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ABSTRACT

Assessment of techno-economic viabiity of solar energy systems is bLased on long
term performance. The popular design methods for active as well as passive solar cnor oy
systems require certain proprocessed parameters in addition to meteorological nforiuation

on appropriate time scale.

The present thesis deals with defining monthly average transmittance-absorptance
product for flat plate collectors and optical efficiency for concentrating collectors consis-
tent with the definition of monthly average daily utilizability. The procedure invelved
comparing the monthly average daily useful energy gain for flat plate collectors obinined
by hour by hour summation procedure with the monthly average daily wselul caoipy
gain obtained as a product of heat removal factor, monthly average daily selar vadi
ation on the collector aperture, monthly average daily utilizability and menthly averooe
transmittance-absorptance product. In the second caleulation, transmittance-absorptanee
product is an all day average value on the mean day of the mouth. The ditlerences oo
an examination of the definition of monthly average daily utilizability established that the
transmittance-absorptance product needs to be defined as a weighted average of the in
taneous transmittance-absorptance product and solar radiation on the coliector apeviine

above the critical radiation level.

An equivalent mean day (EMD) calculation has been proposed and validated to ol
the monthly average transmittance-absorptance product for flat plate collectors and the
optical efliciency for concentrating collectors tracked in the five principal modes aceording

to the above definition.

A method to estimate the monthly average shading factors for receivers shaded by
finite overhangs taking atmospheric transmittance into account has been developed and
validated. The procedure involved developing simple equations relating finite shading
factor values to the infinite values which are easily calculable in terms of the tilt fietors
for different planes. The present approach is valid for south lacing as well as non-sonth
facing receivers.

I'inally, expressions for the monthly average shading lactors for inlinite wingwal!ls
analogous to the expressions for infinite overhangs, have been developed and validated.
A feature of these algorithms is that they take into account the monthly averase daliv

diffuse fraction and are valid for south facaing as well as for non-south lacing receivors.

Key Words: Tranemittance-absorptance product, Optical efficiency, shading factors,

Overhangs, Wingwalls.
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NOMENCLATURE

English letter symbols

A
A*
Aas Ar

Ab: Ada Ag

A;
As
Ashp

Ashpl ) Ashp2

Ay
AI

a

Blk

Bf

sin 6(sin ¢ cos 3 — cos psin fcosy),  Eq. (2.5)

A with g8 = 8%, Eq. (5.24)

aperture area and receiver area for concentrating collectors
1 —sin?écos?¢, Eq.(4.71)

asymmetry parameters for direct, diffuse and global radiation defined as
the ratio of forenoon direct, diffuse and global radiation to afternoon direct,

diffuse and global radiation on a horizontal surface

beam irradiated area of the window

shaded area of the window caused by overhang or wingwalls
area of the shading plane for overhang

areas of the shading planes (1 and 2) for overhang when a gap exists and

also shading plane areas for wingwalls (1 and 2)
area of the window
sinpsind, Eq. (2,9)

denotes one of the five principal tracking modes for concentrating
collectors, a plane rotated about a horizontal east-west axis with a single
daily adjustment so that its surface-normal coincides with solar beam

at noon each day

a constant in the correlation for 7, due to Collares-Pereira and Rabl [12],

Eq. (2.20)
(a — Dy) or (a— Dy), Eq.(2.28)

a constant in the correlation for 74 due to Satyamurty and Lahiri [15].
Eq. (2.23)

cos 6(cos ¢ cos B + sin gsin B cosy), Eq. (2.6)
B with 8 = 3%, Eq.(5.25)
2sin¢sindcosdcosd, Eq. (4.72)

cosgpcoséd, Lq.(2.9)

denotes one of the five principal tracking modes for concentrating



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

continuous adjustment to minimize the angle of incidence

b a constant in the correlation for r; due to Collares-Pereira and Rabl [12].
Eq. (2.21)

b, incidence angle modifier coefficient

b a constant in the correlation for rq due to Satyamurty and Lahiri [15].
Eq. (2.24)

C cosdsin Asiny, Eq. (2.7)

c* C with 8 = g*, Eq. (5.26)

Cs —cos?ésin?p, Eq. (4.73)

Gy area concentration ratio, (= A,/A,)

&y 1/[2B'(sinw, — wy cosw,)],  Eq. (5.38)

Cy (ws/2 — sin 2w, /4)/(sinws — ws cosws), Eq. (5.39)

c denotes one of the five principal tracking modes for concentrating

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

continuous adjustment to minimize the angle of incidence

Dy daily diffuse fraction, Hy/H
Dy monthly average daily diffuse fraction, Hy/H
d denotes one of the five principal tracking modes for concentrating

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

parallel to the earth’s axis with continuous adjustment
EMD equivalent mean day

e denotes one of the five principal tracking modes for concentrating

collectors, a two-axis tracking surface continuously oriented to face

the sun
E.e extension and non-dimensional extension of the overhang for the window
Fp collector heat removal factor
f monthly solar load fraction
£ instantaneous shading factor

fias fiz instantaneous shading factor due to wingwall 1 and due to wingwall 2

fi monthly average shading factor for finite overhang



fipl:fip?
.)Fl'lu fi"l

fioo
fioco

fioola )Ficxﬂ

fioopl-.- fioopi

ﬂo

fo fo
t11J:2

Hq, Hy
Hrf.n
HO) ‘H.'G

H,
HT'!I}T

monthly average shading factor values for finite overhangs

corresponding to two projections pl and p2

monthly average shading factor part values during ws, to w, and

W, 10 wsy for non-south facing receivers shaded by finite overhang,
monthly average shading factor for infinite overhang or wingwalls

monthly average shading factor for infinite overhang or wingwalls under

extra-terrestrial conditions

monthly average shading factor (part values) corresponding to

fi1 and f;z when the overhang is infinite

monthly average shading factor values for infinite overhangs

corresponding to two projections pl and p2

monthly average shading factor for finite overhang when fi = 0.0
monthly average part shading factors for non-south facing finite overhang
when fi1s0, fizoo = 0.0

gap and non-dimensional gap between the overhang and the window top

or between the wingwall and side of the window

height of the vertical receiver and height measured along the non-vertical

receiver
daily and monthly average daily global radiation on a horizontal surface
daily and monthly average daily direct radiation on a horizontal surface

monthly average daily radiation on the collector according to
Collares-Pereira and Rabl’s [12] definition

daily and monthly average daily diffuse radiation on a horizontal surface
monthly average daily diffuse radiation on a shaded receiver

daily and monthly average daily extraterrestrial radiation on a

horizontal surface
monthly average daily radiation on the shaded receiver

daily and monthly average daily radiation on the collector aperture

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

yearly average daily global radiation on a horizontal surface



Ip1(w)
Ipz(w)
Ip3(w)
Ipa(w)
Ips(w)
Ips(w)

altitude of any location

hourly global, direct and diffuse components of solar radiation on a

horizontal surface

monthly average hourly global, direct and diffuse components of solar

radiation on a horizontal surface
hourly direct radiation on a shaded receiver (window)
critical radiation level for a solar collector

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

shaded receiver

hourly, monthly average hourly extra-terrestrial radiation on

horizontal surface
hourly solar radiation on a shaded receiver

hourly solar radiation on the aperture of the collector

maximum hourly solar radiation on the aperture of the collector during

the day which occurs around w = wy,

maximum hourly solar radiation on the aperture of the collector during

the day which occurs around w = wy, on the equivalent mean day

maximum hourly solar radiation on the aperture of the collector during

the day which occurs around w = w,, on the mean day of the month
critical radiation level for a passive structure
hourly solar radiation on the collector aperture at solar noon, w = 0

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

on the mean day of the month

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

on the equivalent mean day
feosfdw, Eq.(3.44)
fcos@coswdw, Eq.(3.45)
Jeos?0dw, Eq. (3.46)
Jcos?fcoswdw, Eq.(3.47)
fcoswdw, Eq.(3.48)
Jeos?wdw, Eq.(3.49)

N1



Ky
Kg

QT!QT‘

[1/(P + cosw)dw, Eq.(3.92)

[1/(Q + cosw)dw, Eq. (3.93)

Extinction coeflicient

daily clearness index, (= H/H,)

monthly average daily clearness index, (1 /11,)

average daily clearness index for the contributing days in a month. Iiq. {1.8)

minimum daily clearness index in a month below which there is no

contribution to the useful energy
maximum daily clearness index in a month of average clearness index A'p
7/[24(sinw; — w5 cosw;)], Eq. (2.19)

= (14 cos3)/2 for fixed surfaces and

= Lfe, for concentrating collectors, Eq. (1.1)

= (1- cosf3)/2 for fixed surfaces and

=0 - for concentrating collectors, Eq. (1.5)
K\KTH,/B', Eq.(3.42)

(a—bcosws) Eq. (3.43)

(B'Dy/C,), Eq.(4.53)

hourly clearness index, (= 1/1,)

monthly average hourly clearness index, (= I/1,)

monthly heating load

auxiliary energy requirement for a month

auxiliary énergy requirement for infinite capacity structure
auxiliary energy requirement for zero capacity structure

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

number of days in a month

number of days in a month thatl contribute to the useful energy
projection and non-dimensional projection for overhang or wingwall
dumped energy or energy in excess of the load in passive system
rate of dumped energy

way, monthly average daily net energy transfer from a receiver




NXIH

Qg useful energy gain for a short time interval
Qudiy single day useful energy gain from a collector
i single day useful energy gain from a collector when all day average

transmittance-absorptance product is used

(7 - monthly average useful energy gain from a collector

Q_::.,m monthly average useful energy gain from a collector when all day monthly
average transmittance-absorptance product is used

R daily or monthly average daily tilt factor for solar radiation

R* monthly average daily tilt factor for solar radiation for the contributing
days, i.e., R at K7 = K3

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

Rin, R; at the hour angle wy,

R; instantaneous tilt factor for direct radiation for the shading plane

R}y, Ri, instantaneous tilt factors for direct radiation for shading planes
corresponding to wingwall 1 and wingwall 2

