Sandia Tiexcel; 4=1)e!: 5=Acurex. 
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1 - 6.74 x 10_502 + 3 ([ 
- > 10-80 (4.:3) 

\jio,nJ 

= 1-8.45 x 105e2 + 1.72 x 10-G03 - 2.1(1 x 100 (4.4) 

= i + 1.69 x l0_O2 
- 8.92 x lOO + 6.3() x (4.5) 

\ o,n) 

In Eqs. (4.1) to (4.5), rj refers to the value at any incidence angle, 0 and refers to the 

value at normal incidence, i.e., 0 = 0. 

Eqs. (.1.1) to (4.5) for (1)(,/l) 7j ) are not suitable for analytical roatirrent, to ol)taill 

all-day average optical efficiency employing equations similar to Eq. (3.1) or Eq. (3.1). 

( 11/i,)i , ( 71o/ 11o,n)2, (?io /1/o ,n )3, (Tlo/ 71o,n)'i and (llo/llo,n)5,  given bY Eqs. (1.1) to (4.5), 

have been rewritten as, 

pj + 
 Qi  
 + 1? cos 0 if 011  < 0 < 6011 (1.6) 

COS 0 

= Scos9 if 600  <1) <90° (47) 

where, Si= (2 Pj + 1 Q + Ri). Eq. (4.7) satisfies ('i/'i )dEq.(l.r) = ( io/1o,n)iEq(l6) at 

0 = 60° and ( rk/1 , ) = 0, at 0 = .900. The accuracy of Eq. (1.7) has not been exanhine(l, 

since it satisfies the conditions for 0 = 60° and 90° and monotonicallv decreases with 0. 

Even if it minor deviation occurs from the polynomial (u.s (it may be itoted that no data 

exists for 0 > 600 from which the polynomial fits have been derived). (ii 1 ,/i 0,n ) a.ccura.c 

does not suffer since concentrating collectors tracked iii the five principal modes seldom 

encounter 0 > 60° during the operating time period. 

The coeIflcients Pj, Q, R1  and Si for the five types of parabolic trough concentrators 

are determined from the data given in Gaul and Rabi [15]. The values of Vi, Q, Ri and 
Si for the five collectors are given ill Table 1. 1 

A I)lOt of ( 7)o/llo,n) using Eqs. (4.2) and (4.6) for SER.I Ilexcel parabolic trough col-
lector is shown in Figure 4.2. The proposed functional form yields values sufficiently close 
to the values given by the polynomial fit [Eq. (1.2)] (liflenug lit the Lou ri It decimal place. 

A plot of (/i,) values obtained froin Eqs. (4.1) to (4.5) and Eq. (4.6) using the values 

of the coeIlicient.s given in Table 4.1, is shown in Figure 4.3, for all the five brands of 

parabolic trough concentrators. Values of ( 71o/'/o,ii)j obtained from Eq. (4.6), yield val- 

by less than 0.5% (rms) from the values giveir by Eqs. (3 .1) to (1.1). For 
the Acurcx collector, (Jo/1on) obtained from Eq. (I.6), (tillers with the values given by 

Eq. (1.5) by 1.57% (rms). however, the values given by Eq. (4.6) actually are close to the 
(lata values foi'tu1tou0 
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Table 4.1: Coefficients F1, Q, Rj and Sifor the incidence angle mo(liIier for (lifferent types 

of parabolic trough concentrators 

Coeulicieiit. Solar kinetics SERI llexcel Sandia Ilexcel Del Acttrex 

Pj 1.73557 1.45292 1.18929 1.03257 1.59799 

Q -0.389908 -0.289961 -0.201709 -0.171925 0.558666 

Ri  -0.339366 -0.161671 0.013020 0,136190 -0.012018 

Si  1.572142 1.58'1325 1 .572761 1.5 1 393() 0.919298 

The advantage of the present functional form for (i 0 /rj0 ,7 ,) [Eqs. (4.6) and (4.7)], is 

that it is amenable for analytical integration to yiel(l expressions Si rnilar to Eq. (3.57) 

for concentrating collectors as well. Further, the constants Pj, Q, 1?;  all(l Si appear as -4 
parameters in the expressions. For different collector brands (other than the five considered 

in the studies of Gaul and Rabi and the present study) or types, suitable values for F1, Q, 
Ri  and Si can be inserted in the final expression, to calculate It may also be 

noted that, R.abl [91] suggested using a single polynomia.1 [Eq. (4.2)], as a compromise, to 

all types of collectors. The present form can be employed for other collector types as well 

by altering the values of the constants P, Q j  Rj etc. For example. Eqs. (4.6) and (.1.7) 

reduce to Eqs. (2.14) and (2.15) for flat plate collectors with P1  = (1 - b0), Q j  = b0  Rj = 0 

and Si = 2(1 + b0). 

4.3 Evaluation of Daily Optical Efficiency during the Op-
erational Time Period for Concentrating Collectors 

4.3.1 Mathematical Formulation 

Analogous to (ra ay /(Ta)n, given by Eq. (2.38) of Chapter 2, optical efficiency valid for 

a. single day, (71 y/qo,n ), for concentrating collectors when defined as a weighted average 

of solar radiation incident on the collector aperture above the critical radiation level, is 

expressed as follows: 

(:) -- 

= ic] + (/./ I"'  [IT - I] (1W (4.8) 

in Eq. (4.8), the superscript '+' indicates that wlieii (I'j 
- J) is negative, it will be 

considered as zero. In Eq. (4.8), 'T  and (iø/T/o,n) are the instantaneous solar radiation on 
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the collector aperture and the corresponding Optical efficiency which comprises of direct 

and diffuse components. In Eq. (4.8), I is the critical radiation level deli ned by, 

- 
FArUi(Ti - T. 

 = 
- TO  

I'RAalIo R 

Iii Eq. (4.9), fla and Ar are the aperture and receiver areas and Cr is the area concentration 

ratio, defined as, 
Aa 

Cr = - (4.10) 
r 

If IT  has a single maximum value during —w3  < w < w8  and w a.11(l 'c2  are the angles 

corresponding to IT = I, Eq. (4.8) can be re-written dropping the superscript '+'. Making 

use of sviiiinctry around w = 0 and recognizing lWri I = ',. s;i., Eq. (1.8) takes the 

4 
form, 

( 11 = 
J-c  [IT - IC ] -.-- (IW [I - 1- 

/ 
(4.11) 

Indeed Eq. (4.8) can be replaced by Eq. (4.11) as long as IT > I for - < w < w. 

For a concentrating collector this is satisfied except when tracked iii itiode c. For lllO(Ie c 

tracking, maximum solar radiation on the aperture may not occur at w = 0. Thus, when 

Ic > 'T,n (referring to Figure 4.1), for tracking mode c, Eq. (4.11) iieeds to be modified 

as, 

(~M 
=[I 

- 
 ij dw [IT - l] dw (4.12) 

Wth \ 1o,n I Wcb 

Methods to evaluate w and Wcb (where applicable) will be discussed in the following 

S('ctlull. 

Non-dimensiona.lizing I with respect to solar radiation on the collector aperture at 

110011 tuniC, the iion-dimensional critical level X is dell ned as. 

XC  - IC 

'T,n r,Ii',,I :i• 110 
(4.13) 

For concentrating collectors, IT  and (qo /1/o ,n ) in Eqs. (4.8) and (4.11), are given by, 

IT = IbRh+ 11 (4.14) 

+  

\h/u,nj 
I&11b + 

Id 
(4.15) 
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where, I?b is the tilt factor for direct radiation given by, 

Rb = 
cosO 

(4.16) 
cos 

cos 0,,  in Eq. (4.16), is given by Eq. (2.13) of Chapter 2. The different expressions for 

cos 0, for concentrating collectors tracked in the five principal modes, can be obtained 

from, 

cos0 = A1  + B1  cosw + C1 sinw (4.17) 

where, A1, hi and C1  for the five tracking modes take the expressions given in Table 4.2. 

Using Eq. (4.14) for IT,  Eq. (4.11) becomes, 
( 

P 
* ) fw r 11o,d'n1 

= 
IbRb dw + _- 

J Id  (o,) Cr  . tion) 1lo,n) j 

1Jw nw" 1 
1b11b (LW  +  

To Jo J 

It may be noted that the upper limit of integration for the direct component of radiation 

in Eq. (4.11) is specified as w instead of w due to reasons explained in Chapter 3, 9.2.1. 
'Ihus, w is given by, 

WC  = 111111 [we, W] (1.19) 

where w is the apparent sunset hour angle. w for the five tracking modes are given by, 

miii [we, cos' (- tan2  6)] : for tracking mode a 
= miii jw8, ir/21 : for tracking mode b (4.20) 

WS for tracking modes c, d and e 

Eq. (4.18) can be written in a compact form, analogous to Eq. (3.13) of Chapter 3, 
as, 

() = + 12NC - J4NcJ . + '21)c - I41)C]  

whe re. 

'INC = 414 () (1W (4.22) 
I0 

1 fc 7 \ 
12NC = 'd ( 

/ 

) (1W (4.23) 
It 

r 0 \71o,n/ 

14NC = 1cf () (1W (4.24) 
0 
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Table 4.2: Expressions to be used for A1, B1, C1  in cosO = A1  + B1  cos w + C1  sinw for 

different tracking modes 

Tracking Mode Quantity Expression 

Al  sin2 5 

Mode a B1  cos2  5 

Ci 0 

A1  sin 5 tan 5/V'cos2  w  + tan2  5 

Modeb B1  cosbcosw/V'cos2 w+ tan2 5 

Ci  0 

A1  [s1ii2 sin2  S + sin(2) sin(25) cosw/21 /./J 

Mode c B1  [sin(2) sin(25)/2 + cos' cos"  S cosw]  

Ci  (cos2 5sinw)/fi 

where, 

D = sin 2 sin2  S + sin(2) siii(25) cosw/2+ 

cos2 0cos25 cos2 .' + cos2 Ssiii 2  

A1  cosS 

Mode d B1  0 

C1  0 

A1  1 

Mode e B1  0 

C1  0 
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and 

'lDC 
= f IbJ?bdw (4.25) 

'2DC = fIddw (4.26) 

'4DC ij
WC  
 dw (4.27) 

In defining [INC etc., in Eqs. (4.22) to (4.27), syniniet.ry around solar noon, w = 00, 
has been invoked, i.e., integration from —w to w0  has been replaced by twice of 0 to w. 
It may be noted that, integrals such as, '3N and 13D [in Eq. (3.13)] do not appear for 
concentrating collectors since ground reflected compollent of solar radiation is not a part 

of 'T as defined by Eq. (4.14). 

4.3.2 Expressions for 

Eq. (4.21), in terms of the integrals defined by Eqs. (4.22) to (4.27), becomes available for 
evaluating ('1,d,/1O,fl) when specific expressions for the iitt.egrals and iiietliod to calculate 
w are developed. Expressions to evaluate the critical hour angle w for different tracking 

modes are given after deriving the expressions for ( '/d(/'/Q,)  for all (lie five tracking 
modes. 

Using Eqs. (2.26) and (2.27) from Chapter 2, for 'd and 
'b respectively and Eqs. (4.16) 

and ('1.17) along with the expressions for A1, B and C1  given in Table 4.2 and using 
Eqs. (4.6) and (4.7) for (°/°,), the integrals in Eqs. (1.22) to (.1.2.1) for '1N(, 12NC and 

are given by, 

'iNc = 
KI (.II) 

J.'a 

c 

+ bcosw) cosOBI (±) dw (l.2) 

'2NC = (KlKT1bo) (i) 
f (cosw - cosw) (i) (1w (4.29) 

' 
10

4NC = Ic 
I \71o,nJ 

In Ecj. (1.30), (0/10,) is defined as, 

(k) =r(-) dw (4.31) 71O,n 0 
4110

,  

Similarly Eqs. (4.25) to (4.27) for 'IDa, 12DC and 14DC are given by, 

K K- 11 
'IDa ( ) j ( + b cos w) cosOilw (4.32) 

0 
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(KiK'JIo \ I3'D [ 
'2DC = 

B' ) j (cosw — cosw)dw (4.33) 
Cr   

"IDC = ij du (4.34) 

It mav be noted that (11o,d/71o,n)  in Eq. (4.29) is independent, of the hour angle a.'.  
can be obtained employing Eq. (4.6), using 0 = Od [Eq. (2.12) with /3 = 0], the effective 

angle of incidence for sky diffuse component of solar radiation. ('qo,b/7),) in Eq. (4.28) 

depends on the angle of incidence for direct radiation and is described by Eqs. (4.6) and 

(4.7). ( 110,b/llon) variation with 0 as given by Eqs. (4.6) and (4.7) is piece-wise continuous. 

Let w1  and w2  be the hour angles corresponding to 0 = 60°. w1  and w2  can be obtained 

by setting 0 = 600 in Eq. (4.17) for cos 0 with the appropriate expressions for A1 , B1  
and C1  from Table 4.2. By virtue of symmetry, for tracking collectors, JWI I = IW21 = 

(say). Expressions for w' for different tracking modes will be J)Iesellted after deriving the 
expressions for Thus, 1j\r ;  [Eq. (.1.28)] needs to be evaliaI ed as, 

Jivc = It4 
[  
/(ai + b cosw) [i + IL  A- Ri cos 01 cos 0 dw 

cOS U 
UJI 

+1  (ai+bcosw)S1 cos0dw (4.35) 
W I  

Integrating Eqs. (4.29) to (4.35), 'INC  etc. are expressed as. 

NC = 11 4  [ai  Pjlpi (w' , 0) + a1  Q(w' - 0) + a 1  1? ilp:i ( .0) + hITj.' 2(w' , 0) 

+bQIp5 (w', 0) + bR11p..1 (w',O) + Si {a 1 I,'3(w,w') + bIpi(w,w')} 1(4.36) 

12NC = 114 
1
1p5(w,0) - cosw 5 (w( 

 - 0)1 (4.37) 

T 110 r '4NC = i (4.38) \11o ,n J 

and 

'lDC = 1t 4 [ai1pi (w,0) + bIp2(w.0)C. ]  

'2DC = 11 4 
) [P5(wc0) — cosw.(w_0)] (4.40) 

LIDC = I(w-0)  

where, the constant I 4  is given by Eq. (3.42). The primitives Jl"t. 11 ,2. 1r'3. 1p4 , and Ip 
appearing in Eqs. (4.36) to (4.41) are defined by Eqs. (3.11) to (3.18) wInch are reproduced 
here. 

Ipi (w) = I Cos 0 dw (4.42) 
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Ip2(w) = Jcoso coswdw (4.43) 

Ip3(w) = jcos2 odw (4.44) 

Ip4(w) = Jcos2o COSWdW (4.45) 

Ip5(w) = JCOSW(IW (4.16) 

Using Eqs. (4.36) to (4.41), along with the primitives as given by Eqs. (4.42) to 

(4.46), ('Ida/'1o,7)  for concentrating collectors tracked in the five 1)rillcil)al  modes can be 

expressed as, 

1(1 1  PJ jt(W', 0) + a t Q1(w' - 0) -J. a1  ll Ij(w', 0) -I b1 Ij'2(W' , 0) 
\ 71o,nJ 

L 

+bQjlps(J, 0) + bR Ip4(w' , 0) + S j{ai Ip: (w, J) + bIp4(w, w')} 

+ 
(BLDf ( 77o,d

{J 5(w,o) 1 
- cOsw.(W - 0)} - Ic ( I ~

yio,nCr )  

/13'

U

!) 
[aiIP1(w0) + bIp2(w,0)  + ( , ) {Ips(w,0) - cosw.(w - o)} 

\  

—I(w - 0)] (4.47) 

Eq. (4.47) become available to evaluate (71/T/0,r), when specific expression for the 

primitives 1P1  etc. are obtained for the different tracking modes. Also, a procedure to 

obtain ( ij(,/ is required. 

The expressions for the primitives IpI to Ip, appearing in Eq. (4.47), for the five 

'F - 
principal tracking modes are given in Table 4.3. 

Evaluation of (1o/11on) 

Eq. (4.47), for evaluating (Jday/T/O?)  along with the primitives presented in Table 4.3, 

becomes available when a procedure to evaluate (o/'1o,)j,  defined by Eq. (4.31), is de-

vise(l. Since tll(' approximate proc'd U re for ('valila limig (F7)/( T(I ),, dseri I)cd iii ( lia pt em 

:i has been successful, the same procedure has been a.(lapted to obtain (1 )/1) ,fl )j. Let, 0 

analogous to Eq. (3.114) be an effective angle of incidence ol)tained from, 

- 
20 + O 

3 
('1.48) 

In Eq. (4.48), 01  and 0, are the aiigles of illCi(1ellCC at W = W amid W = 00 respectively. 

Corresponding to 0 determined from Eq. (4.48), if w is the hour angle, obtained from 

Eq. (4.17) along with ihe ex prossiomis for A . !?i a mid C'l given iii Ta hic 1.2 for the five 
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'lable 1.3: Expressions for the prinhltives ij' 1 , Ip, /1'3. IJ'4 a 11 (1  Ij' lw dillereiit tracking 

modes 

Mode Primitive Expression 

Ip1(w) Ai w+Bi  sinw 

11'2(w) A1  sinw + B1  (w/2 + sin 24I) 

Mode a Ip3(w) [A 2 + (B?/2)] w + 2i1 B1  sin w + (13?/l) sin 2w 

Ip4(w) AiBiw+(A+B?)sinw+(Ai13i/2)sin2w 

...(B2/3) sin3 w 

Ip(w) sinw 

1p1 (w) Approximate, Eq. (C.3) of Appendix C 

1p2(w) Approximate, Eq. (C.'!) of Appendix C 

Mode b Ip3(w) (1—c0s25/2)w+(cos2 5 sin 2w)/4 

II)4 (w) sin w - (cos2  b sin3  w)/3 

Ip5(w) sinw 

1P1 (w) Approximate, Eq. (C.32) of Appendix C 

Ij 2(w) Approximate, Eq. (C.33) of Appendix C 

Mode c 1p3(w) (A' 2  + 13/2/2  + cos2  6/2)w + 21' B' sin w + 
(/]I2 

- cos2  h) sin 2w/4 

Ip4(w) (it' 2  + B' 2 ) sin w + A'IJ'(w + sin 2w/2) - (B' 2  - cos2  5) sin3w/3 

Ip5(w) sinw 

Ip j (w) A1 w 

1p2(w) Al sinw 

Mode d 1p3(w) A?w 
1p4(w) Asiiiw 

Jps(w) sin w 

Ip j (w) w 

Ip2(w) 5mw 

Mode e Ip3(w) w 

Ip4(w) sinw 

Ip5(w) sinw 

Note: Expressions for A1 , B and Cl  for the five tracking modes are given in Table 4.2. 
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Figure 4.4: Validation of ( 0 /?7o,n)(approx) against ( o /1o,n )(num) for tracking mode a 71 

and b for 200  < 600 , 0.3 < KT <0.7 and 0.2 < X <0.6 

tracking modes, IT(') is obtained from, 

IT(W) = Ib(W)Rb(W) + ZF
,

Id(W) (4.49) 

where Id  and 'b  are given by Eqs. (2.26) and (2.27). is now obtained from, 

(o "  = 
(w-0) = 

Ib(W)Rb())(11o,b/TJo, ) + 
0) (4.50) \ hlo,n ) \ llo,n / Ib(W)Rb(W) + Id(W) 

Though, analytical expressions for ( 77 a/1o,n)j can be obtained for tracking modes a, 

d and e, it is felt that it is unnecessary, since the values of ( 71 0 /i 0,), given by Eq. (4.50), 

differ by less than 1 % (rms) from the values obtained by numerical integration according 

to, 

( %.) (4.51) 
17a,n 

Values of (o/1)o,n) given by Eq. (4.50), designated as (77 0 /?7o,n)(approx) have been 

plotted against the values obtained from Eq. (4.51), designated as ( 0 /7 0,)(num). The 

plot is shown in Figure 4.4, for tracking modes a and b, for = 201, 40° and 60°, 
23.050 < ö < 23.090, KT = 0.3, 0.5 and 0.7 and X = 0.2, 0.4 and 0.6. 

For the tracking mode c, the rms error between ( 0 /77o,n )(num) and (77 0 /77o,n)(approx) 

is relatively large and is equal to 5.28 % for the same values of the parameters mentioned 
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Figure 4.5: Validation of (77  0 /jo,n)(approx) against ( 0 /ij0,)(num) for tracking mode c for 77 

200  < 0 < 600, 0.3 < KT < 0.7 and 0.2 < X < 0.6 

above. The plot is shown in Figure 4.5. It may be attributed as due to, for mode c, the 

range of 0 variation is relatively high and hence a large variation in the instantaneous 

optical efficiency. Therefore, for mode c, particularly at higher latitudes, this approxima- 

tion gives a larger error. However, it may be noted that (71 /1o,n) is oniy a part in the o  

expression for (T1,day/Tio,n)  and the error in (ri,da/o,n)  has been examined and found to 

be less than 1 %. 

4.3.3 Evaluation of Different Hour Angles needed for Evaluating 7/day/71o,fl 

for Concentrating Collectors 

Critical Hour Angle, 

Usiiig Eq. (4.17), for cos0(= A1  + B1  cosw + C1  sinw) along with the expressions for A1, 

B1  and C1, from Table 4.2, the critical hour angles for concentrating collectors, w and 

in general, are obtained by setting IT = I. For tracking collectors, by virtue of 

symmetry, ILOCI I = Pc2l = WC . The expression for IT given by Eq. (4.14) can be rewritten 

for concentrating collectors in the form, 
Pd 

IT -- K4[(ai  + b cos w) cos O+ K6(cosw - cosw)J (4.52) 

102 
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where, the constant 1(6 is given by, 

K6= (B'Di) (4 3 3)  

By setting IT = 1c and solving for w the equations to determine w for the live 

tracking modes are as follows. 

Tracking Mode a: For a concentrating collector tracked in mode a, ( - 
= 6), using 

Eq. (4.52), IT will be equal to I, when, 

d cos2  w + d cos + d = 0 (4.34) 

where the coefficients d, d and d are given by, 

d = bcos2 b 

* d = a1 c0s2 5+bsin2 6+K6 (4.56) 

d = a1  sin2  - '6 cosw8 - Ic /K4 (4.57) 

Solving Eq. (4.54) yields, 

(_d+_4dcd) 
 

Out of the four roots given by Eq. (4.58), the two roots equal in magnitude and opposite 

in sign obtained by considering the positive sign of the radical are relevant. 

Tracking Mode b: Using Eq. (4.17) for cosO along with the expressions from Table 4.2 

for A1  etc. for tracking mode b in Eq. (4.52) and upon simplifying a quartic equation in 

cos w of the following form results, 

cos4 w + q3  cos 3  w + q2 cos2 w + q cosw + (Jo = 0 

where, 

q4 = [b cos 612 (4.60) 

q3  = 2a1 bcos2 6/q4 (4.61) 

q [(b slit 5)2 + (ai  cosS)2  - K]/q4 (4.62) 

= 2[ai b sin2  6 + K6 (K6  C05W8  + Ic! 1(4)1 /q4 (4.63) 

q0 = [(a1  sin 6)2 
- (IC! 1(4  + 16 cosw)2] / q4 (4.64) 

It 

Eq. (4.39) can be solved explicitly by the algorithm given in Appendix U or by trial and 

error. Out of the four possible roots for cosw, only one is relevaiit. The value which 
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yields w in the range 0 < w < w3  is to be accepted. The correctness of the value of w is 

ensured if the value of IT calculated using Eq. (4.52) at w = w is equal to I. 

Tracking Mode C: Using Eq. (4.17) for cos 0 along with the expressions from Table 4.2 

for A1, etc. for tracking mode c in Eq. (4.52) and upon simplifying a quartic equation in 

cos w of the following form results, 

cOs4 w + qcos3wc  + qcos2 wc  + q coswc  + q = 0 (4.65) 

where, 

q1  = b2 C (4.66) 

q3  = [2ai bC+b2 B]/q ('1.67) 

= [2 a1  b B + A b2  + a?  C - K] / q 1 (4.68) 

q = 2 [a1Ab+ 0.5 a?B+ '6 (K K4 )] I q (4.69)    

qI = [Ac a? - (I/K4  + It.6  cosw3 )2]/q (4.70) 

The constants A, B and Cc  in Eqs. (4.66) to (4.70) are given by, 

= I - sin2 6  cos2 0 (4.71) 

Bc = 2sinsin6coscos 6 (4.72) 

CC  = —cos2 sin2 (4.73) 

Values for cosw, governed by Eq. (4.65) can be evaluated employing the algorithm 

given in Appendix B or a trial and error method can be adapted. Out of the four possible 

values for cosw, the values of wc  in the range 0 w are relevant. 

Tracking Mode d: Using Eq. (4.52) for IT  along with Eq. (4.17) for cosO. w for track- 

ing mode d can be obtained from, 

1
(1, 

Luc — 
K4  + IC(i  COSW - a 1  CoSb) 

(4.74) 
It. 6  + b cos 

Tracking Mode e: Upon using Eq. (4.52) along with Eq. (4.17) for cos 0, w for tracking 

mode e can be obtained from, 

Luc  =cos 
(IIK4  + A6  cüs - a 1 

(1.75) 
Ic6 +b I 

Hour Angle Corresponding to 0 = 60°, w' 
14 

The hour angles w1  and w2  corresponding to 8 = 60° can be obtained by setting cos 0 = 0.5 

in the expressions for incidence angle for the five tracking modes. For tracking collectors, 

-a- 
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by virtue of symmetry, Iwil = Iw2I = w'. In what follows the equations to evaluate w' for 

different tracking modes are given. 

Tracking Mode a: Using Eq. (4.17) for cosO along with the expressions for A1 . B1  and 

C1  given in Table 4.2 and on inverting, w is given by, 

LJ 
cosO — sin  26  

= cos (4.76) 
C052  

w' corresponding  to 9 = 7r/3 is obtained from, 

= 
[cos(7r /3)  — sin2ol 

(477) 
cos26 ] 

Tracking Mode b: Using Eq. (4.17) for cos9 along with the expressions for A1 . J3 and 
C1  given in Table 4.2 and upon simplifying, w can be obtained as, 

/ 2 1/2 

(4.78) w=c0s1 
[

:~
( i _ 1 _ 9 

cost j 

Putting 9 = 7r/3 in Eq. (4.78) and upon solving w' is given by, 

/ 2 1/2 
w'=c0s 1 

 ±(i— 1—cosir/3) 
(4.79) 

COS J 

Correct values for w or w' are obtained by taking the positive sign in the radical of 
Eqs. (4.78) and (4.79). 

-f 
Tracking Mode c: Using the expressions for A1  etc. from Table 4.2, the angle of inci-
dence 9 for tracking mode c can be written as, 

cos9 = [(A'+ B'cosw)2  + c082 sin2 ]1/ 
2 (4.80) 

Eq. (4.80) can be rewritten as a quadratic equation in terms of cosw as, 

cos2 w + B cosw + C = 0 (4.81) 

where, 

2A'B' 
B 

- (B' 2  - c0s2 ) 
(4.82) 

- 
A'2  + c0s2  ö - cos2  9 

(B' 2  - cos2  ö) (4.83) 
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In Eqs. (4.82) and (4.83), A' and B' are as given by Eq. (3.10) of Chapter 3. Solving the 

quadratic equation, the hour angle w can be found as, 

= cos-1  [Ti ± o.5/(B~
11 11  

The value of w' can be obtained from Eq. (4.84) by putting cosO = 0.5 in Eq. (4.83) for 

C. Out of the four possible values of w, the two equal in inagiiitude and opposite in sign, 

are to be accepted as the correct value. 

W1  IS irrelevant for tracking modes d and e, since the incidence angle is always less 

than 60°. 

4.4 Evaluation of Monthly Optical Efficiency during the 
Operational Time Period for Concentrating Collec-
tors: Equivalent Mean Day Calculation 

In order to obtain the monthly average optical efficiency applicable for the period of 

operation of the collector, corresponding to a monthly average non-dimensional critical 

radiation level, it is proposed that (i/ij0, ) be evaluated employing the expressions 

developed for a single day given by Eq. (4.47), along with Eq. (4.50) for ()o/1o,n)  on a 

suitably chosen day. X is defined by, 

IC 
= 

- ('l.5) 
rt,R K j J! 

when R is the noon-time tilt factor on the average day of the month. For concentrating 

collectors R is given by, 

= 

[. 
- D (r)] + (rd,") (4.86) 

\ T j,n r 

To obtain (f/i , ), the single day choseii, as described in Chapter 3, is the equivalent 

mean day (EMD). The characteristics of the equivalent mean day have been described in 

Chapter 3, §3.3.1. The value thus obtained is designated as (id/'J). Eq. (4.47) valid 
for a single day thus has been used to obtain (,emd/1o,n) employing 

6 = 6m KT = K and X = (4.87) 

It may be recalled from Chapter 3, §3.3.1 that K is the average daily clearness index of 
the contributing days. kq has been obtained as the average clearness index of the days 

with lIT > JtT,min, where KT,mj is the daily clearness index for which the maximum 

solar radiation on the collector surface is equal to the critical radiation level. Procedure 

and relevant equations to obtain KT,min and the number of contributing days, A', are 
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given in Chapter 3, §3.3.1. Eqs. (3.118) to (3.132) become applicable for concentrating 

collectors when rj,m, rd,, R&,m and Rm are now the noon time values r( j,fl , Rb,n and 

Rn  since X is defined with reference to the noon time solar radiation. .V is I In si ugly 

day (equivalent mean day) non-dimensional critical radiation level corresponding to I. 

Applying Eq. (4.13) for the EMD, X is given by, 

- I - - Tt,n ATRn 
,
V

c- 'in 4.88 , 
X;*  - -

c - X * 
- 

T ,fl  tT n 0 1't,n tT.Ln 't,n 

In Eq. (4.88), 11,n  is obtained from, 

- K1K.H0 
____ 

= B' 
+ bcosw)cosO + ( Cr ) (cosw 

- cosws)1 ('1.89) 

This methodology becomes available to calculate (/ij,) when validated against 

the defining equation, 

(jL) 
=>JE [IT —Ic] (-)/ [IT _Jc]+ (4.90) 

Qu,m can thus be calculated from, 

- - -10 cmd \ 
Q,m = 1'R1o,n HT (4.91) ( 

\ 17o,n I 

4.5 Results and Discussion 

4.5.1 Values of All-Day Average Optical Efficiency According to Gaul 

and Rabl [45] 

All-day average optical efficiency according to Gaul and Rabi [45] designated in the present 

study as (71o,day/7o,n)GR is given by, 

wc 

(1.92) 
on GR Wc 

Tio,n) ü)C 

f f
wc 

= IT dw / IT dw (4.93) 
w. \hlo,n) W

wc

c 

It may be noted that, Eqs. (4.92) and (4.93) have been written consistent with the notation 

employed in the present study. In Gaul and R.abl [45], —w corresponds to the hour angle 

1 or 2 hours after the sunrise and w corresponds to the hour angle I or 2 hours before 

the sunset. 

In Eqs. (4.92) and (4.93), Gaul and Rabi expressed IT  as, 

IT = JbRb = liT 110(r - rdDf) Rb (4.94) 
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Table 4.4: Values of (110,da,/770,n)GR  for 1-hr and 2-hrs cut-off time 

Cut-off (o,day/r1o,;R 

times, ç KT Mode a Mode b Mode c 

hrs. (deg.) Mar Jun Dec Mar Jun Dec Mar Jun Dec 

00 0.985 0.984 0.990 0.985 0.985 0.991 0.992 0.999 0.947 
20 0.50 0.956 0.953 0.973 0.956 0.957 0.975 0.994 0.999 0.954 

0.70 0.947 0.943 0.969 0.947 0.949 0.971 0.994 0.998 0.955 
0.30 0.985 0.978 0.993 0.985 0.979 0.993 0.957 0.997 0.1() 

1 40 0.50 0.957 0.940 0.984 0.957 0.944 0.984 0.968 0.997 0.843 
0.70 0.949 0.929 0.982 0.949 0.934 0.982 0.970 0.997 0.849 
0.30 0.986 0.959 0.997 0.986 0.962 0.997 0.852 0.982 0.58 

60 0.50 0.960 0.929 0.996 0.960 0.922 0.996 0.898 0.986 0.536 
0.70 1  0.952 0.922 0.996 0.953 0.913 0.996 0.907 0.986 0.540 
0.30 0.985 0.984 0.990 0.985 0.985 0.990 0.992 0.999 0.947 

20 0.50 0.972 0.967 0.985 0.972 0.969 0.985 0.993 0.999 0.950 
0.70 0.969 0.963 0.984 0.969 0.966 0.984 0.993 0.999 0.950 
0.30 0.985 0.978 0.994 0.985 0.979 0.994 0.957 0.997 0.805 

2 40 0.50 0.973 0.951 0.992 0.973 0.956 0.992 0.963 0.998 0.815 
0.70 0.971 0.945 0.992 0.971 0.950 0.992 0.964 0.998 0.817 
0.30 0.986 0.959 0.999 0.986 0.962 0.999 0.852 0.982 0.357 

60 0.50 0.976 0.929 0.999 0.976 0.927 0.999 0.878 0.987 0.358 
010 0.974 0.922 0.999 0.974 0.919 0.999 0.883 0.988 0.338 

However, IT can be expressed including the diffuse component of solar radiation, in terms 

of rt  and rd as, 

IT = IbRb + Id/Cr = 'T H0  [(rt - rdDf) Rb + T,jD f/Cr]  

Using Eq. (4.94) for IT in Eq. (4.93) (1o,day/11o,n)  has been obtained from, 

(2

o,day

) 

CR - 

(r - TdDf) R& (1)o,b/7o,n) ('1.96) 
io,n , - (Tt - 1 dDf) Rh 

Dependence on Latitude and Clearness Index 

Numerical values of (ljo,day/'qo,n)GR, have been obtained employing Eq. (4.96), consider-

ing 'T  to be comprising of only direct component of solar radiation. (170/q0,) as given 

by Eq. (4.2) for SERI Hexcel collector has been employed in evaluating (/o.day/17c)QR. 

(rio day/llon)GR values for the tracking modes a, b and c, for .KT = 0.3, 0.50 and 0.70 

are given in Table 4.4 for 0 = 20°, 40° and 60°  and 6 = -2.42°, 23.09° and -23.05°. for 

1-hr and 2-hrs cut-off times before sunset. From the numerical values the following points 

emerge. 
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( 110,day/ 110,n)GR does depend on KT, particularly for tracking modes a and b. Indeed, 

the change in (o,day/ion)GR, when KT changes from 0.3 to 0.7, is more than the 

change when 6 changes from —23.1° to 23.1°, for lower latitudes, = 20°  and 40°. 

However, at q5 = 600  and S = —23.11' for tracking modes a and b the changes due 
to KT are negligible. For tracking mode c, (Ilo,day/Tlo,n)GR varies with KT  in the 
month of December. 

( 11o,daj/ 11o,n)GR does not significantly depend on the latitude for tracking modes a 

and b in the months of March and December. However, in June the changes are not 

insignificant. 

For tracking mode c, (110,day/rlon)GR changes significantly with latitude, particularly 

in December. This is due to strong bimodal solar radiation clistril)utiojl as shown in 

Figure 4.1. 

( 77o,day/7on)GR values are almost identical for 1-hr and 2-hrs cut-off times for low K-1 

(0.3). This is due to direct radiation being a small fraction of the global radiation 

at low KT. (lio,day/llo,n)GR values for 1-hr and 2-hrs cut-off times differ for higher 
KT values. This difference is higher at higher latitudes, particularly for mode c in 

December. 

An examination of Eq. (4.96) readily reveals that (7o,day/71on)GR is independent of 
latitude and clearness index for tracking modes d and e, since ( 17o/1o,n) remains constant 
throughout the operating period. 

From these results, it may be concluded that latitude dependence is relevant for 

tracking mode c and influence of clearness index in not insignificant for tracking modes a 

and b. Numerical values presented in Table 4 of Gaul and Rabl [45] can be reproduced 
with 4) = 35.01  which is perhaps the latitude of Albuquerque, NM, USA. Since. 1-hr and 

2-hrs cut-off times imply significantly differing critical radiation levels or operating period, 

as a fraction of the of day length for different latitudes, declinations and clearness index, 

a systematic examination in terms of cut-off time is warranted. 