Ry 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

Rio Ry evaluated under extra-terrestrial conditions

R, R} evaluated under extra-terrestrial condition

";1,}_?,;2 average tilt factors for the durations wg, 10 w, and w, Lo wy,

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

shading planes 1 and 2 corresponding to wingwalls 1 and 2

o10 Bi.a  Rpy, Rj, evaluated under extra-terrestrial conditions

R instantaneous tilt factor for solar radiation at the hour angle w,,

B R;‘n instantaneous tilt factors for solar radiation at w = wy, on the mean day
and equivalent mean day of the month

Ry daily rainfall of any location

Ry, yearly average rainfall of any location

RH relative humidity



Y

Td, Tt ratios of hourly diffuse and global radiation to daily diffuse and global

radiation on a horizontal surface
Tyms Tt,m ry al the hour angle w,, on any day and on the monthly mean day
Tdm,Tdm T4 at the hour angle w,, on any day and on the monthly mean day

S number of hours of bright sunshine

Ty

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

term average number of hours of bright sunshine

5/50,5/5, daily, monthly average daily sunshine fraction

) G A daily, monthly average daily ambient temperatures

15 building temperature

Civ yearly average ambient temperature

% collector inlet fluid temperature

i S minimum temperature above which energy is supplied from the collector
T, T daily, monthly average daily room temperature

t solar time, hour of the day

U, Uy overall collector lhical loss coellicients

(UA) building load coefficient

X, non-dimensional critical level for a day

X. monthly average non-dimensional critical level

X non-dimensional critical level for the equivalent mean day
W, w width and non-dimensional width of the window

Greek letter symbols

a absorptance of the receiver

o B2+ (C? - A%, Eq.(B.3)

a Bz-}-C?—(A——U.f))Q, Eq. (B.13)

R solar altitude angle (complement of zenith angle)

. effective absorptance of the window-room combination

3 slope, the angle between the tilted plane and the horizontal

slope of the shading plane Eq. (5.27)



NXV

Be beam extinction coeflicient (Appears in Table 1.1)

[k slope of the shading plale 1 for overhang when gap exists

B35 slope of the shading plane 2 for overhang when gap exists

6, 6m solar declination for any day and mean day of the mounth

Ag percentage difference in useful energy gain for a single day

Ay percentage difference in the monthly average useful energy gain
Agnas maximum percentage difference in useful energy gain for a single day
To instantaneous optical efficiency for concentrating collectors

Nodicss single day optical efficiency according to Collares-Pereira and Rabl [12]
M day single day optical efficiency as defined in the present studies

7o monthly average optical efficiency for concentrating collectors

5 monthly average optical efficiency for concentrating collectors as defined

in the present studies

Mo emd monthly average optical efficiency for concentrating collectors as defined

in the present studies obtained by IEMD approach

m,n2,m3  optical factors for direct, diffuse and ground reflected components of

solar radiation

M1,72,73  monthly average optical factors for direct, diffuse and ground reflected

components of solar radiation

ol surface azimuth angle, negative towards east and positive towards woest,

zero due south

Y5 solar azimuth angle, negative towards east and positive towards west,

zero due to south

Vd =(vs=17)

11573 azimuthal angles of the shading planes corresponding to wingwalls | and 2
w solar hour angle, forenoon negative, alternoon positive, zero at solar noon
W, hour angle corresponding to (s —7) =0

We critical hour angle, the hour angle when the solar radiation incident on the

collector is equal to the critical radiation for flat plate collectors lacing

south (y = 0) or tracking solar collectors

Wel, Wea critical hour angles in general, the hour angles when the solar radiation



vl

incident on the collector is equal to the critical radiation level

/
wcl [maz(wchwsr)]
! y 3
Weo [min(wea, wss))
Wi the hour angle corresponding to maximum solar radiation incident on the

collector aperture during the day
Wi sunset hour angle for a horizontal surface

W) apparent sunset hour angle for a south facing tilted surface or for a

tracking collector

wi, (wo — wsyp) for v > 0; (wss —w,) for 7 < 0

Wer apparent sunrise hour angle for a tilted surface

Was apparent sunset hour angle for a tilted surface

Wy, apparent sunrise hour angle for the shading plane

Wl apparent sunset hour angle for the shading planes

Wi apparent sunrise hour angle for shading plane corresponding to wingwall |

Whso apparent sunset hour angle for shading plane corresponding to wingwall 2

Wy, Wy hour angles corresponding to angle of incidence ¢ = 60°

é latitude of a location, north positive

$cPR utilizability for a single day or monthly average daily utilizability
(according to Collares-Pereira and Rabl [68]

bday utilizability for a single day

OE utilizability for the equivalent mean day

b monthly average daily utilizability

?y yearly average daily utilizability

p ground reflectance

P2 reflectivity of the underside of the overhang

P angle between the shading plane for the overhang and the vertical

P, Yo angles between the shading planes and the receiver

T transmittance of collector cover

Ty Ty Ty transmittance for direct, diffuse and ground reflected components of

solar radiation
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(ra) transmittance-absorptance product for the collector-cover system at

any hour angle w

(ra)s transmittance-absorptance product at any hour angle w for direct,
radiation

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

(ra), transmittance-absorptance product at any hour angle w for ground
reflected radiation ‘

(ra), transmittance-absorptance product at normal incidence

(T@)day single day average transmittance-absorptance product for flat plate
collectors

(*."a)gaz‘r single day average transmittance-absorptance product for flat plate

collectors as defined in the present studies
(Ta) monthly average daily transmittance-absorptance product

(Ta)* monthly average daily transmittance-absorptance product as defined

in the present studies

(Ta)* monthly average daily transmittance-absorptance product as defined

emd

in the present studies obtained by 'MD approach

(Ta)s monthly average daily transmittance-absorptance product for direct

component of solar radiation

(T@)4 monthly average daily transmittance-absorptance product for difluse

component of solar radiation

(Ta), monthly average daily transmittance-absorptance product for ground

reflected component of solar radiation

(Ta), yearly average daily transmittance-absorptance product.

0 angle of incidence for direct radiation for a tilted surface

04 effective angle of incidence for diffuse solar radiation for calculating (7a ),

0, effective aﬁgle of incidence for ground reflected radiation for calculating (70),
O, O, angle of incidence at the hour angle w = w,, and w =0

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

6,6, angles of incidence at hour angles w,; and wey



Chapter 1

Introduction

Renewed interest by scientists and engineers worldwide to harness alternate energy sources
is a consequence of realizing that fossil fuel reserves are fast depleting. Price hike of fucl
oil in 1973 influenced the economic viability of the systems based on alternate enerpy
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 available almost all

over the world.

Conversion of solar energy to useful energy may be carried oul through two major
technological routes. In the first route, the photovoltaic conversion, solar energy is directly
converted to electrical energy. In the second route, solar energy is converted to useful ther-
mal 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 based on flat plate collectors are commercially avail
able. Some of the applications are, space heating or cooling, agricultural and industrial
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 hetter indoor comfort

condition.
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Active solar energy thermal systems usually consist of components like, the solar
collector to collect solar energy, a thermal storage device, non-solar auxiliary system,
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 transfer
energy is accomplished by means of a pump or a fan or at times by natural circulation.
The non-solar auxiliary system is activated when the solar storage is depleted. The control

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

Passive solar energy systems are characterized by the following features. Generally.
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, many passive systems
require no mechanical energy for moving the working fluid. In hybrid systems, mechanical
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 com ponents present
in active systems. For example, in a passive system of the thermal-storage-wall type the
solar collector consists of the glazing and the wall surface. Storage is integrated with the
absorber surface and can be either a concrete slab or a water wall immedia tely behind
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 tle
passive system. Backdraft dampers are a control mechanism for storage wall systems
which eliminate the possibility of reverse thermocirculation through the wall air slots

which are used to supply warm air during the day.

Although, the solar collection device is the heart of the system, the performance of
the system depends critically upon the other components in the system, like storage. heat
exchangers, controls, and the load and its distribution. In general, environmentally driven
systems and solar energy systems in particular, do not operate at either pre-determinable
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 wlich
this information is called for, depends upon the method of long term performance predic-

tion. Long term p . [ormance estimates, depending upon the accuracy needed, are based



on simulation of all the components in a system throughout the year, smallest time scale
being an hour or less. At the other extreme, the yearly performance is assessed throngsh a
single equation or correlation developed by different techniques. In order to bring out the
input and derived information needed for long term performance prediction of active and
passive solar energy systems, the methods available are reviewed in the following sections.
This review is aimed to identify the limitalions of the existing methods in calealating the

long term processed parameters and the scope for further studies.

1.1 Active Solar Energy Systems

1.1.1 Experiments 3

When possible, actual experiments are the best tools to determine long term performance
of solar energy systems. However, conducting system scale long term experiments is
prohibitively expensive and time consuming. Also, the results obtained from experimonts
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 experimental studies on components in the system, systeim
scale experiments have been limited. Omne such study has been reported by Mitchell,

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 variables can be ob-
tained 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. lor developing component models, component scale experiments are neoded.
Nevertheless, system scale experiments are warranted to gain insight into the practical
problems which the simulations may not reveal. SIMSHAC [2], Simulation program f[or
Solar Heating and Cooling of Buildings, is one comprehensive modular program. Winn [3]
presented a comparative assessment 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



in typical solar energy systems. A list of components in the TRNSYS library can be foun

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

Meteorological Input for Simulations

a) Data

In addition to the component models, the simulation programs in general require the

following key input information.

a) Hourly global and diffuse solar radiation values.
b) Ambient temperature.

¢) Wind velocity and it’s direction.

d) Relative humidity.

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 National
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 Basc
(NSRDB), developed by National Renewable Energy Laboratory, Boulevard. Colorado. is
available as TMY2 data set [8]. This data base gives, along with solar radiation valucs,
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 (1971-1978) are
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 other

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 [10]) in the literature. Recently, Gansler, Klein and Beckman [11]
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 Rabl [12] or Lrbs, Klein and Dullie
[13] is an example. Similarly, hourly global and diffuse solar radiation can be estimated



from the corresponding daily values using the correlations for r; (see Collares-Percira and
Rabl [12], Jain, Jain and Ratto [14] and Satyamurty and Lahiri [15]) and ry (see Lin
and Jordan [16], Jain, Jain and Ratto [14] and Satyamurty and Lahiri [15]) respectively.
Also, distribution of clearness indices, due to Liu and Jordan [16], 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. Different correlations in

this category are given in Table 1.1.

Attempts at predicting ambient temperature in terms of more readily available in-
formation are lesser compared to the body of literature available to predict the solar
radiation. Erbs, Klein and Beckman [40] and Morrison and Sudjito [25] presented cor-
relations to predict the monthly average hourly ambient temperature. Erbs, 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. Recently,
Choudhury [39] examined the correlations, presented by Erbs et al. [10] and Morrison [253].
to predict the monthly average hourly ambient temperature and found that the swing in
the daily ambient temperature correlated to the monthly average daily clearness index in
Erbs et al. [40] is highly location dependent. Choudhury developed correlations to predict
monthly average hourly ambient temperature in terms of the maximum and minimum
temperatures of the day. Choudhury also developed correlations for the monthly averaee
(T,) and yearly average (T,,) daily ambient temperature using multiple regression analysis
using a data base for 220 locations with latitude range of 8° < ¢ < 62°. The correlations
developed by Choudhury [39] employ differing number of predictors, among - latitude ().
declination (é), altitude (%), rainfall (Ry) or (Ry,) and global solar radiation (1) or (11,).

Derived Information in Simulation Programs

The following are the derived information/parameters.

a) Solar radiation on the surface of interest.

b) Absorbed radiation which calls for optical properties of the collector-cover
system.

c¢) Overall heat loss factors.

d) Degree-days.

Solar radiation on any surface of interest (other than horizontal) is estimated from
the solar radiation on a horizontal surface multiplied by a tilt factor, R. Methods (o
estimate the tilt factor, R, applicable for a small interval of time are available in Duffie
and Beckman [6] based on the developments due to Liu and Jordan [41]. According to



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

o1

Quantities | Methods available in Predictors Used for
I;/I Orgill and Hollands [18] kr Calculating I
Frbs, Klein and Duffie [13] ke
Spencer [19] kr, ¢
Hollands and Huget [20] kr,T at upper
and lower atm.
Soler [21] kr
Suehrcke amd McCormick [22] | Ar,0:, Be
Reindl, Beckman and Duffie [23] | kr,m;, To, RH
Camps and Soler [24] kr,8.,5/5,
Morrison and Sudjito [25] Evaluated the
correlation due to
Spencer [19]
Td Liu and Jordan [16] Wy W Calculating I
Newell [26]
Mani and Rangarajan [27] Graphs
Satyamurty and Lahiri [15] Dy ws,w, Ag
Ii/1, Soler [28] kr,S5/5,.6. Calculating 7,
I;/1, Skartveit and Olseth [29] I/ 1o Iy
Iy Suehrcke and McCormick [22] Kr,8., 5. Iy
kT Liu and Jordan [16] kr Distribution of
krs and Is
T Mani and Rangarajan [27] W, W [
Collares-Pereira and Rabl [12] Wey W

Jain, Jain and Ratto [14]

Satyamurty and Lahiri [15]

wy,w and some
location dependent
parameters

Dj,ws,w, /19




Table 1.1  Continued
Quantities | Methods available in Predictors Tsed for ]
Hq/H Liu and Jordan [16] Kr Calculating 1, a
Collares-Pereira and Rabl [12]
Erbs, Klein and Duffie [13]
Davis and Mckay [30] Evaluated the
performance of
the correlations
reported in
[12] and [13]
Elhadidy and Abdel-Nabi [31] | A7 and season
Gopinathan [32] Kr,58/5,
Hy/H Collares-Pereira and Rabl [12] | K7, w, Hy
Erbs, Klein and Duffie [13] K
Al-HHamdani, Al-Riahi K7,5/8,
and Tahir [33], Soler [34]
Soler [35] Kr,¢
/i, Wenxian [36) Kr,h, Ry iy, Hy
Krp Liu and Jordan [16], Bendt Krp Distribution of kys
Collares-Pereira, Rabl [17]
Feuillard, Abillon and Kkr,5/8,
Bonhomme [37]
H, Stanhill [38] ¢, h
Choudhury [39] b, 6,h, Ry H

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

However, they are needed in general, in the design methods.

average value may be the starting point for synthetic data ge

time scale.

Also, a long term

neration on smaller




Liu and Jordan [41], the radiation on the tilted surface comprises of three components:
direct, sky-diffuse and solar radiation reflected from the ground. Solar radiation absorbed
by the solar collector is the product of solar radiation on the surface of interest multipliod
by an effective transmittance-absorptance product (ra), or in general, optical efficiency of
the collector-cover system. (Ta) can be estimated from the transmittance of the cover, 7,
absorptance of the receiver, o, and the reflectance of the cover system for diffuse radiation,
pd which is a fucntion of extinction coeflicient K™ [see, Duffie and Beckman [6], chapter
5, page 216-229]. It may be noted that both 7 and a depend on the angle of incidence
of solar radiation. ASHRAE [42] suggests that the ratio of transmittance-absorptance
product (Ta) at any incidence angle to that at normal incidence angle, (ta),, can be

expressed as,

kre) =1+5b, (L—l) for 0° <8 <60° (1.1)
c

(Ta), os
In Eq. (1.1), b, is the incidence angle modifier coefficient and 6 is the angle of incidence.
Eq. (1.1) is valid for gray surfaces and can not be used for selective surfaces. Tabulated
values of (Ta)/(ra), for single and double glass covers for incidence angle range of ) <
6 < 90° are available in f-chart manual [43]. Visalakhsi [44] presented an expression for
(tra)/(Ta), for the range 60° < 8 < 90° as,

(Ter)

(ta),

=2(1+b,) cost for 60" < 6 < 90" {1=2)

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 incidence is
available in Gaul and Rabl [45]. Gaul and Rabl correlated optical efliciency for parabolic

trough concentrators of five different makes in a polynomial form.

Overall heat loss coefficient for flat plate collectors comprises of a top loss coellicient
and a bottom loss coefficient. These can be estimated when the required relations for the
free convective and force convective heat transfer coellicients are known. In general, it may
be considered that a fair body of heat transfer literature exists on heat transfer coefficiont
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, makes
the process of estimating the top loss coeflicient iterative. Similar procedure is followed
to obtain receiver overall heat loss coefficient for the concentrating collectors. For flat
plate collectors, Klein [46], following the procedure of Hottel and Woertz [47], developead
a correlation for the top loss coefficient as a function of number of glass covers, collector
tilt, emittance of glass and plate, ambient temperature, mean plate temperature and wind
heat transfer coefficient. Recently, Samdarshi and Mullick [48] developed a generalized

analytical equation for the top loss factor, valid for flat plate collector with NV glass covers.



The degree-day method of estimating heating loads is based on the principle that the
energy loss from a building is proportional to the difference in temperature hetween indonrs
and outdoors. Values of monthly average degree-days for 240 US locations are available
in Duffie and Beckman [6]. Also, Tables of degree-days for several base temperatures are
available in Balcomb, Jones, McFarland and Wray [49]. A method to estimate the nimber

of degree-days is described in Erbs, Klein and Beckman [40] also.

1.1.3 Short-cut Simulations

To cut down the expense of computations involved in the detailed simulation methods,
such as, TRNSYS [4, 5], short-cut simulation techniques have been reported in the litera-
ture. SOLCOST [50] is one such short-cut simulation method. whereby system simulation
is performed over a clear day and a cloudy day and the results of both days’ system por-
formance are weighted by taking the monthly average daily clearness index into account in
order to arrive at a monthly estimate of the system performance. Typical Meteorological
Day (TMD) method due Feuermann, Gordon, and Zarmi [51], and the MIRA method
due to Reddy [52] and Reddy, Gordon and DeSilva [53] employ one repetitive day caleu-
lation. These methods [51, 52, 53], valid for systems employing encrgy storage, atlempl
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 witliont
storage. For both the methods, a mean day needs to be chosen which contains all {1}
necessary statistical information concerning the time dependence of solar radiation 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 restrictod
to any specific system. Models for new components can be added as and when becoue
available. The system configurations for certain applicalions of solar energy heating sys-
tems such as space heating, domestic water heating, industrial process heating etc., have
become more or less standard. For standard system configurations. from the resnlts of
detailed simulations, correlations to predict the monthly solar load fraction have bocn
developed. The monthly solar load fraction, f, is defined as the ratio of energy delivered
by the solar energy system to the load on the system ignoring the energy produced by

the system in excess of the load. f-chart method [54, 55, 56] is one such simplified design
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method for systems supplying energy at or above 20°C' and has been successfully cm-
ployed for designing space heating and domestic hot water (DHW) systems. In the {-chart
method [54, 55, 56] the monthly solar load fraction is correlated to two non-dimensional
variables, the non-dimensional collector loss and the non-dimensional absorbed energy.
Experimental verification of f-chart results have been reported by Duffie and Mitchell [57],
Fanney and Klein [58] etc. Similar correlations to predict the monthly solar load fraction
have been reported in Buckles and Klein [59] and Lunde [60]. ¢, f-chart [61, 62] is another
popular design method to predict the monthly solar load fraction for systems delivering
energy at or above a desired minimum temperature. &, f-chart method combines the uti-
lizability method with the f-chart concept. In the @, f-chart method, in addition to the two
non-dimensional variables described in the f-chart method, the monthly average daily uti-
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 o,
f-chart, require the monthly average daily solar radiation falling on the collector surface,
Hr, and the monthly average transmittance-absorptance product (7a), also referred to as

monthly average optical efficiency, 7,.

Monthly Average Processed Parameters

Monthly Average Daily Tilt Factor: The monthly average daily solar radiation, /[y, falling

on flat plate or concentrating collectors can be estimated from the monthly average daily

global radiation on a horizontal surface, H, as,
Hr=RH = H (1 — Dy)Ry + KoDj + K3 (1.3)

where, Ry 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 a horizontal surface.
D¢ (= Hq/H) introduced for brevity, is the monthly average daily diffuse fraction and I,
and K3 are constants. When solar radiation dala are not available, D; can be calculated
from [63, 16, 12, 13]. The constants K, and K3 are defined by,

B (14 cosf3)/2 for flat plate collectors (1.4)
tg = ;
1/C% for concentrating collectors
. p(1—cosf)/2 for flat plate collectors
K3 = ) (.L5)
0 for concentrating collectors

In Eqgs. (1.4) and (1.5), 3 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 (he

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 second expression

in Eq. (1.5) is zero. From Eq. (1.3), R can be expressed as,
R=[(1-Ds)Ry+ K2Dy + K3] (1.6)

Ry in Eq. (1.6) can be estimated from Liu and Jordan [64], Klein [65] or Klein and
Theilacker [66]. Lahiri [67] also presented methods to estimate Ry considering asymmelry
in the solar radiation distribution. Collares-Pereira and Rabl [68, 69] presented methods
to calculate H,,y, the monthly average daily solar radiation, received during an average
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 Ry for

concentrating collectors tracked in the five principal modes.