Dependence on Cut-off Time 

Numerical values of (ro,day/r1on)GR according to Eq. (4.96) have been obtained for tracking 
modes a, b and c, for 4) = 200, 40° and 601, for S = —2.421, 23.09° and —23.05°, for 
KT = 0.3, 0.5 and 0.7. The cut-off time has been characterized by a non-dimnemisiomial 
operating period, O, defined by, 

wc  
p 

= 
(:197) 



Table 4.5: Tabulated values of (110,day/71on)GR for 6  = 200  

(iioiay / 71o,71 )G U 

LT~ackingLOp  KT = 0.3 

Mar Jun Dec 

KT = 0.5 

Mar Jun Dec 

KT = 0.7 

Mar Jun jDec 

0.998 
0.993 
0.985 
0.985 

0.998 
0.992 
0.985 
0.984 

0.999 
0.995 
0.991 
0.990 

0.998 
0.992 
0.978 
0.958 

0.998 
0.992 
0.977 
0.957 

0.999 
0.995 
0.987 
0.974 

0.998 
0.992 
0.976 
0.951 

0.998 
0.991 
0.975 
0.949 

0.995 
0.986 
0.970 

a 

0.20 
0.40 
0.60 
0.80 

0.998 
0.993 
0.985 
0.985 

0.998 
0.993 
0.985 
0.985 

0.999 
0.995 
0.991 
0.991 

0.998 
0.992 
0.978 
0.959 

0.998 
0.992 
0.978 
0.961 

0.999 
0.995 
0.987 
0.976 

0.998 
0.992 
0.976 
0.951 

0.998 
0.992 
0.976 
0.954 

0.999 
0.995 
0.986 
0.972 

b 
0.20 
0.40 
0.60 
0.80 

0.991 1.000 0.940 0.991 1.000 0.940 0.991 1.000 0.940 
0.20 

c 0.40 
0.60 

0.992 
0.992 

1.000 
0.999 

0.943 
0.946 

0.992 
0.993 

1.000 
0.999 

0.944 
0.949 

0.992 
0.993 

1.000 
0.999 

0.944 
0.949 

0.80 0.992 0.999 0.947 1  0.994 0.999 0.953 1  0.994 0.999 0.955 

where w is the cut-off hour angle which corresponds to IT = I( . It may be noted that 

cut-off time of Gaul and ItabI [45] is w/15 hrs when w is in degrees. Numerical values 

Of (1o,dayIm7o,n)GR for the above mentioned parameters are given in Tables 4.5 to 4.7 for 

= 201, 40° and 601  respectively. 

The variation of (o,day/77o,n)GR with non-dimensional operating period, O is shown 

in Figures 4.6 (a) to 4.6(1). Figures 4.6 (a) to (c) are plots of (710.day/llo.n)GR vs O for 

tracking mode b (results for tracking mode a, can be expected to be very similar) for the 

three latitudes 0 = 200, 401  and 601  respectively, at K7 = 0.7, for the three months, March, 

June and December. For tracking mode b, as operating period increases (11o.day/?1o.)GR 

(lecreses. This is due to the weighted average being for longer time perio(Is (hiring winch 

higher angles of incidence are included. From Figures 4.6 (a) to (c), it is evident that 

the change in (77o,day/710,n)GR with O p  is minimum in the month of December owing to 

favourable angle of incidence. The change in ('qo,dayIo,n)GR with O is maximum in June 

for 0 = 40°  and 60°, whereas, for 0 = 20°, the change in the months of March and .June 

is comparable. 

The plots of (o,day/77o,n)GR vs Op for tracking mode c, shown in Figures 4.6(d) 

to 4.6 (f) for = 20°, 400  and 601  respectively, display an opposite trend compared to 

mode b, in the variation Of(lk,da y/llo,n)GR with O. For mode c tracking. 010,day/IIo,nk;u 

increases as O, increases. This is due to the angle of incidence being relatively higher 
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Table 4.6: Tabulated values of (ulo,day/Tlo,n)GR for 0 = 400  

(iio,day/rlo,ri)GR 

Tracking O K'i' = 0.3 AT = 0.5 KT = 0.7 

Mode Mar Jun Dec Mar Jun Dec Mar Jun Dec 

0.20 0.998 0.998 0.999 0.998 0.998 0.999 0.998 0.998 0.999 

a 0.40 0.993 0.990 0.997 0.992 0.989 0.996 0.992 0.988 0.996 

0.60 0.986 0.978 0.993 0.979 0.968 0.991 0.977 0.966 0.991 

0.80 0.985 0.978 0.993 0.960 0.944 0.983 0.953 0.935 0.980 

00 0.998 0.998 0.999 0.998 0.998 0.999 0.998 0.998 0.999 

b 0.40 0.993 0.990 0.997 0.992 0.989 0.996 0.992 0.989 0.996 

0.60 0.986 0.979 0.993 0.979 0.970 0.991 0.977 0.968 0.991 

0.80 0.985 0.979 0.993 0.960 0.949 0.983 0.953 0.941 0.981 

0.20 0.945 0.996 0.763 0.945 0.996 0.763 0.945 0.996 0.763 

C. 0.40 0.952 0.997 0.787 0.953 0.997 0.789 0.953 0.997 0.790 

0.60 0.957 0.997 0.808 0.961 0.998 0.820 0.962 0.998 0.822 

0.80 1 0.957 0.997 0.810 0.967 0.998 0.845 0.969 0.998 0.852 

Table 4.7: Tabulated values of (77o,day/io,n)GR  for = 60°  

(110,day/rio,fl )GR 

Tracking O KT = 0.3 KT = 0.5 KT = 0.7 

Mode Mar Jun Dec Mar Jun Dec Mar Jun Dec 

0.20 0.998 0.996 1.000 0.998 0.996 1.000 0.998 0.996 1.000 

a 0.40 0.993 0.982 0.999 0.993 0.980 0.999 0.993 0.979 0.999 
0.60 0.986 0.961 0.997 0.980 0.944 0.997 0.979 0.940 0.997 

0.80 0.986 0.959 0.996 0.962 0.929 0.994 0.956 0.922 0.994 

0.20 0.998 0.996 1.000 0.998 0.996 1.000 0.998 0.996 1.000 

b 0.40 0.993 0.982 0.999 0.993 0.980 0.999 0.993 0.980 0.999 

0.60 0.986 0.964 0.997 0.980 0.950 0.997 0.979 0.946 0.997 

0.80 0.986 0.962 0.996 0.962 0.942 0.995 0.956 0.937 0.994 

0.20 0.783 0.968 0.314 0.783 0.969 0.315 0.783 0.969 0.315 
c 0.40 0.824 0.978 0.409 0.829 0.979 0.413 0.830 0.979 0.413 

0.60 0.851 0.982 0.500 0.870 0.985 0.514 0.874 0.986 0.517 
0.80 0.852 0.982 0.560 0.896 0.987 0.599 0.904 0.988 0.606 

I'll 
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around mid-day (small operating period) than the angle of incidence near sunrise and 

sunset, i.e., when the operating period is high. 

Defining daily average optical efficiency in terms ofa cut-off time results in misleading 

values when the solar radiation distribution is bimodal. Referring to Figure 4.1. when 

IT,, < Ic < 'T,m, it has already been pointed out that the collector operates during c1 

to —Wcb  and w to w1. When Gaul and Rabl's [45] integral for daily optical efficiency 

is evaluated, specified cut-off times may correspond to w or w. Typically, 1-hr and 

2-hrs cut-off times for 0 = 40° fall in this category. When it corresponds to wcb,  the 

all-day average will be obtained for the period —w to Wcb.  For I7,, < I < 'T,n,, the 

collector does not operate during this time period. When the cut-off time corresponds to 

wC, Gaul and Rabi's definition includes non-operating period also. Thus, it is desirable 

to fix the cut-off time(s) depending on the critical radiation level. The difference arising 

in the all-day average optical efficiencies due to specifying a cut-off time, though [ is 

same, is demonstrated in Table 4.8. For critical radiation level IT., < Jr < IT,,,. Wel 

and Wcb values have been obtained for 0 = 400  and 60°, for the month of December. for 

KT = 0.7. All-day average optical efficiencies, as obtained from Gaul and Rabi for cut-off 

times corresponding to wd and w, given in Table 4.8, differ considerably. Indeed, both 

the values are incorrect. Values obtained averaged during —w to Web and Web to Wi 

by the present approach also have been given in Table 4.8. A further discussion of this is 

presented in the following section. Thus, (l7o,day/7/o,n)GR  in general, displays dependence 

on latitude, clearness index and of course, declination. This dependence is strong for 

tracking mode c. Also, it is important to identify the operating period correctly. 

4.5.2 (ri,day/io,n),  Single Day Values 

Numerical values for (r7,day/T10,n)  have been obtained using Eq. (4.47), along with the 

expressions for the primitives given in Table 4.3 and Eq. (4.50) for (o/1o.n),  for the 

concentrating collectors with Cr = 10 tracked in the five principal modes for = 20°. 10° 

and 60°, X 0.2, 0.4, 0.6 and 0.8, for representative values of declinations, 5 = —2.421, 

23.09° and —23.05° which correspond to March, June and December months. Values of the 

non-dimensional critical level considered 0.2 < X < 0.8 include a wide range of operating 

time periods. Numerical values of (i,da/o,n)  for the range of parameters mentioned are 

given in Tables 4.9 to 4.11 for 0 = 201, 400  and 60° respectively. 

Tracking Modes a and b 

Values of (i,day/)0,n)  for a given 0, S and X for the tracking modes a and b are almost 

the same. Thus, the dependence of  (1day/1o,n) on X and Ky for different latitudes and 
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Figure 4.6: Dependence of on operating time period for tracking mode b 

(a, b, c) and tracking mode c (d, e, f) for KT = 0.7, d. = 20°, 400  and 600  
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Table 4.8: Values of (71o,day/1o,n)GR  (for different cut-off hour angles) and (/day/7o,J)  for 

same critical radiation level 

il Cut-off hour angle - (o,day/Tio,n)c;H (q , ,/r/o, n ) 

(deg.) W/m2  (deg.)  

61.10 0.872 0.899 
380.50 

8.90 0.757 (X = 1.02) 

65.80 0.870 0.902 
387.80 

12.80 0.762 (X = 1.04) 

40 64.24 0.867 0.903 
395.30 

16.00 0.766 (X = 1.06) 

60.80 0.862 0.909 
410.50 

22.00 0.777 (X = 1.10) 

56.70 0.855 - 0.912 
425.30 

28.00 0.790 (X,. = 1.14) 
* * 0.708 

147.30 
9.10 0.320 (X = 1.50) 

* * .736 
196.50 

14.55 0.383 (X = 2.00) 
60 * * 0.772 

245.60 
20.10 0.451 (X = 2.50) 

* * 0.812 
294.50 

26.40 0.527 (X = 3.00) 
* * 

- 0.845 
333.80 

33.10 1 0.598 (X. = 3.40) 

Note: (1day/lO,fl),  the present value is the average for the periods -w to -wb  and w to i 
since the collector does not operate during -W Cb to Wa,. 

For 0 = 60°, in columns 3 and 4, the '' sign is used to mean that the cut-off hour angles are 

almost equal to the sunrise or sunset hour angles. 



Table 4.9: Tabulated values of for = 200  

Tracking X KT = 0.3 = 0.5 Icr = 0.7 

Mode Mar Jun Dec Mar Jun Dcc Mar Jul) Dec 

0.20 0.922 0.919 0.935 0.954 0.952 0.964 0.960 0.958 0.966 
a 0.40 0.928 0.926 0.940 0.965 0.964 0.972 0.976 0.976 0.980 

0.60 0.934 0.931 0.944 0.972 0.970 0.978 0.986 0.985 0.988 
0.80 0.938 0.935 0.947 0.977 0.975 0.981 0.991 0.991 0.993 
0.20 0.922 0.919 0.935 0.954 0.952 0.965 0.960 0.955 0.966 

b 0.40 0.928 0.926 0.940 0.965 0.964 0.972 0.976 0.976 0.980 
0.60 0.934 0.931 0.944 0.972 0.971 0.978 0.986 0.985 0.988 
0.80 0.938 0.935 0.947 0.977 0.975 0.981 0.991 0.991 0.993 
0.20 0.923 0.930 0.893 0.973 0.978 0.937 0.990 0.994 0.954 

c 0.40 0.926 0.933 0.894 0.972 0.978 0.934 0.989 0.991 0.953 
0.60 0.928 0.935 0.894 0.971 0.978 0.931 0.988 0.995 0.950 
0.80 0.929 0.937 0.894 0.970 0.978 0.927 0.986 0.995 0.944 
0.20 0.933 0.919 0.931 0.981 0.967 0.972 0.997 0.984 0.985 

d 0.40 0.936 0.922 0.933 0.980 0.967 0.972 0.996 0.984 0.985 
0.60 0.938 0.924 0.935 0.980 0.966 0.972 0.996 0.983 0.985 
0.80 0.939 0.925 0.936 0.980 0.966 0 ')72 0.996 

0.97 
0.983 
0.9.96 

0.985 

0.998 0.20 0.933 0.930 0.943 081 0.980 0.85 
e 0.40 0.936 0.934 0.946 0.980 0.979 0.984 0.906 0.906 0.997 

0.60 0.938 0.936 0.947 0.980 0.979 0.984 0.996 0.996 0.997 
0.80 1  0.940 0.937 0.949 1  0.980 0.979 0.984 1  0.996 0.995 0.997 
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Table 4.10: Tabulated values of ('I,day/?lo,tl)  for q = 400 

(day/11o,r) 

Tracking X Kr = 0.3 AT = 0.5 Kp = 0.7 
Mode Mar Jun Dec Mar Jun Dec Mar Jun Dec 

00 0.932 0.919 0.954 0.958 0.948 0.974 0.961 0.954 0.974 
a 0.40 0.938 0.927 0.958 0.969 0.962 0.980 0.978 0.974 0.984 

0.60 0.943 0.933 0.961 0.976 0.971 0.985 0.987 0.984 0.991 
0.80 0.947 0.937 0.963 0.981 0.976 0.988 0.993 0.991 0.995 
00 0.932 0.919 0.954 0.958 0.947 0.974 0.961 0.950 0.974 

b 0.40 0.938 0.927 0.958 0.969 0.962 0.980 0.978 0.974 0.984 
0.60 0.943 0.933 0.961 0.976 0.970 0.985 0.987 0.984 0.991 
0.80 0.947 0.937 0.963 0.981 0.976 0.988 0.993 0.991 0.995 
00 0.901 0.930 0.796 0.950 0.978 0.846 0.969 0.993 0.869 

c 0.40 0.901 0.932 0.790 0.947 0.977 0.840 0.967 0.993 0.869 
0.60 0.901 0.934 0.783 0.943 0.977 0.832 0.966 0.993 0.870 
0.80 0.899 0.934 0.771 0.937 0.975 0.821 0.961 0.992 0.872 
0.20 0.943 0.922 0.948 0.984 0.968 0.978 0.997 0.984 0.987 

d 0.40 0.946 0.925 0.950 0.984 0.968 0.978 0.997 0.984 0.987 
0.60 0.947 0.926 0.951 0.984 0.968 0.978 0.997 0.984 0.986 
0.80 0.949 0.928 0.952 0.984 0.967 0.9 78 0.997 0.983 0.981 
0.20 0.943 0.934 0.960 0.985 0.981 0.991 0.998 0.997 0.999 

e 0.40 0.946 0.937 0.962 0.984 0.980 0.991 0.997 0.997 0.999 
0.60 0.947 0.938 0.963 0.984 0.980 0.990 0.997 0.996 0.999 
0.80 0.949 0.940 0.964 1  0.984 0.980 0.990 0.997 0.996 0.999 
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Table 4.11: Tabulated values of for = 600 

(h1,day I?7or) 

Tracking X KT = 0.3 KT = 0.5 K7  = 0.7 

Mode Mar Jun Dec Mar Jun Dec Mar Jun Dec 

0.20 0.950 0.920 0.985 0.965 0.943 0.990 0.963 0.950 0.991 

a 0.40 0.956 0.932 0.986 0.976 0.962 0.992 0.980 0.972 0.992 

0.60 0.960 0.940 0.987 0.982 0.972 0.994 0.989 0.984 0.994 

0.80 0.963 0.945 0.989 0.987 0.979 0.996 0.994 0.991 0.998 

0.20 0.950 0.921 0.985 0.965 0.939 0.990 0.963 0.944 0.991 
b 0.40 0.956 0.932 0.986 0.976 0.961 0.992 0.980 0.971 0.992 

0.60 0.960 0.940 0.988 0.982 0.972 0.994 0.989 0.984 0.994 
0.80 0.963 0.945 0.989 0.987 0.979 0.996 0.994 0.991 0.998 
00 0.828 0.924 0.550 0.893 0.969 0.624 0.919 0.980 0.637 

c 0.40 0.824 0.924 0.548 0.889 0.969 0.629 0.921 0.981 0.644 
0.60 0.817 0.922 0.546 0.885 0.967 0.637 0.924 0.983 0.653 

0,80 0.806 0.919 0.543 0.883 0.964 0.646 0.929 0.983 0.664 

00 0.961 0.932 0.976 0.990 0.973 0.986 0.9.99 0.985 0.988 
d 0.40 0.962 0.934 0.977 0.990 0.972 0.986 0.999 0.985 0.988 

0J0 0.964 0.935 0.977 0.990 0.971 0.986 0.999 0.985 0.988 
0.80 0.965 0.936 0.977 0.990 0.971 0.86 0.998 0.981 0.988 

00 0.961 0.944 0.989 0.990 0.985 0.999 0.999 0.998 1.000 
e 0.40 0.962 0.946 0.989 0.990 0.984 0.999 0.999 0.998 1000 

0.60 0.964 0.947 0.989 0.990 0.984 0.908 0.999 0.997 1.000 
00 0.965 0.948 0.989 0.990 0.983 0.998 0.999 0.997 1.000 
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Figure 4.7: Variation of 7o,dayh10,n) with X for tracking mode b for K1 = 0.5, 6 = 

—23.05° and 23.09° 

months is discussed with the values corresponding to mode b. A plot of ('q y /iio.i ) VS 

the non-dimensional critical level X is shown in Figure 4.7, for K1 = 0.5, for the three 

latitudes, 0 = 20°, 40° and 60°, for the months of June and December. From Figure 4.7. 

it is evident that, as X increases, (rday/r10,fl) increases. The increase in (!Iday/110,1) is 

higher in the month of June compared to the increase in December for a given latitude. The 

values of (7,day/1O,n) are higher in December compared to the values in June. Also, it can 

be noticed from Figure 4.7, that as latitude increases, (i/'j ,) increases with latitude 

in December whereas it decreases in June. This trend is similar to Th,, the monthly average 

daily tilt factor for direct radiation when the orientation of the collector is optimum. ["or 

example, for a south facing flat plate collector, ( - )3) = b is the optimum. Mode b 

tracking is almost the same with additional adjustment of the slope throughout the day. 

Variation of (1dayI1O,fl)  with KT corresponding to X = 0.4 is shown in Figure 

4.8, for 0 = 20°, 40° and 601, for two months, June and December. As K1 increases, 

(71,day/11o,n) increases. As can be expected (day/10,n) is higher at higher latitudes in 

December. 
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Figure 4.8: Variation of (71,day/10,11) with It T  for tracking mode b, X = 0.4, 6 = —23.05° 

and 23.09° 

Tracking Mode c 

For tracking mode c, from the values given in Tables 4.9 to 4.11, it appears that (i day/F/o.fl) 

does not depend on X significantly for X. < 1.0. This is due to the operating period not 

changing significantly as X increases, a consequence of the solar radiation distribution 

for tracking mode c. Even when the solar radiation is bimodal for tracking mode c, as 

shown in Figure 4.1. for X < 1.0, this feature is true. Significant changes in operating 

period and (1,dayI711,1) occur for X > 1.0 which is relevant 'ily when the solar radiation 

is bimodal. 

In order to bring out the difference in the daily average optical efficiency when X > 

1.0 i.e., IT,, < Ic < IT,,,,, when correct operational time period is employed,  

values obtained as the averaged value during —wi to —w and Wcb to wi (referring to 

Figure 4.1) have also been calculated for 0 = 40° and 60°, K'r = 0.7, for concentrating 

collectors tracked in mode c. These values also are shown in the last column, along with 

the X values, of Table 4.8. It may be noted that as long as I < IT,rn, ('1,d/I0,71) ~ 0. 

Thus, cut-off time say, 2-hrs which corresponds to —w to Wb (referring Figure 1.1) is 

irrelevant. ( ?7,*, ,day/ q0,11)1 
if evaluated for —Wcb to w, will be equal to zero since !'r < I 

during —w to Wcb.  This feature is inchided in writting Eq. (4.8). 
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Figuie 4.9: Variation of 
(1day/r/1,n) with K1  for tracking mode c, X = 0.1.5 = — 23.050. 

—2.420  and 23.090, = 200  

Plots of (1,day/7o,n) vs KT corresponding to X = 0.4, for three niont.lis, March, 
June and December are shown in Figures 4.9, 4.10 and 4.11 for 0 = 200, 400 and 600  
respectively. As KT increases (,day/o,n) increases and the trend is same for the three 
latitudes considered. Also, the values of 

(day/o,fl) ilicrease as S increases and decrease 
as increses. 

Tracking Modes d and e 

Owing to angle of incidence remaining constant (0 = 5 for mode d and 0 = 00 for mode 
e) through out the day, (7/i0) does not vary during the operating period2  and hence 
(71day/T7on) does not depend on X. 

Variation of ( 71day /iQ,fl ) with KT for tracking modes d and e, for the three latitudes, 
200, 400  and 600  is shown in Figures 4.12 and 4.13, for the months of June and 

December respectively. As can be expected, 
(riday/miofl) values are higher for tracking 

mode e compared to the values for tracking mode d. From the values given in Tables 4.9 
to 4.11, it can also be seen that the values of 

(,day/h7o,n) are almost same for modes d 
and e in the month of March which can be expected since the declination is small. 

2
except for small dependence irishi8 due to including diffuse component of solar radiaio,i 
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Figure 4.12: Variation of ( 1 d Y /?O,fl) with KT for tracking modes d and e. 0 = 200, 100  
and 600, b = 23.090, X = 0.4 

From Figures 4.12 and 4.13, it can be seen that 
(11dQ,,/77O1) increases with K-1 fr 

both the modes d and e, for all latitudes in ,lune as well as in December. As latitude 
increases, 0da,/1)o,n) increases at a given KT. This is due to I, the critical radiation level 
remaining alniost constant for different latitudes but the day length differing considerably. 

Also, it can be noted from Figures 4.12 and 4.13 that as KT increases, the difference in 
(1day/ l/ n ) values for different latitudes decreases. This is diis' to the incident radiation 

becoming practically only the direct radiation which for mode e is independent of latitude 

(always the incident ray is normal to the aperture) and almost constant for mode d, the 

variation being by a factor of maximum 0.92 which is the value of cos 5 for k! = 230. 

Validation Against Data 

(1da/11on) values as obtained using Eq. (4.47) have been compared with the va.!ue ob-

tained employing monthly average hourly solar radiation data for three locations. Ahnied-
abad (0 = 23.071), New Delhi (0 = 28.581) in India and Madison, WI (5 = 43.100 ) in 
the USA. The data have been taken from [132], for the Indian locations and the TMY 

data for Madison [133]. (71d0 /i1,fl) obtained using Eq. (4.8) (as summation) employing 
the data is designated as (771 d0 /r1ofl)(data). Plots of ('/;day/') vs (I1dat,/71o,fl )(data) 
are shown in Figures 4.14, 4.15 and 4.16 for the three locations. Aliinedabad. New Delhi 
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Figure 4.13: Variation of (i,dayIo,n)  with KT for tracking modes d and e, ó = 20u, 40" 

and 60°. S = —23.050, X = 0.4 

and Madison, WI respectively. Figures 4.14 to 4.16 include the comparison for all the 

12 months, for X = 0.2, 0.4, 0.6 and 0.8, for tracking modes a, b and c. The three 

groups of four points each for which (Tday / 17O,fl) < 0.9, in Figure 4.16, correspond to the 

months of November, December and January for tracking mode c. The larger differences 

are essentially due to low KT  value in these months for Madison, WI. In general, I. Id 
and Ib  predicted using rt [12] and rd [16] correlations may differ significantly from the 

data values for low KT value. The agreement, in general, is 'od. The rins differences are 

0.43 %, 0.49 % and 2.21 % respectively. Indeed the difference is due to employing Pj [12] 
and rd [16] correlations in obtaining Eq. (4.47) for  

4.5.3 Monthly Average Optical Efficiency: Validation of EMD Calcula-

tion 

Monthly average optical efficiency, (i/ij , ), defined by Eq. (4.90) has been evaluated 

using Eq. (4.95) for IT  for = 20°, 40° and 60°, for all the twelve months, for K7  = 0.5 and 

0.7, for 0.2 < 
. < 2.0. Xc  is the monthly average non-dimensional critical radiation level, 

defined by Eq. (4.85). Summation process according to Eq. (4.90) has been carried out for 

all days and all hours for which IT > I. Values of daily clearness indices corresponding to 

= 0.5 and 0.7 have been obtained from Liu and Jordan [16] distribution as presented 
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in Table 3.1 of Chapter 3, §3.3.2. The values of so obtained are designated by 

which shall be compared with the values obtained using the expressions 

developed for single day given by Eq. (4.47) along with the primitives given in Table 4.3. 

Eq. (4.47) has been evaluated corresponding to KT = K and b = m and for I given by, 

Ic  = Xc 7't,n 11n 11THo (4.98) 

Eq. (4.98) follows from Eq. (4.85). The value of (day/1o,fl)  thus obtained for the equiva-

lent mean day is designated as (,ema/T1o,n) which is the montily average ol)tical  efficiency 

when validated against (/170,n )(num) values. 

Comparison for Tracking Modes a and b 

Plots of (i , /'qo,n) vs (/ 00 )(num) for the tracking modes a and b for the three 

latitudes, 0 = 20°, 40° and 60° are shown in Figures 417 and 4.18 for KT = 0.3 and 0.7 

respectively. The rms differences between (o,ernci/1io,n)  and (/7i0.)(nurn)  are 0.4 % for 

PIT = 0.5 and 0.3% for kT  = 0.7. Thus, the EMD calculation yields (i/ij0.) value very 

close to the value obtained by hour by hour numerical calculations. 

4' 
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Figure 4.19: Validation of (?i,emd/Tio,n)  against (i/iio,n )(num) for tracking mode c, p = 

200, 400  and 60°, —23.051  < 5 < 23.091, riT = 0.5, 0.2 < X <2.0 

Comparison for Tracking Mode c 

Plots of 0,emd/10,n)  vs (/170,n)(num) for the tracking mode c for the three latitudes, 

= 20°, 400  and 600  are shown in Figures 4.19 and 4.20 for KT = 0.5 and 0.7 respectively. 

The rms differences between (7 0*,emd Ih1o,n) and (/11o,n)(nurn)  are 0.65 % for K'1  = 0.5 and 

0.6% for kT  = 0.7. Slightly larger difference between (ie7fld/10,n)  and (1i/1i,iz)(num) 
for mode c compared to mode a and b are due to approximate calculation of  

Comparison for Tracking Modes d and e 

Similar plots of (,md/10,n)  vs (/ 0,)(num) for the tracking modes d and e for the 

three latitudes, q = 201, 400  and 60° are shown in Figures 4.21 and 4.22 for KT = 0.5 and 

0.7 respectively. The rms differences between (emd//o,n)  and (i/ 0,7 )(num) are 0.2% 

for KT = 0.5 and 0.1 % for kT = 0.7. The plots shown in Figures 4.21 and 4.22 appear to 

display significant scatter due to the scale being large. 1 cm approximately corresponds 

to 0.005 in (,emd/70,11) OF (/710,11 )(11Um). 

1. 
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Figure 4.22: Validation of (i,emd/i10,fl)  against (/17o,n )(nurn) for tracking modes d and 

e, = 200, 40° and 60°, —23.05° < 6 < 23.09°, KT = 0.7, 0.2 < X 1.2 

4.6 Conclusions 

A method to calculate monthly average optical efficiency for parabolic trough concen-

trators, tracked in five principal modes, has been developed and validated. lii order to 

be consistent with the definition of the monthly average daily utilizability, the monthly 

average optical efficiency has been defined as a weighted average of the instantaneous op-

tical efficiency and the solar radiation above the critical level for all hours and (lays of 

the month. This some what tedious procedure to calculate the monthly average optical 

efficiency has been avoided by first obtaining a daily average optical efficiency defined as a 

weighted average of the instantaneous optical efficiency and the solar radiation above the 

critical level. Expressions for the daily optical efficiency have been obtained by integrating 

the defining equation, expressing the direct component of solar radiation in terms of rt 

[12] and r [16] correlations. A convenient form of the instantaneous optical efficiency 

which fits the test data values, given in Gaul and ItahI [45], has been proposed. This rep-

resentation has flexibility to describe instantaneous optical efficiency for other collectors 

by suitable choice of the constants. The single all-day average optical efficiency as defined 

by Gaul and Rabi [45] has been examined in detail. It has been shown that, indeed, eveii 

the single day optical efficiency depends on KT and . Further. it has also been shown 

that it is desirable to define daily or monthly average daily optical efficiency for a given 
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critical level rather than a cut-off hour angle. It follows from this, though critical level and 

cut-off hour angle of Gaul and Rabl [45] can be related for a single day, to obtain monthly 

average value a single cut-off hour can not be associated for the giveii critical radiation 

level. Further, specifying a cut-off hour angle is misleadiiig particularly when the solar 

radiation is bimodal, which is relevant for tracking mode c. Thus, single day approach is 

inadequate to obtain the monthly average value. 

The single day optical efficiency value obtained using the equations developed in the 

present study have been compared with the values obtained using monthly average hourly 

solar radiation data. The rms difference is within 1 %. 

Based on the expressions developed for the optical efficiency for a single clay in the 

present study, it has been proposed and validated that the monthly average optical effi-

ciency consistent with the definition of monthly average daily utilizability can be obtained 

by employing the expressions developed for the single day on the equavalent meami day 

(EMD). The monthly average optical efficiency values obtained using the equivalent iriean 

day (EMD) approach agree with the hour by hour computations within a rrns difference 

of less than 0.5 % when rt and rd correlations have been employed to generate hourly 
radiation values. 



Chapter 5 

Evaluation of Monthly Average 
Shading Factor for Surfaces 
Shaded by Overhangs under 
Terrestrial Conditions 

5.1 Introduction 

In estimating the monthly average daily solar radiation received by surfaces shaded by 

overhangs, the monthly average shading factor, f, is a key parameter. As discussed in 

Chapter 1, §1.2.2, PP.  21-24, all the methods to estimate the monthly average shading 

factor yield values evaluated under extra- terrestrial conditions. A part from U tzin ger and 

Klein's [125] graphical presentation of the shading factors for south facing surfaces, at-

tempts to provide algorithms [126, 128] to estimate fj make use of the shading plane 

concept (applied under extra-terrestrial conditions only) which is valid for surfaces shaded 

by infinite overhangs. A method to obtain monthly average shading factor for surfaces 

shaded by finite overhangs, described in [128] is valid under extra-terrestrial conditions 

and for south facing surfaces only. 

The objectives of the present chapter are as follows. 

To examine the difference in the monthly average shading factor values evaluated 

under terrestrial and extra-terrestrial conditions. 

Develop a method to estimate the monthly average shading factor Ufl(ler terrestrial 

conditions for receivers of arbitrary azimuthal angle and slope, shaded by infinite 

overhangs. 

Develop methods to estimate the shading factor values for finite overhangs under 

terrestrial conditions for receivers with general azimuthal angle. 
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Figure 5.1: (a) Basic geometry of window shaded by overhang; (b) Resulting shading 

planes when gap is present. 

5.2 Basic Geometry and Shading Factor 

The basic geometry of a vertical shaded receiver (window) of height, If,,. and width. 147, is 

shown in Figure 5.1. The slope , of the vertical receiver is equal to 900.  Let the azimuthal 

angle of the receiver be y.  A horizontal overhang with projection F, extends by EL and 

ER to the left and to the right beyond the window width. The overhang is separated from 

the top of the receiver by a gap C. The non-dimensional width w, projection p, gap g and 

extensions eL and eR are obtained by referring the dimensional quantities to the height of 

the window. Thus, 

W P C EL E - 

w=j— p= —, g= — eL= — , and eJ-J-- (:..1) 

if Ai is the irradiated area of the window and A3  is the shaded area of the window 

caused by the overhang, the shading factor at any instant, f, is given by, 

A1 A3  
ftA —1 

tiw Jlw 

where, A (=WH) is the window area and A,0  = (A1  + A3 ). 

The solar radiation over a small period of time (say, 1-hr) per unit receiver area, 13  

according to Utzinger and Klein [125], is given by, 

Is = 1bR&fi + 'd ( Fr _ o) + P. ( - P2I_ q F'r _ o) (5.3) 

where, Pi  and P2  are the reflectivity of the ground and the underside of the overhang. 

Fr....o is the receiver radiation view factor of the overhang and F0_9  is the overhang view 

factor of the ground. 

Summing Eq. (5.3) over all the hours and days in a month, the nioiitlily average 

daily solar radiation per unit receiver area, H5, as given in Tltzinger and Klein [125] can 

(5.2) 
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be expressed as, 

H3  = bRbL + Hd ( - F,-.)  + p1H ( + P2F_g Pr _o ) (5.4) 

where, '1b. I1d and H are the monthly average daily direct., diffuse and global radiation 

on a horizontal surface of unit area. Rb is the iiiontlily average daily tilt factor for direct 

radiation for the vertical receiver (window). 

fi  and Rb  in Eq. (5.4), strictly speaking, are to be evaluated as, 

R& = lb Rb lb (5.5) 
days hours days hours 

f = lbftbfl/ E E  lbllb (5.6) 
days hours days hours 

Utzinger and Klein [125] employed Eq. (5.4) but simplified Eqs. (5.5) and (5.6) by 

evaluating Rb and j, on the monthly mean day. Thus, Rb and fj are obtained from, 

Rb = lb Rb / 4 
= 

IbRb dt/ f....
y
'b dt (5.7) 

a 
day day 

= > 16Rbfi/ E lbRb=f_IbRbf1dt/JiibRblit (5.8) 
-

y da 
-

y 
day . day 

da  

In Eqs. (5.7) and (5.8), day refers to summation or integration over the hours on the 

monthly mean day. Noting dt = dw/(7r/12), where w is in radians, integral expressions in 

Eqs. (5.7) and (5.8) can be re-written as, 
wss  

- - .Lr 4Rbdw 

Rb - (5.9) 
I&dw 

- (5.10) 

Lr 

1bRbdW 

where, U3, and w33  are the apparent sunrise and sunset hour aiigles for the receiver and 

w3  is the sunset hour angle. Determining Wsr  and w33  for surfaces of general orientation 

unambiguously has been described in Appendix B of the present study. 

lJtzinger and Klein further simplified Eq. (5.10) by evaluating f under extra-terrestrial 

conditions i.e., by replacing íô with 1. This value designated as fj,,  in the pI'srIt study 

is given by, 
rw, 

J IoRjdw 

io J - pw 3  

J 
l01?,d 

-r 
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5.3 Conditions for Validity of Extra-terrestrial Calculation 

Noting that lb = (I - Id), i& can be written as, 

Id  Ib=I (1_ i) =kTIO (1--j-) (5.12) 

where, kT is the hourly clearness index. 

Using Eq. (5.12) in Eq. (5.10), ji  can be expressed as, 

rwss  

J krI0(1—Id/[)RbfdW 

- w 33  

fwnr 

k7'Ic,(l - fd/[)Rbdw 

Considering (Id/I) to be a function of hourly clearness index, kT only, Eq. (5.13) can be 

rewritten as, 
fWs, 

J f(kT)I0R&12dw 

12 = (5.14) 

J f(kr)IoRbdw 

If atmospheric transmittance or daily clearness index, KT = 1.0, the hourly clearness 

index, kT,  also is unity throughout the day and (Id/I) = 0, yielding f(k7) = 1.0. Thereby, 

fj from Eq. (5.14) reduces to, 

,w53  

J I0R,j2dw 
f W' - 

— 
Io  b (1 

- 
,J• .) 

w3r 

Thus, extra-terrestrial values and terrestrial values of the shading factor are identical 

when atmospheric transmittance is unity which can be expected. However, even if kT 

remains constant throughout the day, Eq. (5.14) reduces to Eq. (5.15). Thus, shading 

factor calculation under extra-terrestrial condition is exact, not. only wlieii K'1  = I .0. but 

also when T  is constant throughout the day, not necessarily equal to unity. In general, J'j 

and J values can be expected to differ since KT 1.0 and k-r is not uniform throughout 

the day. 