All the methods [64, 65, 66, 68, 69, 67] for estimating solar radiation on tilted surfaces
discussed above, employ isotropic sky-diffuse radiation model. Descriptions for anisotropic
sky-diffuse radiation have been reported in the literature. Some of the models are due to
Temps and Coulson [70], Hay [71], Klutcher [72], Hay and Davis [73], Perez, Stewart,
Arbogast, Seals and Scott [74], Gueymard [75], Perez, Seals, Ineichen and Stewart [76].
Perez, Seals, Ineichen, Stewart and Menicucci [77], Reddy and Attalage [78]. Ma and Igbal
[79] have compared the predicted solar radiation values using the isotropic model and the
anisotropic models due to Hay [71] and Klutcher [72] against measured values on tilted
surfaces for one Canadian location and found that the anisotropic models agree better with
the measured values. Abdelrahman and Elhadidy [80] reported opposite observations [or
an Arabian location, where the agreement with the measured radiation values is better
with the isotropic model rather than with the anisotropic models due to Hay [71] and
Klutcher [72]. Recently, Utrillas and Martinez-Lozano [81] evaluated the performance
of [74, 76] and concluded that the simplified circumsolar model approximates measured
values more closely. However, Kambezidis, Psiloglou and Gueymard [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 widespread measured information, the models

for anisotropic sky-diffuse radiation perhaps need further scrutiny.

1The five principal modes of tracking considered by Collares-Pereira and Rabl are -
Mode a: A plane rotated about a horizontal east-west axis with a single daily adjustment 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 minimize the
angle of incidence
Mode c: A plane rotated about a horizontal north-south axis with continuous adjustment te minimize the
angle of incidence.
Mode d: A plane rotated about a north-south axis parallel to earth’s axis, with continuons adjustment,

Mode e: A Lwo-axis tracking surface continuously oriented to face the sun



Monthly Average Daily Utilizability: Collares-Pereira and Rabl [68] suggested that ¢.[-

chart correlation [61] can be used for systems employing concentrating collectors as well
when the monthly average daily utilizability and the optical efficiency correspond to the
concentrating collectors employed. Hottel and Whiller [83] introduced the monthly average
hourly utilizability which was later generalized by Liu and Jordon [41]. Monthly average
daily utilizability, ¢, as defined by Klein [84] is the ratio of the sum for a month, over
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 same month.
The critical radiation level corresponds to zero useful energy gain from the collector.
However, Collares-Pereira and Rabl [68, 69] defined the monthly average daily utilizability
(designated in the present thesis as ¢cppr for clarity) in a slightly different way, as the
ratio of solar radiation received by the collector above the critical level over a month
to the total radiation during the collector operating time period over the same month.
Klein [84] presented a correlation to calculate ¢ for flat plate collectors facing the equator.
Collares-Pereira and Rabl [68, 69] have presented generalized correlations for ¢epp which
include non-south facing flat plate collectors and concentrating collectors tracked in the
five principal modes. Retaining the same form of the correlation due to Klein [84], the
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] and
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 utilizability by numerical
integration of the hourly values. The method of Hollands and Huget [89] to predict
long term hourly utilizability for solar collectors also calls for numerical integration to
obtain the monthly average daily utilizability. Klein and Beckman [90] presented an
excellent comparative study of the different correlations [85, 8G, 87, 88, 68, 69] available
for evaluating the monthly average daily utilizability and suggested that studies be pursued
to develop methods for estimating the monthly average daily utilizability with sufficient
accuracy when the utilizability is low. Yearly average utilizability for principal tyvpes
of solar collectors can be obtained from the data based correlations due to Rabl [91].
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 Zarmi

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

well.

In an attempt to develop general enough method to estimate monthly average daily

utilizability, Acharya [94] studied the limitations of the correlations of Klein [84] and



Collares-Pereira and Rabl [68, 69]. Acharya [94] introduced an equivalent mean day (EMD)
calculation to obtain the monthly average daily utilizability as a single day calculation for
south facing flat plate collectors. Employing the correlations for r¢ [12] and rq [16] 1o

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

[ “(p - 1) dw

sy = P ——— (1.7)
[ T

where, we and we are the hour angles corresponding to I1 = I.. Lahiri [67] generalized
the method to include non-south facing flat plate collectors and concentrating collectors.
Choudhury [39] studied the influence of asymmetry in the solar radiation distribution
on the monthly average daily utilizability for principal types of collectors. The equivalent
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 identified as the days with
clearness indices higher than a certain minimum clearness index, KT min- KT,min can be
obtained by equating the critical radiation level to the maximum radiation on the collector
surface during a day. Explicit expressions to obtain KT min are available in Lahiri [67].
The fractional time for which K7 > KT min OF the ratio of the contributing days, Ne, to the
total number of days in a month, N, can be obtained from the generalized distribution of
clearness indices for a given K7 due to Liu and Jordan [16] or from analytical CXPressions
presented by Bendt et al. [17]. Indeed, in this method any distribution of K7 can be
employed. The equivalent mean day is characterized by an average clearness index of
K3, which is the average of clearness indices of the contributing days, i. e. days with
K1 > K7 min- Let, the utilizability for the equivalent mean day be ¢p. Monthly average
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 above
the critical level is the same, calculated as, é N Hr or ¢ N H%. Thus,
* jox

b= ég————-ﬁ?% ;:‘Tf (1.8)
where R* is the average tilt factor for the contributing days in a month. The aforemen-
tioned studies [94, 67, 39] are, general enough, any distribution of clearness indices can be
employed, and are valid in the range 0 < & < 1 within a rms difference of 4 % compared

to the hour by hour computations employing solar radiation data.

Monthly Average Transmittance-Absorptance Product or Optical Efficiency:  The other

processed parameter needed in calculating the non-dimensional absorbed energy (one of
the two variables in the f-chart and ¢, f-chart correlation) is the monthly average daily

optical efficiency. In the present thesis, generally the term transmittance-absorptance
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product has been used for flat plate collectors and optical efficiency for concentrating
collectors. Also, when literature is reviewed the original notation of the author is preserved.

Collares-Pereira and Rabl [68, 69] introduced monthly average optical efliciency, 1, for solar

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

to explicitly calculate either the operating time period or the long term optical elliciency,
7, has been presented. To date, studies to calculate monthly average transmittance-
absorptance product, (7a&), pertaining to flat plate collectors are due to Klein [95]. Sfeir
[96], Satyamurty and Acharya [97] and Choudhury [39]. The methods reported in [95, 96.
97, 39] define the monthly averagé daily transmittance-absorptance product for flal plate
collectors as a weighted average during the entire month, the weighting function being the
incident solar radiation. The monthly average daily absorbed energy, S, (see Duffic and

Beckman [6]) is expressed as,
S = Hy (7a) = HyRy(Ta)y + KoH g(Ta) g + K2 H (Ta), (1.9)

where, (TQ)s, (T@)q4 and (7@), are the monthly average transmittance-absorptance product
values for direct, diffuse and ground reflected radiation respectively. From Eq. (1.9), (&)
can be expressed as,

_ HyRy(Ta), + Ko Hy(Ta)a + K3l (Ta),
- f}bRb + I\'-‘z}}d + _[\"3_&

(Ta) (1.10)

(T@)q and (Ta), can be estimated easily employing the correlations for the effective angles
of incidence 04 and ¢y, lor difluse and ground rellected radiation respectively according
to Brandemuehl and Beckman [98]. (7@), is the weighted average of direct radiation on
the tilted surface and the corresponding transmittance-absorptance product over all tle
hours and all the days in the month and is expressed as,

> > LRy(ra)dw

days hours

Z Z Iy Ry dw

days hours

(Ta), = (L.11)

Klein obtained effective angles of incidence 8 to caleculate (7). € has been presented
graphically, evaluating Eq. (1.11) on the mean day of the month, as a function ol the
latitude ¢, the collector slope 3, and the surface azimuth angle v, 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 85 on the number of glass covers or any
climatic feature, say, clearness index or diffuse fraction. Following the approach similar to
Klein and Theilacker [66] in evaluating Rj, Sfeir [96] developed an analytical expression
for 7,. Sfeir employed a relation to describe the angular distribution of (1,4/1,.,) in

terms of the incid nee angle modifier coeflicient b, valid for 0" < ¢ < 60", in the entire
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range of 0° < § < 90°. Satyamurty and Acharya [97] have eliminated the limitations of
Sfeir’s expression by employing piece-wise continuous functions of 8 that closely follow
the distribution of (1j,/16,n) in the entire range of 07 < 8 < 90°. The linctions salisfy
(Do/Mon) = 1, (14+b,) and 0 at § = 0°, 60° and 90° respectively. Satyamurty and Acharya
[97] developed expressions for (7js,6/170,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 angles for the horizontal surface.
Choudhury has shown that, indeed this is responsible for large errors according to Sfeir’s
expressions in summer months even for a south facing collector. Choudhury studied the

influence of asymmetry in solar radiation distribution also in obtaining (7a)s.

Methods to calculate 7j, for concentrating collectors are very limited. Gaul and Itabl
[45] investigated the incidence angle modifier for parabolic trough collectors and presented
the results in two forms: a) a polynomial fit to data and b) a single number, the all day
average optical efficiency for typical operating conditions. Further studies in obtaining 1,

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

b) Annual Models

To further reduce computational effort, Barley and Winn [99], Lameiro and Bendt [100]
and Ward [101] have proposed methods which are correlations obtained from f[-chart re-
sults to predict the annual load fraction directly. Annual models to predict the yearly solar
load fraction are also available in Satyamurty and Beckman [102], Satyamurty, Visalaklsi
and Sastri [103] and Satyamurty and Visalakhsi [104, 105] for space heating systems and
Visalakhsi [44] which includes industrial process heating systems as well. The annnal
models described particularly, in Satyamurty and Beckman [102] and further extensions
[103, 104, 105, 44] require yearly average solar radiation received by the collector, Iy,
yearly average utilizability, gBy and yearly average transmittance-absorptance producl,
(Fa@),. Visalakhsi [44] developed a method to estimate the yearly average solar radiation
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 Gordon and
Zarmi’s [106] method. Visalakhsi’s approach correctly accounts for number of hours of
solar radiation as received by the collector in the year. Visalakhsi also developed an ex

pression for the yearly average transmittance-absorptance product under extra-terrest rial
conditions. Satyamurty and Visalakhsi [105] calculated the yearly average utilizability for
south facing flat plate collectors accurately using Klein’s [84] correlaltion for the monthly

average daily utilizability assuming the critical radiation level to be constant for all the
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months in the year. This constant value has been chosen as the average of the monthly
values. Other parameters in Klein’s correlation such as R are replaced by corresponding
yearly values. Lahiri [67] generalized the method to estimate yearly average solar radia-
tion received by principal solar collectors by taking winter (& < 0) and summer (6 > 0)
averages separately. Similar concept has been validated by Lahiri to calculate the yearly
average utilizability also. Approach described in Lahiri is valid for flat plate collectors
with no restriction on the azimuthal angle, slope and concentrating collectors tracked 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 control functions
for changing the mode of operation of the system, solar energy systems do not permit
simple analytical solutions. However, with a set of simplifying assumptions, performance
estimates of simple solar energy systems have been represented analytically. Gordon and
Rabl [107] have proposed a design method for open-loop industrial process heating systems
without storage, which is applicable when the thermal load is uniform over the time scale
of operation, usually a year. The design procedure proposed by Collares-Pereira, Gordon,
Rabl and Zarmi [108] includes a well mixed storage. Similar methodology has been applied
by Baer, Gordon and Zarmi [109] for solar steam generating systems. Analytical models
for liquid systems with well mixed-storage (Gordon and Zarmi [110]) and air systems wilh
stratified pebble-bed storage (Ajona and Gordon [111]) have been reported assuming

constant radiation model, where the diurnal variation of solar radiation has 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 are sul-
ficiently distinct in principles and functions. These are direct gain windows, collector
storage-walls (also called Trombe wall) and sunspaces. In direct gain systems. cnergy
through windows can meet part of the building heating loads. The window acts as a
collector and the building itself provides some storage. Overhangs, wingwalls or other
architectural devices are used to shade the windows during times when heating is not
wanted. Collector-storage-wall combines Lthe functions of a collector and storage into a
single unit and is a part of the building structure. Part of a south wall may be single or
double glazed; inside the glazing is a massive wall of masonry material or water tanks,

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 the wall.
Room air may enter this space through openings in the bottom of the wall and return to
the room through openings in the top. Sunspace attachments (which are green-house like
structures) to buildings have been used as solar collectors, with storage in walls, floors, or
pebble beds. Forced air circulation to the rooms is an option Lo improve the utilization of
absorbed energy. In cold climates, energy losses from sunspaces 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 impor-
tant component for cooling load calculations. In the terminology of Ileating Ventilating
and Air Conditioning (HVAC) engineering, solar heat gain coefficient (SHGC) 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 coefficient, F' can be es-
timated as a [unction of the transmittance and absorplance ol the glazing and the fraction
of absorbed solar radiation that enters the building. This calculation calls for estimating
the incident solar radiation on the fenestration system. Methods reported in [112, 113] for
the fraction of absorbed solar radiation are essentially thumb rules. For energy analvses
including hourly building performance simulation calculations, it is suggested that further

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

In almost all passive devices, solar radialion is absorbed, conducted, radiated or
convected into the space. The absorbing surface may be a part of a heat loosing surface
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 transmittance
or absorptance associated with the receiver differ from system to system. Over a short
period of time (say, 1 hour), net energy transfer, ., from a receiver of area, A,, can he

expressed as,

Qr = A LRy fim + Kalams + Kalns] — A UL (T, = T,) (1.12)

In Eq. (1.12), I, I; and T are hourly direct, diffuse and global solar radiation values
on a horizontal surface; R; is the tilt factor for direct radiation; f; is the instantancous
shading factor defined as the ratio of direct solar radiation received by a shaded receiver
to that on an unshaded receiver (f; = 1, if the window is unshaded); f; can be estimated
from the algorithm developed by Tseng-Yao Sun [114]. K, and K3 are constants already
defined in Eqs. (1.4) and (1.5); Uy is the heat loss cocfficient for the receiver; 1) is the
room temperature and Ty is the ambient temperature; 1y, 152 and 13 are the optical factors

associated with direct, diffuse and ground reflected components of solar radiation which



b

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

M =0Ty, N2=074 and 13 = 0Ty (1.13)

where, a, is the ellective absorptance of the window-room combination; 7, 7y and 7,

are respectively the transmittance for direct, diffuse and ground reflected components of
solar radiation at appropriate angles of incidence; The effective absorptance, a. can be
estimated according to Duffie and Beckman (see Chapter 5, Section 5.11). T'or collector-

storage-wall, 1, 72 and 75 are given by,
m=(Ta = (Ta)y and N3 = (Ta), (1.11)

It may be noted that (7a), is a function of the angle of incidence which varies with fime

during the day.

Just as in the case of active solar energy systems, method to predict 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 ol solar
energy systems, system scale experiments are very limited in the literature for passive solar
energy systems. Like active solar energy systems, methods have been developed to simulate
the components of passive solar energy systems. Eq. (1.12) forms the basis for simulations
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 useflul encrgy gain. Iiq. (1.12).
when combined with the load on the system and performance of other components (storage
etc. ), determines the useful energy gain from the passive system. PASOLE [115] is
one simulation program developed by McFarland of Los Alamos National Laboratory.
Later versions (Version 12.1 and above) of TRNSYS [5] can also be used for simulaling
building energy systems. Numerous building simulation programs for commonly employed
components in the building have been developed. The widely used ones are: ISP —
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 Analysis
and System Thermodynamics uses heat balance method and is used to simulate building
mechanical systems like fans; WINDOW [118] and VISSION [119], are used to simulate
solar optical and heat transfer calculations to arrive at centre-glass U-factors and solar

heat gain values.



1.2.2 Design Methods

To estimate the long term (monthly) average net energy transfer, Ixq. (1.12) can be summed
up over a month for all hours and all days. Such calculations are conveniently replaced
(though some accuracy may be lost) by monthly average calculations. Monthly average

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

A, [HyRy fith + KoHyfz + K3l 3] — 244U (T, — To)
A8 —24A. 0L (T, - T,) (

Qs

i |
—

where, Hy, H; and H are the monthly average daily direct, diffuse and global solar ra-
diation values on a horizontal surface; Rj is the monthly average tilt factor for direct
radiation; f; is the monthly average daily shading factor; 7, 7, and 7j; are the monthly
average optical factors for direct, diffuse and ground reflected components of solar radia-
tion respectively; Uz, is the monthly average loss coefficient; T, and T, are respectively the
monthly average receiver and ambient temperatures. S is the monthly average energy ab-
sorbed by the receiver per unit receiver area. Eq. (1.15) becomes available to estimale (),
through a single calculation when f; can be calculated. Other mouthly average parameters

in Eq. (1.15) have already been discussed.

The energy balance on a building as a whole or a passive solar energy system in
gemneral, shows four major energy flow terms across the boundaries. The two input streams
are the solar energy absorbed in the building, 4,5 and the auxiliary energy added, L 4. The
outputs are the excess that cannot be used or stored without driving the room temperature
to unacceptably high (the ‘dumped’ energy, @p) and the load, L (comprising of the skin
losses and infiltration losses minus the internal energy generation). The auxiliary encrgy
required for a month, neglecting differences in stored energy at the beginning and end of
the month, will be,

La=A5-Qp-1 (1.16)

Similar to the useful energy gain from solar collectors employed in active systeins,
Eq. (1.15) gives the energy available for heating/cooling by passive means. q. (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 sunspace systems. The SLR method is a means of caleu-
lating annual requirements for auxiliary energy based on extensive simulation studies of
performance of many passive heating systems done with the simulation program PASOLL

[115]. Although SLR method gives annual requirements for auxiliary energy within an
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accuracy of 3%, monthly values can be erroneous.

Empirical correlations of simulation results have proved their applicability in design-
ing standard passive solar heating systems as well. The unutilizability method (also callod
UU-method) of Monsen, Klein and Beckman [122, 123] is another design method applica
ble to direct gain and collector-storage-wall systems based on the concept that a passively
heated building can be viewed as a collector with finite heat ca pacity. Correlations are
developed for estimating the auxiliary energy requirement of two limiting cases, i.c.. an
infinite capacitance structure that can store all energy in excess of loads and a zero ca-
pacitance structure that can store no energy. Then the correlations are used to determine

the auxiliary energy requirement of a real structure which lies between these limits.

Depending on the monthly energy flow streams entering and leaving a passive strue-
ture, at times there will be insufficient solar energy to meet the loads and auxiliary enerpy
must be supplied to the system. There will also be times when 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 structure, all absorbed en-
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, Lag;, as,
La;=(L- A, 5N)*F (1.17)
where, NV is the number of days in the month. The superscript plus sign indicates that

only positive differences are considered, i.e., when (L — A.,S_'N) <0,(L—-A8N)=0.

In the case of zero capacity structure, since there is no storage capacity, encrgy
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 of
energy rather than by the storage. An instantaneous energy balance on the structure gives

the rate at which energy must be dumped from the structure, Qp, as.
Qp = [Acdr(ra) — (UA)W(T, - T,) ]F (1.18)

where, T} is the building temperature and (UA)y is building load coefficients and can he
calculated by standard methods e.g., ASHRAE [124].