5.4 Monthly Average Shading Factor for Receivers Shaded 
by Infinite Overhangs under Terrestrial Conditions 

5.4.1 Infinite Overhang without Gap between Overhang and Window 

From Sun's [114] algorithm, when the overhang extends to infinity on both sides of the 

receiver and the gap between the top of the receiver and the overhang base is zero (later 
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Figure 5.2: Shading of window caused by infinite overhang 

in §5.4.2, the methodology has been generalized to include the gap between the receiver 

top and the overhang base), referring to Figure 5.2, the instantaneous shaded area. A is 

given by, 

A3 =YW (5:16) 

The projection of the shadow over the window, Y is related to the zenith angle. G, 

the solar azimuth angle, fs  and the surface azimuth angle, -y from [1141 by, 

P P cos 03 - 

tan 0 cos(-/3 
 - 'y) sin 0 cos(73  - y) 

The the angle of incidence, 9, for a vertical surface of azimuthal angle -y from [6] is given 

by, 

cos9 = sin 9 cos(y3 
- ) (3.18) 

Using Eq. (5.18) in Eq. (5.17), the instantaneous shaded area A 3  given by Eq. (5.16) can 

be expressed as, 

A3
- 

P147 c0s03 
fr 

- cos 9 
Using Eq. (5.19) in Eq. (5.2) and noting that Aw  = HW W, the instantaneous shading 
factor 12 can be expressed as, 

P cos 03  
f = 

- H L, cos0 
= 1— tan'/Rb (5.20) 

where, V, is the angle between the vertical and an imaginary plane passing through the 

outer edge of the overhang and the window base: J?, (=cos 9/ cos 9) is the instantaneous 
tilt factor. 

Using Eq. (5.20) for f, in Eq. (5.10), the monthly average shading factor, fi  for 
infinite overhangs designated as, j  for clarity can be expressed by, 

IbRb 
I 

- 

tan 
dw / I&[R&— tan ']dw J 

j 00 - 
- Wsr V Rb 

- JWsr 
(5.21) 

J IFRbdw , ItR&dw 
1 

- tWs3 

L'. 
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Consider the integrand in the numerator of Eq. (5.21). Using Eq. (2.3) for Rb along with 

Eq. (2.4) for cos 0 and Eq. (2.8) for cos O, the integrand of the numerator of Eq. (5.21) 

can be written as, 

IbRbf1 = 4 [Rb - tan '] 

= l 
[ 
I A + Bcosw  + Csin w sin n/I 

. . 

—I (5.22) 
COSCOS)COSL + S1flPSIfl - - cos01 

Using Eqs. (2.5) to (2.7) for A, B and C and noting 13 = 7r/2, for the vertical receiver, 

after some what tedious but straight forward algebra, Eq. (5.22) simplifies to. 

(Cos 
'b \ I A*+Bcosw+Csjnw 1I&[R& — tannl']= JI .

(.).2.3) 
J Lcosøcosbcosw+snnsmhJ 

where, the constants A*, B and C* in Eq. (5.23) are given by, 

= sin(sincos13* cos  sinfl*  cos y ) 

B = cosö(coscos13+sinsinficos) (5.25) 

C* = cos ö sin fi* sin7 (5.26) 

in Eqs. (5.24) to (5.26) is given by, 

i3  = (13 + 5) (5.27) 

Comparing Eqs. (5.24), (5.25) and (5.26) for A*, B* and C with Eqs. (2.5), (2.6) 

and (2.7) for A, B and C, it can be readily noted that, fl, fl*  and ( ary nol.hing but. 

the constants in the equation for cosO for a surface with slope 3* = (/3 + b'). 

Thus, Eq. (5.23) takes the form, 

4[Rb — tan]= (_lb cosO* 
= I lb \ 

\cos) cosO cos) ' 
(5.28) 

where, 9 is the angle of incidence for the imaginary plane joining the outer edge of the 

overhang to the base of the receiver (window) which has a slope of ,L. It may be noted 
that R is nothing but the instantaneous tilt factor for direct radiation of this imaginary 

plane which has been referred to as shading plane by Jones (190). 

Let W r  and wSS be the apparent sunrise and sunset hour angles for the shading 

plane. By noting that Iw,.I ~ IwsI and jw 3 J ~ Iw.I and either I  or R becomes zero for 

lul > W r  and jwj > w31, it is sufficient to integrate the numerator of Eq. (5.21) between 

the limits w;r  to w. 
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Using Eq. (5.28) in Eq. (5.21), the monthly average shading factor for infinite over- 

hang is given by, 

JIbRdW 

\cos) 
Jw:rIb 

 Rb  dW 

cos 0 in Eq. (5.29), related to the window geometry can be expressed as, 

__________ 
11 r cos 

= 7 2 + = 
II 

+ = (3O) % 

 where, A,hp  is the area of the shading plane. 

Thus, Eq. (5.29) takes the form, 

I 1bR1 

w33 (5.31) 
4Rdw 

..I

,.  

Recalling that the monthly average tilt factors for direct radiation, Rb, and R for 

the receiver and the shading plane can be expressed by, 

fCls 

Rb 
 J 

1bRbdW 

J

= w w (5.32) 
IdW 

-w$ 

I&Jdw 
= w;. 

(5.33) 

J 
4(1W 

Eq. (5.31) now takes the form, 

= (e) (5.34) 

Eq. (5.34) is the same as the algorithm given by Jones [126] and Yanda and Jones [128]. 

However, fj  values differ depending upon the manner in which R. and Rh are evaluated. 

If Eqs. (5.32) and (5.33) are used, employing solar radiation data or r [12] and r [16] 

correlations for 4, . and Ab  are the values for the monthly average daily tilt factor under 

terrestrial conditions. When Ib is replaced by I in Eqs. (5.32) and (5.33) (approach of 

Liu and Jordan [16] and Klein [65]), the tilt factors are the extra-terrestrial values which 

have been employed by Jones [126] and Yanda and Jones [128]. Designating the monthly 

average shading factor for the infinite overhaiìg obtained under extra-terrestrial conditions 

by f j01  A000  can be expressed as, 

R70  
ftoco 

- T 
\ 1w / ltbo 
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and .kj), are the monthly average daily tilt factors for direct radiation for the shading 

plane and the receiver under extra- terrest rial conditions. 

In the present investigation, fj has been evaivated using Eq. (5.34) along with 

Eqs. (5.32) and (5.33) for and Rb  employing TE [12] and rd [16] correlations to express 

I&. This approach has been followed by Klein and Theilacker [66] to evaluate the monthly 

average tilt factor under terrestrial conditions. Lahiri [67] later generalized the algorithm 

to include asymmetry in the solar radiation distribution employing modified correlations 

for Tt and rd [15]. For the sake of completeness, compact expression for Rb valid under 

terrestrial condition available in Lahiri [67] is reproduced below, 

- Rb0 +bClJ2/(a—Df) 
Rb (5.36) 

1 + bC2/(a - Dj) 

where, Rb0' is obtained from, 

R50  = C111 (5.37) 

In Eqs. (5.36) and (5.37), the constants C, and C2  are given by, 

C1  = / 

1 
(5.38) 

2 B (siii w3  - w cosw3 ) 

= 
(w8 /2- sin 2w3 /4) 

(5.39) 
(slnw8  —w8 cosw) 

The integrals I, and 1-2 in Eqs. (5.36) and (5.37) are the definite integrals defined by, 

fWs 

cos Odw  
W3r 

12 = cos9coswdw (5.41) 
W3r 

Expressions for I, and 12  can be derived easily and are available in Lahiri [67] which are 
reproduced here. I, and 12 are given by, 

= 'P1 (w) 
- Ip (W,r ) if W $r  < WSS 

I = Ipj(w33) - Ip(—w3) + Ip,(w) - Ipi(Wsr ) if W sr  > W (5.12) 

12 = 'P2(t.8s) - Ip2(wsr) if 0-tsr < W ss  

12 = Ip2(wss) - Ip2(—w8) + 'p2(w8) - Ip2(w8 ) if Wsr > w 8 (5.43) 

R is the monthly average daily tilt factor for direct radiation under extra-terrestrial cotiditiotis defined 
by, 

Rbo J IORdw/J I0dw 
which on simplification becomes, 

.Rbo=1 cosedw/f cos 9d 

Expressions given in Liu and Jordan [16] and Klein [65] are the result of evaluating Eq. (F5.2). 
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where, the primitives Ipi (w) and Ip2(w) are given by, 

Ipi(w) = Aw + Bsinw - Ccosw (5.44) 

w s1n2w\ COS2W - 

1p2(w) = A sin w + B 1 + 
, ) - C (5.15) 

It may be noted that I and 12 evaluated from Eqs. (5.42) and (5.43) can account for 

double sunshine period also, which may occur, particularly for the shading plane. 

Eq. (5.36) can be iise<l to ('valil ale !?7 by repla(i ii g with in eva lila lug .1 . 

and C* in place of A, B and C appearing in the primitives Ipi (w) and I1' 2(w) given by 

Eqs. (5.44) and (5.45). 

5.4.2 Infinite Overhang with Gap between Overhang and Window 

When a gap exists between the overhang and the window as described in Fignre 5.1, the 

solar radiation reaching the receiver, following Yanda and Jones [128], is the difference 

between the solar radiation falling on the shading plane-1 of slope = (90' + /') and 

the shading plane-2 with slope ,@ = (900 + '2). Shading factor for the receiver, when the 

overhang is infinite and a gap exists, under terrestrial and extra-terrestrial conditions can 

be expressed by, 

-. 
(1R (00 ' 

- I \cos'1 j R& \cos1'21 Rb 

h 
 
o2 

J000 
- "

* 
fr 

co b R0 COS 1 2 Rto

\ 

\ j 

 

In Eqs. (5.46) and (5.47), and 02  characterizing the two imaginary planes are related 

to the receiver-overhang geometry by, 

p 2 1 /2  
COS 01   = {+ 

(H, + G ) ] 
(5.48) 

p 21/2 
= 

1 G] 
i+() (5.19) 

5.4.3 Infinite Overhangs for Non-vertical Receivers 

When the receiver is non-vertical as shown in Figure 5.3, let the slope l)e I and the height 

measured along the receiver be H'. F' is the overhang projection. Let the vertical from 

the base of the receiver intersect the overhang at a point I. The vertical distance from the 

base of the receiver to the overhang is now (i.e. 01) H. The projection beyond I is P. 

For both the actual rer r represented by the line OR and an imaginary vertical 

receiver represented by 01, OS represents the shading plane. Thus, the radiation received 
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Figure 5.3: Non-vertical receiver and an infinite overhang 

by the non-vertical receiver of slope fi and projection P' is l.11(' sailie as llì(' radial iii 

received by the imaginary vertical receiver 01 of projection P. H and P are related to 

H', F' and /3 by, 

HW  = II'cos(90° —/3) (5.50) 

P = P'—H'sin(90°—/3)  

Equating the direct radiation received by the shading plane, imaginary vertical re-

ceiver and the actual receiver over the mean day of the month, it follows. 

Hb A = H36  A = A3h H6 R (5.52) 

where, H 6  and H36 are the direct radiation on the actual receiver and the imaginary 
It vertical receiver per unit receiver area respectively. A, is the area of the actual receiver. 

Expressing in terms of the shading factor and the monthly average daily direct radi-

ation on a horizontal surface of unit area, Eq. (5.52) can be re-written as, 

HbRf j'c A u  = llbRbfic,o flw  = AshpH&Rb (5.53) 

where, R, 14 and ] are the monthly average daily tilt factor for direct radiation for the 

actual receiver, the imaginary vertical receiver and the shading plane respectively. f 
and J are respectively the shading factors for the actual receiver and the imaginary 

vertical receiver. 

From Eq. (5.53), 

(~I~) J? 
- 

(A3i4 \ i [Aw  Rbl 
J3 = 

- A) L i 
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- j. ( & (5.54) 
- ' 3=90 \ \ H' R) 

4 

where, fjjj3=90 indicates the shading factor for the imaginary vertical receiver. It may 

be noted that JI 90  can be evaluated by Eq. (5.34) along with Eqs. (5.30), (5.32) and 

(5.33) given in the preceding section §5.4.1. 

By evaluating fj as an integral from the definitions of the instantaneous shading 

factor and tilt factor, equivalence of the formulation with the shading plane concept of 

Jones [126] has been established. The methodology allowed generalization for non-vertical 

receivers which has not been reported in the literature. By obtaining the monthly average 

shading factors for receivers shaded by infinite overhangs, it has been shown that fj 

under terrestrial conditions is a function of the diffuse fraction. The influence of (lie 

diffuse fraction can be assessed by examining the difference between fj0 and f j  given 

by Eqs. (5.34) and (5.35) when there is no gap and Eqs. (5.46) and (5.47) when there is a 

gap between the overhang and the window and Eq.(5.54) when the receiver is non-vertical. 

Numerical values for fj and fj0,  obtained for different projections, latitudes, az-

imuthal angles and months for 0.0 < D1  < 0.8, have been discussed in the section on 

Results and Discussion §5.7. 

5.5 Monthly Average Shading Factor for Finite Overhangs 

under Terrestrial Conditions 

5.5.1 An Outline of the Approach 

Monthly average shading factor for finite overhangs, in addition to the parameters which 

determine fj, depends also on the value of e characterizing the finite extensions. Ana-

lytical treatment for finite overhangs similar to the one described for infinite overhangs in 

§5.4 is difficult since the shaded area, A8  does not remain rectangular throughout the day. 

Depending on the latitude, declination, slope of the receiver and the azimuthal angle. even 

if it is possible to characterize the shadow area, a priori, the integral in the numerator 

of Eq. (5.10), if integrable, needs to be evaluated piece-wise. In order to alleviate this 

difficulty to obtain the monthly average shading factor under terrestrial conditions for 

finite overhangs, the approach followed in the present study envisages that A. contains 

the information about the geometric parameters and the diffuse fraction. Thus, it can be 

expected that the shading factor for finite overhangs be related to the infinite values doin-

inantly as a function of the extension only. Also, the difference between the shading factor 

values for finite and infinite overhangs vanishes (practically) for finitely large extensions, 

say e> 0.8. 
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5.5.2 Shading Factor for Finite Overhangs for South Facing Receivers 

Relation between Monthly Average Shading Factor Values for Finite and In-
finite Overhangs 

When the shading factor values for finite overhangs are related to the infinite overhang 

values, finite overhang values also display dependence on diffuse fraction, since fj depends 

on the diffuse fraction as it has already been shown. Assuming the changes in fj, and Jj 

values due to diffuse fraction to be similar, relations between finite and infinite iiioiil.hly 

average shading factor values have been developed for D f  = 0.4. The relations thus 

developed shall be validated for other diffuse fraction values in the section on Results and 

Discussion, §5.7. Based on the numerical results for w = 1.0, Dj = 0.4. ó = 25°. 300, 

400, 50° and 60°, declinations corresponding to all the 12 months, e = 0.0. 0.2. 0.4, 0.6 

and 0.8 and p = 0.2, 0.3, 0.4 and 0.5 relations between fi  and f j  have been developed. 

A. values have been calculated using Eq. (5.34) and fi  values have been obtained by 

numerical integration employing Eq. (5.8). 

Plots of fi  vs f j  are shown in Figures 5.4(a), 5.4(b) and 5.'l(c) for e = 0.0, 0.4 and 

0.8 respectively for p = 0.2 and in Figures 5.4(d), 5.4(e) and 5.4(f) for p = 0.4. From 

Figures 5.4(a) to 5.4(1), when f j  > 0.0, f j  can be related to f j  by an equation of the 

form, 

f=M+NJ  

where, M and N are constants which depend, in general, on the extension ( and the 

projection p. 

If, according to Eq. (5.55), fj < fj<, fi  is to be evaluated as, 

ji=jw,° (5.56) 

It is interesting to note that f j  and f values are linearly related (within a small difference) 

as shown in Figures 5.4(a) to 5.4(f). Each of Figures 5.4(a) to 5.4(f) include all latitudes 

and declinations. Dependence on latitude and declination is contained in  

Best fit values for the constants M and N have been determined for c = 0.0, 0.2, 

0.4, 0.6 and 0.8, and p = 0.2, 0.3, 0.4 and 0.5 and are given in Table 5.1. Thus, j values, 

using Eqs. (5.55) and (5.56) along with the values of the constants Al and N given in 

Table 5.1 for different projections and extensions, can be estimated from f,,<, which can 

be calculated from simple expressions. 

k 
Attempts to correlate M and N with p and e have not been successful. It may 

be noted that M and N are monotonically related to e but M and N vary some what 
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Figure 5.4: Relation between f, and f jo,, values for different overhang projections and 

extensions (a) p = 0.2, e = 0.0; (b) p = 0.2, e = 0.4; (c) p = 0.2, e = 0.8; (d) p = 0.4, 

e = 0.0, (e) p = 0.4, e = 0.4 and (1) p = 0.4, e = 0.8 
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Table 5.1: Values of the constants M and N in Eq. (5.55) to estimate fi  from f j , (when 

Jico > 0.0) 

Overhang Extension, e 

p Constants 
0.00 0.20 0.40 0.60 0.80 

M 0.210 0.097 0.046 0.021 0.005 
0.2 

N 0.766 0.887 0.948 0.978 0.997 

M 0.232 0.114 0.058 0.031 0.017 
0.3 

N 0.740 0.863 0.932 0.964 0.981 

M 0.277 0.155 0.092 0.056 0.035 
0.4 

N 0.671 0.800 0.879 0.923 0.953 

M 0.290 0.165 0.098 0.059 0.036 
05 

N 1  0.655 1  0.784 1  0.866 1 0.918 1  0.950 

irregularly with p. Also, the variation in M and N with p is small. A plot of f vs  A. for 

all projections for e 0.0, 0.2, 0.4 and 0.6 are shown in Figures 5.5(a) to 5.5(d). At some 

penalty of accuracy, can be related to fj independent of p by, 

(5.57) 

Best fit values for M and iVy., for different extensions are given in Table 5.2. M and 
N given in Table 5.2 are correlated to e by, 

M = 0.258xp 290' (5.58) 

Np = 0.703 + 0.627 - 0.377 e2 (5.59) 

Using Eqs. (5.58) and (5.59) in Eq. (5.57), fj is related to fi,, through a single 

equation by, 

= 0.258 exp_2.9OC + [0.703 + 0.627 e - 0.377 e2] Jj (5.60) 

The relative accuracies in predicting 1i from li,, using Eq. (5.55) along with the 

different constants for different extensions and projections vis-a-vis the single equation 

given by Eq. (5.60) will be discussed in the section on Results and Discussion §5.7. 

f Values when f = 0.0 
4. 

It can be noticed from Figures 5.4(a) to 5.4(f) that fj values are non-zero, when f j  = 0.0 

and differ depending on the latitude and declination. Non-zero fi  values corresponding 

k 
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Table 5.2: Values of the constants M and N in Eq. (5.57) to estimate f, from  f1 (when 
4 f>0.0) 

Overhang Extension, e 
Constants 0.00 

I 0.20  I 0.40 1 0.60 1 0.80 

M 0.258 1  0.140 0.079 1  0.046 1  0.026 
N 0.703 0.824 0.897 0.9'lI 0.970 

Table 5.3: Values of the constants m and n to estimate Jj° from w for south facing receivers 

e 0.00 0.20 0.40 0.60 0.80 

rm 0.245 

1.018 

0.174 

1.569 

0.160 

1.917 

0.153 

1.801 

0.16J 

1.539 

to Aoo = 0.0, designated as ft, result due to solar radiation reaching the receiver from 

the sides. In other words, when the projection of the overhang is such that the shadow 
length (Y is Figure 5.2) is greater than or equal to the window height throughout the day, 

A. = 0. However, since the shaded area on the receiver (window) need not be rectangular 

when the overhang is finite, fi 0 0. Also, it can be envisaged that f 9  values for a given 
extension e, be independent of the projection p, since the radiation reaches the receiver 

from the sides only. This has been verified numerically and found to be true. in view of 

this, it is proposed that ft values be correlated to w, which describes the duration of the 
possible sunshine on the receiver. 

A plot of A0  vs for w = 1.0, D1  = 0.4, e = 0.0, 0.2, 0.4, 0.6 and 0.8 for 25° < 6, < 
60° and —23.05 < 5 < 23.09° is shown in Figure 5.6. lio is remarkably well correlated to 
w for all latitudes and declinations and extension e will be a parameter in the relation 
between ft and w. ft is correlated to w by an equation of the form, 

fio  = m {W - (e+0.2)J (5.61) 

where w', is in radians. Best fit values for m and n for e = 0.0, 0.2, 0.4, 0.6 and 0.8 are 

determined and are given is Table 5.3. It may be noted that the term (e+0.2) in Eq. (5.61) 

has been arrived at by realizing that ft —+ 0 for w > 0. The value of w for which f2 0 
depends on the extension. 
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It may be noted that f'q. (5.61) is valid for 250  <q K 600, —23.050  < S K 23.09° and 
0 e —< 0.8. Eq. (5.61) predicts f2 values within a difference of 0.00.5 compared to the 
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Figure 5.6: Relation between f,P and w for different overhang extensions for south facing 
receivers 

values obtained by numerical integration. For e > 0.8 without significant loss of accuracy 
f, = 0. In otlierwords,  

5.6 Shading Factor Values for Non-south Facing Receivers 
Shaded by Finite Overhangs 

j for non-south facing receivers can be calculated using Eq. (5.34) or Eq. (5.46) with 
no additional difficulty compared to that for south facing receivers. Fortunately, the 
relation between ft and fj for a given p and e does not depend on 0 and 6 for south 

facing receivers. Even the apparent sunrise hour angle w does not explicitly appear in the 
relation between ft and j for south facing receivers. Thus, for non-south facing receivers, 
it can be expected that the relation between fi  and f j  does not depend on the apparent 
sunrise and sunset hour angles, Wsr and w. However, for non-south facing receivers, 

solar radiation falling on the receiver and the shading caused by the overhangs are not 
symmetric around w = 0. In view of this, relations between ft and fj, for non-south 
receivers will be dependent additionally on -y. 

The difficulty arising owing to non-symmetric shading for receivers with 0 is 
proposed to be alleviated by considering shading factors for two time intervals separately 
during w,, to w. To split w3  to w8  dur1n into two parts, the hour angle chosen is 
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the hour angle corresponding to (ys 
- = N = 0. This choice has been made realizing 

that, if the shading factor for south facing surfaces is split into two parts from —w'  to 0 

and 0 to , the hour angle w = 0 corresponds to 7d = 0. Of course, the shading factor 

values for forenoon and afternoon for south facing receivers will be equal. 

When 'y 54 0, let the hour angle corresponding to 7d = 0 be designated as w0 . w0  can 

be obtained by solving the equation (see, Duffie and Beckman [6], page-16), 

sill w cos 6 
sin = (5.62) 

sin O 

Expressing sin O in Eq. (5.62) from Eq. (2.8) for cos O from Chapter 2, w0  is governed by, 

A2  c0s2 w0  + B2  cosw0  + C2 = 0 (5.63) 

where, the constants A2 , B2  and C2 are given by, 

A2 = sin  2  cos2 0  cos2  6 - c052  6 (5.64) 

B2  = 2 sin2 7s  Sjfl 0 COS 0 sin 6 cos 6 (5.65) 

C2  = cos2  6 + sii2 78 sin 2 sin2  6 - sin 2 73  (5.66) 

w0  is given by, 

1 —B2 ±B-4A2C2 
- w0  = cos— (.67) 2A2  

The correct value ofw0  is obtained by considering positive sign for the radicai in Eq. (5.67) 

and noting that wo  > 0 if > 0 and w0  < 0 if < 0. 

Let HbT1  and HbT2  be the direct radiation reaching the unshaded non-south facing 

receiver during w,, to w0  and w0  to w 3  respectively. If Al and 1i2  are the shading factors 

for these two durations separately, the overall daily shading factor ji  is given by, 

- H&T1 Li + H5T 
( 

2 J2 - 

f = .68) 
HbT 

where, HbT "bTl + HbTz. Al  and fj2 are defined by, 

IbRbf 

Li = W.,r
WO—  = (5.69) 

IbRb J IbRbdW 
Wsr 

and 
w 33  

IbRbf1dw 
(5.70) fi2 = 

4Rhdw 
WO  

1bRb 
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It may be noted that A, and 112  are the shading factors for the two time intervals, 

when sunshine duration (w3r  to w33) is split according to a common feature qualitatively 

similar to that for south facing receivers. When the overhang is infinite, let. f1 and 

be the shading factor values for the durations W$r to w0  and w0  to w respectively. It 

is proposed that, fii  and 1t2  be correspondingly related to fii  and fj 2  by the same 

relations developed for south facing surfaces. Thus, wlieii fj1,2 > 0, 

111,2 = M+Nf11,2  

where, iVI and N are the same constants given in Table 5.1 for different projections and 

extensions. 

If 111,2 < f11,2 according to Eq. (5.71), fi1,2  is to be evaluated as. 

.111,2 = fi1.2 (5.72) 

fi and fi2  are defined according to, 

- 
(A8h p \ R 1 r - 

Jco1 - (.)..3) 
A. j Rb1 

- (Ashp\ '52 f12 - ----- 

'ta, 
-s--

b2 
(5.4) 

\ /  

where, R, Rb1,  R 2  and R&2  are defined by, 

R 1  = I 1bRbdW/f 4dw (5.75) 
W $r 

Rbi = jlbRbdw/Jlbdw (5.76) 

1 b2 = jIbRdW/JI/ dW (5.77) 

Rb2 
= L IbRbdW/Jlbdw (5.78) 

When f?b*l  R 2  are defined according to Eqs. (5.75) to (5.78), all-day R and R,, are related 

to the part values by, 

Rb_Rbl+Rb2 (5.79) 

Rb = Rb1 + R42 (5.80) 

ii and R62  etc. can be evaluated from Eq. (5.36) using the appropriate limits2  of jute-

grat ion. 

2 For example, considering Rb1, the limits of integration being wsr to w0  in the numerator and —w to 

w3  in the denominator, Rb1 is to be evaluated using Eq. (5.36) modifying Eqs. (5.42) and (5.43) for 11  and 
12 as, 

Ii = Ipi(wo) - IP2(W31) if Wr <  W. 

12 = IP2()o) - lP2('.'sr) if War < o 
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Similar to the relations developed for south facing receivers for f'l when fj .. = 0, iii 

terms of w (actually w can be interpreted as the duration from 4.' = —w to w = 0 or 

w = 0 to w = ), it is proposed to relate fj 1  when = 0, to - '-Jsr) and £2  when 

fi2 = 0, to (w33 
- 

These durations are commonly designated as fi and fi2, 

when fj and f2  are zero, are designated as fj and f. 

Plots of f91,2  vs are shown in Figure 5.7 for e = 0.0 for y = +30° and ±600  and 

for e = 0.2 for y = 30°. When I-ri > 60° [actually computeel for II = 90°] even for c = 0, 

f1.2 are nearly equal to zero. Also, when e = 0.2, f2 values are close to zero for 171 = 60° 

and 901. the plots shown in Figure 5.7 are for non-zero (significant) values of f2. It may 

be noted that the values of f,2  in Figure 5.7 have been obtained for both negative and 

positive values 017 since, when fii = 0, fioo2 0 and vice-versa. It is interesting to note 

that both f291  and A02 are correlated by a single line, which supports the splitting of the 

duration Wr to w 3  into two intervals. These correlations are independent of p since f[ 2 

are due to radiation entering from the sides. For Î > 0, fjol  is related to w[= ( 
- 

by, 

ii'; = 0.008+0.010w 0 0  +0.072w 2  

= 0.006 + 0.047w 0  + 0.089w 02  

= 0.021 - 0.110w + 0.152w 02  

when (' = 0.0. = 30° (5.81 

when e = 0.0,7 = 60° (5.82) 

when e=0.2,7=30° (5.83) 

For -y < 0, Eqs. (5.81) to (5.83) yield f with w 0  = [w3 
- 

Eqs. (5.81) to (5.83) predict f 2  djffering by less than 0.008 compared to the values 

obtained by numerical computations. 

The method proposed to evaluate fi  for non-south facing receivers in ternis of two 

shading factors Al  and f12  related to f jj  and Ji2  by the same relations developed 

for south facing receivers, when fii  and £2  are greater than zero, becomes available 

when validated. have been related to the extension and a duration of suiishine by 

Eqs. (5.81) to (5.83). The validation is presented in the section on Results and l)iscussion, 

5.7 

Ka 

-4' 



U.2 U.4 O.b U.b IL) 

in radians 

Figure 5.7: Relation between fP1,2  and w for different overhang extensions for non-south so 

facing receivers 

5.7 Results and Discussion 

Numerical values for f j  obtained using the present algorithm, Eq. (5.34), and fi  obtained 

using the equations3  developed in the present study have been validated against hour by 

hour numerical computations according to Eq. (5.8) expressing lb  in terms of r j  [12] and 

rd [16] correlations as per Eq. (2.27). In the numerical summation procedure, according 

to Eq. (5.8), an interval of 5° for w has been employed. Values of f j  obtained by the 

present algorithm have also been compared against the values obtained using the approach 

of Utzinger and Klein [125] and the values obtained employing hour by hour summation 

procedure using solar radiation data. 

For the purpose of validation, numerical values have been obtained assuming the gap 

to be zero and the receiver to be vertical, south facing as well as non-south facing for 

finite and infinite overhangs. When a gap exists or when the receiver is non-vertical, no 

new concept is involved and hence no numerical results have been given. Results and 

discussion are broadly classified into infinite overhangs and finite overhangs. In general, 

Eq. (5.55) along with the constants M and N given in Table 5.1 when fj > 0 and Eq. (5.56) when 

J, < fi. as per Eq. (5.55). 

Eq. (5.61) along with the constants m and n given in Table 5.2 when f, = 0.0. 

For non-south facing surfaces, Eq. (5.68) has been used along with the aforementioned equations to calculate 

Al and J,2. 

"II 
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Figure 5.8: Validation of J against f(nurn) for -y = 00, p = 0.3 and Dj = 0.4 

the shading factor values obtained by numerical integration are designated by j1 (11t1m) 

or f(num). 

5.7.1 Infinite Overhangs 

J j  values obtained employing Eq. (5.34) have been compare(l with the values obtained 

using Eq. (5.8) where Sun's [114] algorithm for the instantaneous shading factor has been 

used. Utzinger and Klein [125] suggested a value of e > 3, when w > 1, for which unite 

-4. and infinite overhang values differ insignificantly. To obtain f1 (num) values aCCOr(llllg to 

Eq. (5.8), e = 10 has been employed in the present computations. 

Plots of A. vs j(num) for = 25°, 300, 400, 500  and 600, —23.05° <b < 23.090. 

Df  = 0.4, p = 0.3 for -y = 00  and 601  respectively are shown in Figures 5.S and 5.9. It 

can be noticed from Figures 5.8 and 5.9 that no difference can be found graphically and 

the numerical values differed by less thari 0.001. This comparison establishes the validity 

of the algorithm (Eq. (5.34)), particularly, in using and determining the apparent sunrise 

and sunset hour angles W r  and w for the shading plane correctly and replacing W,, and 

w3  of the receiver in Eq. (5.21) with we, and w in Eq. (5.29). In what follows, deviation 
SS 

of Jj values from fj (i.e., the values obtained under extra-terrestrial conditions) values 

for south facing and non-south facing receivers is discussed. 
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Figure 5.9: Validation of J against fj(num) for y = 60°, p = 0.3 and D f  = 0.1 

South Facing Receivers 

Shading factor values for infinite overhangs under extra-terrestrial conditions have been 

obtained using Eq. (5.35). A plot of (fj/Jj°) vs declination 6, for monthly average 

daily diffuse fraction equal to 0.2 and 0.8 is shown in Figure 5.10 for c'. = 300, w = 1.0. 

p = 0.3, g = 0 and y = 00. As can be expected, (Jj<.,0/fj0)  differs less from unity when 

D f  = 0.2 whereas, (f/fj)  is as high as 1.15 for Df = 0.8, when 6 = 9.4° (April). 

Thus, for practical values of D1  = 0.4 to 0.6, differences up to 10 % between fj and f0 

can be expected for south facing receivers. It can be noticed also that.. (fj/f.) > 1.0 

for 5 > 0 and (/j) < 1.0, when S < 0. Also, (fj/f0) 1.0, when S = 0. Both 

these features are in conformity with the behaviour of R&,  when I)j changes. According 

to present notations, when = 0 and S = 0, Rb0 = R& for any Df and also, Rb > Rb0 

when S > 0 and R5 < Rb0 when 5 < 0. The same trend is reflected in fj  also, since it is 

a function of (R/R&) and both R and R& do not change with D f  for S = 0, when = 0. 

(f0/fj) for S > 9.40, for p = 0.3 and = 300  takes indeterminate form since R and 

are zero. The condition for f or fj, to be zero for 7 = 0°, 6 > 0 can be easily 

derived by setting the angle of incidence for the shading plane to be 7r/2 at w = 0. This 

yields, ' > (- 5). In terms of the overhang geometry, V,  ~: (- 6) iml)lies. p '::~ tan(c -6). 

For example, for p = 0.3, = 300 , A. = A000 = 0 for S > 13.30. 

A plot of (/j) vs D f  for S = -23.05° (December) and S = 18.8° (May) for 
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Figure 5.10: Variation of (Jj/f0) with declination; = 30°, 1̂ = 00, w = 1.0. p = 0.3, 

g = 0.0 and D1  = 0.2, 0.8 

= 40, p = 0.3 and 
' 
= 00  is shown in Figure 5.11. 6 = 18.8° has been chosen since 

for higher 6 (say, June), the shading factor values are small and the percentage differences 

could be misleading. (j/j) varies from 1.02 to 1.10, when 6 = 18.8° and from 0.995 

to 0.975, when 6 = -23.05° when D f  changes from 0 to 0.8. It may be noted, that. when 

Dj = 0, f j since the distribution of 'b  obtained from rt and rj correlations with 

Df  = 0 does not reduce to 10  distributIon. Maximum difference between fj and j j  
4 is 9.8 %. For typical values of D1  = 0.4, when -y = 0°, 5 % difference between extra-

terrestrial and terrestrial value can be expected. however, higher percentage differences 

occur at lower latitudes. 

A plot of (fj/fj) vs the projection p is shown in Figure 5.12 for 6 = -9.6° 

(October), 6 = 2.2° (September) and 6 = 940 (April) for = 30°, -y = 00 and D1  = 0.4. 

deviates more from unity as p increases. It may be noted that this deviation 

is higher, in general, when 6> 0, when A.  I  A000  ~4 0. 

Variation of(j/j20 ) with latitude for three values D1  = 0.2, 0.4 and 0.8 are shown 

in Figures 5.13 and 5.14 for 6 = -9.6°, -18.9° and 6 = 9.4°, 6 = 18.8° respectively for 

p = 0.3 and -y = 00. Ii 
- (fi/fi ... )I decreases as 0 increases at any given !). In general, 

A diffuse fraction effect is higher at low latitudes and is more significant in stinirner months. 
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Figure 5.11: Variation of (f/fj0) with diffuse fraction; q5 = 400, = 00, w = 1.0, 

p = 0.3, g = 0.0 and ö = -23.05°, t = 18.8° 

1.10 
O_2.2.2.9 6 = -9.60  

= 2.2°  
1.08 = 9.4°  

1.06 
WN  

1.04 

1.02 

1.00 

0.98 

0.96 

(' UA 

0.20 0.30 0.40 0.50 

Projection, p 
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Figure 5.13: Variation of (/J) with latitude; y = 0°, w = 1.0, p = 0.3, g = 0.0 and 
6 = —9.6°, 5 = 18.90  

Tabulated Values: 

Summary values of fj and A. for p = 0.3 with w = 1.0, g = 0.0 are given in Table 5.4 

for three representative months, March, June and December for q5 = 20°, 251, 300, 400, 500  
and 60° for = 01. Under the column D, 'Ext.' indicates the ext ra- terrestrial shading 
factor values j, whereas, the other values correspond to D f  = 0.2 to 0.8. Values of the 
ratio fj/j which indicate the percentage changes are given in Table 5.5. 

Non-south Facing receivers 

Values of fj and fj for 300, 600  and 900  also are given in Table 5.4 and the ratio values 

in Table 5.5 for the aforementioned values of the other parameters. From the sumniarized 

values given in Table 5.4, the following points emerges: 

As y increases, both fi3O  and fj000 values increase for a given 0 and diffuse fraction 

for March and June, whereas, the values decrease in December. It may be noted. in 

general, that the shading factor values are higher in December. 

Ifjoo - 20001 increases as increases for a given , month and difi use fraction. Of 
course, Ifioo - .1io001 increases as D f  increases. 