A critical solar radiation level can be defined as that level at which the solar gain
just offsets the losses and can be expressed as,

= WA~ )
Re= A (ra)

(1.19)



In this case, absorbed radiation above the critical level must be dumped and is
unutilizable. The dumped energy for the month, @p, can be estimated by summing up

Eq. (1.18) over the month as,

Qp = A.(77) (It — It)* dl (1.20)

Jwonth

I5q. (1.20) can be expressed in terms of the monthly average daily utilizability, ¢, a-.
Qp = A.SN¢ (1.21)

The auxiliary energy requirement of a zero capacity structure is thus, load plus

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

Lag.=L(1-¢)A.SN (1.22)

It is warranted from Eq. (1.15) that evaluation of the monthly average shading lactor.
fi» is necessary for the calculation of average solar energy gains from a direct gain syston.
Shading by horizontal overhangs for vertical windows have been studied by different re
searchers. Utzinger and Klein [125] defined instantaneous shading factor, f;, as the fraction
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 lactor, f;.
Utzinger and Klein [125] evaluated the shading factor numerically under extra-terrestrial
condition using the algorithm developed by Tseng Yao Sun [114] and presented the re-
sults in graphical form, for only south facing surfaces with different overhang parametcrs.
Jones [126] developed a method to evaluate the total radiation over a surface shaded b
an overhang of infinitely long extent so that the end effect can be neglected. But Jones’
[126] calculation was based on, evaluation of the tilt factor, Ry, under extra-terrestrial
condition. Sharp [127] presented an analytical solution to the calculation of monthly aver-
age insolation on shaded surface at any tilt and azimuth under extra-terrestrial condition.
Yanda and Jones [128] presented analytical methods for calculating monthly average in-
solation on a vertical surface facing towards the equator with overhang shading of finite
lateral extent, also under extra-terrestrial conditions. 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 Delsante and Spencer [130] dealt with the estimation of the proportion of sky seen hy
windows shaded by horizontal or vertical projections which can be used to calculate {he
diffuse radiation incident on the shaded window. Works carried out by Acharya [91] and
Lahiri [67] showed that there is a considerable difference in the value of monthly average
tilt factor, Ry, evaluated under extra-terrestrial and terrestrial conditions for both soutl
facing and non-south facing surfaces. So, a similar trend can be expected in the case of

monthly average shading factor, f; also.



1.3 Summary of drawbacks and limitations of existing meth-
ods

From the review presented in § 1.1 on active solar energy systems it is evident that long
term system performance is assessed based on simulations or design methods that malke
use of one calculation for each month or one yearly calculation. Third approach pertains
to analytical calculations with varying degrees of limitations. Simulations require, i
addition to the component models, a large body of meteorological information typically
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 small scale systems.

Design methods, particularly, the f-chart and ¢, f-chart methods to a certain exiont
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 performance of the solar collectors and of her components in
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
by the solar collectors are general enough. Similarly, monthly average daily utilizability
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 the equivalent mean
day (EMD) as defined in the studies of Acharya [94], Lahiri [67] and Choudhury [39].
However, a limitation on all the methods to estimate ¢ is that the critical radiation level
is assumed to be constant. Accounting for variable critical level calls for details of the
operational strategy of the system, making thereby calculation of ¢ iterative and not a

simple meteorologic and critical level statistic.

Estimation of the monthly average useful energy gain for principal types of solar
collectors also needs an appropriately defined long term average optical efliciency. Thougl,
methods to estimate (7a&) 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 Rabl [68, 69] defined an average optical efficiency during the
operational time period of the collectors. Explicit methods to estimate even the monthly
operating time period for solar collectors is not available. Expressions to evaluate monthly
average optical efficiency for concentrating collectors need to be developed. The methods
to evaluate (7a)/(Ta), need to be general enough to include non-south facing collectors

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



Monthly average performance of passive systems critically depends on the solar ra-
diation falling on the receiver. It may be noted in general, the receivers that form part
of a passive system are shaded by overhangs, wingwalls or a combination of both and
even by adjacent structures. In view of the importance of the SHGC for architects and
in applications such as dircct heat gain systems, trombe walls methods to estimate solar
radiation falling on shaded surfaces of general orientation need to be further studied. A\
key parameter in such estimates is the monthly average shading factor. The methods

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 drawbacks summarized in
§1.3 motivated the studies on the following aspects. The studies pertain to arriving at a
definition for the long term (monthly) average optical efficiency for flat plate collectors
and concentrating collectors and develop methods to evaluate the same. The monthly
average optical cfficiency is defined so as to be consistent with the definition of monthly
average daily utilizability and yields the monthly average daily useful energy delivernd
by the collector per unit area as a product of heat removal factor, monthly average daily
solar radiation falling on the collector aperture, monthly average daily utilizability and
monthly average optical efficiency. The second study pertains to obtaining monthly aver
age shading factors for surfaces shaded by overhangs and wingwalls. Tn order to develop
an understanding and methods to evaluate the aforementioned parameters the following

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

1. Monthly uscful cnergy gain and a definition of transmittance-absorptance product

for flat plate collectors.

2. Evaluation of monthly average transmittance-absorptance product during the oper-

ational time period for flat plate collectors.

3. Evaluation of monthly average optical efficiency during the operational time period

for parabolic trough concentrators.

4. Evaluation of monthly average shading factor for surfaces shaded by overhangs under

terrestrial conditions.

5. Evaluation of monthly average shading factor for surfaces shaded by wingwalls under

terrestrial conditions.

Chapter 2 is devoted to studies on calculating the daily and the monthly average

daily useful energy gain for flat plate collectors. The study reported in Chapter 2 is



aimed to establish validity or otherwise of calculating monthly average daily transmittance-
absorptance product, (7@), as a mean day calculation (as defined by Klein [95]). When a
flat plate collector is supplying energy above a minimum temperature, Ty, the critical
radiation level, I, is given by,

7= FrUL(Ti — T,)
i Fr(ta)

(1.23)

Useful energy gain for a day, Qu day, per unit arca ol the collector is evaluated ac-
cording to,
Quaay = Fr Y. (Ur—I1)" (10) (1.21)

hours

If (7)day is the transmittance-absorptance product defined as,
(T@)day= Z IT(Ta)/ Z It (1.25)
hours hours

Let Q' be given by,

wlay
! . g
Qu,day p ff‘f Iy (Tu)duy (bday (1.26)

where, ¢dqy is the utilizability for a single day and is defined by,

Y (Fp —I)*
Y, Iy

If Quday given by Eq. (1.24) is equal to Q' 4ay Given by Lq. (1.26), defining (70 )10y

d’r‘ﬂuy = (1.27)

according to Eq. (1.25) is correct. Chapter 2 examines the validity of defining (Tev) - In
order that Eq. (1.26) yields useful energy gain correctly [equal to the energy gain given by
Eq. (1.24)], (T )day needs to be delined as,
* IT - I )+(T0'
(Ta)gay = M = ) (1.28)

Z(IT 2 Ic)+

It may be noted that, the notation (ra)j,, has been employed to designate the present

transmittance-absorptance product. Numerical results for (Qy,day and Q3 4,,» BIVEN by
Eqgs. (1.24) and (1.26) are presented in Chapter 2 for ¢ = 20, 40° and 60°; (¢—/3) = =157,
0°, 15° and B = 90°; ¥ = 0°, 30°, 60° and 90°; for K1 = 0.3, 0.5 and 0.7. for non-

]
ey

dimensional critical levels 0 € X, < 1. The ratio of () O Quutny 18 also equal Lo the

ratio of (Ta)%,, to (T@)day. Normalized difference defined by, [(Te)iay = (TO)day) /(T )ity

-
day
increases as X, ¢ and 7 increase and in gencral, the azimuthal angle has a significant

influence.

A similar numerical examination, performed on the monthly average uselul enerpy
gain and transmittance-absorptance product, reveals that [(T7a)” — (Ta)]/(Ta) is higher

than the corresponding single day value, i.e. when Ky for the day is numerically equal 1o
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K7 of the month and for a fixed I.. Thus, the studies reported in Chapter 2 establish the

need to develop method to evaluate (7&)* according to Eq. (1.28) written for the month.

Chapter 3 is devoted to develop methods to evaluate the monthly average transmittance-
absorptance product, (7@)*/(7a),, defined as a weighted average over all hours and 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 transmittance-absorptance
product for the single day (Ta)g,,/(Ta), has been developed using integral equivalent of
Eq. (1.28). I has been expressed in terms of r; [12] and ry [16] correlations. Numori
cal values obtained employing the expressions for (T@)3,,/(Ta), have been validated by
comparing with the hour by hour calculations according to Eq. (1.28) employing solar

radiation data.

In order to obtain the monthly average transmittance-absorptance product, (Ta)* /(ra),,
equivalent mean day (EMD) approach as explained in §1.1.4, has been adapted. Basically,
the procedure involves calculating (T7@) %0y /(T@)n on the EMD which is characterized by
6 = by and K7 = K. K3 is the average clearness index of the days thatl contribute 1o
useful energy. (7a@)*/(7a), values obtained according to the EMD calculation have heen

validated by comparing with the values obtained by detailed hour by hour calculations.

Monthly average optical efficiency for concentrating collectors also has been delined as
a weighted average over all hours and all days in the mounth, the weighting function hoing
the solar radiation on the collector aperture above the critical radiation level. Following the
procedure similar to that for flat plate collectors, studies to evaluate the monthly average
optical efficiency for concentrating collectors tracked in five principal modes Lave heey
reported in Chapter 4. Expressions developed for (11 day/ Mo} Nave been validated against
hour by hour computations employing solar radiation data. The results include evaluaf ing
the influence of the diffuse fraction, cut-off time and dependence on latitude. The monthly
average optical efficiency, (77} /7,,,) has been obtained by following the EMD approach and
validated by comparing against the values obtained by hour by hour computations. The
numerical results and the validation have been discussed for a wide range of the parameters,
latitudes, declination, clearness index, critical radiation level for concentrating collectors

tracked in the five principal modes.