4 
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Figure 5.14: Variation of (L/J) with latitude; y = 00 , w = 1.0, p = 0.3, g = 0.0 and 

6 = 9.40, 6 = 18.80  

3. For a given -y, Ifi - lio,, I decreases as 0 increases, indicating that at lower latitudes 

influence of diffuse fraction on the shading factor is significant. 

It appears that the influence of diffuse fraction on the shading factor for non-south 

facing receivers is more significant than that for the south facing receivers. For example, 

in March, = 20°, y = 30°, j = 0.604 and f = 0.546 at D f  = 0.4 and fj. = 0.421 

at D f  = 0.8, percentage chnages of 9.6% and 29.8%. For -y = 0, fj = 0.318 and 

= 0.306 at D f  = 0.4 and fj = 0.286 at D f  = 0.8, percentage changes of 4 % and 

10%. 

Plots of (fj/fj°)  vs -y for = 201, 40° and 601  at D f  = 0.4 and 0.6 are shown 

in Figures 5.15 to 5.17. The deviation of (f/f) from unity indicates the dilference 

between the extra-terrestrial value and the terrestrial value. For example, at D f  = 0.1, 

fi 0.9 f for 0 = 20° in the month of March. 

5.7.2 Finite Overhangs 

South Facing Receivers: 

Performance of the equatns developed in the present study, to obtain the shading factor 
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Table 5.4: Tabulated values of fj and f j  for different azimuthal angles; p = 0.3. g = 0.0 

Values of and  A. 

March June December 
- 

-y = 0° 30° 600  90° y = 00 30° 60° 90° 'y = 0° 30° 600 900 

- Ext. 0.318 0.604 0.729 0.759 0.000 0.250 0.658 0.738 0.76() 0.736 0.774 0.777 

0.2 0.309 0.562 0.689 0.721 0.000 0.209 0.612 0.699 0.747 0.717 0.743 0.741 

20 0.4 0.306 0.546 0.674 0.704 0.000 0.192 0.593 0.682 0.742 0.712 0.731 0.726 

0.6 0.299 0.510 0.636 0.653 0.000 0.154 0.548 0.641 0.731 0.696 0.703 0.689 

0.8 0.286 0.424 0.530 0.538 0.000 0.055 0.406 0.512 0.708 0.663 0.627 0.569 

- Ext. 0.453 0.630 0.738 0.767 0.000 0.265 0.660 0.741 0.796 0.770 0.790 0.789 

0.2 0.447 0.594 0.701 0.729 0.000 0.227 0.616 0.703 0.783 0.756 0.762 0.756 

25 0.4 0.444 0.581 0.686 0.714 0.000 0.213 0.598 0.686 0.781 0.750 0.751 0.742 

0.6 0.440 0.551 0.651 0.674 0.000 0.181 0.556 0.647 0.772 0.739 0.726 0.707 

0.8 0.431 0.481 0.555 0.551 0.000 0.096 0.426 0.520 0.754 0.716 0.659 0.593 

- Ext. 0.551 0.661 0.750 0.776 0.000 0.297 0.664 0.746 0.828 0.803 0.807 0.803 

0.2 0.546 0.631 0.715 0.740 0.000 0.264 0.623 0.708 0.819 0.792 0.783 0.772 

30 0.4 0.544 0.619 0.702 0.725 0.000 0.252 0.606 0.693 0.816 0.788 0.773 0.760 

0.6 0.541 0.596 0.670 0.687 0.000 0.226 0.568 0.655 0.809 0.780 0.732 0.728 

- 

8 0.534 0.540 0.582 0.568 0.000 0.155 0.450 0.533 0.794 0.762 0.695 0.621 

Ext. 0.686 0.727 0.781 0.800 0.002 0.389 0.681 0.760 0.883 0.865 0.848 0.837 
0.2 0.683 0.707 0.751 0.767 0.002 0.369 0.646 0.726 0.878 0.859 0.831 0.813 

40 0.4 0.682 0.700 0.740 0.753 0.002 0.362 0.632 0.713 0.876 0.857 0.825 0.803 

0.6 0.680 0.684 0.731 0.719 0.002 0.347 0.602 0.680 0.872 0.852 0.811 0.779 

- 

0.8 0.676 0.651 0.643 0.610 0.002 0.305 0.509 0.569 0.861 0.840 0.772 0.691 

Ext. 0.779 0.792 0.818 0.830 0.297 0.495 0.707 0.781 0.932 0.921 0.895 0.878 

0.2 0.777 0.779 0.795 0.802 0.303 0.485 0.680 0.753 0.929 0.918 0.886 0.862 

50 0.4 0.777 0.774 0.786 0.790 0.304 0.482 0.670 0.742 0.928 0.916 0.883 0.856 
0.6 0.775 0.765 0.765 0.760 0.307 0.476 0.648 0.716 0.925 0.914 0.876 0.842 

- 

0 0.772 0.745 0.711 0.666 0.315 0.457 0.579 0.622 0.919 0.907 0.855 0.783 
Ext. 0.851 0.852 0.861 0.867 0.506 0.593 0.735 0.808 0.974 0.970 0.951 0.929 
0.2 0.850 0.844 0.844 0.844 0.511 0.589 0.717 0.786 0.973 0.969 0.949 0.924 

60 0.4 0.849 0.842 0.837 0.835 0.512 0.588 0.711 0.778 0.973 0.969 0.948 0.922 

0.6 0.848 0.836 0.823 0.811 0.515 0.586 0.698 0.760 0.972 0.968 0.917 0.917 

- 

0L8 0.846 0.824 0.784 0.734 0.522 0.581 0.655 0.689 0.971 0.966 0.943 0.902 
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Table 5.5: Tabulated values of the ratio i/fi for different azimuthal angles; p = 0.3, 

g = 0.0 

Values of the ratio finolfi000  

- 
March June December 

= 0 30° 600  900  = 00  300  600  900 y = 00 30° 60° 900 

- 0.2 0.970 0.929 0.946 0.950 - 0.834 0.931 0.946 0.982 0.971 0.960 0.951 
20 0.4 0.960 0.903 0.924 0.928 - 0.769 0.902 0.924 0.975 0.965 0.944 0.935 

0.6 0.939 0.844 0.873 0.875 - 0.617 0.832 0.869 0.961 0.945 0.908 0.887 
0.8 0.899 0.701 0.728 0.709 - 0.218 0.617 0.693 0.931 0.901 0.810 0.133 

- 0.2 0.986 0.942 0.949 0.951 - 0.856 0.934 0.948 0.986 0.982 0.965 0.958 
25 0.4 0.981 0.921 0.929 0.931 - 0.802 0.907 0.926 0.981 0.975 0.951 0.940 

0.6 0.970 0.874 0.882 0.880 - 0.683 0.842 0.873 0.971 0.961 0.920 0.896 

- 

0.8 0.951 0.763 0.751 0.719 - 0.363 0.646 0.702 0.947 0.930 0.835 0.751 
0.2 0.991 0.954 0.953 0.954 - 0.888 0.938 0.950 0.989 0.987 0.970 0.962 

30 0.4 0.988 0.937 0.935 0.934 - 0.847 0.913 0.929 0.986 0.982 0.958 0.946 
0.6 0.982 0.901 0.892 0.885 - 0.760 0.855 0.879 0.977 0.072 0.932 0.906 

- 

0.8 0.970 0.817 0.775 0.732 0.521 0.677 0.714 0.959 0.949 0.861 0.773 
0.2 0.996 0.973 0.962 0.959 1.034 0.947 0.948 0.956 0.994 0.993 0.980 0.971 

40 0.4 0.994 0.963 0.947. 0.942 1.044 0.929 0.928 0.938 0.992 0.990 0.973 0.959 
0.6 0.991 0.942 0.914 

. 
0.899 1.063 0.892 0.884 0.895 0.987 0.984 0.957 0.930 

0.8 0.985 0.895 0.823 0.763 1.111 0.784 0.746 0.748 0.975 0.971 0.91() 0.826 
0.2 0.997 0.984 0.971 0.966 1.018 0.980 0.961 0.964 0.997 0.996 0.990 0.982 

50 0.4 0.996 0.978 0.960 0.952 1.023 0.973 0.947 0.950 0.996 0.995 0.987 0.975 
0.6 0.994 0.967 0.935 0.916 1.033 0.961 0.916 0.917 0.993 0.992 0.979 0.959 
0.8 0.991 0.941 0.869 0.802 1.059 0.923 0.819 0.796 0.987 0.984 0.935 0.892 
0.2 0.998 0.991 0.980 0.974 1.010 0.994 0.975 0.973 0.999 0.999 0.998 0.994 

60 0.4 0.997 0.988 0.972 0.963 1.013 0.993 0.966 0.963 0.999 0.999 0.997 0.992 
0.6 0.996 0.981 0.955 0.935 1.019 0.989 0.948 0.940 0.998 0.998 0.996 0.987 

- 

0.8 0.993 0.967 0.910 0.847 1.033 0.980 0.891 0.852 0.907 0.996 0.992 0.970 



0.90 

[i'II 

160 

'S 

------------------ 

Q2220 ço=200  

• ---- D 
go=400  

=O.6 AAS_aco=60°  
1111111111111,, 1111111 

0.95 

0.8 
45.0 60.0 75.0 90.0 

Azimuth angle, y 

Figure 5.15: Variation of (/J) with 
' 

for the month of March; w = 1.0, p = 0.3, 

g = 0.0 and D f  = 0.4 and 0.6 

S. 

S.. 

-1 
.0 

0.80 

114 

[IWAII 
/ 1' 

/ D=O.4 
00000 5o=200  

f O.6 
(• An II II iiilujiiiiui illiiiiiiiil 111111111 

50.0 45.0 60.0 75.0 90.0 
Azimuth angle, y 

Figure 5.16: Variation of (f/fj) with  'y  for the mouth of .June; iv = 1.0, p = 0.3, 

g = 0.0 and Df  = 0.4 and 0.6 



1.00 

0.95 

0.90 

III1EIIIEEE 
• - ço=20° 

D0.4 00000 ço=40 
=6O0  

1111111111 III iiiliiiiiiii I II liii I 

161 

45.0 60.0 75.0 90.0 

Azimuth angle, y 

Figure 5.17: Variation of (fj/fj0) with  y  for the month of December; w = 1.0, p = 0.3, 

g = 0.0 and D f  = 0.4 and 0.6 

for finite overhangs from the values for the infinite overhangs, is examined in this section. 

fi  has been calculated numerically by hour by hour summation, using Eq. (5.8), designated 

as 12 (num), for 0 = 25°, 30°, 40°, 50° and 60° for all the 12 months, w = 1.0, g = 0.0, 

p = 0.2, 0.3, 0.4 and 0.5, and e = 0.0, 0.2, 0.4, 0.6 and 0.8, and D f  = 0.2, 0.4 and 0.6. A.  

values have been obtained using Eq. (5.34) for the same parameters. f j  has been predicted 

using Eqs. (5.55) and (5.56) along with the constants given in Table 5.1. When f = 0.0, 

fi  designated as f° has been predicted using Eq. (5.61). 

Plots of f j  predicted using the aforementioned equations developed in the present 

study vs num) are shown in Figures 5.18, 5.19 and 5.20 for D = 0.2, 0.4 and 0.6 for y = 

0°. The rms differences are respectively 1.72%, 1.62% and 1.63%, which are comparable 

and low. Thus, even though Eq. (5.55) and other equations have been developed for 

D f  = 0.4, the equations are equally valid for other diffuse fraction values as well, since 

j, the predictor in Eq. (5.55), is a function of diffuse fraction. Thus, the shading factor 

values for south facing receivers can be calculated under terrestria.l conditions for finite 

overhangs from the easily calculable infinite overhang shading factor values. 

The performance of the single equation [Eq. (5.57)] developed for all projections is 

depicted in Figure 5.21 for the aforementioned parameters for Df = 0.6. The rms difference 

is 2.0%, which is not signific. •Iigher compared to 1.63 % when different equations for 
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different projections and extensions have been used. Thus, at a panalit.y of only 0.4 % 
(rms), shading factor values for south facing overhangs can be predicted using Eq. (5.57), 
valid for p = 0.2 to 0.5, e = 0.0 to 0.8. Of course, when e > 1.0, fj, values can be used 
for f, with insignificant difference. 

Non-south Facing Receivers: 

The procedure suggested in the present study in §5.6 to obtain the shading factor values for 

non-south facing receivers shaded by finite overhangs is tested by first obtaining f(niini) 
values according to Eq. (5.8) for = 300 60° and 90° and then comparing with the values 
as obtained from Eq. (5.68), designated as f(predicted). It may be rioted that. 

fj1 and 1i2 
values needed in Eq. (5.68) are obtained as nielitioried 

in §5.6. froiti Eq. (5.71 ) using Ire 
same values for M and N (Table 5.1) developed for south facing receivers. fi1,2 needed 
in Eq. (5.71) are obtained using Eqs. (5.73) and (5.74). 

Plots of J(predicted) vs j(num) for 30°, 60° and 90° are shown in Figures 5.22, 
5.23 and 5.24. Values of the other parameters are: 0 = 250, 300, 400, 50° and 600, p = 0.2, 
0.3, 0.4 and 0.5 for all 12 months. Compared to J(nuni), fi is predicted within a. rms 
difference of 2.42 %, 3.65 % and 4.78 % for = 300, 60° and 90° respectively. Though, 
these rms differences are not large, they are larger than those for south facing receivers, 

predicted with even the single equation [Eq. (5.57)] for all projections and extensions. 
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Also, the agreement deteriorates as 'y increases. A detailed examination on this agreement 

revealed, that, in general the agreement deteriorates as the projection and azimuthal angle 

increase. Also, a detailed examination of the agreement between the predicted and the 

actual part values, i.e., during the two intervals WSr to w0  and w0  to w,,  revealed the same 

information. The rms differences between fj(predicted) and f(nunt) [the CO!nj)arisolls 

shown in Figures 5.22 to 5.24 are for y = 30°, 60° and 90° respectively] for p = 0.2 (only) 
are respectively 1.53%, 2.12% and 2.56% for -y = 30°, 60° and 90°. Thus, it is considered 
that the procedure described in §5.6 to predict fi  for non-south facing surfaces from the 
corresponding values of li,, is valid for low p, say, upto p = 0.2. In what follows a simple 
procedure to predict fj for higher values of the projection from the values at p = 0.2 is 
described. 

Procedure to obtain fj for a desired projection from known values for a particular 
projection: Consider the finite overhang and the window causing a shadow line Yi from 

the top edge of the window. The theme is dipicted in Figure 5.25. Let the lit, area comprise 
of (A 1  + A11). It is assumed that A 1  and (A 1  + Aji ) are the equivalent lit areas 
corresponding to Aoopi  and fipi  at a projection P1. At another projection, say. P2,  let 
fioop2 be the shading factor value when the overhang is infinite. Let be the distance 
from the top edge of the window to the shadow line caused by an infinite overhang of 
projection P2. The objective is to obtain 42 corresponding to P2  from fip, and 
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fioop2. It may be noted that f j and Jp2  can be easily calculated from Eq. (5.33) and 

fi is predicted by following the procedure of §5.6. 

From Figure 5.25, within the frame work of the assumptions made, 

- 

- 

(H—Y1)WY1 
H,,, W - 

1 

(5.84) 

- 

- 
(H - Y1 )W + A11  - - A11

Apt 
- 

- 

- L00 + 
Hl'V 

(5.85) 

Solving for A11, 

A fi  = f,iHW - (5.86) 

X1  shown in Figure 5.25 is now given by, 

- 
2 W(J21— fiOOp1) 

- /1 (5.87) 
(J. - Jioopl) 

Similar to Eq. (5.84), fj,2 is given by, 

2 
Jtoop2 

- 
A' 

From Eqs. (5.84) and (5.88), 

- Yi  = li1J? 
- fp2) (5.89) 
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Figure 5.25: Effective shaded areas of window when shaded by finite overhangs of two 

projections 

.ñp2 from geometry is given by, 

(H,L, - Y2)W + A11  + X1(Y2  = - Y1 ) 
:p2 

HW 
(5.90) 

In writing Eq. (5.90) the additional shaded area for the projection P2  is assumed to be 
given by X1(Y2  - Y1 ). Using Eq. (5.86) for A1 1 , Eq. (5.87) for X1  and Eq. (5.89) for 
(1"2  - Yi ), in Eq. (5.90) f,2 can be obtained from, 

p2 = oop2 + ( - ) 
(i 

p1 
 I2(f 

- focp2)l 
(5.91) 

-J) ] 
Validalion of Eq. (5.91): 

From the values of f j  at p = 0.2, values of fj for p = 0.3, 0.4 and 0.5 have been obtained 
using Eq. (5.91). It may be noted that f, at p = 0.2 has been calculated using Eq. (5.71) 

along with the correlations developed for south facing surfaces relating the finite overhang 

values to the infinite values. f j  for p = 0.3, 0.4 and 0.5 have been calculated for 0 = 25°, 
300, 40°, 50° and 60°, for all 12 months, for D1  = 0.4, w = 1.0, g = 0.0 and e = 0.0. The 

comparison between (num) obtained using Eq. (5.8) and f(predicted) using Eq. (5.91) 

is shown in Figures 5.26, 5.27 and 5.28 for -y = 30°, 60° and 900 respectively. Now, the 

agreement is within 0.7% rms for all the azimuthal angles considered. It is interesting 

to note that Eq. (5.91) developed based on gross average worked well in predicting the 

shading factor values for non-south facing receivers shaded by finite overhangs. Of course, 

Eq. (5.91) calls for the value of j,  at some projection. It is recommended that this input 



168 

4 cDo 

I I I I I I I I I 

730°  

I, 

Am 

-o 

.? 0.60 
0 rD 
a- 

0.40 

r ')(\ 

0.40 0.60 0.80 1.00 

Ti (num) 
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information is obtained for a low projection say, p = 0.2 since the procedure developed in 

§5.6 for non-south facing receivers yields values within a rms error of 2.5 % for low p. 

It may be noted that some deviation can be noticed in Figure 5.26 for low values of f 
which have been traced to belong to 0 < 25° and the extreme declination, 6 = 23.09°. it 

may be noted that for low latitudes and high positive declinations the sunshine duration 

itself is low. 

5.7.3 Comparison against Other Methods and Values obtained using 
Solar Radiation Data 

Infinite Overhangs 

f j  values have been calculated following Utzinger and Klein's [125] procedure (under 

ext ra- terrestrial conditions) as well as using Eq. (5.34) for four locations [3 Indian locations, 

New Delhi (0 = 28.58°), Ahmedabad (0 = 23.08) and Trivandrurn (0 = 8.18°) and one 

US location, Madison, WI (0 = 43.10°)] for all 12 months. The (lal.a have been taken from 

[132] for Indian locations and the TMY data supplied with TRNSYS, Version 12.1 [133] 

for Madison, WI. The values obtained using Utzinger and Klein's procedure have been 

4 
designated as J(U&K). f j  values, designated as j(data), have been obtained using 

Eq. (5.8) by employing hour by hour solar radiation data. Values of the other parameters 

are: y = 00 , 300, 600  and 900 . = 0.3. 
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Plots of fj(U&K), fj(present) vs f(data) are shown in Figures 5.29 to 5.32 for 
= 00, 30°, 60° and 90° respectively. fj,(present) values are always closer to j(data). 

The rms differences between J(present) and J 00(data) are respectively 1.16 %, 4.31 %, 
4.26% and 4.32% for -y = 00, 30°, 60° and 90°. The corresponding differences between 

f(U&K) and fj(data) are 4.68%, 14.22%, 11.70% and 9.92%. This indicates that 

diffuse fraction effect needs to be taken in to account for non-south facing receivers. 

Finite Overhangs 

Similar plots for finite overhangs with e = 0.0 and 0.4 are shown in Figures 5.33 to 5.36. 

It may be noted that 12 (U&K) is the value for the finite overhangs obtained under extra-

terrestrial conditions following Utzinger and Klein [125]. fj(present) values are obtained 

using the equations developed in the present study. 11 (data) are the shading factor values 

for the four locations obtained employing hour by hour solar radiation data using Eq. (5.8). 

The rms differences between f;(present) and f(data) are 1.31 %, 4.46%. 4.62% and 4.68% 
for 'y = 00, 30°, 60° and 901. The corresponding differences between Jj(U&K) and fj(data) 

are 4.97%, 10.68%, 9.64% and 8.76 %. It may be noted that the rrns differences for finite 

overhangs, when the equations developed in the present study are used, are slightly higher 

than those for infinite overhangs. This is due to, though not significant, the correlal.ions 
developed in the present study,  lwing used to obtain f j  from f j . For finite overhangs 

-1 
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also, calculations under ext ra- terrestrial conditions according to Utzinger and Klein [125] 

yield values which differ from the data values. This deviation is higher for higher 'y. l'ltus, 

monthly average daily diffuse fraction needs to be taken into account in calculating the 

shading factors for non-south facing receivers. 

5.8 Conclusions 

Expressing the monthly average shading factor for receivers shaded by infinite overhangs 

as an integral, on evaluating the integral, it has been shown that the resulting expres- 

sions are a statement of the equivalence with the shading plane concept of .Joues [126]. 

This procedure enabled generalization for non-vertical receivers. An examination of the 

expressions for j show that it depends on the monthly average daily diffuse fraction and 

the dependence is similar to the dependence of R5  on the monthly average daily diffuse 

fraction. 

For south facing surfaces, shading factor values for infinite overhangs under terrestrial 

and ext ra- terrestrial conditions coincide when t = 0. A. > fj when 6 > 0 and 

< when 6 < 0 for south facing receivers. 
4 

A procedure has .becii developed to calculate the monthly average shading factor 
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for finite overhangs under terrestrial conditions by developing correlations between the 

finite and infinite shading factor values. This procedure takes advantage of the simplicity 

in calculating the shading factors for infinite overhangs and the equations developed are 

linear for a given e and p. Such equations have been applied and validated for non-

south facing receivers as well by splitting the duration of sunshine into two time intervals; 

from apparent sunrise hour angle to w0  (w corresponding to d = 0) and from w0  to 

apparent sunset hour angle. The procedure developed to predict the shading factor for 

finite overhangs for a desired projection from the value for a lower projection (say. p = 0.2) 

is simple and accurate for all y. 

Shading factor values calculated under terrestrial conditions compared to the values 

obtained under extra-terrestrial conditions typically differ by 5 % for south facing receivers 

and differences of even 15 % occur when bf  = 0.4 to 0.6. In general, the percentage 

differences are higher at lower latitudes. For non-south facing surfaces, as y  increases, 

the difference between fj,0 and  fj increases. Of course, for finite overhangs also the 

difference between f and 1i  increases as y  increases. 

Values of the shading factors for infinite as well as finite overhangs obtained following 

Utzinger and Klein's [125] procedure and the present approach (under terrestrial condi-

tions) have been compared with the values obtained following numerical integration using 

hour by hour solar radiation data for four locations. Shading factor values obtained by 

the present approach are always closer to the data values and the rms difference is within 

1.5% to 5 % as y increases from 00 to 90°. 

-4 



Chapter 6 

Evaluation of Monthly Average 
Shading Factor for Surfaces 
Shaded by Wingwalls under 
Terrestrial Conditions 

6.1 Introduction 

Studies pertaining to evaluation of monthly average shading factor for receivers of general 

orientation by infinite and finite overhangs, taking into account atmospheric transmit-

tance, have been described in Chapter 5. Windows in general, are provided with vertical 

projections (commonly referred to as wingwalls) on either sides for reasons of shading. as 

well as, for architectural aesthetics. Similar to overhangs, wingwalls also cast a shadow on 

the receiver and the sunlit area depends on the sun's position and the orientation of the 

receiver. The edge of the shadow, caused by a wingwahl, is a vertical line on the receiver, 

whereas, due to an overhang it is a horizonta.l line. Studies available in the literature 

on estimating the solar radiation received by surfaces shaded by wingwalls are far less 

compared to the studies on overhangs. 

Sun's algorithm [114] provides a method to obtaiii the instantaneous shading factor 

for surfaces shaded by wingwalls. Studies on monthly average shading factor due to 

wingwalls in conjunction with the overhang which is commonly referred to as egg-crate 

structures have been reported by Barozzi and Grossa [129]. Another study by l)clsante and 

Spencer [130] dealt with the estimation of the proportion of sky seen by windows shaded 

by horizontal or vertical projections which can be used to calculate the diffuse radiation 

incident on the shaded window. Thus, studies to estimate monthly average shading factor 

for wingwalls to be associated with the direct radiation and the influence of projection 

and the receiver orientation are not available in the literature. 
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In the present study, it is assumed that the wingwalls are infinite in the vertical 

direction. Even when the wingwalls are finite, this assumption practically yields acceptable 

results since extensions below the window do not cause or prevent, a. shadow on the receiver 

and at the top of the window, generally, an overhang exists which prevents solar radiation 

entering from the top analogous to side entry of solar radiation when the overhang is 

finite. Also, in the case of multi-storied tall structures, wingwalls continue throughout the 

height of the building. The present chapter is devoted to develop a, method to estimate the 

monthly average shading factor for surfaces of general azimuthal angle shaded by infinite 

wingwalls under terrestrial conditions. Atmospheric transmittance (or clearness index) 

appears as a parameter through monthly average daily diffuse fraction. 

6.2 Basic Geometry and Shading Factor 

The basic geometry of a vertical wingwall-shaded receiver (window) of height, B, and 

width, W is shown in Figure 6.1. The slope of the vertical receiver, /3 is equal to 90° 

and the azimuthal angle of the receiver is -y. Two vertical wingwalls, perpendicular to the 

receiver, with projections P1  and P2  (usually, P1  = P) also are shown in Figure 6.1. The 

wingwalls are separated from the sides of the window by a gap G. The wingwalls extend 

in the vertical direction by E from the top of the window. The non-dimensional width w, 

projections Pm  and p2,  gap g and extensions e are obtained by referring the dimensional 

quantities to the height of the window. Thus, 

W P1 P2 C E 
w= —, pj =  —, P2 -, g=— and (6.1) 

If Ai is the irradiated area of the window and A5  is the shaded area of the window 

-t caused by the wingwalls, the shading factor at any instant, f, is given by. 

Ai A3  
f=—=1—-- (6.2) 

where, A (=HW) is the window area and Aw  = (A + A5). 

The solar radiation over a small period of time (say, 1-hr) per unit receiver area, I, 

analogous to Eq. (5.3) is expressed as, 

Is = Ibs+Ids 

= IbRbfi + 'ds (6.3) 

In Eq. (6.3), lbs  is the direct radiation on the receiver surface and Ids is the total diffuse 

radiation reaching the receiver comprising of sky-diffuse radiation and reflected radiation 

from the ground and the inner side of the wingwalls. The present study is concerned with 

estimating the direct radiation T. given by IbRbfi and its monthly average daily value. 
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Figure 6.1: Basic geometry of window shaded by wingwalls 

Summing Eq. (6.3) over all the hours and days in a month, the monthly average daily 

solar radiation per unit receiver area, H can be expressed as, 

11= f'f+ft d s (6.4) 

where, "ds  is the monthly average daily diffuse radiation reaching the receiver comprising 

of sky-diffuse and reflected radiation from the ground and the iiiner side of the wingwalls. 

R& is the monthly average daily tilt factor for direct radiation for the vertical receiver. 

Analogous to Eq. (5.10), the monthly average shading factor for direct radiation for 

the receiver shaded by infinite wingwalls 1 and 2 is given by, 

f 
wo tW3 

4RffldW / 
- W3r Jwo 
fic = (6.5) 

1bRbdW 

It may he noted that, in Eq. (6.5), w0  is the hour angle corresponding to -y = - 
= 

where 'y is the receiver azimuthal angle and Ys  is the solar azimuthal angle. Since the 

wingwalls are perpendicular to the receiver, in writing Eq. (6.5), it is realized that, for 

w > w0, wingwahl-1 does not shade the receiver and for w < w0, wingwall-2 does not shade 

the receiver. When there is only one wingwall, say, wingwall-1, 112 = 1.0, thereby 2nd 

integral in the numerator of Eq. (6.5) is nothing but the direct solar radiation received 

by the window during w0  to w, Thus, Eq. (6.5) is valid for receivers with an arbitrary 

azimuthal angle and shaded by either one or two wingwalls. 
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Following the analysis given in §5.3 of Chapter 5, it is straight forward to show that 

the monthly average shading factor, evaluated on the mean day of the month. f is equal 
to the shading factor under extra-terrestrial conditions fj0 , not only when Ky = 1.0 but 
also when kT is uniform throughout the day, not necessarily equal to unity. 

6.3 Monthly Average Shading Factor for Receivers Shaded 
by Infinite Wingwalls under Terrestrial Conditions 

6.3.1 Infinite Wingwall without Gap between the Wingwall and the 
Window 

It is assumed that the wingwall is infinite. There is no gap between the edge of the window 

and the wingwall. Referring to Figure 6.2, consider wingwall- I only. Let 9 he the angle 

of incidence at the hour angle w with respect to the outer normal of the receiver. The 

projection of the sun's ray on horizontal make an angle 7d with the projection of the 

outer normal of the receiver on the horizontal. The width of the shadow in the plane 

of the receiver is X. Let X' be the length of the projection of the sun's ray on the 

horizontal between the edge of the wingwall and the shadow edge. If o is the altitude 

angle (complement of the azimuthal angle 9), X' is given by, 

X' = L cosa3 (6.6) 

where L is the length of the sun's ray between the edge of the wingwall and the receiver. 

Considering the plan (see, Figure 6.2(b)) of the wingwall-receiver geometry along 
with the sun's ray, it follows, 

P_ P sin(90° 
- i'd) 

- Lcoscx8 (6.7) 

from which, 
P P 

sin(900 
- i'd) COS a, = COS i'd COS  as (6.8) 

Also, from Figure 6.2(b), 

x = L COS a3cos(90° 
- i'd) = Lsini'd COS c (6.9) 

Using Eq. (6.8) for £ in Eq. (6.9), X is given by, 

= 
Psin -y 

COS7d  

A From the definition of the instantaneous shading factor, 

ui 
XI!,,;) Psin7d

) = (i -
11  ii; = ( — 1 

W  COS  7d 
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Figure 6.2: (a) Sun's ray on the wingwall- receiver geometry at an hour angle w; (b) Plan 

of the sun's rays on horizontal. 

Consider the integrand IbRbf1 in the first term of the numerator of Eq. (6.5), 

.1bRbfil = IbRb[1_ 
Psin'yd] 

W COS jf 

sin  d 
= I& IRb - Rbtan'1 I (6.12) 

L COSydJ 

where, is the angle between the receiver and the imaginary plane joining the outer edge 

of the wingwall-1 to the opposite side of the receiver. 
A 

Using Rb = cos9/cosO [Eq. (2.3)] and expressing cos9 = sin 0 cos(y3—'y) [Eq. (5.18)], 

Eq. (6.12) can be re-written as, 

1bRbf1 '6 
sin O cos fd sin O  cos 7d  si 'i sin  yj 

= 
I COS 0, COS COS COS "Id 

- 
16 0 Id cos " COS - Sfl Sifl "Id Sill

cosi,1 [
sin 

cosO 

- 
'6 ISm O{COS 1d cos - sin "Id sin } 

- cos'1  L cos 

lb 1sinOz cos(7d+&1)1 
= I I (6.1.3) 

costI'1  L cosO 

Using 7d = I7s - 71, Eq. (6.13) can be re-written as, 

I&1? - 
'b I sinez coS(7s _7r) 

cos, cosOz 1 
(6.14) r 
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where 

= 7 + I'i (6. I 5) 

Noting the term in the parentheses of Eq. (6.14) is the tilt factor for a vertical surface of 

azimuthal angle y, Eq. (6.14) becomes, 

- 

J& Rbf1 
IbR1 

- cos,1  
(6.16) 

In Eq. (6.16), cos 01  in terms of the window-wingwall geometry can be expressed as, 

_____ 
= 

p2 + W 2  H/P2  + W 2  A 
(6.17) _____  

where Ah1  is the area of the imaginary plane-i pertaining to wingwall-1. 

Thus, 
- 

Ashpl i&ILbJi1 A 1b'41 
nw 

Similarly, 

IbRbfj2 
= 

A312 IbRb2 (6.19) 

In Eqs. (6.18) and (6.19), R 1  and R 2  are the instantaneous tilt factor for direct radiation 

for plane-1 and plane-2 which may be termed as the shading planes for wingwall.s 1 and 

2 respectively as shown in Figure 6.3. It is interesting to note that the shading plane 

concept valid for infinite overhangs is valid for infinite wingwalls also, with the following 

differences. 

i. The shading plane is now found by joining the outer edge of the wingwall to the 

opposite side of the receiver. 

2. The shading planes for the wingwalls (1 & 2) differ from the receiver by having 

different azimuthal angles, and whereas, the shading plane of the overhang 

differs from the receiver by having a different slope, /3*• 

Using Eqs. (6.18) and (6.19) in Eq. (6.5), monthly average shading factor for infinite 

wingwalls is given by, 

= 

("'hp')
AID 

 JwO 1&id+ 
( A

A?v
sh2) 

.L: 1b12(1WA00 (6.20) 

f 

The lower limit of integration for the first term in the numerator of Eq. (6.20) and the upper 

limit of integration for thc 11, term in the numerator of Eq. (6.20) can be replaced by 

and 4321  where the nercript '' refers to the imaginary planes in general and the 
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Figure 6.3: Resulting shading planes when a ga.p is present. 

subscripts 1 and 2 refer to the imaginary planes 1 and 2. As has been explained in Chapter 

5 §5.4.1, this replacement is admissible since ' < lw,,I 
and w2 < w. Dividing the 38 

numerator and the denominator of Eq. (6.20) by f Idw (=Hh), Eq. (6.20) takes the 

form, 
(Ashpl"\ 

'
.
i+ 

 (A3hp2'\ 
—* 

— ,
w 

 )b , 
- \'/ 
- 

— O. 21) 
Rb 

Similarly, the shading factor under extra-terrestrial conditions can he expressed as, 

fW ss  

J IoRtf2idw+J I0Rbf2dw 0 WO-   
Jioc'3 - fW 

J I0Rdw 
w3  

(A3hp1'\ .-* (A3 /Lp2"\ 

A ) 
R&01 + 

A ) '4o2 
- W W (622 

R&o 

In Eqs. (6.21) and (6.22), R, R2, o1  and j42  are defined by, 

'U0  

J IbRi dw 

J
= (6.23) 

l&di' 
—Us 

ft U;52  

—* 

R = 

IbR 2 dW 
U0  

b2 JUS 

lb dw 
(6.24) 

—U, 

jU0 

0 bl I R dw 

(6.25) bol - fws  
I dw 

—Us 
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I I0 R 2 dw 

lLbo2 — w3  

L. I dw 

It may be noted that the instantaneous tilt factors R 1  and R 2  for the imaginary 

planes  1 and 2 are to be evaluated with y = yj and y = respectively. R and R 21  the 

part average tilt factors can be evaluated following the procedure exactly similar to that 

described in Chapter 5 §5.6. 