The importance of estimating the solar radiation received by shaded surfaces has
already been emphasised in §1.2. The methods reported in the literature deal with esti-
mating monthly average shading factor, f;, under extra-terrestrial conditions. Even under
extra-terrestrial conditions, for finite overhangs, Yanda and Jones’ [128] method of shading

plane concept is available for south lacing surfaces only. Studies available in the literature
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[66, 67] show that the monthly average daily tilt factor for direct radiation depends sig-
nificantly on the atmospheric transmittance, particularly, for non-south facing surlaces,
Since, the shaded windows can have a general orientation (not facing the equator only) i
can be expected that the monthly average shading factor values, taking atmospheric trans-
mittance into account, differ from the values under extra-terrestrial conditions. Studies
on evaluating the monthly average shading factors for receivers shaded by infinite or finite
overhangs are reported in Chapter 5. The monthly average shading factor for infinite
overhangs, fi., under terrestrial condition has been evaluated, on the mean dayv of the

month, according to,
s LRy fidw

fico = Ik, o (1.29)
Iy in Eq. (1.29) has been expressed employing the correlations for r, [12] and ry [16].
Eq. (1.29) is integrable when the overhang is infinite and yiclds expressions whicl are
equivalent to the expressions obtained by Jones [126] using the shading plane concept.
Also, formalization of f, according to Eq. (1.29) allowed generalization for non-vertical
receivers. Numerical values obtained for f., have been validated by comparing with the
values obtained employing solar radiation data. The influence of including at mospheric
transmittance in evaluating fio, is significant, particularly, for low latitudes in summer
months and when the receivers are non-south facing. fioo differs from the corresponding
extra-terrestrial value by 30 % when ¢ = 30°, v = 30° and Dy = 0.4 for typical overhang
parameters, the non-dimensional projection p = 0.3 and height of the window being cqual

to the width.

Eq. (1.29) is not amenable for integration when the overhang is finite. In order to
alleviate this difficulty, monthly average shading factor values for finite overhangs, f; have
been related to the infinite overhang shading factor values as a function of the extension
of the overhang. The correlations and the procedure developed to obtain f; values from
fico values have been validated for a wide range of latitudes and climatic conditions as
indicated by the monthly average daily diffuse fractions for south as well as for noun-soutl

facing receivers.

Starting from an equation similar to Eq. (1.29), expressions for fisey for receivers
shaded by infinite wingwalls have been developed and are reported in Chaptler 6. [ [or
wingwalls also can be interpreted in terms of the shading plane concept with the followinge

differences.

1. Eq. (1.29) needs to be integrated piece-wise from wy, to w, and from w, to Gigge Gigp
and w,, are the apparent sunrise and sunset hour angles. w, is the hour angle when

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 an gle.

Tabulated values of the shading factor for wingwalls for a wide range of latitudes, clearncss

indices and projection of the wingwalls are also given in Appendix D.

Chapter 7 summarizes the significant results of the present study.



Chapter 2

frredand

Monthly Useful Energy Gain anc
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 collector of
unit area can be obtained as a product of heat removal factor, monthly average daily solar
radiation falling on the collectors, monthly average daily utilizability and an appropii-
ate average transmittance-absorptance product. Klein [95] introduced a monthly average
transmittance-absorptance product, (7a@), calculated on the average day of the month,
which is also a key parameter in calculating the non-dimensional absorbed energy (one of
the variables in f-chart [54, 55, 56] and ¢, f-chart [61, 62] correlations). Collares-Percira
and Rabl [68, 69], however, used the terminology of average optical efficiency pertinent to

the collector operating time period, though no method to obtain the same is available.

In the present chapter, it is proposed to evaluate, first, daily useful energy gain as
summation of hour by hour calculations. Daily useful energy gain is proposed to be ob-
tained as a product of heat removal factor, daily solar radiation falling on the collectors.
daily utilizability and an appropriate average transmittance-absorptance product. I'rom
the useful energy gain for the day obtained by hour by hour calculation, an effective
transmittance-absorptance product has been evaluated. This transmittance-absorptance
product has been shown to be differing from the transmittance-absorptance product evalu-
ated following Klein’s [95] procedure for the day. This difference is found to be dependent
on clearness index an critical radiation level, in addition to the latitude, declination,

slope and azimut! angle.



Calculations similar to those described above for the single day have also been per
formed to obtain the monthly average daily useful energy gain and a monthly average
transmittance-absorptance product, to be associated with the product of Ig, Iy and o,
so that the correct monthly average daily useful energy gain can be obtained. Like the
transmittance-absorptance product for a day, monthly average transmittance-absorptance
product which yields the correct monthly average daily useful energy gain differs from
the monthly average daily transmittance-absorptance product obtained by Kleins [05]

procedure.

2.2 Daily Useful Energy Gain

Consider a flat plate collector characterized by Fr(ra), and FrUp, where, Fg is the
collector heat removal factor; (ra), is the transmittance-absorptance product at normal
incidence and Uy, is the overall heat loss coefficient of the collector. The flat plate collector
is delivering energy at or above a minimum temperature of Tyuin, which corresponds to a
critical radiation level of I.. Let, K'r be the daily clearness index. For such a collector of
unit area, daily useful energy gain can be oblained from,

Qu,day =g (TQJn Z [IT == llrc]-i_ {TQ)/(T“)H (2.1)

hour

where, (7a) is the transmittance-absorptance product for the collecltor-cover system al
the hour angle, w, centered for the hour in question. The superscript plus sign is used to
mean that only the positive differences will be considered in the summation process and
when (It — I.) <0, (It — I.) = 0. I in Eq. (2.1) can be expressed, comprising ol direct,

diffuse and ground reflected components as,
It = Iy Ry + Kolg + K3l (2.2)

where, K, and K3 are constants as defined by Eqs. (1.4) and (1.5) of Chapter 1. I. [) and
I, are the hourly global, direct and diffuse components of solar radiation on a horizontal

surface. Ry is the tilt factor for direct radiation and is evaluated from,

_ cosf 9.3
b= Cos . (2:3)
The angle of incidence, 6, for a surface of general orientation can he expressed as,
cos = A+ Beosw + Csinw (2.1)
where, the constants A, B and C are given by,
A = siné(sin¢cos S — cos @sin (3 cosy) (2.5
B = cosé(cos¢cos+ sin¢sin 3 cosy) (2.6)

C = cosésinFsiny (2.7)
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In Eq. (2.3), 6. is the angle of incidence for a horizontal surface (B=0), also called e

zenith angle and is given by,

cosfl, = cos¢cosdcosw + sin Gsin b
= A"+ B cosw
= B'(cosw — coswy) (2.8)
where,
A" = sin ¢sin é and B' = cos dcosd (2.9)

In Eqgs. (2.5) to (2.8), ¢ is the latitude (north positive) of the location, ¢ is the declination
and 7 is the surface azimuthal angle, -ve’ towards east. & can be obtained [see, Dullie and

Beckman [6]] from,

(2.10)

3 H‘_
6§ = 23.45 sin (360 e s ”)

The ratio of the transmittance-absorptance product at any incidence angle to that at

normal incidence, (7a)/(7a),, can be expressed as,

(ra)  LRy(ra)/(ra), + Kaylg(ra)s/(ta), + Ks1( Ta),/(Ta),
(re)s — IRy + Woly + K3l

(2.11)

where, (ra)y/(Ta)n, (Ta)s/(ra), and (ra)y/(ta), are the transmittance-absorptance
product ratios for the direct, diffuse and ground-reflected components of solar radiation.
(tra)/(ra), is evaluated corresponding to the angle of incidence 8. (ra)yg/(Tar),, and
(ta)y/(Ta), are evaluated at 6, and 8y, the effective angles of incidence for sky diffuse
and ground reflected components of solar radiation respectively. 6, and 8, have been
correlated to 3 by Brandemuehl and Beckman (98] as,

Ba = 59.7—0.13883 + 0.001497* (2.12)

0, = 90— 0.57883 + 0.0026933 (2.13)

The variation of (ra)/(ra), with incidence angle, valid in the range of 0° < § < 607, is
obtained from ASHRAE [42] as,

1 _
ey, J +b, ( - 1) for 0° <6< 60° (2.11)
(Ta), cos

Visalakhsi [44] presented an expression for (ra)/(ra), for the range 60° < § < 90° as.

(ra)

(Ta)n

=2(14+b,) cosb for 60° < 6 < 90° (2.15)

which agrees closely with the data values given in [43]. In Eqgs. (2.14) and (2.15), by is the

incidence angle m ilier coefficient.



Since the objective of the present chapter has been to obtain an appropriate transmit-
tance-absorptance product that yields daily useful energy gain, )y dqy, as a product of
Fr, Ht, ¢4qy and the appropriate transmittance-absorptance product, it is proposed (o
calculate @y 4oy using Eq. (2.1) employing 7, and ry4 correlations to obtain I. Iy and Ty
The correlations for r¢ and r4 due to Collares-Pereira and Rabl [12] and Liu and Jordan
[16] are given by,

re = I/H = K;(a+ bcosw)(cosw — cosw,) (2.16)
ra = Ig/Hy= Ky (cosw — cosw,) (2.17)
H and Hy are the daily global and diffuse radiation on a horizontal surface. wy 18 the

sunset hour angle for a horizontal surface given by
ws = cos™? [— tan ¢ tan 6] (2. 1R8)

The constants Ky, a and b are given by,

K1 = 7w/[24(sinw, — w, cos w;)] (2.19)

a = 0.409 4+ 0.5016 sin(ws — 7/3) (2.20)

b = 0.6609 —0.4767 sin(ws — 7/3) (2.21)

The correlation for r4 which takes in to account a climatic parameter, namely, the daily

(or monthly average daily) diffuse fraction, Dy = Hy/H (or Dy = Hy/H), from [13] is
given by,
ra = K;(a'+ b cos w)(cosw — coswy) (2.22)

where a’ and ¥ are evaluated as

, 0.4922 4+ 0.27/ Dy for 0.1 <Dy<0.7 (2.23)
a = 2.
0.76 + 0.113/1); for 0.7 < Dy <0.9
Vo= 2(1 - a")(sin Ws — Wy coswy) [(ws — 0.5sin 2w;) (2.2:1)

When o’ = 1 and &' = 0is put in Eq. (2.22), Eq. (2.22) reduces to Eq. (2.17). In the present
investigation correlations due to Collares-Pereira and Rabl [12] and Liu and Jordon [16]
have been employed since most of the calculations are ratios and no significant difference

is made when Eq. (2.17) is used instead of Eq. (2.22).