6.3.2 Infinite Wingwall with Gap between the Wingwall and the Win-

dow 

When a gap exists between the wingwall and the window, the solar radiation reaching the 

receiver is the sum of the contributions during w3, to w0  and w0  to wss. Let the shading 

planes 1' and 2', as shown in Figure 6.3, be formed by joining the edges of the wingwalls to 

the vertical side of the window adjacent to the wingwall under consideration. Referring to 

Figure 6.3, When a gap exists, solar radiation reaching the receiver during W$r to w0  is the 

difference between the solar radiation falling on the imaginary plane-i and I'. Similarly, 

solar radiation reaching the receiver during w0  to w is the difference between the solar 

radiation falling on the imaginary planes 2 and 2'. The imaginary planes 1 and 1' are 

characterized by the azimuthal angles 'y = + and y, = y + Similarly, for the 

planes 2 and 2', = - '2 and = - 02'. The angles , i/' and '2, 12' are shown 

in Figure 6.3. Thus, when a gap exists between the wingwall and the sides of the window, 

the monthly average shading factor can be obtained from, 

A00 = 
[(AshP1) 

J 
WO 

 I&R i  dw  - 
(AshP1l) f0 

IbRi,  dw 
UP UP 

+ 
(h1?2) 

£ 2  IbR2 dw - 
(A2;) 

L 21  1b R21
Azil 

dw] 

~ [J IbRbdw] (6.27) 

Dividing both the numerator and the denominator of Eq. (6.27) by the horizontal 

radiation H& and after rearrangement, Eq. (6.27) can be expressed as, 

(  A  
 - - A.  ) bl + ) b2 - [(~~A~ ) bl' + (A~. ) b2' 
A00 - - (6.28) 

Rb 

Similarly, the shading factor under ext ra- terrestrial conditions, when a gap exists, 

can be expressed as, 

{(Ashp1\ (Ashp2'\ R 
60
* 1 [(A3h p1F" (A312i" 

) bol + Aw ) 2j 
- R A  ) bol' + A ) bo2' 

f ,00 — (6.29) 



184 

where, R, and R 2, are defined by, 

weJJ. ltR 1,dw 
- , 

J 
- rI 
- (6.30) 

R 2, 

fW2$ 

lbR 2, dw 
- .Jwo  

- (6.31) 
1dw 

6.4 Results and Discussion 

Numerical values for A. using Eq. (6.21) when there is no gap between the wingwall and 

the receiver sides and Eq. (6.28) when the gap exists have been obtained for 0 = 20°, 25°, 
'1 30°, 40°, 50° and 60°, —23.051  < 5 <23.09°, y = 0°, 30°, 60° and 90°, p = 0.2, 0.3. 0.4 and 

0.5, g = 0.0 and 0.1 for D1  = 0.0, 0.2, 0.4, 0.6 and 0.8. fj values under extra-terrestrial 
conditions designated as f j also have been obtained using Eqs. (6.22) and (6.29) for the 
same values of other parameters except Dj; fj ,0 does not depend on D f . In order to 
validate the algorithms developed in the present study, A. values have been obtained by 
numerical integration also according to, 

IRf, 
-  f(iium) wsr 

 = (6.32) 
>IbRb 

where, fi  is the instantaneous shading factor given by Eq. (6.11). lb expressed in ternis of A 
rt  [12] and rd correlations [16] is given by Eq. (2.27). In evaluating Eq. (6.32)5° interval 
for w has been employed. 

6.4.1 Validation of the Algorithms 

A plot of A. vs f(num) is shown in Figure 6.4 for 250  < < 600, —23.05° < 6 < 23.9°, 
D f  = 0.4, 'y = 00  for p = 0.3 and g = 0.0. There is no difference between f j  and 
j(num) graphically. Numerical values differed by less than 0.001. 

Similar plot is shown in Figure 6.5 for -y = 600  for the same values of the other 
parameters mentioned above. The agreement is within 0.004. 

For g = 0.1, A00 vs fj(num) for 7 = 00  and 60° are shown in Figures 6.6 and 6.7. 

The values given by the present algorithm agree with the values obtained by numerical 
integration when g 0.0 also. 
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These validations essentially establish the validity of converting calculation of solar 

radiation falling on a shaded receiver (shaded by wingwalls) to calculating solar radiation 

falling on two appropriately defined shading planes. 

6.4.2 Comparison of A. and 

Shading factor values for the overhangs, taking diffuse fraction in to account (i.e., under 

terrestrial conditions) differed from the corresponding extra-terrestrial values not to an 

insignificant extent particularly at lower latitudes and when 'y 54 0°. Wingwalls constitute, 

by virtue of their orientation, shading planes which in general are characterized by y 00. 

Thus, it can be expected that f values differ more from fj for wingwalls. The values 

of f j0  and fj for three months, March, June and December, for receiver azimuthal 

angles, -y = 0°, 300, 60° and 90°, for different latitudes, 6 = 20. 25°, 30°, 10'. 50° and 

60°, for p = 0.3 and g = 0.0 are given in Table 6.1. Under the column D1 , 'Ext.' indicates 

the extra-terrestrial shading factor values f j , whereas, the other values correspond to 

Df = 0.2 to 0.8. The values of (fj/fj0) which indicate the percentage changes are also 

given in Table 6.2 for the aforementioned parameters. 

A plot of f j  and fj vs Dj when the receiver azimuthal angle is zero, for three 

months, March, June and December, for p = 0.3, g = 0.0 are shown in Figures 6.8, 6.9 

and 6.10 for = 25°, 40° and 60° respectively. fj, does not vary with V1. f, value at 

Df  = 0.0 is not equal to fj0 since Tt and 1'd  correlations do not yield I distribution when 

Df  = 0.0. When -y = 0°, for typical values of D1  = 0.4 to 0.6, fj, differs from f j by 

10 to 16 % for j' = 25° in the month of March. In the month of ,June, the corresponding 

difference is small, of the order of 1 %. At a latitude of 40°, the percentage change is 8 

Ow to 12 % in the month of March, whereas, when 0 = 601, it is 6 to 9 %. When 'y 0°, the 

percentage differences are higher in the month of .June. For example, when -y = 30°. at 

= 300  for Dj = 0.6, ji,, differs from f by 21 %. 

It may be noted from the values give!! in Table 6.2, the ratio (a/J) > I. as well 

as, (f/fj) < 1 depending on 0, , combination. (f/fi) is as low as 0.870 for 

Df = 0.6 for 0 = 500  in the month of December. This is in contrast to the values given 

in Table 5.5 for Chapter 5 for overhangs which are in general less than unity. Also, the 

change in fi,, values for wingwalls is much higher than the corresponding changes for the 

overhangs. For example, even when the receiver azimuthal angle is zero, at c = 25°, for 

p = 0.3, g = 0.0, Dj = 0.6, fj = 0.617 and fj = 0.532 for the wingwalls in the month 

of March. The corresponding values for overhang of the same dimension are fj = 0.440 

and = 0.453. These features may be attributed as due to differing changes due to D1  

in R, the tilt factor for the shading planes of overhangs and wingwalls. The change in R 
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Table 6.1: Tabulated values of A000  and f j  for (lifferent azimuthal angles; p = 0.3, g = 0.0 

Values of f, and f j  

- 

D1 
March June December 

7 = 0° 30° 60° 90° = 00 300  600  900  = 00 300  600  900  
Ext. 0.472 0.726 0.889 0.882 0.000 0.020 0.679 0.909 0.719 0.794 0.858 0.705 
0.2 0.514 0.740 0.887 0.864 0.000 0.024 0.685 0.912 0.748 0.796 0.834 0.678 

20 0.4 0.528 0.745 0.886 0.857 0.000 0.025 0.688 0.913 0.759 0.796 0.824 0.666 
0.6 0.558 0.756 0.884 0.838 0.000 0.028 0.695 0.916 0.781 0.797 0.803 0.638 
0.8 0.637 0.782 0.874 0.777 0.000 0.038 0.709 0.923 0.834 0.800 0.739 0.542 

- Ext. 0.532 0.742 0.883 0.860 0.207 0.226 0.725 0.928 0.745 0.795 0.838 0.680 
0.2 0.574 0.754 0.878 0.838 0.209 0.256 0.738 0.935 0.771 0.797 0.812 0.651 

25 0.4 0.588 0.759 0.876 0.829 0.209 0.267 0.743 0.937 0.781 0.797 0.802 0.638 
0.6 0.617 0.768 0.872 0.807 0.210 0.292 0.755 0.943 0.801 0.798 0.779 0.609 
0.8 0.695 0.789 0.852 0.735 0.211 0.369 0.790 0.961 0.850 0.803 0.713 0.506 

- Ext. 0.579 0.753 0.876 0.840 0.376 0.386 0.754 0.925 0.767 0.796 0.816 0.655 
0.2 0.619 0.764 0.867 0.816 0.382 0.425 0.770 0.929 0.791 0.799 0.789 0.625 

30 0.4 0.633 0.768 0.864 0.805 0.384 0.439 0.776 0.930 0.80() 0.799 0.779 0.612 
0.6 0.662 0.776 0.857 0.781 0.387 0.469 0.791 0.934 0.818 0.801 0.756 0.581 

- 
0.8 0.736 0.793 0.827 0.699 0.396 0.557 0.833 0.942 0.863 0.808 0.6.90 0.472 

Ext. 0.646 0.768 0.856 0.802 0.538 0.561 0.779 0.902 0.806 0.797 0.774 0.597 
0.2 0.684 0.777 0.842 0.773 0.550 0.595 0.795 0.900 0.825 0.800 0.747 0.565 

40 0.4 0.697 0.780 0.836 0.760 0.553 0.606 0.802 0.899 0.831 0.802 0.737 0.552 
0.6 0.724 0.787 0.823 0.731 0.560 0.629 0.816 0.898 0.846 0.804 0.715 0.521 
0.8 0.791 0.799 0.780 0.632 0.577 0.695 0.854 0.884 0.883 0.813 0.650 0.405 

Ext. 0.689 0.778 0.837 0.770 0.625 0.647 0.772 0.871 0.843 0.800 0.719 0.517 
0.2 0.725 0.785 0.818 0.737 0.637 0.670 0.787 0.866 0.856 0.804 0.697 0.488 50 0.4 0.737 0.788 0.811 0.723 0.641 0.677 0.792 0.864 0.861 0.806 0.689 0.477 
0.6 0.762 0.793 0.795 0.689 0.648 0.692 0.804 0.859 0.870 0.809 0.673 0.450 

- 
0.8 0.823 0.803 0.744 0.578 0.666 0.734 0.836 0.836 0.898 0.819 0.619 0.343 

Ext. 0.718 0.784 0.820 0.745 0.677 0.693 0.740 0.832 0.894 0.820 0.629 0.330 
0.2 0.752 0.791 0.798 0.709 0.688 0.708 0.756 0.829 0.899 0.821 0.618 0.314 60 0.4 0.764 0.793 0.790 0.694 0.691 0.712 0.762 0.828 0.901 0.822 0.614 0.309 
0.6 0:787 0.798 0.772 0.656 0.697 0.721 0.774 0.825 0.904 0.822 0.606 0.297 
0.8 0.844 0.806 0.715 0.534 0.713 0.746 0.809 0.809 0.915 0.824 0.582 0.255 
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A 

Table 6.2: Tabulated values of the ratio for different azimuthal angles; p = 0.3, 

g = 0.0 

Values of the ratio f/f 

March June December 
- 

-y = 00  30° 601  900 -y 00  300  60° 900 -y = 00  300 600 901,  

0.2 1.089 1.019 0.998 0.980 1.200 1.009 1.003 1.040 1.003 0.972 0.962 

20 0.4 1.119 1.026 0.997 0.972 1 .250 1.0 13 1.001 1 .056 I .003 0.960 0.945 

0.6 1.182 1.041 0.994 0.950 - 1.400 1.024 1.008 1.086 1.004 0.936 0.905 

0.8 1.350 1.077 0.983 0.881 - 1.900 1.044 1.015 1.160 1.008 0.861 0.769 

- 0 1.079 1.016 0.994 0.974 1.010 1.133 1.018 1.008 1.035 1.003 0.969 0.957 

25 0.4 1.105 1.023 0.992 0.964 1.011 1.181 1.025 1.010 1.048 1.003 0.957 0.938 

0.6 1.160 1.035 0.988 0.938 1.014 1.292 1.041 1.016 1.075 1.004 0.930 0.896 

0.8 1.306 1.063 0.965 0.855 1.019 1.633 1.090 1.036 1.141 1.010 0.851 0.744 

- 0.2 1.069 1.015 0.990 0.971 1.016 1.101 1.021 1.004 1.031 1.004 0.967 0.954 

30 0.4 1.093 1.020 0.986 0.958 1.021 1.137 1.029 1.005 1.043 1.004 0.955 0.934 

0.6 1.143 1.031 0.978 0.930 1.029 1.215 1.049 1.010 1.066 1.006 0.926 0.887 

0.8 1.271 1.053 0.944 0.832 1.053 1.443 1.105 1.018 1.125 1.015 0.846 0.721 

- 0.2 1.059 1.012 0.984 0.964 1.022 1.061 1.021 0.998 1.024 1.004 0.965 0.946 

40 0.4 1.079 1.016 0.977 0.948 1.028 1.080 1.030 0.997 1.031 1.006 0.952 0.925 

0.6 1.121 1.025 0.961 0.911 1.041 1.121 1.047 0.906 1.050 1.009 0.924 0.873 

- 

0.8 1.224 1.040 0.911 0.788 1.072 1.239 1.096 0.980 1.096 1.020 0.840 0.678 

0.2 1.052 1.009 0.977 0.957 1.019 1.036 1.019 0.994 1.015 1.005 0.969 0.944 

50 0.4 1.070 1.013 0.969 0.939 1.026 1.046 1.026 0.992 1.021 1.008 0.958 0.923 

0.6 1.106 1.019 0.950 0.895 1.037 1.070 1.041 0.986 1.032 1.011 0.936 0.870 

- 

0.8 1.194 1.032 0.889 0.751 1.066 1.134 1.083 0.960 1.065 1.024 0.861 0.663 

0.2 1.047 1.009 0.973 0.952 1.016 1.022 1.022 0.996 1.006 1.001 0.983 0.932 

60 0.4 1.064 1.011 0.963 0.932 1.021 1.027 1.030 0.993 1.008 1.002 0.976 0.936 

0.6 1.096 1.018 0.941 0.881 1.030 1.040 1.046 0.992 1.011 1.003 0.963 0.900 

- 

0 1.175 1.028 0.872 0.717 1.053 1.076 1.093 0.9721 1.023 1.005 0.925 0.773 
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Figure 6.10: Variation of fjo,, and fj0  with D f  for March, June and December for = 60°; 

p=0.3,g=0.0,7=0° 

compared to the change in R& (the tilt factor for the receiver) for overhangs is due to D1  

but at = 90° and 0* > 900  for a fixed y. Whereas, for the wingwalls the change is due 

to bj  at 'y and for a fixed 0. The influence of .b f  on R (or 1) when y 54 0 is known 

to be more significant. This can be informed from the results of Klein and Theilacker [66] 

or detailed studies by Lahiri [67]. 

6.4.3 Tabulated Values 

Values of f for all the 12 months at D f  = 0.2, 0.4, and 0.6, for 6 = 20°, 40° and 
60°, p = 0.2, 0.3, 0.4 and 0.5, g = 0.0 for -y = 0°, 30°, 60° and 90° are given in Tables 

D.1 to D.4 of Appendix D. Values of f for g = 0.1 and for the same values of other 

parameter are given in Tables D.5 to D.8 of Appendix D. With the values given in these 

tables, shading factor values for infinite wingwalls for a wide range of latitudes, clearness 

indices (for which the corresponding D1  can be calculated if data value is not available) 

and projections can be readily obtained. Values of A.  can be graphically interpolated 

for values of the parameters not given in the range 20° < < 60°, 0.2 < Bj !~ 0.8, 
0.2 < p :5 0.5 with sufficient accuracy. 

A 
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Figure 6.11: Variation of fj with latitude, 0 for the month of March. June and December; 

p = 0.3, g = 0.0, and y = 00  

6.4.4 Dependence of Ac, on Latitude 

A plot of A. vs 0 at Dj = 0.4 and 0.6, for the months of March, June and l)ecernber, 

for p = 0.3, g = 0.0 for south facing receivers is shown in Figure 6.11. f j  monotonically 

increases with laitude. The increase is steeper in the month of June because at low 

latitudes the duration of sunshine on the receiver is small. 

Values of fj for different latitudes and aziniuthal angles for all the months can be 

found in the tables given in Apendix D. 

6.4.5 Dependence on Azimuthal Angle 

Variation of A. with ^I at different latitudes is shown in Figure 6.12 for the month of June 

and in Figure 6.13 for the months of March and December. Values of the other paranieters 

are, D1  = 0.4, p = 0.3, g = 0.0. f j  increases with y monotonically in the month of June. 

At lower values ofy, f j  is higher at higher 0, whereas, at, higher values oiy, ji,,  is lower 

at higher 0. From the variation of fiw  with y, as shown in Figure 6.13, in the month of 

December, fj decreases as -y increases for higher latitudes and at lower latitudes, say, 

lop- = 20°, it displays an increasing and decreasing trend with -y.  In the month of March, 

for 'y < 35°, f j  is higher at high latitudes, whereas, the opposite is true for > 35°. It 
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'J .(J.0 4.O 60.0 75.0 90.0 

Azimuth angle, y 

Figure 6.12: Variation of A. with azimuth angle, y for the month of June; p 0.3, 9 = 0.0, D1  = 0.4 

is to be noted that this behaviour for fio.  with is a result of A,,  being contributed b 
shading (or irradiating) of the receiver by one Wingwall up to a certain hour angle 

(w0 ) 
and the second wingwall takes over beyond that hour angle. Also, the shading planes are 
characterized by azimuth angle and . When 0°, and differ equally from 
but one is higher than and the other is lower. This leads to more and more asymmetric 

contribution to the lit area during the two durations, defined by Eq. (6.5). Thus, it is 

difficult to explain the behaviour purely on qualitative arguments. 

6.4.6 Dependence on Projection 

Variation of A.  with the projection, p, for south facing receivers is shown in Figure 6.14 

for the month of June and in Figures 6.15 for the months of March and December for 
different latitudes. Values of the other parameters are 

= 0.4, g = 0.0. It is easy 
to envisage that as projection increases, Ii. 

decreases. Similar figure for the receiver 
azimuthal angle 7  = 600 is shown in Figure 6.16. For 00  also, f decreases as p increases. 

rd 
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Figure 6.13: Variation of f j  with azimuth angle, y for the months of March and Decem-

ber; p = 0.3, g = 0.0, Df = 0.4 
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Figure 6.14: Variation of fj with wingwalls projection, p for the month of June; g = 0.0, 
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Figure 6.15: Variation of j with wingwalls projection, p for the month of March and 
December; g = 0.0, Dj = 0.4 and -y = 00 
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Figure 6.16: Variation of with wingwalls projection, p for the month of March, June 
and December; g = 0.0, D1 = 0.4 and 'y = 60 
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6.5 Conclusions 

Expressing the instantaneous shading factor in terms of 
ge- 

ometry, expressions for the monthly average shading factor for receivers shaded by infinite 

wingwalls on either side of the receiver have been developed. The expressions developed, 

taking into account atmospheric transmittance characterized by the monthly average daily 

diffuse fraction, are general enough to accomodate any receiver azimuthal angle and gap 

between the wingwall and the window. Interestingly, the shading factor is nothing but the 

ratio of the solar radiation received by a shading plane and the unshaded receiver. How-

ever, for wingwalls the shading plane is the plane joining the outer edge of the wingwall 

to the opposite side of the receiver. 

Monthly average shading factors evaluated under terrestrial conditions characterized 

.4 
by the diffuse fraction differ from the extra-terrestrial values considerably. Tabulated 

values of the shading factor for receivers shaded by wingwalls are given in Appendix D 

for a wide range of latitudes, azimuthal angles, wingwall projections and gaps for different 

diffuse fraction, a climatic feature. 

* 



Chapter 7 

Summary and Conclusions 

7.1 Introduction 
4 

Based on the literature review, the key processed information required in the design 

methods for solar energy systems have been identified. They are the monthly average 

transmittance-absorptance product for fiat plate collectors, monthly average optical effi-

ciency for concentrating collectors and monthly average shading factors for receivers of 

general orientation shaded by overhangs or wingwalls. The definitions available in the 

literature for transmittance-absorptance product for flat plate collector are either all (lay 

average values or the average values over the operating period of the collector both eval-

uated on the ineaii day of the month. For concentrating collectors tabulated single day 

average values for two cut-off periods have been reported by Gaul and Rabl [45] which are 

independent of latitude and are valid when the daily clearness index is high; KT = 0.75. 

According to the literature, the monthly average useful energy gain is evaluated as a 

product of FR, AT, and a monthly average transmittance-absorptance product or the 

optical efficiency. The definition for the transmittance-absorptance product or the optical 

efficiency should be consistent with the definition of monthly average daily utilizabilit.. 

In order to estimate the monthly average daily direct solar radiation received by 

shaded surfaces, the needed parameter is f. All the methods available in the literature 

to estimate jj assume the atmospheric transmittance be unity. Also, methods to estimate 

fj for finite overhangs, shading non-south facing receivers, are not available. When the 

receivers are shaded by wingwalls, methods reported in the literature (leal with the (liffuse 

radiation only. 

Aforementioned lacunae in estimating monthly average tra.nsmittance-absorptance 

product, optical efficiency and the shading factors motivated the present studies. In what 

follows, a summary of the key equations and conclusions drawn from the present si udies 



198  

are summarized. The equation numbers in the first parenthesis are the original equation 

numbers as appeared in Chapter 2 to Chapter 6 of the present study. The numbers in the 

second parenthesis are the numbers in serial order for the present chapter. 

7.2 Monthly Useful Energy Gain and a Definition of Trans- 
mittance-Absorptance Product for Flat Plate Collec-
tors 

Useful energy gain from a flat plate collector of unit area for a single day can be calculated 

from, 

Qu,day = FR(T0)HTh5(I,/ (2.36) (7.1) 

In Eq. (7.1), to be consistent with the definition Ofday  given by Eq. (2.35). (ra) ay /(ra)7i 

is to be defined as, 
4 

(TO)ay = i [IT - i (ra)/ [I'r - J} (2.38) (7.2) 

Q ay' the useful energy gain for a single day for a flat plate collector of unit area when 

all day average transmittance-absorptance product is employed, is defined by, 

(T)da y = IT(Ta) / i (2.40) (7.3) 

Normalized difference between Qu,day and Qday  is also the normalized difference 

between the two values of the daily transmittance-absorptance l)roduct as obtained from 

Eqs. (7.2) and (7.3). The percentage difference, Ad  is defined as, 

= Qu,day Q,day = (T ( ay  - (TO)day x 
100 (2.52) (7.4) Q u,day ()day 

* 
d is not insignificant and in general is large wlieii KT is high, fi = 90° and the latitude is 

high for non-south facing collectors. For example, when y = 600, K'r = 0.7. Ad = 5.88 % 
for <k = 20° and Ad = 10.22 % for = 60° in the month of Decetiil>er. 

Qu,m and the monthly average daily useful energy gain analogous to Q u,day and 
Q ay are given by, 

u,m = FR(r) IITP(ra)*/(ro)rz (2.17) (7.5) 

Q,m = FR(ra')flftT)/(T) (2.50) (7.6) 

(/(r) and ()/(ra) appearing in Eqs. (7.5) and (7.6) are defined by, 
()* 

(r)7L  = >(1r - 1c)(7a)/(ra)/ I(I - I (2.49) (7.7) 
day hour day hour 

() 
(2.51) (7.8) 

day hour day hour 
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d, the percentage difference in the monthly average traiismittance-absorptance 1)roduCt 

values [given by Eqs. (7.7) and (7.8)], is defined by, 

- Q,m - Qu,m (f) 
Zd = x 100 = x 100 (2.60) (7.9) 

Qu,m () 

In general, Ad > Ad, for JT = li.T and X. = c• These results warrant developing 

methods to estimate ()*/(ra)n  as defined by Eq. (7.7) in the present studies. Also, 

Eq. (7.7) is consistent with the definition of monthly average daily utilizability when  

is expressed by Eq. (7.5). 

7.3 Evaluation of Monthly Average Transmittance-Absorp-
tance Product during the Operational Time Period for 
Flat Plate Collectors 

Ii 

When Eq. (7.2) is expressed as an integral, (ra)/(ra) is given by, 

(ra) 
jW 

 Eli'— 
c2 (ra) / fWc2 

= dw/j [Ir— I]dw (3.2) (7.10) 
WcI (ra) 

Expressing IT  in Eq. (7.10) in terms of rt  [12] and rd [16] correlations, upon integration 

Eq. (7.10) yields, 

(T ay  
= 12(l + bo) 1a1IP3(W1(7-a),, ,L0Ci) + b1P4(W1,L0C'j) I +ai(I —b0)Ip j (w2,wi ) 

+aiba(w2 - w1 ) + b(1 - b0)1p2(w2,w1 ) + bb01j5(w2, 1  ) + 

2(1 + bo){aiIp3(w 2,w2) + bIp4(w 2,w2)} + 

K2D f  B' 
(r)d 

[IP5(wc2, wi) - cosw3(w 2  - wi)] + (ra) 

K3B,(ra)g {KsIps(wi,wi) - acosw3(2 — wcl)+ bI 6(w 2,w 1 )} 
(ro) 

I () 
1 ~ Ia1 Ip1(w 2, 1 ) + bIp2(42,41 ) + 

K4(ro)nj 

K2DB' [IPs(wC2,w1) - cosw.(w2 - Wci)] + K311' [ksl/'5(we2,wel  ) - 
1 

acosw3(w2 - w1) + bI 6(w 2,w i)] - —(w2 - wci)j (3.50) (7.11) 

1 It has been suggested that ()/(r) appearing in Eq. (7.11) be evaluated at the 

hour angle wz corresponding to a effective angle of incidence 9 = ( 01 + °rn + 0  )/3. 01, 0m  and 

02 are the angles of incidence at w = Wc1, Wm and WC2 respectively. ()/(rc) evaluated 
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by this procedure according to Eq. (3.81) agrees within a ruts (liffereflce of 1 %. Co1Il)lFCd 

to the values obtained by numerical integration. (r)ay/(rc)n calculated according to 

Eq. (7.11) has been validated by comparing with the values obtained using hourly solar 

radiation data for three locations. The agreement is within 1.7% for south facing as well 

as non-south facing collectors. The agreement is somewhat poor when AT < 0.4. 

A procedure based on equivalent mean day (EMD) calculation enabled calculating 

using Eq. (7.11) developed for a single day. Equivalent mean day is c.harac 

terized by S = 5m and KT = kq., where k is the average clearness index of the days 

which contribute to useful energy. Values of ()*/(Tct)n  obtained by EMD procedure 

have been validated against the values obtained by numerical integration of the defin- 

ing equation [Eq. (7.7)] for = 20 0 , 40° and 60°, 3 = - 15°, 00, + 15° and 90°, 

—23.050  < 5 < 23.09°, 0.2 < X < 2.0 and -y = 00 , 30°, 60° and 90°.  

agrees with ()*/(r )n(num) within 1 % when /3 = 0 for all azinititlial angles and within 

1.26% when /3 = 900  and = 901. Thus, the monthly average transmittance-absorptance 

product defined in the present studies consistent with the definition of utilizability can be 

evaluated with the expressions developed for a single day using the EMD procedure. 

7.4 Evaluation of Monthly Average Optical Efficiency dur- 
ing the Operational Time Period for Parabolic Trough 
Concentrators 

Analogous to Eq. (7.10), optical efficiency for a single day for concentrating collectors 

(parabolic trough concentrators) has been expressed as, 

If 

wc

=j [IT — Ic] dw[IT—Ic]dw (4.11) (7.12) 
\71o,n)  

A feature of Eq. (7.12) for (7day/rJ0,n)  is that the cut-off time of Gaul and Rabl [45] is 

expressed by the hour angle w which is related to the critical radiation level I. Explicit. 

equations to determine w for the five tracking modes, by equating IT = I, have l)Cc'fl 

developed and are recorded in Chapter 4, 4.3.3. 

Essential differences between Eq. (7.10) for flat plate collectors and Eq. (7.12) for 

concentrating collectors are that (lio/llo,n)  variation with 9 is different and estimation of 

IT on the aperture of the concentrators depends on the tracking modes. In the present 

studies, based on the (rj0/ri0,,,)  data and polynomial fits given by Gaul and Rabl [45]1  an 

accurate and convenient form for has been proposed as, 

(-2 = Pj +_9_!_+Rj  cos 9 if 00 <8<600 (4.6) (7.13) 
71o,n COS 0 

-4 

1' 
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= ScosO if 600  < 0 < 900 (4.7) (7.14) 

The form given by Eqs. (7.13) and (7.14) is suitable for adapting to other types of con-

centrators. 

Expressing IT  in terms of rt  [12] and rd [16]) correlations for the five tracking modes, 

RIIS of Eq. (7.12) has been evaluated to yield expressions for (rday/71o,n). General ex-

pression for (T1.day/11o,n) is given by, 

= 
( !i

a, 
M 

1[pi (w',0) + ai Q(w' —0) + a1RIp3(w',0) + bPIp2(w',0) 
I 
+bQIps(w',0) + bRjlp4(w',0) + S{aiIp3(w,w') + bIp4(w,w')} 

(E~Df () {I 5(w,o) - cosL 3(w - o)} - Ic 
-) 

+ j Cr  / o,n 

B'D1\ 
[aiIPi(w0)+ bIp2(w,0)  + ( Cr  ) 

{Ips(wc,0) - cosw3(wc  - o)} 

—I(w - 0)] (4.47) (7.15) 

The primitives 1p1(w) to Ip5(w) for the five tracking modes are given in Table 4.3. (/17o,n) 

appearing in Eq. (7.15) can be evaluated accurately by, 

(w -0) (4.50) (7.16) (i) = Ib@')Rb(')(11o,b/11o,n) + Id(W)(11,d/7/o,n ) 

T1o,n I&(')R&(') + 1d(W) 

where, is the hour angle corresponding to an effective angle of incidence 0 defined by, 

0-  
20i+0 

(4.48) (7.17) 

wh'rv, 01  all(I O, are the angles of incidence a.t w = w and w = 0. 

Numerical values for (71day/1iO,n) have been obtained using Eq. (7.15) for the five 

tracking modes for 0 = 200, 401  and 60°, —23.05° < 6 < 23.09°, KT = 0.3, 0.5 and 0.7, for 

0.2 < X 0.8. This range for the non-dimensional critical level includes small to large 

cut-off time. Significant conclusions obtained from the numerical values of (7,day/10,fl) 

are as follows: 

(i,dczy/k,m) does depend on the latitude. 

l.)cpcndence of ('day//O,fl)  on the clearness index is as significant as the dependence 

on declination. 

Even though KT = 0.3 is a low value when concentrating collectors are not efficient, 

low values of KT do occur in a month even when kT is high. Also, assuming 

-4 

k 
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KT  = 0.75 by Gaul and Rabi [451 is restrictive since very few locations ])ave a 

14 
monthly average daily clearness index greater than 0.6. 

4. The difference between the values of (11,day/1111,11) and ('I1day/1)0,fl)GR is large, par-

ticularly, for tracking mode c which experiences a bimodal distribution of solar radi-

ation. When the solar radiation distribution is bimodal, specifying cut-off time only 

actually includes non-operating time period for the concentrator. Thus, relating I 

to w and considering the weighting function to be (IT - I)+ is not only consistent 

with the definition of utilizability but also takes into account the correct operational 

time. 

(iday/1o,n) values compared with the ( day /170,n)(data) values show good agreement 

for two locations (Ahmedabad 0 = 23.070  and New Delhi <P = 28.58°. India) within a rms 

difference of 0.5 %. The agreement for Madison, WI, USA is not as good (mis difference of 

2.2 %) mainly because of KT < 0.4 for the months of November, December and January. 

Monthly average optical efficiency (/rjo,n ) has been defined by, 

[I - J] ('1.90)  
1lo,n _w3 Tio,n - 

EMD approach as described for flat plate collectors has been found to be equally successful 

in predicting (f/i ,,) 
for concentrating collectors tracked in the five principal modes. The 

comparisons made have been extensive for 0 = 20°, 40° and 60°, —23.05° < b < 23.090, 

KT = 0.3, 0.5 and 0.7, 0.2 < X < 2.0. The agreement between (,emd/1o,r) and 

(i emd/io,fl)(num) for the tracking modes a and b is within 0.3 % and for rriode c is 

within 0.6 % when KT = 0.7. For tracking modes d and e, the agreement is within a rms 

difference of 0.1 % for KT = 0.7. 

Thus, a method to estimate monthly average optical efficiency for concentrating col- 

lectors tracked in the five principal modes, making use of the expressions develope(l for a 

single day, is developed and validated. 

7.5 Evaluation of Monthly Average Shading Factor for 
Surfaces Shaded by Overhangs under Terrestrial Con- 

ditions 

Monthly average shading factor evaluated on the meati day of the month, expressed in 

integral form, is given by, 

fi IbRbf/ >1 IbRb = 
Iz—Y 

lbRbfidt/1bRbdt (5.8) (7.19) 
-

day da
-

y 
day 
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When lb  takes into account the atmospheric transmittance, when expressed, say, employing 

rt  [12] and Dd [16] correlations, ji  is a function of the monthly average daily diffuse fraction. 

Eq. (7.19) becomes integrable when the overhangs are infinite. The corresponding 

shading factor is designated by fj. f j  has been shown to be, 

= (ASP ) 
(5.34) (7.20) 

When a gap exists between the overhang and the window f j , is given by, 

1 1 

- cos 1) Rb -  ( COS'02 ) R. 
(5.46)  

Eqs. (7.20) and (7.21) are analogous to Yanda and Jones' [128] shading plane approach. 

The difference being that Eqs. (7.20) and (7.21) have been obtained from the defining 

equation [Eq. (7.19)]. Yanda and Jones [128], however, employed 'bo  and J-, the tilt bo 

factors evaluated under extra-terrestrial conditions. The corresponding shading factor 

has been desiganted as j,0 in the present studies. Rb and R appearing in the present 

equations [Eqs. (7.20) and (7.21)] depend on the monthly average daily diffuse fraction. 

In addition, the present approach enabled generalization of the algorithnis to include non-

vertical receivers. f j  values obtained using Eq. (7.20), have been validated against the 

values obtained using hour by hour solar radiation data for 3 locations. The agreement is 

within 5 % rms difference. Calculatiomis assuming atmospheric transmittance to be unity 

(i.e., under ext ra- terrestrial conditions), as has been done by Utzinger and Klein [125] differ 

from fj(data) by more than 12 % rms. Influence of diffuse fraction has been evaluated as 

f/J0 for a,wide range of climates and parameters; = 200, 250, 300,400, 50° and 60°, 
—23.050  < 5 < 23.09°, D j  = 0.2, 0.4, 0.6 and 0.8, p = 0.2, 0.3, 0.4 and 0.5 and = 01. 
30°, 60° and 900. In summary, it is concluded that fj differs considerably from at 

low latitudes and y 0 and in summer months. Though, these results are presented for 

infinite overhangs, influence of diffuse fraction is similar for finite overhangs. 

In order to evaluate the monthly average shading factor, fj, when the overhang is 

finite, j has been related to ji. which can be calculated easily. Based on the detailed 

studies on the relations developed for different projections and extensions, the following 

equations to evaluate L are recommended. 

When f > 0, 

fj = 0.258 exp2e + [0.703 + 0.627 e - 0.377 c2] fj (5.60) (7.22) 

fi = J if j < A., according to Eq. (7.22) (5.56) (7.23) 

When A. = 0, 

fjo (5.61) (7.24) 
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Eqs. (7.22), (7.23) and (7.24) predict f, within a rms (lifference of 2 % teste(l in the 

range 0 = 200 , 25°, 30°, 400,  50° and 60°, —23.05° < b < 23.09°, D1 = 0.2. OA, 0.6 and 

0.8, p = 0.2, 0.3, 0.4 and 0.5, 'y = 0° and e = 0.0, 0.2, 0.4, 0.6 and 0.8. 

The equations relating fj to fj for south facing receivers have been found to he 

applicable for non-south facing receivers as well. The equations have become applicable 

when fi  for non-south facing receivers has been split into two parts as fi  and f2. fi  and 

f2 are the part shading factor values defined by, 

wo 

>
L'ar, 

IbRbfi I&RJ1dw 
War  

jil = WO 
- (5.69) (7.25) 

1bRb L I&R&dw 

Wr 

and 

IbRbfi 
4 U33  

Ibftbfid1J' 
- 

- L fi = - W33 (5.70) (7.26) 

IbRb L IbRbdw 
U0 

When fii  and fi2  are given by Eqs. (7.25) and (7.26), fi  is obtained from, 

- 11bTi fii + HbT2 1i2 
(568) (1.27) fi= 

HbT 

A l  and A2  are related to iii  and fi2  by the same relations develojx'd for soti t1 fan iig 

receivers. This procedure yielded f, values within a mis difference of 2.1 % wlieii the 

projection is small, say, 0.2. A simple procedure to obtain fi at any projection from the 

value at p = 0.2 has been developed. fi  at a projection P2  is related to fi  at a known 

small projection P1  by, 

p2 = oop2 + (pi - ocpi) 
[2(hi i 2)] 

(5.91) (7.28) 
(l — f) 

From the values of f j  at p = 0.2 predicted using Eq. (7.27). fj for p = 0.3 to 0.5 have 

been obtained using Eq. (7.28) for -y = 30°, 60° and 90° for 25°, 300.  40°, 50° and 600, 

Df = 0.4. The agreements are within 3 %, 1 % and 0.5% rins for -y = 30°, 60° and 90° 

respectively. It is interesting to note that this procedure is accurate for higher azimuthal 

angles. The reason perhaps is due to, one of the fj1 or 1i2 values practically becoming 

zero as y  increases. 
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7.6 Evaluation of Monthly Average Shading Factor for 

14 
Surfaces Shaded by Wingwalls under Terrestrial Con- 
ditions 

When a receiver is shaded by wingwalls on either sides, the monthly average shading factor 

evaluated on the mean day of the month is expressed by, 

J IbRbfildW+j IbR4,fj2(lW 
i0o - )sr -'-0 6) 729) Jw 38  

Wr 

It may be noted that w0  in Eq. (7.29) is the hour angle corresponding to (., - ) = 0. 

Assuming the wingwalls to be infinite and expressing Li  and fi2  in terms of sitnearth- 

receiver geometry J has been obtained as, 

( 

A

A3hp1'\ 5* (Ashp2'\  

- 

)ILb2 

A00 

 = \ 

W 

A 

/ \ 

W 

/ (6.21) (7.30) 

The corresponding monthly average shading factor for wingwalls evaluated under extra.-

terrestrial conditions, fj0  is obtained by replacing /i, R 2  and /?, with the C0rre51)oI)d-

ing extra-terrrestrial tilt factors. Eq. (7.30) is exactly similar to Eq. (7.20) for infinite 

overhangs. The differences are: 

f j  is evaluated in two parts since the first wingwall shades (luring W.r to w, and 

the second wingwall shades from w0  to w85. 

Rbl  , R 2  are the tilt factors for the planes joining the outer edge of the wingwall to 

the opposite side of the window. Thus, the azimuthal angle for the shadiiig planes 

for wingwalls is different from the azimuthal angle of the receiver. \'Vhereas. for 1 he 

shading plane of the overhangs it is the slope that is different. 

fi,, and f j have been evaluated and numerical values are presented in tal)IeS given 

in Appendix D. The parameter values are: = 20°, 40° and 60°, 6 = —23.05°. —2.2° and 

23.09°, 'y = 0°, 30°, 60° and 90°, g = 0.0 and 0.1, p = 0.2, 0.3, 0.4 and 0.5. J values are 

geven for D f  = 0.2, 0.4 and 0.6 which is an additional parameter. 

f values obtained from Eq. (7.30) have beeti Validated against f values calculated 

by hour by hour numerical computations. The agreement is near perfect validating the 

the splitting of the all day monthly average shading factor values into two parts. Also, it 

validates that an appropriate shading plane can be defined for the wingwalls. As can be 

expected, since the shading planes for wingwalls, in general, are chai'ecterized by 0, 
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j1 for wingwalls differs from f0 more than the (lifference for overhang values. For 

example, even when the receiver azimuthal angle is zero, at 4) 25°, for p = 0.3, g = 0.0, 

D f  = 0.6, f j  = 0.617 and fj0  = 0.532 for the wingwalls in the month of March. The 

corresponding values for the overhang are fj = 0.440 and f j = 0.453. Thus, a simple 

method to calculate the monthly average shading factor for infinite wingwalls, taking 

atmospheric transmittance into account, is developed. 

7.7 Scope for further work 

The following topics are suggested for further investigations. 

1. Studies on sensitivity of the design methods for both active and passive solar energy 

syatems with new ()*/(ra)n  and (/i;'c,,n) be taken up. 

f-chart [54, 55, 56] an , f-chart [61, 62] are correlations developed based on the 

simulation results. Better estimates for ()/(ra), (i/'i,)  and in general I'T 

and 4) are developed after the correlations have been proposed. In view of this, 

studies to examine whether the correlations need modification at' waijatiled. 

Possibilities to develop some superposition techniques to yield long term system 

performance from the long term component performance be examined. This is ad-

vantageous to eventually evolve design methods for non-standard systems. 

Methods to calculate monthly average shading factor for fluite wingwalls can be 

developed along the lines for overhangs given in the present studies. 

It appears that combining Rbfj  into a single factor, Rb,  i.e., the tilt factor for shaded 

surfaces is desirable since the present (leliuitioll of f2 does not distinguish between a 

surface fully shaded and a surface that does not receive any radiation. The combined 

factor Rb,  will be zero either when the surface is fully shaded or when it does not 

receive radiation. 

Studies to estimate fj for eggcrate structures, in terms of f for overhangs and 

wingwalls now separetely available, be taken up. 

jp- 



Appendix A 

Tabulated Values of Daily and 
Monthly Average Useful Energy 
Gain and Transmittance- 
Absorptance Product for Flat 
Plate Collectors 

A.1 Daily Values 

Numerical values for Qu,day, Q,day' (T0) ay /(T)n' , (T)day/(7(t)n2  and the percentage 

difference, Ad  as obtained employing Eqs. (2.34), (2.39), (2.40). (2.38) and (2.52) respec- 

tively are given in Tables A.1 to A.9. 

The parameter values and their ranges are as follows: 
= 200, 40° and 60°N 

=q5 + 150, 0, - 150  and 900  
= 0, 30°, 60° and 900  

—23.45° <ö < 23.45° 

b0  = —0.1 (applicable for flat plate collectors with a single glass covet') 

0.0 < Xc < 0.8 

0.3 < ItT < 0.7 

A.2 Monthly Values 

The monthly average daily values are the same as the tabulated values for the single day 

when read for X, = X and AT = K. 

is indicated by Z in the tables 

2 (ra)day/(rcs)n is indicated by Z in the tables 
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Table A.1: Tabulated values of Q,day, Q,day' (T)day/(7 )n and (r) ay/(r)n for 0 = 

20°N, b - rn, I - b " - 0°  -  

- Kil = 0.3 KT = 0.5 KT = 0.7 

deg X Qty. 
Mar Jun Dec Mar Jun Dec Mar Jun Dec 

- Q day 5.354 6.064 3.988 9.108 10.151 6.827 12.982 14.202 9.795 

5.361 6.072 3.992 9.196 10.249 6.905 13.314 14.556 10.093 
0.2 Z 0.915 0.915 0.912 0.924 0.925 0.911 0.929 0.932 0.902 

Z. 0.916 0.916 0.913 0.933 0.934 0.921 0.953 0.955 0.929 

IXd 0.13 0.14 0.10 0.97 0.96 1.14 2.56 2.49 3.05 

day 3.375 3.813 2.518 5.743 6.383 4.314 8.187 8.937 6.185 

Qti day 3.384 3.824 2.524 5.830 6.481 4.395 8.485 9.256 6.476 
0.4 Z 0.915 0.915 0.912 0.924 0.925 0.911 0.929 0.932 0.902 

Z* 0.917 0.918 0.914 0.938 0.939 0.928 0.963 0.966 0.944 

Ld 0.28 0.29 0.22 1.51 1.53 1.90 3.63 3.57 4.71 

- Q'tday 1.789 2.018 1.338 3.045 3.381 2.291 4.340 4.736 3.283 

Qu,day 1.798 2.028 1.343 3.101 3.444 2.344 4.520 4.929 3.460 
0.6 Z 0.915 0.915 0.912 0.924 0.925 0.911 0.929 0.932 0.902 

Z 0.919 0.919 0.915 0.941 0.942 0.932 0.968 0.970 0.950 

d 0.45 0.47 0.36 1.83 1.86 2.28 4.14 4.07 5.40 

Q'u,day 0.618 0.697 0.463 1.051 1.167 0.794 1.499 1.634 1.138 

Qu,day 0.622 0.701 0.466 1.073 1.192 0.814 1.566 1.707 1.205 

0.8 Z 0.915 0.915 0.912 0.924 0.925 0.911 0.929 0.932 0.902 
Z* 0.921 0.921 0.917 0.944 0.945 0.934 0.971 0.974 0.954 

d 0.62 0.64 0.51 2.10 2.13 2.56 4.52 4.45 5.85 

Q,day 5.303 5.904 4.023 9.239 9.546 7.490 13.540 12.804 11.812 

Quday 5.311 5.910 4.029 9.327 9.633 7.562 13.875 13.125 12.090 
0.2 Z 0.920 0.917 0.920 0.930 0.920 0.930 0.935 0.920 0.932 

Z* 0.921 0.918 0.922 0.939 0.928 0.939 0.958 0.943 0.953 
All 0.14 0.11 0.14 0.95 0.91 0.97 2.47 2.50 2.35 

- Qiday 3.339 3.710 2.535 5.823 6.000 4.732 8.536 8.071 7.443 

Qu,day 3.348 3.719 2.543 5.908 6.099 4.798 8.830 8.385 7.692 
0.4 Z 0.920 0.917 0.920 0.930 0.920 0.930 0.935 0.920 0.932 

Z* 0.923 0.919 0.923 0.943 0.935 0.943 0.967 0.956 0.963 
20 d 0.29 0.23 0.29 1.45 1.65 1.41 3.43 3.90 3.33 

- Qiday 1.771 1.961 1.349 3.088 3.178 2.513 4.523 4.279 3.951 

Qu,day 1.779 1.969 1.355 3.142 3.242 2.555 4.701 4.471 4.102 
0.6 Z 0.920 0.917 0.920 0.930 0.920 0.930 0.935 0.920 0.932 

Z*  0.924 0.921 0.925 0.946 0.939 0.946 0.971 0.961 0.967 
'd 0.46 0.39 0.45 1.76 2.03 1.70 3.92 4.49 3.80 

(4g,1ay 0.612 0.676 0.467 1.066 1.095 0.871 1.562 1.479 1.367 
Quday 0.616 0.680 0.470 1.088 1.120 0.888 1.628 1.552 1.423 

0.8 Z 0.920 0.917 0.920 0.930 0.920 0.930 0.935 0.920 0.932 
Z*  0.926 0.922 0.926 0.949 0.941 0.948 0.975 0.965 0.970 

- - 
d 1 0.62 0.55 0.61 2.01 2.32 1.94 1 4.27 4.91 4.16 



Table A.I: Continued 

/3 AT = 0.3 = 0.5 AT 0.7 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec deg 

- Q,day 5.062 5.532 3.911 8.915 8.500 7.763 13.226 10.664 13.089 

Q,do y 5.068 5.535 3.918 9.002 8.564 7.820 13.561 10.927 13.307 
0.2 Z 0.920 0.913 0.923 0.928 0.906 0.939 0.930 0.893 0.947 

Z* 0.921 0.914 0.924 0.937 0.913 0.946 0.953 0.915 0.963 
d 0.13 0.06 0.17 0.98 0.75 0.74 2.53 2.46 1.67 

3.184 3.476 2.463 5.618 5.340 4.904 8.336 6.736 8.238 
Qu,day 3.193 3.482 2.472 5.701 5.432 4.957 8.630 7.036 8.432 

0.4 Z 0.920 0.913 0.923 0.928 0.906 0.939 0.930 0.893 0.947 
Z 0.922 0.915 0.926 0.941 0.921 0.949 0.962 0.932 0.969 

35 A d 0.28 0.16 0.35 1.48 1.71 1.07 3.33 4.45 2.36 
Q' U ,day 1.689 1.835 1.311 2.979 2.828 2.604 4.416 3.576 4.365 
Qu,day 1.697 1.841 1.318 3.032 2.893 2.639 4.593 3.770 4.486 

0.6 Z 0.920 0.913 0.923 0.928 0,906 0.939 0.930 0.893 0.947 
Z*  0.924 0.916 0.928 0.944 0.927 0.951 0.967 0.941 0.973 

d 0.44 0.31 0.52 1.79 2.30 1.32 4.01 5.41 2.76 
Q,day 0.584 0.632 0.454 1.029 0.975 0.903 1.524 1.237 1.507 
Quday 0.587 0.635 0.437 1.050 1.001 0.917 1.591 1.310 1.353 

0.8 Z 0.920 0.913 0.923 0.928 0.906 0.939 0.930 0.893 0.947 
Z 0.925 0.918 0.929 0.946 0.930 0.933 0.970 0.946 0.976 

- 
d 0.60 0.46 0.67 2.04 2.62 1.53 4.37 5.92 3.07 

Q,day 3051 3.312 2.580 4.521 4.102 5.643 5.294 3.246 10.648 
Qudoy 3.043 3.312 2.583 4.545 4.102 5.664 5.441 3.246 10.706 

0.2 Z 0.881 0.904 0.911 0.809 0.903 0.920 0.705 0.903 0.924 
Z 0.879 0.904 0.912 0.813 0.903 0.924 0.72.1 0.903 0.929 

d -0.26 0.00 0.11 0.53 0.00 0.38 2.77 0.00 0.54 
- 1.931 2.124 1.630 2.855 2.610 3.578 3.334 2.058 6.694 

Q,do 1.921 2.124 1.634 2.886 2.610 3.599 3.498 2.058 6.772 
0.4 Z 0.881 0.904 0.911 0.809 0.903 0.920 0.705 0.903 0.924 

Z*  0.877 0.904 0.913 0.818 0.903 0.926 0.739 0.903 0.935 
90 & -0.51 0.00 0.21 1.09 0.00 0.57 1.92 0.00 1.17 
- 

1.026 1.138 0.873 1.516 1.394 1.907 1.768 1.096 3.539 
Qu,doy 1.019 1.138 0.875 1.542 1.394 1.921 1.888 1.096 3.592 

0.6 Z 0.881 0.904 0.911 0.809 0.903 0.920 0.705 0.903 0.924 
Z 0.876 0.904 0.914 0.823 0.903 0.927 0.752 0.903 0.937 
'd -0.66 0.00 0.31 1.68 0.00 0.73 6.78 0.00 1.48 

0.355 0.396 0.304 0.524 0.484 0.661 0.611 0.380 1.221 
Qu,day 0.353 0.396 0.305 0.536 0.484 0.667 0.663 0.380 1.212 

0.8 Z 0.881 0.904 0.911 0.809 0.903 0.920 0.705 0.903 0.924 Z. 0.875 0.904 0.915 0.828 0.903 0.928 0.764 0.903 0.940 
d 1 -0.68 0.00 0.40 1  2.30 0.00 0.87 1  8.47 0.00 1.73 

Note: Z = (ra)day/(ra)n; z* = ( 7- ) ay/( 7-t'4n; Qu,day and Q,day in AIJ/m2  -day. 
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Table A.2: Tabulated values of Qu,day, QLday' (Tct)day/(ra)n and (ra)/(r)1  for 0 = 

40°N, ,y = 00  

- ItT = 0.3 KT = 0.5 = 0.1 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec 

4.232 6.250 2.259 7.829 10/107 4.792 12.228 1'1.532 8.528 

Qu,day 4.238 6.259 2.262 7.916 10.512 4.850 12.558 14.915 8.717 

0.2 Z 0.921 0.919 0.920 0.929 0.924 0.922 0.929 0.928 0.916 

Z 0.923 0.921 0.922 0.939 0.933 0.933 0.955 0.951 0.936 

d 0.15 0.14 0.14 1.11 1.01 1.21 2.70 2.49 2.22 

Qday 2.657 3.903 1.429 4.930 6.522 3.033 7.698 9.158 5.380 

Qu,day 2.665 3.915 1.433 5.013 6.640 3.087 7.992 9.509 5.575 

0.4 Z 0.921 0.919 0.920 0.929 0.924 0.922 0.929 0.928 0.916 

Z 0.924 0.922 0.923 0.945 0.941 0.938 0.965 0.963 0.949 

25 Ad 0.32 0.31 0.28 1.68 1.81 1.78 3.81 3.83 3.63 

1.405 2.057 0.763 2.609 3.443 1.614 4.082 4.852 2.859 

Qu,day 1.413 2.067 0.766 2.662 3.519 1.647 4.258 5.066 2.979 

0.6 Z 0.921 0.919 0.920 0.929 0.924 0.922 0.929 0.928 0.916 
Z* 0.926 0.924 0.924 0.948 0.944 0.941 0.970 0.968 0.954 

d 0.51 0.49 0.43 2.02 2.21 2.09 4.32 4.4() 4.19 

- Q,day 0.485 0.706 0.265 0.901 1.187 0.560 1.412 1.678 0.988 

Qu,day 0.488 0.711 0.267 0.921 1.216 0.573 1.478 1.759 1.034 

0.8 Z 0.921 0.919 0.920 0.929 0.924 0.922 0.929 0.928 0.916 

Z 0.927 0.926 0.926 0.950 0.947 0.943 0.973 0.972 0.958 

- 
d 0.68 0.68 0.58 2.28 2.51 2.34 4.69 4.82 4.60 

- Q,day 4.052 5.850 2.242 7.831 9.523 5.344 12.757 13.014 10.439 

Qu,day 4.059 5.857 2.247 7.918 9.611 5.381 13.088 13.337 10.556 

0.2 Z 0.922 0.916 0.926 0.933 0.916 0.943 0.935 0.914 0.950 
Z* 0.924 0.918 0.928 0.943 0.924 0.950 0.959 0.937 0.961 

a 0.18 0.12 0.21 1.12 0.92 0.70 2.59 2.48 1.12 

- Qday 2.540 3.646 1.418 4.930 5.965 3.383 8.027 8.209 6.579 

Qu,day 2.549 3.657 1.423 5.010 6.079 3.418 8.313 8.549 6.702 

0.4 Z 0.922 0.916 0.926 0.933 0.916 0.943 0.935 0.914 0.930 

Z 0.926 0.919 0.930 0.948 0.933 0.953 0.968 0.932 0.968 
40 Ad 0.37 0.29 0.41 1.63 1.91 1.03 3.56 4.14 1.86 

- Qday 1.345 1.918 0.758 2.608 3.151 1.799 4.256 4.338 3.488 

QU'day 1.353 1.927 0.762 2.659 3.227 1.822 4.428 4.568 3.368 

0.6 Z 0.922 0.916 0.926 0.933 0.916 0.943 0.935 0.914 0.950 
ZI 0.927 0.921 0.932 0.951 0.938 0.955 0.973 0.958 0.972 

d 0.57 0.49 0.59 1.96 2.41 1.28 4.04 4.84 2.27 
0.463 0.657 0.263 0.899 1.087 0 .6 23 1.471 1.506 1.206 

Qu,day 0.467 0.662 0.265 0.919 1.117 0.632 1.536 1.586 1.237 

0.8 Z 0.922 0.916 0.926 0.933 0.916 0.943 0.933 0.914 0.950 

Z 0.929 0.923 0.933 0.953 0.941 0.957 0.976 0.962 0.975 

d 1  0.75 0.67 0.75 1  2.22 2.74 1.49 4.39 5.31 2.59 
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Table A.2: Continued 

KT=0.3  ITO5 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec 

- Qu,day 3.747 5.279 2.146 7.454 8.251 5.588 12.458 10.785 11.619 

Qu,day 3.754 5.281 2.152 7.511 8.311 5.611 12.789 1.011 II .682 

0.2 Z 0.921 0.911 0.930 0.931 0.902 0.954 0.932 0.889 0.966 

Z 0.923 0.911 0.932 0.942 0.908 0.958 0.956 0.91() 0.972 

d 0.19 0.09 0.27 1.17 0.73 0.42 2.66 2.37 0.55 

- 
2.346 3.286 1.357 4.691 5.170 3.538 7.836 6.813 7.314 

Quday 2.355 3.294 1.364 4.771 5.267 3.563 8.122 7.126 7.393 

0.4 Z 0.921 0.911 0.930 0.931 0.902 0.954 0.932 0.889 0.966 

Z 0.925 0.913 0.935 0.946 0.919 0.961 0.966 0.930 0.977 

55 Ad 0.39 0.24 0.50 1.70 1.89 0.69 3.66 4.60 1.07 

- Qi,day 1.244 1.724 0.727 2.481 2.732 1.883 4.155 3.62() 3873 

Quday 1.251 1.733 0.732 2.531 2.805 1.900 4.327 3.827 3.928 

0.6 Z 0.921 0.911 0.930 0.931 0.902 0.954 0.932 0.889 0.966 

Z 0.926 0.915 0.936 0.950 0.926 0.963 0.970 0.910 0.980 

d 0.59 0.49 0.69 2.03 2.70 0.91 4.14 5.74 1.42 

- Q,day 0.428 0.590 0.252 0.855 0.943 0.651 1.436 1.253 1.341 

Quday 0.431 0.594 0.254 0.875 0.972 0.658 1.501 1.332 1.364 

0.8 Z 0.921 0.911 0.930 0.931 0.902 0.954 0.932 0.889 0.966 
Z* 0.928 0.917 0.938 0.952 0.929 0.965 0.973 0.945 0.983 

d 0.78 0.68 0.86 2.30 3.09 1.10 4.50 6.30 1.69 

Qday 2.688 3.520 1.669 5.276 4.502 4.946 8.698 4.057 11.141 

Quday 2.690 3.507 1.674 5.361 4.440 4.959 9.014 3.901 11.169 

0.2 Z 0.909 0.879 0.928 0.894 0.825 0.953 0.871 0.721 0.964 

Z 0.910 0.876 0.931 0.908 0.813 0.955 0.903 0.693 0.966 

d 0.10 -0.36 0.31 1.60 -1.38 0.26 3.63 -3.84 0.25 

- Q,d0 1.682 2.194 1.060 3.321 2.741 3.134 5.468 2.511 7.057 

Quday 1.687 2.177 1.066 3.411 2.666 3.149 5.791 2.419 7.101 

0.4 Z 0.909 0.879 0.928 0.894 0.825 0.953 0.871 0.721 0.964 
Z* 0.911 0.872 0.933 0.918 0.802 0.958 0.923 0.686 0.970 

90 Ad 0.25 -0.79 0.53 2.71 -2.73 0.48 5.91 -4.80 0.62 

- Qday 0.893 1.143 0.568 1.756 1.446 1.671 2.901 1.358 3.731 

Quay 0.897 1.129 0.572 1.814 1.399 1.682 3.104 1.300 3.766 

0.6 Z 0.909 0.879 0.928 0.894 0.825 0.953 0.871 0.721 0.964 

Z 0.913 0.868 0.935 0.923 0.798 0.959 0.932 0.690 0.973 

d 0.41 -1.26 0.70 3.31 -3.22 0.66 7.02 -4.23 0.93 

- Q'u ,d.y 0.307 0.390 0.198 0.605 0.498 0.579 1.003 0.472 1.287 

Qu,day 0.309 0.384 0.199 0.627 0.483 0.583 1.078 0.457 1.302 

0.8 Z 0.909 0.879 0.928 0.894 0.825 0.953 0.871 0.721 0.964 
Z* 0.914 0.866 0.936 0.926 0.799 0.961 0.937 0.698 0.975 

0.57 -1.52 0.85 1 3.62 -3.10 0.81 1 7.53 -3.18 1.16 

Note: Z = (rc)day/(Tc)n; Z = (T(x )day/(Tc )n; Quda, and Qu,day  in MJ/m2  -day. 
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Table A.3: Tabulated values of Qit,day, Q,day' (Ta)d/(T(t) and (T (r) ay /(T()n for = 
60°N, y = 00  

ft KT = 0.3 KT 0.5 K7  = 0.7 
X Qt.y. 

Mar Jun Dec Mar Jul) Dec Mar Jun Dec deg 

2.628 5.758 0.660 6.001 9.861 2.666 11.150 14.550 6.497 
Q,,d,y 2.635 5.771 0.661 6.087 9.971 2.669 11.173 14.931 6.502 

0.2 Z 0.926 0.917 0.940 0.935 0.919 0.953 0.933 0.922 0.957 
Z* 0.929 0.919 0.942 0.948 0.930 0.954 0.960 0.946 0.958 

d 0.26 0.23 0.17 1.44 1.12 0.12 2.90 2.64 0.09 
- Qday 1.641 3.541 0.423 3.773 6.160 1.713 7.014 9.175 1.398 

Q u,day 1.649 3.561 0.424 3.849 6.306 1.720 7.293 9.575 1.409 
0.4 Z 0.926 0.917 0.940 0.935 0.919 0.953 0.933 0.922 0.957 

Z*  0.931 0.923 0.943 0.954 0.941 0.957 0.970 0.962 0.960 
45 A d 0.51 0.56 0.31 2.02 2.36 0.36 3.97 4.36 0.26 
- Qday 0.870 1.848 0.229 1.996 3.252 0.917 3.722 4.870 2.369 

Qu ,d.y 0.877 1.865 0.230 2.044 3.348 0.922 3.889 5.117 2.383 
0.6 Z 0.926 0.917 0.940 0.935 0.919 0.953 0.933 0.922 0.957 

Z*  0.933 0.926 0.944 0.957 0.947 0.959 0.971 0.968 0.963 
d 0.74 0.89 0.42 2.38 2.96 0.58 4.48 5.06 0.62 

U,day 0.300 0.630 0.081 0.691 1.119 0.320 1.287 1.688 0.812 
Qu,day 0.303 0.638 0.081 0.709 1.157 0.322 1.349 1.782 0.820 

0.8 Z 0.926 0.917 0.940 0.935 0.919 0.953 0.933 0.922 0.957 
Z 0.935 0.928 0.945 0.960 0.950 0.961 0.978 0.973 0.966 

- - 
d 0.96 1.14 0.52 2.67 3.36 0.77 1.86 5.55 0.96 

Q day 2.471 5.192 0.709 6.028 8.779 3.137 11.700 12.937 7.833 
Quday 2.479 5.203 0.711 6.114 8.867 3.139 12.022 13.263 7.838 

0.2 Z 0.929 0.913 0.956 0.941 0.912 0.974 0.940 0.911 0.979 
Z* 0.932 0.915 0.958 0.954 0.922 0.974 0.966 0.934 0.979 

- 
d 0.33 0.21 0.19 1.42 1.00 0.07 2.75 2.52 0.06 

Qi,day 1.543 3.179 0.456 3.789 5.499 2.026 7.357 8.185 5.344 
Qu,dy 1.552 3.198 0.457 3.864 5.630 2.031 7.630 8.555 5.353 

0.4 Z 0.929 0.913 0.956 0.941 0.912 0.971 0.940 0.911 0.979 
Z* 0.934 0.919 0.959 0.959 0.934 0.976 0.975 0.952 0.980 

60 
- 

0.61 0.58 0.31 1.96 238 0.23 3.70 4.51 0.16 
Q,day 0.819 1.656 0.247 2.004 2.899 1.087 3.904 4.355 2.901 
Q.,day 0.826 1.672 0.248 2.051 2.991 1.091 4.067 4.590 2.913 

0.6 Z 0.929 0.913 0.956 0.941 0.912 0.974 0.940 0.911 0.979 
Z 0.937 0.922 0.960 0.963 0.941 0.977 0.980 0.96() 0.983 
za 0.86 0.98 0.41 2.32 3.17 0.39 4.18 5.39 0.41 

- 
0.282 0.565 0.087 0.693 1.001 0.379 1.349 1.504 1.002 

Quday 0.285 0.572 0.087 0.711 1.037 0.381 1.110 1.593 1.008 
0.8 Z 0.929 0.913 0.956 0.941 0.912 0.974 0.910 0.911 0.979 

Z 0.939 0.925 0.961 0.965 0.945 0.979 0.983 0.965 0.985 
- 

d 1.08 1.26 0.50 2.59 3.61 0.53 4.54 5.95 0.67 



At Table A.3: Con Linued 

KT = 0.3 KT  = 0.5 K7  = 0.7 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec 

- Qday 2.240 4.501 0.721 5.727 7.380 3.388 11.437 10.623 8.589 

Qday 2.248 4.508 0.723 5.813 7.138 3.390 11.757 10.874 8.592 

0.2 Z 0.929 0.907 0.965 0.940 0.899 0.983 0.938 0.889 0.988 
Z 0.932 0.908 0.967 0.954 0.906 0.984 0.965 0.910 0.989 

d 0.34 0.15 0.18 1.50 0.79 0.05 2.80 2.36 0.04 

- Q,d0 1.399 2.746 0.463 3.599 4.619 2.205 7.189 6.731 5.893 

Quday 1.409 2.759 0.465 3.673 4.725 2.208 7.461 7.062 5.900 
0.4 Z 0.929 0.907 0.965 0.940 0.899 0.983 0.938 0.889 0.988 

Z* 0.935 0.911 0.968 0.960 0.919 0.985 0.974 0.932 0.989 

75 Ad 0.65 0.48 0.30 2.05 2.29 0.17 3.79 4.86 0.12 

day 0.742 1.429 0.251 1.904 2.443 1.180 3.814 3.579 3.217 

Quday 0.749 1.443 0.252 1.950 2.528 1.184 3.977 3.805 3.227 
0.6 Z 0.929 0.907 0.965 0.940 0.899 0.983 0.938 0.889 0.988 

Z* 0.937 0.916 0.969 0.963 0.93() 0.986 0.979 0.945 0.991 

d 0.91 1.01 0.39 2.41 3.48 0.30 4.28 6.30 0.32 

Qday 0.256 0.487 0.088 0.658 0.842 0.412 1.318 1.242 1.117 

Quday 0.258 0.494 0.089 0.676 0.876 0.413 1.379 1.329 1.122 
0.8 Z 0.929 0.907 0.965 0.910 0.899 0.983 0.938 0.889 0.988 

Z* 0.939 0.919 0.969 0.966 0.935 0.987 0.982 0.950 0.993 

a 1.14 1.35 0.48 2.69 4.02 0.42 4.65 6.93 0.53 

Q,day 1.945 3.723 0.694 5.111 5.765 3.401 10.361 7.762 8.709 

Qu,day 1.951 3.722 0.695 5.198 5.773 3.402 10.681 7.874 8.712 
0.2 Z 0.925 0.895 0.968 0.931 0.872 0.985 0.925 0.843 0.990 

Z*  0.928 0.894 0.969 0.947 0.873 0.986 0.953 0.855 0.990 
d 0.34 -0.02 0.18 1.71 0.15 0.0.1 3.09 1.44 0.03 

- QL,day 1.216 2.259 0.446 3.211 3.585 2.227 6.512 1.926 6.005 
Qu,day 1.223 2.262 0.447 3.287 3.636 2.230 6.794 5.146 6.011 

0.4 Z 0.925 0.895 0.968 0.931 0.872 0.985 0.925 0.843 0.990 
Z 0.931 0.896 0.970 0.953 0.884 0.987 0.965 0.881 0.991 

90 A d 0.63 0.12 0.28 2.36 1.40 0.13 4.33 4.47 0.10 

- Quday 0.644 1.174 0.241 1.698 1.898 1.191 3.453 2.636 3.302 
Qday 0.650 1.182 0.242 1.745 1.960 1.194 3.621 2.826 3.310 

0.6 Z 0.925 0.895 0.968 0.931 0.872 0.985 0.925 0.813 0.990 
Z 0.933 0.901 0.971 0.956 0.900 0.988 0.970 0.904 0.992 

d 0.89 0.69 0.37 2.75 3.24 0.25 4.87 7.21 0.26 
0.222 0.400 0.085 0.587 0.652 0.115 1.193 0.917 1.148 

Quday 0.225 0.406 0.085 0.605 0.682 0.417 1.256 0.999 1.153 
0.8 Z 0.925 0.895 0.968 0.931 0.872 0.985 0.925 0.843 0.990 

Z 0.935 0.907 0.972 0.959 0.913 0.989 0.973 0.919 0.991 
1d 1 1.12 1.41 0.44 3.04 4.71 0.36 5.27 9.01 0.46 

Note: Z = (rc)day/(ra)n ; Z = (raYday/(rc )n; Qu,day and Q2 day j MJ/1712-day. 

2 13 

low 



211 

Table A.4: Tabulated values of Qv,day, Q'u,day' (7)day /(T0l n  and (Ta) ( ,/(r)T  for p = 

20°N, (- 41) = 0° 

-:;-- AT = 0.3 AT = 0.5 /T = Ut 

deg 
. X - Qty. 

Mar Jun Dec Mar Jun Dec Mar .Juti Dec 

3.33 3.71 2.52 5.77 6.03 4.63 8.48 8.18 7.22 

Qu,day 3.34 3.72 2.53 5.85 6.12 4.70 8.74 8.49 7.46 

0.4 Z 0.920 0.917 0.919 0.930 0.921 0.927 0.937 0.923 0.930 
Z* 0.922 0.919 0.922 0.943 0.936 0.940 0.966 0.957 0.960 

30 Ad 0.28 0.25 0.28 1.38 1.54 1.44 3.11 3.75 3.19 

Q,d0 0.61 0.68 0.46 1.06 1.10 0.85 1.55 1.50 1.33 

Q,day 0.61 0.68 0.47 1.08 1.13 0.87 1.61 1.57 1.38 

0.8 Z 0.920 0.917 0.919 0.930 0.921 0.927 0.937 0.923 0.930 
Z* 0.925 0.922 0.925 0.948 0.942 0.946 0.974 0.967 0.968 

d 0.62 0.57 0.59 1.96 2.24 2.00 3.97 4.75 4.07 

Qu,day 3.31 3.72 2.48 5.65 6.12 4.37 8.23 8.51 6.58 

Qu,day 3.32 3.73 2.49 5.72 6.20 4.43 8.46 8.78 6.79 

0.4 Z 0.918 0.917 0.916 0.928 0.925 0.920 0.937 0.931 0.921 

Z 0.921 0.920 0.918 0.939 0.937 0.932 0.964 0.961 0.950 

60 Ad 0.27 0.26 0.23 1.24 1.32 1.38 2.80 3.19 3.17 

Qday 0.61 0.68 0.46 1.04 1.12 0.80 1.51 1.56 1.21 

Quday 0.61 0.68 0.46 1.06 1.14 0.82 1.56 1.62 1.26 

0.8 Z 0.918 0.917 0.916 0.928 0.925 0.920 0.937 0.931 0.921 
Z*  0.924 0.923 0.921 0.946 0.944 0.939 0.972 0.970 0.960 

- 
d 0.61 0.61 0.57 1.91 2.04 2.16 3.70 4.16 4.27 

3.28 3.73 2.43 5.47 6.23 4.00 7.78 8.85 5.61 

Qu,day 3.29 3.74 2.43 5.53 6.30 4.04 8.00 9.10 5.81 

0.4 Z 0.916 0.918 0.912 0.924 0.927 0.907 0.931 0.937 0.898 
Z* 0.918 0.920 0.913 0.934 0.938 0.918 0.957 0.964 0.930 

90 - d 0.23 0.27 0.14 1.15 1.20 1.23 2.81 2.80 3.55 

Qday 0.60 0.68 0.44 1.00 1.14 0.74 1.43 1.62 1.03 

Q,day 0.60 0.68 0.45 1.02 1.16 0.75 1.48 1.68 1.09 

0.8 Z 0.916 0.918 0.912 0.924 0.927 0.907 0.931 0.937 0.898 
Z*  0.922 0.923 0.917 0.941 0.945 0.929 0.967 0.972 0.0.15 

d 0.59 0.62 0.55 1.93 1.90 2.42 3.80 3.72 5.22 

Note: Z = (r)day/(r&)n; Z = Qu,day and fl MJ/m-dciy. 

62 



Al 

215 

Table A.5: Tabulated values of (r)da /(ra)n  and (r) ?,/(Tc for th = 

20°N, /3 = 900  

7 KT=0.3 KT=0.5 K7=0.7 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec 

Q,day 1.93 2.17 1.57 2.99 2.76 3.23 4.24 2.14 5.99 

Qu ,d,,y 1.92 2.17 1.57 2.96 2.77 3.27 4.26 2.11 6.21 
0.4 Z 0.892 0.896 0.902 0.875 0.856 0.901 0.856 0.758 0.902 

Z 0.888 0.895 0.904 0.867 0.858 0.913 0.861 0.744 0.935 
30 Ad -0.44 -0.14 0.15 -0.96 0.26 1.36 0.60 -1.80 3.64 

Q,d0 y 0.35 0.44 0.29 0.54 0.53 0.59 0.78 0.3() 1.10 
Qu,day 0.34 0.44 0.29 0.54 0.53 0.61 0.1 0.27 1.16 

0.8 Z 0.892 0.896 0.902 0.875 0.856 0.901 0.856 0.758 0.902 
Z 0.881 0.895 0.910 0.868 0.857 0.928 0.889 0.673 0.951 

d -1.21 -0.09 0.85 -0.82 0.11 3.08 3.78 -11.22 5.47 

Q1 
u ,day 1.93 2.20 1.46 2.99 3.07 2.61 4.53 3.31 4.80 

Qu,day 1.92 2.19 1.46 2.97 3.04 2.60 4.60 3.27 4.94 
0.4 Z 0.897 0.896 0.896 0.897 0.882 0.900 0.903 0.864 0.909 

Z*  0.894 0.893 0.893 0.891 0.873 0.898 0.917 0.851 0.935 
60 Ad -0.30 -0.26 -0.32 -0.72 -1.06 -0.22 1.57 -1.25 2.77 

0.34 0.43 0.26 0.50 0.44 0.48 0.86 0.60 0.92 
Qu,day 0.33 0.43 0.26 0.50 0.42 0.18 0.90 0.61 0.97 

0.8 Z 0.897 0.896 0.896 0.897 0.882 0.900 0.903 0.864 0.909 
Z* 0.885 0.888 0.888 0.892 0.841 0.916 0.944 0.87() 0.959 

- - 
d -1.28 -0.83 -0.83 -0.52 -4.75 1.77 4.60 0.59 5.42 

Q1 
u ,day 1.95 2.21 1.45 2.90 3.25 2.15 3.98 4.27 3.10 

Qu,day 1.94 2.20 1.44 2.87 3.23 2.13 4.04 4.33 3.14 
0.4 Z 0.898 0.898 0.894 0.898 0.898 0.887 0.906 0.904 0.885 

Z 0.895 0.896 0.891 0.891 0.891 0.877 0.921 0.916 0.899 
90 
- 

d -0.24 -0.23 -0.34 -0.78 -0.79 -1.16 1.71 1.33 1.56 
Q,day 0.37 0.42 0.27 0.44 0.49 0.33 0.78 0.82 0.62 
Quday 0.37 0.42 0.27 0.43 0.48 0.32 0.82 0.85 0.66 

0.8 Z 0.898 0.898 0.894 0.898 0.898 0.887 0.906 0.904 0.885 
Z 0.889 0.889 0.882 0.884 0.881 0.864 0.951 0.944 0.936 

- 
d 1  -1.01 -0.94 -1.33 -1.60 -1.92 -2.62 1  5.03 4.45 5.71 

Note: Z = (ra)do /(ro); z = Qu,day and Quday I n ftIJ/m2..day. 
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Table A.6: Tabulated values of Qu,day, Qt,day' (Ta)day/(TQ)n and (r&)ay/(r)T  for = 

400N, (_) = 00  

7 KT=0.3 KT=O.5 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jul) Dec deg 

2.51 3.63 1.38 4.78 5.96 3.16 7.82 8.32 6.04 

Qu,d,,y 2.52 3.64 1.39 4.85 6.06 3.21 8.04 8.65 6.22 
0.4 Z 0.920 0.915 0.923 0.931 0.918 0.931 0.940 0.917 0.935 

Z 0.923 0.918 0.926 0.945 0.932 0.947 0.966 0.953 0.962 
30 Ad 0.36 0.28 0.38 1.44 1.62 1.63 2.81 3.95 2.89 

Q
1 
u,day 0.46 0.66 0.26 0.88 1.08 0.58 1.43 1.52 1.11 

Qu,day 0.46 0.66 0.26 0.90 1.11 0.60 1.49 1.60 1.15 
0.8 Z 0.920 0.915 0.923 0.931 0.918 0.931 0.940 0.917 0.935 

Z 0.927 0.922 0.930 0.951 0.941 0.952 0.975 0.965 0.970 

- 
d 1 0.76 0.74 0.74 2.13 2.60 2.22 3.69 5.15 3.74 

2.43 3.60 1.29 4.37 5.93 2.60 7.04 8.56 4.71 
Qu,day 2.44 3.61 1.29 4.41 5.99 2.64 7.22 8.81 4.88 

0.4 Z 0.914 0.914 0.909 0.923 0.921 0.907 0.933 0.929 0.906 
Z* 0.916 0.916 0.910 0.933 0.931 0.919 0.958 0.937 0.938 

60 

- 

Ad 0.24 0.21 0.19 1.06 1.03 1.41 2.64 2.95 3.44 

Q.,d.y 0.44  0.65 0.24 0.80 1.08 0.48 1.29 1.56 0.87 
Qu,day 0.44 0.65 0.24 0.82 1.10 0.50 1.34 1.63 0.92 

0.8 Z 0.914 0.914 0.909 0.923 0.921 0.907 0.933 0.929 0.906 
Z*  0.922 0.921 0.917 0.943 0.941 0.934 0.969 0.968 0.953 

d 0.82 0.74 0.94 2.20 2.17 3.02 3.80 1.15 5.10 
2.34 3.58 1.18 3.79 5.82 1.88 5.71 8.53 2.91 

Qu,day 2.34 3.58 1.17 3.80 5.86 1.86 5.89 8.75 2.98 
0.4 Z 0.907 0.912 0.893 0.908 0.920 0.868 0.911 0.931 0.841 

Z 0.907 0.913 0.888 0.911 0.926 0.860 0.931 0.955 0.862 
90 
- 

Ld -0.05 0.12 -0.56 0.30 0.65 -0.84 2.53 2.53 2.52 

Qday 0.42 0.65 0.21 0.70 1.06 0.35 1.06 1.56 0.55 
Qu,day 0.42 0.65 0.21 0.71 1.08 0.35 1.11 1.62 0.59 

0.8 Z 0.907 0.912 0.893 0.908 0.920 0.868 0.911 0.931 0.841 
Z* 0.910 0.918 0.881 0.926 0.938 0.872 0.952 0.967 0.897 

d 0.30 0.61 -1.31 2.01 1.94 0.48 4.45 3.82 6.67 

Qu,day and Qz day in Jvf.1/70-day. 
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Table A.7: Tabulated values of Qu,day, Q'u,day' (T')day /(T)n  and (ra) 1 /(rn ), for 

40°N, 3 = 900  

= 0.3 IT = 0.5 KI,  = 0.7 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar Jun Dec 

- Q,day 1.62 2.24 1.00 3.15 3.00 2.76 5.53 3.11 6.12 

Qu,day 1.62 2.23 1.00 3.18 2.98 2.82 5.68 3.09 6.33 

0.4 Z 0.901 0.888 0.919 0.902 0.843 0.929 0.904 0.766 0.934 

Z 0.902 0.883 0.925 0.910 0.837 0.949 0.928 0.761 0.967 

30 Ad 0.08 -0.53 0.59 0.88 -0.71 2.13 2.71 -0.64 3.51 

- Q 
1 

day U , 
 0.29 0.39 0,19 0.58 0.51 0.51 1.02 0.58 1.13 

Qu,day 0.30 0.38 0.19 0.59 0.50 0.53 1.07 0.39 1.18 

0.8 Z 0.901 0.888 0.919 0.902 0.843 0.929 0.901 0.766 0.934 

Z 0.909 0.873 0.929 0.927 0.827 0.956 0.947 0.784 0.975 

d 0.84 -1.64 1.09 2.84 -1.93 2.86 4.79 2.29 4.39 

- 
1.54 2.30 0.85 2.70 3.38 1.98 3.03 4.48 4.21 

Qu,day 1.54 2.29 0.84 2.70 3.36 2.00 5.15 4.50 4.37 

0.4 Z 0.898 0.897 0.894 0.904 0.892 0.902 0.916 0.886 0.912 

Z 0.895 0.894 0.892 0.904 0.885 0.912 0.938 0.892 0.947 

60 A d -0.27 -0.30 -0.20 -0.10 -0.75 1.10 2.47 0.63 3.86 

Qday 0.27 0.40 0.15 0.49 0.55 0.37 0.94 0.82 0.84 

Qu,day 0.26 0.39 0.15 0.50 0.54 0.38 0.98 0.86 0.89 

0.8 Z 0.898 0.897 0.894 0.904 0.892 0.902 0.916 0.886 0.912 

Z 0.891 0.885 0.900 0.921 0.880 0.936 0.960 0.920 0.968 

- 
d -0.74 -1.30 0.59 1.83 -1.24 3.78 4.79 3.84 6.18 

- 

Qi day 1.54 2.34 0.78 2.34 3.51 1.23 3.74 5.00 2.09 

Q..d.y 1.53 2.33 0.78 2.32 3.48 1.21 3.82 5.08 2.14 

0.4 Z 0.896 0.899 0.887 0.897 0.903 0.871 0.906 0.912 0.862 

Z* 0.893 0.897 0.882 0.890 0.897 0.857 0.927 0.928 0.884 

90 
- 

Id -0.31 -0.23 -0.60 -0.80 -0.65 -1.68 2.34 1.77 2.47 

Q,day 0.28 0.43 0.14 0.37 0.54 0.21 0.73 0.91 0.46 

Qu,day 0.28 0.43 0.13 0.36 0.53 0.20 0.78 0.08 0.50 

0.8 Z 0.896 0.899 0.887 0.897 0.903 0.871 0.906 0.912 0.862 

Z 0.884 0.890 0.865 0.891 0.894 0.853 0.956 0.953 0.936 

- - 
d -1.31 -1.01 -2.46 -0.69 -0.90 -2.07 5.60 4.54 8.54 

Note: Z = (ra)d/(r); Z = Qu,day and Qjday in MJ/7-n2  -day. 

rHULNA. 
ISTD414 
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Table A.8: Tabulated values of Qu,da, Q't,day' (Ta)day/(T)n and for 0 = 

60°N, (4_8) = 00 

-;-- = 0.3 K1 0.5 b., 0.7 

deg 
X Qty. 

Mar Jun Dec Mar Jun Dec Mar .Jun Dec 

1.49 3.15 0.41 3.54 5.43 1.76 7.01 8.23 4.39 

Qu,day 1.50 3.16 0.42 3.61 5.54 1.78 7.20 8.59 4.47 

0.4 Z 0.923 0.913 0.943 0.937 0.914 0.952 0.946 0.914 0.954 

Z* 0.929 0.916 0.948 0.954 0.933 0.965 0.972 0.954 0.971 

30 A d 0.64 0.36 0.49 1.84 2.07 1.45 2.81 4.39 1.80 

Q,,,day 0.27 0.56 0.08 0.65 0.99 0.33 1.28 1.51 0.88 

Quday 0.27 0.56 0.08 0.66 1.02 0.33 1.33 1.60 0.90 

0.8 Z 0.923 0.913 0.943 0.937 0.914 0.952 0.946 0.914 0.954 

Z 0.934 0.923 0.950 0.961 0.945 0.970 0.981 0.967 0.979 

d 1.25 1.13 0.80 2.66 3.46 1.94 3.73 5.86 2.58 

1.34 3.09 0.29 2.88 5.21 1.06 5.78 8.24 2.44 

Quday 1.35 3.09 0.29 2.92 5.28 1.10 5.96 8.57 2.59 

0.4 Z 0.908 0.911 0.879 0.920 0.916 0.872 0.932 0.920 0.869 

Z 0.910 0.912 0.888 0.932 0.929 0.910 0.961 0.957 0.925 
60 Ad  0.17 0.11 1.07 1.31 1.39 4.42 3.13 3.97 6.39 

Q,day 0.24 0.54 0.05 0.53 0.95 0.20 1.06 1.51 0.54 

Qu,day 0.24 0.54 0.06 0.54 0.98 0.22 1.11 1.59 0.60 
0.8 Z 0.908 0.911 0.879 0.920 0.916 0.872 0.932 0.920 0.869 

Z 0.919 0.917 0.909 0.948 0.944 0.937 0.973 0.971 0.955 

- 
d 1.23 0.71 3.39 3.04 3.00 7.50 4.44 5.51 9.88 

1.24 3.04 0.18 2.05 4.91 0.37 3.88 7.98 0.69 

Qu,day 1.23 3.04 0.18 2.05 4.92 0.36 4.01 8.20 0.73 
0.4 Z 0.896 0.907 0.836 0.894 0.917 0.748 0.897 0.929 0.692 

Z* 0.892 0.906 0.816 0.890 0.920 0.720 0.927 0.955 0.735 
90 - d -0.48 -0.12 -2.42 -0.41 0.35 -3.68 3.32 2.77 6.21 

Q,day 0.21 0.51 0.03 0.37 0.87 0.07 0.74 1.46 0.15 

Quday 0.20 0.51 0.03 0.38 0.89 0.07 0.78 1.52 0.17 
0.8 Z 0.896 0.907 0.836 0.891 0.917 0.748 0.897 0929 0.692 

Z 0.882 0.904 0.768 0.909 0.936 0.733 0.954 0.971 0.821 

- 
d 4.66 -0.30 -8.14 1.70 2.04 -1.97 6.31 4.51 18.58 

Note: Z = (ra)day /(r)n ; Z = (r) ay /(r)n; Qu,day and in MJ/m2-day. 
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Table A.9: Tabulated values of Q,day' (Ta)d j /() and  

60°N, 3 = 900  

KT = 0.3 K.j. = 0.5 K j,  = 0.7 
- -Y 

deg 
x Qty. 

Mar Jun Dcc Mar Jun Dec, Jun Dec 

1.14 2.26 0.40 2.95 3.59 1.89 6.22 5.22 4.86 
- Q day 

Qu ,day 1.15 2.26 0.40 3.01 3.64 1.91 6.41 5.45 4.92 

0.4 Z 0.915 0.899 0.954 0.927 0.882 0.966 0.935 0.8(11 0.969 

Z 0.922 0.898 0.958 0.946 0.894 0.077 0.964 0.899 0.982 

30 Ad 0.74 -0.06 0.47 2.04 1.37 1.16 3.05 447 1.39 

Qday 0.21 0.39 0.07 0.54 0650.35 1.11 0.97 0.99 

Qu,day 0.21 0.39 0.07 0.56 0.68 0.36 1.19 1.05 1.02 

0.8 Z 1  0.915 0.899 0.954 0.927 0.882 0.966 0.933 0.861 0.969 

Z*  0.930 0.902 0.961 0.956 0.915 0.981 0.974 0.930 0.990 

d 1.62 0.41 0.77 3.15 3.82 1.60 4.18 7.97 2.13 

Qiday 0.99 2.27 0.26 2.27 3.64 1.08 5.08 5.78 2.35 

Qu,day 0.99 2.27 0.26 2.30 3.67 1.13 5.25 5.99 2.72 

0.4 Z 0.899 0.901 0.879 0.913 0.899 0.884 0.927 0.894 0.886 

Z 0.898 0.899 0.894 0.923 0.905 0.928 0.958 0.926 0.946 

60 A d -0.12 -0.21 1.67 1.11 0.72 4.98 3.26 3.61 6.75 

Qday 0.17 0.36 0.05 0.42 0.64 0.21 0.95 1.07 0.57 

Qu,day 0.17 0.36 0.05 0.43 0.66 0.23 1.00 1.13 0.62 

0.8 Z 0.899 0.901 0.879 0.913 0.899 0.884 0.927 0.894 0.886 

Z 0.906 0.894 0.918 0.945 0.922 0.954 0.973 0.950 0.972 

d 0.76 -0.72 4.41 3.46 2.57 7.93 4.93 6.29 9.73 

- Q,day 0.93 2.31 0.14 1.54 3.64 0.34 3.23 6.13 0.68 

Qu,day 0.93 2.30 0.13 1.53 3.63 0.33 3.36 6.27 0.73 

0.4 Z 0.891 0.900 0.833 0.893 0.910 0.772 0.902 0.923 0.741 

Z 0.887 0.898 0.807 0.887 0.909 0.761 0.933 0.944 0.799 

90 d -0.53 -0.25 -3.07 -0.69 -0.16 -1.33 3.41 2.29 7.86 

Qi,day 0.15 0.39 0.02 0.27 0.59 0.07 0.66 1.13 0.13 

Qu,day 0.14 0.39 0.02 0.27 0.59 0.08 0.71 1.18 0.15 

F 

Z 0.891 0.900 0.833 0.893 0.910 0.772 0.902 0.923 0.741 

Z* 0.869 0.890 0.745 0.905 0.921 0.816 0.964 0.965 0.895 

- 
d -2.47 -1.17 -10.54 1.37 1.18 5.76 6.79 460 20.77 

Note: Z = (r)dO /(ra)fl; Z = (ra) ay /(T (-- )n; Qu,day and Q'u,day m M.J/m2-day. 



Appendix B 

Evaluation of Different Hour 

Angles 

B.1 Evaluation of apparent sunrise and sunset hour angles 

Apparent sunrise and sunset hour angles, though, can be estimated from the algoritlinis 

given in Klein and Theilacker [66], these expressions fail for certain cases. For example, 

= 181, 0 = 901, -y 
= 300 and 6 = 12° (from Lahiri [67]). Lahiri developed algorithm 

to estimate W$r and w3  uniquely. The philosophy being w37- and w,, can be expressed as 

inverse cosine functions or inverse sine functions, when 0 is set equal to ir/2 in Eq. (2.1) 

for cos 9. Considering the uiicertainity in the sign to be assigned for w, and w., when 

solved as a cosine inverse and the ambiguity in assigning the magnilute when solved as an 

inverse sine function. Lahiri suggested, correct apperent sunrise and sunset hour angles be 

the common values, obtained as inverse cosine and inverse sign roots. Thus, the apparent 

sunrise and sunset hour angles w3  and w can be determined unambiguously following 

Lahiri [67] from, 

Wsr = SIGN [miii(w8,w'), w] (B.1) 

wss = SIGN[min(w,w'),w] (11.2) 

where, 

= B2 +C2 —A 2 (B. 

= cos' L(_+cv
1

)/( 132 +C2)i (11.1) 

= cos [(_AB - C/T)/(B2  + C2)] (11.5) 

= arcsin [(—AC - B/)/(B2  + c2 )1 (13.6) 

= arcsin [(_AC+Bv1 )/(B2 +C2)j (B.7) 

11 
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In Eq. (B.1) and (B.2), "SIGN" means the magnitude of the first quantity associated with 

the sign of the second quantity within the parentheses. Eqs. (B.1) and (B.2) yield Wsr and 
w when al  > 0. When al  < 0, w8, and w,, are estilnate(l from, 

w3,. = —SIGN [w3,(A+ 13)] 

W88 =  SIGN [w3,(A+B)] 

This procedure is to be valid for determining w,r  and Los.s  correctly even for 511 rfac('s 

with double sunshine period. 

For south facing fiat plate collectors the apparent sunrise or sunset hour angle, w, 

as given in Duffie and Beckman [6] is, 

= mm [cos 1(_ tan5tan), cos 1  (- tan(c - /3) tan )] (13.10) 

B.2 Evaluation of the hour angles w1 and w2  

Hour angles w1  and w2, corresponding to the angle of incidence C = 601, can be obtained 
by setting cos9 = 0.5 in Eq. (2.4). It follows, 

A+Bcosw+Csjnw=O.5 (13.11) 

Upon solving Eq. (B.11) in terms of cosw, 

where, 

Wu = cos 1  [{_B(A - 0.5) + Cv1 }/(B2  + (,2)] (B.12) 

= cos' {{_B(A —0.5)— C/}/(B2  + (:2)1  

at = B2  + C2  - (A - 0.5)2 (13.14) 

Eq. (B.11) can also be solved in terms of sinw to yield the roots w12  and w22  as. 

W12 = arcsin [{_c(A - 0.5) - B/}/(B2  + C2 )] (13.15) 

= arcsin [{_c(A - 0.5) + BJJ}/(B2  + C2 )] (13.16) 

Then w1  and w2  are obtained from, 

= SIGN[w11 ,W12 j (B.17) 

.4' 
= SIGN[w21,w22] (13.18) 

This procedure determines w1  and w2 correctly in magnitude as well as sign. 
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B.3 Evaluation of the critical hour angles 

The critical hour angles, w and wc2, required to evaluate the optical efficiency under 

operating time periods, is obtained by setting IT = I. Using Eqs. (2.25) to (2.27) of 

Chapter 2, expressing the hourly global, diffuse and beam components of solar radiation, 

IT in Eq. (2.2) can be written as, 

IT = K4  [(ai  + bcosw)c0s9 + K2D j B'(cosw - cosw)+ 

K3B'(a + bcosw)(cos' - cos w)]  

Specific expressions for cos 9 applicable for different types of collectors can be deduced 

from the general form, [cosO = A + Bcosw + Ccosw, given by Eq. (2.4) of Chapter 21 

using the expressions for A, B, C for the corresponding collectors. Using the expression 

for cosO, Eq. (B.19) can be re-written as, 
-r 

where, 

IT = 1(4  [di  c0s2  w + d2  cosw + d3  cos w sin w + d 1  sinw + ds } (13.20) 

d1  = b(B+bK3B') (11.21) 

d 2  = bA+al B+B'(K2Df+K3I5) (11.22) 

d3  = bC (13.23) 

d4  = aC (13.24) 

d5  = a1 A - B'cosw(K2Dj + 16(t) (13.25) 

In Eqs. (13.21) to (B.25), the constants A, B and C are given by Eqs. (2.5) to (2.7) of 

Chapter 2 respectively for flat plate collectors. 

By definition of the critical hour angle, I' = I when w = w. At. = u. the 

expression given by Eq. (B.20) for IT, after rearrangement reduces to. 

d 1  cos2 w + d2 cosw + d3 coswsin' + d4 sinw + d 5  - I/K4 = 0 (13.26) 

It may be noted that, the constants d 1 , d2, etc. appearing in Eq. (11.26) (10 not depend on 

the hour angles for flat plate collectors and concentrating collectors tracked in modes a, 

d and e. Eq. (B.26) is the basis to evaluate the critical hour angles. When the slime terms 

in Eq. (13.26) are eliminated, Eq. (B.26) leads to a quartic equation in cos w, as follows: 

cos4 w + p3 c0s3 wc  + P2COSWC + Pm C0SW +Po = 0 (13.27) 

where, 

p3 = 2[d1d2 +d3d4 ]/p4 (13.28) 

r 
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P2 = [d 2 - d + d  + 2d i d6 ]/p i (B.29) 

P1 = 2[d2d6 —d3d4]/p4 (B.30) 

Po = [d - dfl/p4  

with 

= (B.32) 

d6  = (15 1c/I14 (B.33) 

Also, Eq. (B.26) is general enough and yield the critical hour angles for fixed, as well as, 

tracking collectors when the appropriate expressions for A, 13 and C are employed. For 

south facing flat plate collectors and concentrating collectors tracked in iiiodes a, d and 

e, valid for symmetric solar radiation distribution, simplifies to a quadratic equation iii 

cos w, whose solution is straightforward. 

Eq. (B.27) yield four roots of which only two roots are relevant. Generally two of 

the roots are either zeros i. e. cosw, is beyond the sunset hour angle, w, which are to be 

rejected. Out of the two remaining roots wi is the root closer to and -2  is the value 

closer to w. However, for certain cases, no root may be available in —w3  < wc  < w. For 

example, when I=O or a small value, since 4R,., term in IT  tends to be a finite value at 

w = w3  due to the form of the correlations for I. 4 and Id.  Also, certain other sI)ecia.l 

situations such as, —w5  < wc, < W 8 . and < W,2 < w,, which can occur for low critical 

radiation levels will be discussed later on. 

South Facing Flat Plate Collectors 

At When the solar radiation distribution is symmetric, specific equation governing the critical 

hour angles, is obtained from Eq. (B.27) after simplification (for south facing flat plate 

collectors, C = 0, leading to d3  = d4  0) as, 

d1  cos2w + d2cosw + d5 - 1c/It4  = 0 (B.34) 

Eq. (B.34) is quadratic in cosw. Solving Eq. (B.34) yields. 

- d - 
= cos—  1

—d2  + 1  
WC 

2d,
(ll.3o) 

Out of the four roots given by Eq.(13.35), the root obtained considering the positive 

sign of the radical which lies between 0 < w < w is the relevant root. For south facing 4'  
flat plate collectors, 

WCl = —Loc and WC2 = Wc (B.36) 

0 
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B.4 Evaluation of Wm  

In order to evaluate the average transmittance-absorPtflce pro(lUCt for non-south facing 

collectors or to evaluate KT,,Thi,, explicitly, evaluation of the hour angle, Wrn, at which 

solar radiation on the collector aperture reaches a maximum during a day is needed. 

In general, for a symmetrically oriented flat plate collector or concentrating collectors 

tracked according to the five principal modes, this maximum is attained at the solar noon, 

i.e. for these collector types, Wm = 0. However, for a non-south facing flat plate collectors 

Wm differs from solar noon, for example, for y > 0, Wm > 0 and for -y < 0, w, < 0. 

Differentiating the expression for IT,,,,, 
as given by Eq. (2.33), with respect to &rn and 

equating to zero yields, 

- 2d1  cos w,- sinWm - d2  sin Wm + d3  cos2  Wm - d3  Slit 2  W, + d, co.S Wm 0 (B.37) 

Eliminating sinwm  terms from Eq. (B.37) and upon re-arranging, Eq. (B.37) takes 

the form, 

c0s4  Wm + q' c053  Wm + q' COSWm + q'1' coswrn  + q' = 0 (B.38) 

where, 

q' = 4{d+d] (B.39) 

q 4[dld2+d3d4]/q1' (11.40) 

q' = [d+d—q'fl/q'1'  

q = _2[2d 1d2 +d3d4 ]Iq  

= [d—dfl/q' (1L43) 

Eq. (B.38) is a quartic equation in coswm  and the method to the quartic eqaution is 

decussed in the following section. Out of the four possible roots, two will always be Zeros 

(i.e. coswm  > 1) or more than w3  and are to be rejected. Only one of the two reniaining 

roots will be < w. The sign of L)m is the same a the sign of -y employed. 

B.5 Solution Procedure for Quartic Equations 

Determining w, j  and Wc2 from Eq. (B.26) after eliminating the sine terms, in general. (aIls 

for the solution of a quartic equation (in cosw). 
The algorithm to solve quartic equations 

is available in [135, 134]. The method of solving quartic equations deSCribe(1 in [135] is 

reproduced below for ready application in obtaining w, wc2 and Wm for non-south facing 

flat plate collectors and w for the concentrating collectors tracked in the modes b and c. 

A quartic equation of the form, 

4 p3x3 +p2x2 pix+po= 0 (B.41) 

0 



F 

225 

can be rewritten as, 

[x 2  + (p3/2)X]2  = - p21x2 - j)1X 
- P0 (13.45) 

Adding 2(x2  + p3x/2)y/2  + (y/2)2  on both sides of Eq.(B.31) one obtains 

[x2  + P3X/2 + y/2}2  = [p/4 
- P2 + y]x2  + [m/2 - mix -I- [y2/1 

 - pol (B.4) 

Setting the discriminant of the right hand side of Eq.(B.46) to zero yields 

y + a'y2  + b'y + c' = 0 (B.47) 

where 

a' = — P2 

1)' = PIP2 - 4Po 

c' = 4PoP2 - POP3 - Pi 

Putting y = - a'/3 in Eq.(B.47), Eq.(B.47) takes the form 

U'3  + py'  + q = 0 

where 

p = —a'2/3  + b' 

q = 2(a'/3)3  - a'b'/3 + c' 

Let y be a root of Eq.(B.51), then y can be obtained as 

= A1  + B1  

where 

A1  = [—q/2 + v'7
]1 

13  

B1  = [—q/2 - 

In Eqs.(B.55) and (B.56), Q' is given by 

= (p/3)3  + (q/2)2  

IfQ'<O then 

41 U'1 = 2(p/3)1/2 cos(cV/3) (+ ye root) 

where 
at 

= (US 1  [_q/{2(_p/3)3/2)} (+ ye root) 

(11.48) 

(13.49) 

 

 

 

 

 

 

 

 

(11.58) 

(B.59) 

0 



With this value of y, Eq.(B.45) is rewritten as 

x2 + .p3x/2+y/2 = ±[K2 x2  + K j x+Ko1 2  

= ±[±K 21' X ± K 21 

where 
K2  = [p/4] - p2 + y 

K1  = [p3y/2] - P1 

K0 = [y
12  
?/41 - P0 

Thus the four roots can be obtained from the resulting quadratics, 

IfK1 >O 
x2  + p'x + q' = 0 and x2  + p"x + q" 

If K1 <0 
x2 +p'x+q"O and x2 +p"x+q' 

In Eqs.(B.64) and (B.65), p' , p", q'  and q" are given by 

1/2 
p'  = [p/2] - 

= [p3/2] + K'2  

= [u /2] - K'2  

= [14/21 + 
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(B.60) 

 

 

(11.63) 

 

 

 

 

 

(B .69) 



Appendix C 

Approximate Analytical 
Evaluation of Certain Integrals 
for Concentrating Collectors 

C.1 Concentrating Collectors Tracked in Mode b 

The expression for cos 0 for tracking mode b is given by, 

cos 6 = [1 - c0s2 sinW]l/ 2 (('. 1) 

Eq. (C.1) can be expanded binomially as, 

cos2  5 cos4  b COS6  (l 6 
_ slnw— COS 9 1 

- 

2 sin2  ' 
- 

8 sin4  w 
- 16 

5 cos 86 • 8 7 cos'  0 10 21cos'2 
sin1 2 

128 
sin w 

- 256 - 1024 
w - (('.2) 

From Eq. (C.2), the primitives Ip1(w) and Ip2(w) can be written as, 

/ \ 
- fcosodw 

2 8  J
' cos2 

 sin 
cos4b  

Sifl 4 W(1W— 

cos65 /. 5cos8  

16 J sin6wdw— 
128 

Isin8wdw_ 

7 cos '05 
I 10 21cos12 I 12 Sifl wdw - I Sill W(IW ((.3) 

256 10211  I 

= /ros0 cos wdw 

1-4 
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cos2  ' 2 COS5 ' 

sinw- 
2 J sin wcoswdw — 

8 J sin"wcoswdw-

10-  
cos6 6 1' cos8 5 ' 

16 1 sin6 w  cos wdw - 
128 J sin8wcoswdw - 

7cos10 ö 
_ 

21cos12 I .12 d (C.4) 
256 

Jsin'°wcosdw_ 
1024 

The integrals appearing in Eqs. (C.3) and (C.4) can be easily obtained from, 

Jsin2 dw - 
sin w 

2  
cosw + 1 

 

fsin4wdw = 
cos Sifl 

+ J si n2 w dw   

Jsin6wdw = Sifl (A) COSW 

6 
+ fsin4 wdw  

Jsin8wdJ = 
w cosw 
8 

+ 
1

sin6 w dw  

f
sinb0wdw = w cos w Sfl 

10 
+ Jsin8wdw

10 

J sill 12  w dw = 
sin si ii I 0 w dw  

12 
1wc0sw + 11 

1 12 

J sin2 w cos wdw = 

Jsin4 u cos dw = SiflWCOSW 

5 
+Jsin2 wcosw dw  (C.12) 

J sin6 cos wdw = Sifl wcos2  w 5 
+ - 1sill 4  w Cos w dw 

J sin8 w cos dw = sincosw + Jsin6wcoswdw 
9 

J sin10 w cos w dw = - 

sin9  w cos2  W 
+ 

9 
sill w cos w du 

11 
(C. 15) 

f sin12 w cos, wdw = —' 

13 +-kf sinb°wcoswdc'.  
(C.16) 

'4 
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C.2 Concentrating Collector tracked in Mode c 

The expression for cos 9 for tracking mode c given by, 

cos9 = [(A' + B'cosw)2  + cos2sin2 w1 /2 (C.17) 

where A' and B' are as given by Eq. (3.10). 

Eq. (C.17) can be written as, 

cos9 = [A + Bcosw + Cccos2 w } 2 (C.18) 

where the constants A, B and C given by, 

1—cos2  sin 2 b (C.I.9) 

B = 2 cos 0 cos ö sin 0 sin b ((-" .20) 

cc = - c0s2  b sin2 (C.2 

Expanding Eq. (C.18) binomially one obtains, 

cos 9 a + a1 cos w + a2 cos w + a3 c0s3  W + (t4 COS4  W + 

a5 cosw + a6cosw  + a7 cosw + (L8COSW ((.22) 

where the coefficients ao,  a, a2, a3, a4, a5, a6,  a7  and as  are given by, 

a0 = A' 2 (C.23) 

- A_h/2B (C.24) a1 
-  2 C  

a2 - A_h/2C - A 3/2B (C.25) 
- 2 C  

A_3/2 BC (C.26) a3 
= 

- 

16 C 4 
r 

- __A_5I2BC - !A_3/2C2  - _±_A_7/2114 (C.27) a4 
 - 16 C 8 C 128 

_A_ 5/2BC - A 7/2BCC (C.28) a5 
= 16 

- A_ 5/2C3  - 1A_7/2BC (C.29) a6 
 - 16 C C 64 

a7  = _A 7/2 BCC (C.30) 

a _An/2C (C.31) 

9 
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From Eq. (C.22), the primitives Ip1(w) and Ip2(w)  can he written as, 

Ipi(w) = Jcos edw 

aow+ a1 f coswdw + a2 J  cos  2wdw + a3 Jc0s3 wdw + 

a4 I cos4  w dw + as f cos5  w dw + a5 I cos6  w dw + 

a7 I cos7  w dw + a8 I COS8  W dw (C.32) 

'p2(w) = I cos 0 cos w dw 

a0  sin w + a1 
I 

 cos2  w dw + a2 I cos3  w dw + a3 I cos4  w dw + 

a4 f cos5  w dw + as f cos6  w dw + a6 I cos7  w dw + 

a7 J c0s8 w dw + a8 J cos9 w dw (C.33) 

The integrals appearing in Eqs. (C.32) and (C.33) can be obtained from standard 

recursion relations [134] as, 

J cos2wdw 
- 

sin  wcosw 1 
2 

+w (C.34) 

Jcos3wdw 
= 

sin w cos  2 w 2 
cos wdw 

3 
+J (C.35) 

k 

J cos4wdw = 
sin wcos3w + 3 ' 

- I cos2 wilw 
4 4.1 

(C.36) 

5 
= I Cos w dw 

- 
3  / 

sin w c054  w 4 P 
+ coswdw  

5 5J 

- J cos6  w dw - 
sin w cos  5  w 5 

6 + cos4 wdw (C.38) 

- J 
- 

sin w cos6  w 6 r 

7 
+ J cos5  w dw (C .39) 

- 

- 

JCos 8  w dw sin w cos7  w + 7 f 

8 
Jcos6 wdw (C.40) 

- J cos9  w dw 
sin w cos8  w 8 1 r 

9 + cos7  w dw-9  

The primitives Ip1(w) and Ip2(W)  as exressed by Eqs. (C.3) and Eq. (C.4) for tracking 

0 
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mode band Eqs.(C.32) and Eq. (C.33) for tracking mode c, along with Eqs. (C.5) to (C.16) 

and Eqs.(C.34) to (C.41) respectively, are evaluated with seven term expansion for mode 

b and five term expansion for mode c for cos 9 differed in the third decimal place only. 

4 

14 



Appendix D 

Tabulated Values of Monthly 
Average Shading Factor for 
Wingwalls under Terrestrial 
Conditions 

Numerical values of fj obtained using Eq. (6.21) when g = 0 and Eq. (6.28) when g 0 0 

are given in Tables D.1 to D.8. The values of the other parameters are: 

= 200, 25°, 30°, 40°, 50° and 60°; 

.5 =.5,,, for all 12 months; 

= 00, 30°, 60° and 900; 

w = 1.0; 

p = 0.2, 0.3, 0.4 and 0.5; 

g = 0.0 and 0.10; 

D f  = 0.2, 0.4 and 0.6; 

A. values for 'y = 00, 30°, 60° and 90° are given in Tables D.I to I).4 respectively 

for g = 0.0 and in Tables D.5 to D.8 for g = 0.10. 



Ir 

Table D.1: Tabulated values of f for wingwalls; g = 0.0, -y = 00  

Values of fj 

Df  = 0.2 Df = 0.4 Df  = 0.6 
Mon 

p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

- Jan 0.819 0.729 0.638 0.555 0.827 0.740 0.654 0.573 0.843 0.765 0.686 0.611 

Feb 0.755 0.636 0.539 0.463 0.766 0.652 0.557 0.481 0.790 0.687 0.595 0.518 

Mar 0.635 0.514 0.425 0.360 0.649 0.528 0.439 0.372 0.678 0.558 0.467 0.397 

Apr 0.505 0.386 0.308 0.255 0.510 0.391 0.313 0.259 0.521 0.400 0.321 0.266 

May 0.219 0.151 0.114 0.092 0.219 0.151 0.114 0.092 0.220 0.151 0.115 0.092 

Jun 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

20 Jul 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Aug 0.431 0.319 0.251 0.205 0.434 0.322 0.253 0.207 0.44() 0.326 0.257 0.210 

Sep 0.590 0.469 0.384 0.322 0.601 0.480 0.393 0.330 0.623 0.500 0.412 0.347 

Oct 0.716 0.595 0.501 0.428 0.730 0.612 0.518 0.444 0.759 0.647 0.554 0.478 

Nov 0.806 0.708 0.612 0.531 0.814 0.721 0.629 0.549 0.832 0.748 0.664 0.587 

Dec 0.832 0.748 0.664 0.582 0.839 0.759 0.678 0.599 0.854 0.781 0.708 0.636 

- Jan 0.875 0.812 0.749 0.686 0.880 0.819 0.759 0.699 0.890 0.836 0.781 0.726 

Feb 0.837 0.755 0.678 0.611 0.845 0.767 0.693 0.627 0.861 0.791 0.724 0.661 
Mar 0.776 0.684 0.605 0.539 0.787 0.697 0.619 0.353 0.809 0.724 0.648 0.582 
Apr 0.732 0.631 0.549 0.483 0.739 0.639 0.557 0.491 0.752 0.635 0.573 0.506 
May 0.688 0.580 0.496 0.430 0.692 0.585 0.501 0.433 0.701 0.594 0.510 0.443 
Jun 0.661 0.550 0.465 0.400 0.664 0.553 0.469 0.404 0.670 0.560 0.175 0.409 

40 Jul 0.674 0.564 0.480 0.414 0.678 0.568 0.484 0.418 0.685 0.576 0.491 0.425 
Aug 0.715 0.611 0.528 0.462 0.721 0.618 0.535 0.468 0.732 0.630 0.547 0.480 
Sep 0.759 0.663 0.583 0.517 0.768 0.674 0.595 0.528 0.787 0.696 0.618 0.553 

Oct 0.817 0.729 0.652 0.585 0.826 0.742 0.667 0.601 0.846 0.770 0.699 0.634 
Nov 0.866 0.799 0.732 0.666 0.872 0.808 0.743 0.680 0.884 0.825 0.767 0.709 

- 

Dec 0.883 0.825 0.766 0.708 0.888 0.831 0.775 0.719 0.897 0.846 0.794 0.743 
Jan 0.922 0.883 0.843 0.804 0.923 0.885 0.847 0.809 0.927 0.890 0.834 0.817 
Feb 0.883 0.825 0.767 0.708 0.888 0.832 0.776 0.720 0.898 0.846 0.795 0.744 
Mar 0.828 0.752 0.684 0.624 0.837 0.764 0.697 0.638 0.855 0.787 0.724 0.667 
Apr 0.803 0.721 0.649 0.587 0.808 0.727 0.657 0.595 0.818 0.740 0.671 0.610 
May 0.785 0.698 0.624 0.561 0.788 0.703 0.629 0.566 0.794 0.710 0.637 0.574 
Jun 0.777 0.688 0.613 0.549 0.779 0.691 0.617 0.553 0.784 0.697 0.623 0.560 

60 Jul 0.780 0.693 0.618 0.555 0.783 0.696 0.622 0.559 0.789 0.703 0.629 0.566 
Aug 0.795 0.711 0.639 0.576 0.799 0.717 0.645 0.582 0.808 0.727 0.636 0.594 

Sep 0.816 0.738 0.669 0.608 0.824 0.748 0.680 0.619 0.839 0.767 0.701 0.642 
Oct 0.866 0.799 0.733 0.673 0.872 0.808 0.745 0.687 0.883 0.828 0.770 0.716 
Nov 0.912 0.868 0.824 0.780 0.914 0.871 0.829 0.786 0.919 0.879 0.838 0.798 
Dec 0.933 0.899 0.865 0.832 0.934 0.901 0.868 0.834 0.936 0.904 0.872 0.840 
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Table D.2: Tabulated values of f j  for wingwalls; g = 0.0, -y = 30' 

Values of A.  

Mon 
D1  = 0.2 D f  = 0.4 = 0.6 

= 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

- Jan 0.854 0.795 0.741 0.693 0.855 0.795 0.742 0.694 0.856 0.796 0.743 0.696 
Feb 0.849 0.784 0.725 0.669 0.850 0.786 0.727 0.673 0.852 0.790 0.733 0.681 
Mar 0.821 0.740 0.661 0.587 0.825 0.745 0.669 0.597 0.832 0.756 0.685 0.618 
Apr 0.725 0.590 0.460 0.351 0.733 0.602 0.475 0.367 0.750 0.628 0.510 0.404 
May 0.480 0.261 0.116 0.043 0.492 0.273 0.123 0.046 0.519 0.300 0.139 0.054 
Jun 0.242 0.024 0.000 0.000 0.250 0.025 0.000 0.000 0.270 0.028 0.000 0.000 

20 Jul 0.355 0.124 0.007 0.000 0.366 0.131 0.008 0.000 0.391 0.145 0.009 0.000 
Aug 0.653 0.482 0.335 0.229 0.663 0.497 0.351 0.242 0.684 0.529 0.385 0.272 
Sep 0.796 0.701 0.609 0.518 0.801 0.708 0.619 0.531 0.812 0.725 0.642 0.561 
Oct 0.842 0.774 0.710 0.651 0.844 0.777 0.714 0.656 0.847 0.782 0.722 0.668 
Nov 0.854 0.793 0.739 0.690 0.854 0.794 0.740 0.691 0.855 0.795 0.742 0.694 
Dec 0.855 0.796 0.744 0.697 0.855 0.796 0.744 0.697 0.856 0.797 0.745 0.698 

- Jan 0.861 0.801 0.748 0.700 0.862 0.802 0.749 0.701 0.864 0.804 0.750 0.701 
Feb 0.858 0.797 0.742 0.692 0.859 0.798 0.743 0.693 0.861 0.800 0.745 0.696 
Mar 0.845 0.777 0.714 0.656 0.847 0.780 0.718 0.662 0.851 0.787 0.728 0.671 
Apr 0.809 0.721 0.638 0.568 0.814 0.729 0.649 0.580 0.825 0.746 0.672 0.606 
May 0.744 0.639 0.550 0.476 0.753 0.651 0.563 0.489 0.773 0.675 0.590 0.516 
Jun 0.708 0.595 0.500 0.426 0.717 0.606 0.512 0.438 0.737 0.629 0.536 0.461 

40 Jul 0.723 0.614 0.523 0.449 0.733 0.626 0.535 0.461 0.753 0.65() 0.561 0.486 
Aug 0.785 0.687 0.602 0.530 0.792 0.698 0.615 0.544 0.807 0.720 0.641 0.572 
Sep 0.835 0.761 0.692 0.627 0.838 0.766 0.699 0.636 0.844 0.776 0.713 0.654 
Oct 0.855 0.793 0.736 0.684 0.856 0.794 0.738 0.686 0.858 0.797 0.742 0.692 
Nov 0.860 0.800 0.747 0.699 0.861 0.801 0.748 0.699 0.863 0.803 0.749 0.700 
Dec 0.860 0.800 0.747 0.700 0.862 0.802 0.748 0.700 0.865 0.804 0.750 0.701 
Jan 0.874 0.812 0.753 0.700 0.875 0.813 0.754 0.701 0.876 0.815 0.756 0.702 
Feb 0.864 0.804 0.750 0.701 0.865 0.805 0.751 0.702 0.867 0.807 0.752 0.702 
Mar 0.855 0.791 0.732 0.677 0.857 0.793 0.734 0.681 0.860 0.798 0.740 0.688 
Apr 0.825 0.747 0.678 0.617 0.829 0.753 0.686 0.626 0.839 0.767 0.702 0.643 
May 0.800 0.718 0.647 0.584 0.805 0.724 0.653 0.590 0.813 0.735 0.665 0.603 
Jun 0.792 0.708 0.634 0.571 0.796 0.712 0.639 0.576 0.803 0.721 0.649 0.587 

60 Jul 0.796 0.712 0.639 0.577 0.800 0.717 0.645 0.582 0.808 0.727 0.656 0.594 
Aug 0.811 0.731 0.662 0.601 0.816 0.738 0.669 0.609 0.827 0.752 0.685 0.625 
Sep 0.846 0.777 0.714 0.654 0.849 0.781 0.719 0.661 0.854 0.789 0.729 0.674 
Oct 0.862 0.802 0.747 0.697 0.863 0.803 0.748 0.698 0.865 0.805 0.750 0.700 
Nov 0.868 0.806 0.750 0.700 0.870 0.808 0.751 0.701 0.872 0.810 0.754 0.702 

- 

Dec 0.881 0.821 0.762 0.706 0.881 0.822 0.762 0.706 0.881 0.822 0.763 0.706 
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2:35 

Table D.3: Tabulated values of fj for wingwalls; g = 0.0, 'y = 600  

Values of Jj 

Df  = 0.2 Df  = 0.4 Df  = 0.6 

Mon 
0.2 0.3 0.4 0.5 p= 0.2 0.3 0.4 0.5 p= 0.2 0.3 0.4 0.5 

- Jan 0.892 0.845 0.804 0.767 0.885 0.836 0.792 0.754 0.871 0.816 0.767 0.724 

Feb 0.913 0.876 0.842 0.811 0.909 0.871 0.835 0.803 0.900 0.858 0.819 0.784 

Mar 0.923 0.887 0.854 0.821 0.923 0.886 0.853 0.821 0.921 0.881 0.852 0.820 

Apr 0.898 0.849 0.800 0.751 0.900 0.852 0.805 0.757 0.905 0.861 0.816 0.772 

May 0.838 0.757 0.676 0.595 0.841 0.761 0.681 0.602 0.847 0.770 0.694 0.617 

Jun 0.790 0.685 0.581 0.477 0.792 0.688 0.584 0.481 0.796 0.695 0.593 0.492 

20 Jul 0.813 0.719 0.626 0.532 0.815 0.723 0.630 0.538 0.820 0.730 0.640 0.550 

Aug 0.878 0.817 0.757 0.698 0.881 0.821 0.763 0.705 0.887 0.831 0.776 0.721 

Sep 0.919 0.880 0.842 0.806 0.920 0.882 0.844 0.809 0.921 0.885 0.848 0.815 

Oct 0.919 0.884 0.850 0.820 0.916 0.880 0.845 0.815 0.909 0.871 0.834 0.802 

Nov 0.898 0.854 0.816 0.780 0.892 0.846 0.806 0.769 0.879 0.827 0.782 0.741 

Dec 0.883 0.834 0.789 0.749 0.876 0.824 0.777 0.735 0.861 0.803 0.750 0.703 

- Jan 0.833 0.763 0.701 0.646 0.826 0.753 0.688 0.631 0.810 0.730 0.660 0.599 

Feb 0.866 0.809 0.759 0.713 0.859 0.800 0.747 0.699 0.844 0.779 0.721 0.668 

Mar 0.890 0.842 0.799 0.759 0.886 0.836 0.792 0.751 0.877 0.823 0.777 0.734 

Apr 0.895 0.847 0.800 0.758 0.895 0.847 0.801 0.759 0.894 0.847 0.802 0.762 

May 0.879 0.820 0.764 0.709 0.882 0.825 0.771 0.717 0.888 0.835 0.785 0.735 

Jun 0.862 0.795 0.728 0.664 0.867 0.802 0.737 0.675 0.876 0.816 0.756 0.700 

40 Jul 0.870 0.806 0.744 0.684 0.873 0.812 0.752 0.694 0.882 0.825 0.770 0.717 

Aug 0.891 0.840 0.791 0.743 0.892 0.842 0.794 0.747 0.895 0.846 0.801 0.756 

Sep 0.894 0.848 0.805 0.764 0.892 0.845 0.801 0.760 0.886 0.837 0.792 0.750 

Oct 0.875 0.822 0.774 0.732 0.869 0.814 0.764 0.720 0.856 0.795 0.710 0.692 

Nov 0.842 0.775 0.717 0.665 0.835 0.765 0.704 0.650 0.819 0.743 0.676 0.617 

- 

Dec 0.822 0.747 0.681 0.623 0.815 0.737 0.669 0.608 0.799 0.715 0.641 0.377 

Jan 0.753 0.651 0.561 0.483 0.749 0.646 0.555 0.476 0.742 0.633 0.541 0.460 

Feb 0.818 0.741 0.673 0.614 0.811 0.731 0.661 0.600 0.796 0.711 0.636 0.570 

Mar 0.859 0.798 0.745 0.696 0.853 0.790 0.734 0.684 0.840 0.772 0.712 0.658 

Apr 0.869 0.810 0.756 0.706 0.867 0.808 0.754 0.704 0.864 0.804 0.749 0.700 

May 0.851 0.783 0.718 0.658 0.854 0.786 0.723 0.664 0.858 0.793 0.733 0.677 

Jun 0.831 0.756 0.690 0.630 0.835 0.762 0.697 0.638 0.811 0.771 0.711 0.654 

60 Jul 0.841 0.768 0.701 0.641 0.845 0.773 0.708 0.649 0.851 0.783 0.720 0.664 

Aug 0.865 0.804 0.747 0.693 0.865 0.804 0.747 0.695 0.865 0.805 0.749 0.698 

Sep 0.867 0.809 0.756 0.709 0.862 0.803 0.749 0.700 0.853 0.790 0.733 0.682 

Oct 0.835 0.766 0.704 0.650 0.828 0.756 0.692 0.636 0.813 0.734 0.665 0.604 

Nov 0.774 0.679 0.597 0.524 0.769 0.673 0.588 0.514 0.759 0.658 0.571 0.494 

- 

Dec 1 0.729 0.618 0.521 0.4371 0.727 0.614 0.516 0.431 0.721 0.606 0.506 0.420 
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Talik' l).'l: Tabulated values of f j  for wingwalls; g = 0.0, 'y = 900  

Values of A.  

D=O.2 Df =0.4 D1=0.6 

o Mon 
p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

- Jan 0.791 0.698 0.613 0.535 0.783 0.687 0.600 0.520 0.763 0.660 0.568 0.484 

Feb 0.845 0.775 0.708 0.647 0.838 0.765 0.695 0.632 0.821 0.741 0.665 0.597 

Mar 0.908 0.864 0.823 0.784 0.903 0.857 0.813 0.772 0.890 0.838 0.790 0.744 

Apr 0.962 0.944 0.927 0.910 0.960 0.941 0.923 0.906 0.955 0.935 0.915 0.896 

May 0.966 0.949 0.932 0.915 0.967 0.951 0.934 0.918 0.971 0.956 0.941 0.926 

Jun 0.941 0.912 0.882 0.853 0.942 0.913 0.884 0.855 0.944 0.916 0.888 0.860 

20 Jul 0.953 0.930 0.907 0.884 0.955 0.932 0.909 0.886 0.957 0.936 0.915 0.893 

Aug 0.970 0.954 0.939 0.925 0.969 0.954 0.939 0.925 0.969 0.954 0.939 0.925 

Sep 0.934 0.903 0.872 0.844 0.929 0.896 0.864 0.834 0.918 0.881 0.843 0.809 

Oct 0.865 0.802 0.744 0.689 0.859 0.793 0.732 0.675 0.843 0.771 0.705 0.643 

Nov 0.804 0.718 0.637 0.563 0.796 0.707 0.624 0.548 0.777 0.681 0.593 0.512 

Dec 0.777 0.678 0.588 0.506 0.768 0.666 0.574 0.491 0.748 0.638 0.541 0.454 

Jan 0.711 0.591 0.486 0.395 0.701 0.578 0.471 0.380 0.677 0.547 0.436 0.343 

Feb 0.774 0.677 0.590 0.512 0.764 0.664 0.574 0.494 0.740 0.631 0.535 0.451 

Mar 0.841 0.773 0.710 0.651 0.833 0.760 0.695 0.634 0.811 0.731 0.658 0.591 

Apr 0.903 0.859 0.818 0.780 0.897 0.851 0.807 0.767 0.883 0.830 0.781 0.736 

May 0.928 0.894 0.862 0.831 0.926 0.891 0.858 0.827 0.920 0.883 0.848 0.815 

Jul) 0.932 0.900 0.868 0.838 0.932 0.899 0.867 0.837 0.930 0.898 0.865 0.835 

40 Jul 0.931 0.899 0.866 0.837 0.930 0.897 0.864 0.834 0.927 0.892 0.859 0.828 

Aug 0.917 0.877 0.842 0.807 0.912 0.871 0.834 0.798 0.901 0.856 0.815 0.775 

Sep 0.869 0.812 0.759 0.710 0.861 0.801 0.744 0.693 0.841 0.773 0.709 0.651 

Oct. 0.796 0.708 0.628 0.557 0.787 0.695 0.612 0.540 0.764 0.663 0.574 0.497 

Nov 0.728 0.613 0.513 0.426 0.718 0.600 0.498 0.410 0.693 0.569 0.462 0.371 

- 

Dec 0.692 0.565 0.456 0.362 0.682 0.552 0.441 0.347 0.658 0.521 0.407 0.312 

Jan 0.557 0.392 0.264 0.166 0.550 0.384 0.257 0.160 0.534 0.367 0.241 0.147 

Feb 0.693 0.569 0.462 0.373 0.683 0.556 0.448 0.358 0.659 0.525 0.414 0.323 

Mar 0.795 0.709 0.633 0.565 0.784 0.694 0.614 0.545 0.757 0.656 0.569 0.494 

Apr 0.865 0.806 0.753 0.706 0.857 0.796 0.740 0.691 0.839 0.770 0.709 0.655 

May 0.884 0.833 0.784 0.739 0.881 0.829 0.780 0.734 0.875 0.819 0.769 0.722 

.Jiin 0.882 0.829 0.778 0.729 0.881 0.828 0.776 0.727 0.879 0.825 0.773 0.725 

60 .Jul 0.884 0.832 0.783 0.736 0.882 0.830 0.780 0.733 0.878 0.824 0.774 0.726 

Aug 0.877 0.823 0.774 0.729 0.872 0.815 0.765 0.719 0.859 0.797 0.743 0.693 

Sep 0.829 0.756 0.691 0.634 0.818 0.742 0.674 0.613 0.793 0.706 0.630 0.563 

Oct 0.730 0.619 0.522 0.440 0.719 0.604 0.506 0.422 0.693 0.571 0.467 0.381 

Nov 0.601 0.448 0.325 0.226 0.593 0.439 0.315 0.218 0.575 0.417 0.294 0.198 

- 

Dec 0.491 0.314 0.183 0.091 0.486 0.309 0.178 0.088 0.474 0.297 0.169 0.082 
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Table D.5: Tabulated values of fioo for wingwalls; g = 0.1, -y = 00 

I Values of 

Df  = 0.2 Dj = 0.4 Dj = 0.6 

Mon 
p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

- Jan 0.903 0.818 0.730 0.643 0.909 0.828 0.745 0.661 0.924 0.852 0.777 0.701 

Feb 0.841 0.724 0.622 0.539 0.852 0.741 0.641 0.559 0.875 0.775 0.681 0.599 

Mar 0.717 0.591 0.495 0.422 0.732 0.607 0.510 0.436 0.762 0.639 0.541 0.464 

Apr 0.579 0.450 0.363 0.302 0.585 0.456 0.368 0.306 0.597 0.466 0.377 0.315 

May 0.260 0.180 0.137 0.110 0.260 0.180 0.137 0.110 0.261 0.180 0.137 0.111 

Jun 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

20 Jul 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.()00 0.000 0.000 

Aug 0.499 0.375 0.297 0.244 0.503 0.378 0.299 0.246 0.509 0.383 0.304 0.250 

Sep 0.670 0.542 0.448 0.379 0.682 0.553 0.459 0.389 0.705 0.577 0.480 0.408 

Oct 0.804 0.679 0.579 0.499 0.817 0.697 0.598 0.518 0.845 0.734 0.637 0.356 

Nov 0.890 0.798 0.703 0.616 0.897 0.810 0.720 0.635 0.914 0.836 0.735 0.676 

Dec 1  0.915 0.836 0.755 0.673 0.921 0.846 0.769 0.690 0.934 0.867 0.798 0.727 

- Jan 0.950 0.895 0.836 0.776 0.954 0.902 0.846 0.788 0.962 0.916 0.866 0.814 

Feb 0.916 0.841 0.765 0.696 0.922 0.852 0.779 0.712 0.937 0.875 0.810 0.747 

Mar 0.856 0.766 0.686 0.617 0.866 0.779 0.701 0.632 0.888 0.807 0.731 0.663 

Apr 0.813 0,712 0.627 0.556 0.819 0.720 0.636 0.565 0.833 0.736 0.653 0.582 

May 0.769 0.659 0.570 0.499 0.773 0.664 0.576 0.504 0.781 0.674 0.585 0.513 

Jun 0.741 0.627 0.537 0.466 0.745 0.631 0.541 0.469 0.751 0.638 0.548 0.476 

40 Jul 0.754 0.642 0.553 0.481 0.758 0.646 0.557 0.485 0.765 0.654 0.565 0.493 

Aug 0.796 0.691 0.605 0.533 0.801 0.698 0.612 0.540 0.812 0.711 0.625 0.554 

Sep 0.839 0.745 0.663 0.593 0.848 0.756 0.676 0.606 0.866 0.779 0.700 0.631 

Oct 0.897 0.814 0.736 0.667 0.906 0.827 0.752 0.684 0.923 0.854 0.785 0.720 

Nov 0.942 0.883 0.820 0.755 0.947 0.891 0.831 0.769 0.937 0.907 0.833 0.798 

- 

Dec 0.957 0.907 0.853 0.797 0.960 0.913 0.861 0.808 0.968 0.925 0.879 0.830 

Jan 0.986 0.958 0.925 0.889 0.987 0.960 0.928 0.893 0.989 0.964 0.934 0.901 

Feb 0.956 0.906 0.852 0.797 0.959 0.912 0.861 0.808 0.966 0.925 0.879 0.831 

Mar 0.903 0.833 0.767 0.706 0.911 0.844 0.780 0.720 0.929 0.868 0.808 0.750 

Apr 0.879 0.802 0.731 0.667 0.884 0.808 0.738 0.675 0.894 0.821 0.753 0.691 

May 0.863 0.779 0.705 0.639 0.866 0.783 0.710 0.644 0.872 0.791 0.718 0.653 

Jun 0.855 0.769 0.693 0.627 0.857 0.772 0.697 0.631 0.862 0.778 0.704 0.638 

60 Jul 0.858 0.774 0.698 0.632 0.861 0.777 0.702 0.637 0.866 0.781 0.710 0.645 

Aug 0.872 0.792 0.719 0.655 0.876 0.798 0.726 0.662 0.884 0.808 0.737 0.674 

Sep 0.892 0.819 0.751 0.689 0.899 0.829 0.762 0.701 0.914 0.848 0.784 0.725 

Oct 0.940 0.881 0.819 0.758 0.945 0.890 0.830 0.772 0.956 0.907 0.855 0.802 

Nov 0.979 0.945 0.907 0.866 0.980 0.948 0.911 0.871 0.983 0.954 0.919 0.882 

- 
Dec 0.993 0.972 0.944 0.915 0.993 0.973 0.946 0.917 0.994 0.975 0.950 0.922 

237 
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IV 

Table D.6: Tabulated values of fj for wingwalls; g = 0.1, -y = 300  

Values of A.  

D f  = 0,2 D f  = 0.4 Df = 0.6 
Mon 

Q 0.3 0.4 0.5 p= 0.2 0.3 0.4 0.5 p= 0.2 0.3 0.4 0.3 

- Jan 0.926 0.874 0.823 0.776 0.925 0.874 0.823 0.776 0.925 0.873 0.823 0.777 

Feb 0.926 0.867 0.809 0.754 0.926 0.868 0.811 0.757 0.926 0.870 0.816 0.764 

Mar 0.906 0.828 0.752 0.677 0.909 0.833 0.759 0.687 0.914 0.843 0.773 0.707 
Apr 0.820 0.686 0.554 0.434 0.827 0.697 0.570 0.452 0.844 0.723 0.605 0.492 

May 0.578 0.345 0.175 0.075 0.590 0.359 0.185 0.080 0.618 0.391 0.208 0.092 

Jun 0.328 0.073 0.000 0.000 0.338 0.076 0.000 0.000 0.361 0.085 0.000 0.000 

20 Jul 0.448 0.194 0.039 0.000 0.460 0.203 0.041 0.000 0.488 0.224 0.047 0.000 

Aug 0.750 0.581 0.422 0.299 0.759 0.595 0.440 0.315 0.780 0.627 0.478 0.351 

Sep 0.884 0.792 0.700 0.611 0.888 0.799 0.710 0.623 0.897 0.814 0.732 0.652 

Oct 0.922 0.859 0.798 0.738 0.922 0.861 0.801 0.743 0.924 0.865 0.808 0.733 
Nov 0.927 0.873 0.821 0.773 0.926 0.873 0.822 0.774 0.925 0.873 0.822 0.775 

Dec 0.925 0.873 0.823 0.777 0.925 0.873 0.823 0.777 0.924 0.873 0.823 0.777 

- Jan 0.928 0.876 0.826 0.779 0.929 0.877 0.827 0.780 0.931 0.879 0.828 0.780 
Feb 0.929 0.875 0.823 0.774 0.929 0.876 0.824 0.775 0.929 0.877 0.826 0.777 
Mar 0.921 0.859 0.799 0.741 0.922 0.862 0.802 0.746 0.925 0.867 0.811 0.757 

Apr 0.890 0.806 0.725 0.651 0.894 0.814 0.736 0.664 0.904 0.83() 0.758 0.691 
May 0.827 0.724 0.631 0.554 0.837 0.736 0.644 0.568 0.856 0.761 0.673 0.597 

Jun 0.793 0.679 0.581 0.500 0.803 0.691 0.593 0.512 0.823 0.715 0.619 0.538 
40 Jul 0.808 0.700 0.603 0.524 0.818 0.712 0.616 0.338 0.838 0.737 0.644 0.565 

Aug 0.868 0.773 0.688 0.611 0.875 0.783 0.700 0.625 0.888 0.805 0.727 0.655 
Sep 0.913 0.845 0.778 0.713 0.915 0.849 0.784 0.721 0.920 0.857 0.796 0.738 
Oct 0.927 0.872 0.817 0.766 0.927 0.873 0.819 0.768 0.928 0.875 0.822 0.773 
Nov 0.929 0.877 0.827 0.780 0.929 0.878 0.827 0.780 0.931 0.879 0.828 0.781 

- 
Dec 1 0.927 0.876 0.825 0.779 0.928 0.877 0.826 0.780 0.931 0.880 0.828 0.781 

Jan 0.941 0.886 0.831 0.781 0.942 0.888 0.833 0.782 0.944 0.891 0.836 0.784 
Feb 0.932 0.880 0.829 0.781 0.933 0.881 0.830 0.782 0.935 0.883 0.832 0.783 
Mar 0.928 0.871 0.815 0.761 0.929 0.873 0.817 0.764 0.931 0.876 0.823 0.771 
Apr 0.901 0.828 0.760 0.698 0.905 0.835 0.768 0.707 0.913 0.847 0.784 0.725 
May 0.877 0.799 0.727 0.664 0.881 0.804 0.733 0.671 0.889 0.815 0.746 0.684 
Jun 0.870 0.788 0.715 0.650 0.873 0.793 0.720 0.636 0.880 0.802 0.731 0.668 

60 Jul 0.874 0.793 0.721 0.657 0.877 0.798 0.727 0.663 0884 0.808 0.738 0.675 
Aug 0.887 0.812 0.743 0.680 0.892 0.819 0.751 0.689 0.902 0.832 0.766 0.706 
Sep 0.920 0.858 0.797 0.739 0.922 0.862 0.802 0.745 0.926 0.869 0.812 0.758 
Oct 0.932 0.880 0.828 0.779 0.933 0.880 0.829 0.780 0.934 0.882 0.830 0.781 
Nov 0.935 0.881 0.829 0.780 0.936 0.882 0.830 0.781 0.939 0.886 0.833 0.783 

- 

Dec 1 0.948 0.897 0.842 0.7871 0.949 0.898 0.843 0.787 0.951 0.899 0.845 0.789 
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Table D.7: Tabulated values of J for wingwalls; g = 0.1, 'y = 600 

Values of A.  

Mon 
Df  = 0.2 = 0.4 = 0.6 

p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

- Jan 0.944 0.905 0.869 0.834 0.940 0.836 0.860 0.823 0.930 0.816 0.838 0.790 
Feb 0.961 0.935 0.908 0.882 0.958 0.871 0.901 0.874 0.951 0.858 0.885 0.856 
Mar 0.980 0.959 0.932 0.904 0.978 0.886 0.930 0.902 0.975 0.884 0.926 0.899 
Apr 0.979 0.938 0.892 0.845 0.980 0.852 0.896 0.851 0.982 0.861 0.906 0.864 
May 0.937 0.857 0.776 0.695 0.940 0.761 0.781 0.702 0.946 0.770 0.793 0.717 
Jun 0.890 0.785 0.681 0.576 0.892 0.688 0.684 0.581 0.896 0.695 0.693 0.592 

20 Jul 0.913 0.819 0.726 0.632 0.915 0.723 0.730 0.638 0.920 0.730 0.740 0.650 
Aug 0.968 0.912 0.853 0.795 0.970 0.821 0.859 0.802 0.975 0.831 0.871 0.818 
Sep 0.984 0.958 0.926 0.892 0.983 0.882 0.927 0.894 0.981 0.885 0.929 0.898 
Oct 0.968 0.945 0.921 0.895 0.965 0.880 0.915 0.889 0.959 0.871 0.903 0.875 
Nov 0.948 0.913 0.879 0.847 0.944 0.846 0.871 0.836 0.936 0.827 0.851 0.812 
Dec 0.938 0.896 0.855 0.818 0.934 0.824 0.846 0.806 0.924 0.803 0.823 0.778 

- Jan 0.904 0.840 0.780 0.725 0.899 0.753 0.769 0.711 0.888 0.730 0.744 0.681 
Feb 0.927 0.877 0.830 0.788 0.922 0.800 0.819 0.775 0.912 0.779 0.796 0.746 
Mar 0.949 0.913 0.874 0.836 0.945 0.836 0.867 0.828 0.937 0.823 0.852 0.810 
Apr 0.962 0.923 0.883 0.841 0.961 0.847 0.882 0.842 0.958 0.847 0.882 0.843 
May 0.954 0.904 0.851 0.798 0.956 0.825 0.856 0.805 0.960 0.835 0.869 0.822 
Jun 0.942 0.882 0.819 0.755 0.945 0.802 0.827 0.766 0.932 0.816 0.845 0.789 

40 Jul 0.948 0.892 0.832 0.774 0.950 0.812 0.840 0.784 0.936 0.825 0.856 0.805 
Aug 0.961 0.919 0.875 0.829 0.961 0.842 0.877 0.832 0.961 0.846 0.882 0.840 
Sep 0.956 0.921 0.883 0.846 0.953 0.845 0.878 0.841 0.947 0.837 0.868 0.830 
Oct 0.934 0.889 0.847 0.808 0.930 0.814 0.838 0.796 0.920 0.795 0.816 0.770 
Nov 0.910 0.850 0.793 0.740 0.905 0.765 0.782 0.727 0.894 0.743 0.757 0.697 
Dec 0.897 0.829 0.764 0.706 0.892 0.737 0.753 0.692 0.881 0.715 0.728 0.662 

- Jan 0.847 0.746 0.652 0.569 0.844 0.646 0.645 0.561 0.837 0.635 0.631 0.545 
Feb 0.892 0.821 0.754 0.693 0.887 0.731 0.743 0.680 0.877 0.711 0.720 0.652 
Mar 0.924 0.872 0.822 0.775 0.920 0.790 0.812 0.763 0.909 0.772 0.790 0.737 
Apr 0.938 0.888 0.838 0.789 0.936 0.808 0.835 0.787 0.932 0.804 0.830 0.782 
May 0.925 0.864 0.802 0.741 0.926 0.786 0.806 0.747 0.929 0.793 0.815 0.759 
Jun 0.907 0.838 0.772 0.712 0.910 0.762 0.779 0.720 0.917 0.774 0.793 0.736 

60 Jul 0.916 0.849 0.784 0.724 0.918 0.773 0.790 0.731 0.923 0.783 0.803 0.716 
Aug 0.936 0.883 0.829 0.777 0.935 0.804 0.830 0.778 0.934 0.805 0.830 0.780 
Sep 0.934 0.884 0.835 0.789 0.930 0.803 0.827 0.781 0.921 0.790 0.811 0.762 
Oct 0.904 0.840 0.781 0.727 0.899 0.756 0.769 0.713 0.888 0.734 0.745 0.683 
Nov 0.863 0.772 0.688 0.612 0.859 0.673 0.679 0.602 0.830 0.658 0.661 0.581 
Dec 1 0.826 0.711 0.609 0.520 0.823 0.614 0.604 0.514 0.818 0.606 0.594 0.502 



IF 
Table D.8: Tabulated values of f j  for wingwa]ls; g = 0.1. -y = 900  

Values of fj 
D f  = 0.2 Of  = 0.4 Of  = 0.6 

Mon 
= 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 p = 0.2 0.3 0.4 0.5 

Jan 0.888 0.796 0.708 0.626 0.880 0.784 0.694 0.610 0.860 0.757 0.661 0.572 

Feb 0.932 0.871 0.805 0.742 0.926 0.861 0.792 0.727 0.912 0.837 0.761 0.691 

Mar 0.969 0.938 0.904 0.869 0.966 0.933 0.896 0.859 0.959 0.920 0.876 0.834 

Apr 0.992 0.984 0.975 0.965 0.991 0.982 0.973 0.962 0.989 0.979 0.967 0.954 

May 1.000 1.000 0.995 0.986 1.000 1.000 0.996 0.987 1.000 1.000 0.997 0.991 

Jun 0.999 0.994 0.978 0.953 0.999 0.994 0.979 0.955 0.999 0.995 0.983 0.960 

20 Jul 1.000 0.998 0.989 0.974 1.000 0.998 0.990 0.976 1.000 0.999 0.993 0.982 

Aug 0.997 0.993 0.989 0.983 0.997 0.993 0.988 0.982 0.996 0.991 0.985 0.979 

Sep 0.980 0.960 0.937 0.912 0.978 0.957 0.931 0.905 0.973 0.948 0.918 0.886 

Oct 0.945 0.893 0.840 0.784 0.941 0.885 0.829 0.770 0.929 0.865 0.801 0.737 

Nov 0.900 0.815 0.732 0.654 0.893 0.805 0.719 0.639 0.874 0.778 0.686 0.601 

Dec 0.874 0.775 0.682 0.597 0.866 0.763 0.668 0.581 0.844 0.734 0.634 0.542 

- Jan 0.808 0.684 0.575 0.478 0.798 0.671 0.559 0.461 0.773 0.638 0.521 0.421 

Feb 0.867 0.771 0.682 0.602 0.858 0.758 0.666 0.583 0.835 0.724 0.625 0.538 

Mar 0.919 0.858 0.797 0.739 0.912 0.847 0.783 0.721 0.895 0.820 0.747 0.679 

Apr 0.958 0.923 0.888 0.853 0.954 0.916 0.879 0.842 0.945 0.900 0.857 0.813 

May 0.979 0.958 0.933 0.907 0.977 0.955 0.929 0.903 0.972 0.947 0.919 0.891 

Jim 0.985 0.966 0.942 0.916 0.984 0.965 0.94() 0.914 0.981 0.961 0.937 0.911 

40 Jul 0.983 0.964 0.939 0.913 0.981 0.961 0.936 0.911 0.977 0.956 0.930 0.903 

Aug 0.968 0.940 0.912 0.882 0.965 0.935 0.905 0.873 0.958 0.922 0.887 0.851 

Sep 0.936 0.887 0.836 0.789 0.931 0.878 0.823 0.774 0.917 0.855 0.792 0.736 

Oct 0.886 0.802 0.723 0.648 0.877 0.789 0.706 0.630 0.856 0.757 0.667 0.585 

Nov 0.825 0.707 0.602 0.509 0.815 0.694 0.586 0.491 0.790 0.661 0.548 0.450 

- 

Dec 1 0.789 0.658 0.544 0.444 0.779 0.645 0.528 0.428 0.754 0.613 0.491 0.389 

Jan 0.651 0.479 0.339 0.228 0.644 0.470 0.330 0.221 0.628 0.452 0.312 0.205 

Feb 0.789 0.661 0.550 0.454 0.779 0.648 0.534 0.437 0.754 0.616 0.498 0.399 

Mar 0.878 0.796 0.720 0.651 0.869 0.782 0.701 0.630 0.845 0.746 0.656 0.578 

Apr 0.928 0.878 0.830 0.785 0.923 0.869 0.818 0.770 0.909 0.847 0.789 0.735 

May 0.951 0.908 0.864 0.821 0.948 0.904 0.859 0.815 0.941 0.895 0.848 0.802 

Jun 0.951 0.907 0.859 0.813 0.950 0.905 0.857 0.811 0.947 0.901 0.854 0.808 

60 Jul 0.952 0.909 0.863 0.819 0.950 0.906 0.860 0.815 0.945 0.900 0.853 0.808 

Aug 0.941 0.897 0.852 0.809 0.936 0.890 0.843 0.798 0.925 0.873 0.822 0.772 

Sep 0.901 0.834 0.770 0.713 0.893 0.821 0.754 0.693 0.873 0.789 0.713 0.645 

Oct 0.825 0.712 0.611 0.523 0.814 0.698 0.594 0.504 0.788 0.662 0.553 0.459 

Nov 0,697 0.538 0.405 0.297 0.688 0.528 0.395 0.287 0.670 0.505 0.371 0.265 

- 

Dec 0.584 0.395 0.248 0.140 0.578 0.389 0.243 0.136 0.566 0.375 0.231 0.127 
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