When the daily clearness index, K (=H/H,) is known, the hourly components of
solar radiation, viz. I, Iy and I, (=1 —14) can be expressed making use of the correlations
for r; and 74 given by Egs. (2.16) and (2.17) as,

I = K\K7H,(a+ bcosw)(cosw — Coswy ) (2:25)
Iy = KiK1H,Dy (cosw — coswy) (2.26)

Iy = rnH—r4Hy= K \K7rH,(a; + bcosw)(cosw — coswy) (2.27)



where,

ap =a— Dy (2.28)

In Eqgs. (2.25) to (2.27), H, is the daily extraterrestrial radiation on a horizontal surface.
Dy is the daily diffuse [raction. [y given by Lig. (2.2), can now be expressed, using
Egs. (2.25) to (2.27) as,
K,\KrH, .
Iy = %[(u] + beosw) cosf + hgl)fb"((-nsw — COs Wy )

+ K38 (a+ bcosw)(cosw — coswy) (2.29)

Critical radiation level of I. corresponds to a non-dimensional critical level, X.. for the

day and is defined as,

I
A grmiee—
‘ [T‘m

It may be noted that, I, is the maximum solar radiation falling on the collector during

(2.30)

the day which occurs at w = w,,. Generally, w,, = 0.0, for south facing collectors. I, is
expressed as,
ITm = rem B K7 H, (2.31)

In Eq. (2.31), R,, is to be evaluated from,

Tt.m Ttom

Ry = [1 s f('rd"”‘)] Rom + K2 Dy (227 + i (2.32)

Ttms Td,m and Ry, in Eqgs. (2.31) and (2.32) are ry, rq and Ry at w = wy,. I1,, analogons

to Eq. (2.29) can be written as,

K \KrH
Irsy = ﬂ—%——o [(a1 + bcoswy, ) cos b, + Is'zf)fﬁ’(mswm — coswy)

—_—
g
e

+K3B'(a+ bcosw,, )(cosw,, — cosw, )

where, 6,, is the angle of incidence at w = w,,.

Eq. (2.1) can be re-written using Eqs. (2.16) and (2.17) for r, and ry and Eq. (2.30) for .

as,

Qu,duy f‘.TR_I{THo(TO.')n Z [?'1'-R == "'i,m Rm*XC]-l_(TQ)/(TO )rr.

FrEK\KTH,(Ta)y, Z [R(a+ bcosw)(cosw — cos ws)— By Xo(a+ beosw,, )

X (coswy, — cosw; )]+ (ra)/(Ta), (2.34)

In Eq. (2.34), R is the tilt factor at w which can be obtained from Eq. (2.32), re-written

without the subscript m for r;, ry etc.
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Paay = A1/ (Ar+A,)

Iy

—Wg Ws

Figure 2.1: Graphical depiction of daily utilizability
Utilizability for a day, ¢gqy is defined as,
$ioy =D llr = LI* /3 Ir (2.35)

—wy

Graphically, ¢4,y is depicted in Figure 2.1. It is desired that Qu.day is given by,

Qu,day = I’}?(Tu‘);ay jf?“brfrly {"-‘!!(J)

subject to a suitable evaluation of (T@)3q,- Not withstanding how (ra)j,, is to be calcu-

lated, (Ta)j,, should be equal to,

(TO.‘)* — Qu,d-ay
day FR]ngbday

Using Eq. (2.1) for Qq 4oy and Eq. (2.35) for ¢y4qy in Eq. (2.37), it follows,
(re)uy = YU = LJ* (ra) / [ — 1] (2.38)
Eq. (2.38) yields (ra')gay to be used in conjunction with Eq. (2.36) to obtain Q, 4., con-

veniently, when simple method to calculate the RHS of Eq. (2.38) is developed.

Let @}, 4y be the useful energy gain as obtained from,

i QL,day = FR(T(}')da.y‘HTgbday (2‘}'})
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where, (Ta)4qy is obtained from an expression for the day analogous to Klein's [95] method.

Thus,

Wa Wy
(Fl)dey = Z Ir(ra) Z Ir
2rdl(ar +beosw)Ry(ta)y + Ko Dy(Ta)s + Ka(a + beosw)(ta),

2.0
Yral(ar +bcosw)Ry+ KoDj + K3(a+ beosw)] l( ;

(T@)day can be obtained without going through hour by hour calculation adapting
the expressions given by Sfeir [96], Acharya [94] or Choudhury [39]. However. when
simple methods to estimate (Ta)j,, defined by Eq. (2.38) are developed, Qy 44, as given
by Eq. (2.36) can be obtained. The present chapter is concerned with examining the
differences between Q. 4oy and QL'day due to employing (7a)4.y, instead of (ra)y,, in

Eq. (2.36). Numerical results are discussed in §2.4.

2.3 Monthly Average Daily Useful Energy Gain

Consider the flat plate collector with the characteristics as deseribed in 2.2 which delivers
energy at or above a minimum temperature of Ty, corresponding to a critical radiation
level of /.. It is assumed that the critical radiation level is constant through out the montlh.
The monthly average daily clearness index is K'7. For such a system, the monthly average
daily useful energy gain from a flat plate collector of unit area can be obtained from.

i

Qu,m o j\;FR(TQ)n Z: Z (f; ] fc)ll- (Trr)/(‘rrr),,_ {2 I

day hour
where, V is the number of days in the month. Since, the objective has been 1o obtain
an appropriate monthly average transmittance-absorptance product that vields .., as
a product of Fg, Hr, ¢ and the appropriate transmittance-absorptance product, it is
proposed to calculate @, using Eq. (2.41) employing r; and ry correlations to obtain
I, Iy and I. A critical radiation level of I, corresponds to a monthly average non-
dimensional critical level, X, defined by,

X. = e (2.2}

1']"',m

It may be noted that Ir,, is the maximum solar radiation falling on the collector which
occurs at w = wp, on the monthly mean day i.e., § = 6,,, Ky = K. Using r; and ry

correlations, similar to I, [Eq. (2.33)], I7,, can be expressed as,
I_T,m = Ft,mRm I_L,THO
= KiKpH,(cosw,, — cos Wy ) [(r_z + bcosw,, — Df)ﬁlr}‘”, + Ky Dy

+1\'3(a+bcoswm)] (2.13)



In Eq. (2.43), overbars on ry,, and R,, indicate that they are evaluated on the mean day

of the month.

Eq. (2.41) can be re-written using Eqs. (2.16) and (2.17) for r; and r4 and Iiq. (2.12)

for I, as,
Quin = %I'h(m)n%; KTHOET [rel — v Rn X )T (Te) [(Ta)n (2.141)
1
= ~Fr(ra) S K\ KrH, Y [R (a+ bcosw)(cosw — cosws) —
4 day hour
. +
Ry Xc(a+ beoswy, )(coswy, — cosws)] (ra)/(ra), (2.45)

Let ¢ be the monthly average daily utilizability, defined as,

=Y r-L /Y (2.46)

day hour deay lowr

It is desired that @, is given by,
Qu,m = JF‘R(EE)MJ"?Tﬁ5 {217}

subject to a suitable evaluation of (7@)*. Not withstanding how (Fa@)* is Lo be caleulated,

(7&)* should be equal to, )
—k Q‘U-_.TT?- Do
(Ta)" = Frllrd (2.18)

Using Eq. (2.41) for @, » and Eq. (2.46) for ¢ in Eq. (2.47), it follows,

(F&)" =3 3 (Ur— 1) (ra) / 3 3" (r — 1) (2.19)

day hour day hour

Eq. (2.49) yields (Ta)* to be used in conjunction with q. (2.47) to obtain Q, ., conve-

niently, when a simple method to calculate the RIIS of Fq. (2.19) is developed.

Let Q‘;m be the monthly average daily useful energy gain as obtained from.

Qum = Fr(Ta)H1é (2.50)

where, (7@) is obtained, as proposed by Klein [95], from,

Z ZIT(TQ)/Z Z I

day hour day hour

[l

(Ta)

2 Yoraf(ar +beosw)Ry(ta)y + KoDy(ta)y + Ks(a+ beosw)(ra

= ]-’*'i-.z..';u

2 2 rdf(ar +bcosw)Ry + KDy + Ka(a+ bcosw))]

When a simple method to evaluate (7a)* is developed Qu.m can be obtained using
Eq. (2.47). The present chapter is concerned with examining the difference between Q,, ,,

and Q;m resulting from using (7&) instead of (7a@)* in Eq. (2.17).



2.4 Results and Discussion

Qudays @)y day> (TQ)day and (Ta),, for single day calculations and Q.m, Q' ., (F&0) and
(7a)* for the monthly average calculations have been obtained using ligs. (2.31), (2.39).
(2.40), (2.37) and (2.45), (2.50), (2.51), (2.48) respectively. The parameter values and
their ranges are as follows:

¢ = 20°, 40° and 60°N

3 =¢+ 15° ¢, ¢ — 15° and 90°

v = 07, 30%, 60° and 90°

—23.45° < § <€ 23.45°

b, = —0.1 (applicable for flat plate collectors with a single glass cover)

03< Kr<0.7, 0.0<X.<08

0.3< K7 <07, 0.0<X,.<1.2.
It may be noted that @, > 0 for X: < Xemaz, wWhere X’c‘mw_ corresponds to monthly
average daily utilizability, ¢ = 0. X, nqr Will be approximately equal to Ky 00/ Ky where
KT mar is the maximum daily clearness index when the monthly average daily clearness
index is Kr. In this chapter numerical results are presented for 0.2 < X. < 1.2 since

X’c‘mw varies widely say, 1.2 for A = 0.7 to 3.0 for K'p = 0.3.

2.4.1 Single Day Useful Energy Gain and Transmittance-Absorptance
Product

South Facing Collectors (v = 0)

Values of Qy day (M J/m*-day), Q' day (M J[m2-day), (Ta)day/(T),, (Ta)h,,/(Ta), and
the percentage differences in the useful energy gain and the transmittance-absorptance
product are given in Tables A.1 to A.3 of Appendix A for ¢ = 20°, 40° and 607 respectively,
for 4 = 0, for different slopes, clearness indices and the non-dimensional critical radiation
levels. Mean declination of the month has been chosen as the declination for the day. In
Tables A.1t0 A.3 (7@)day/(7Q)n and (T@)},, /(Ta), are 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, Ay, in the uselul energy gain and transmittance-absorptance

product are equal and is calculated as,

(Jﬂ,dny - Q':‘ das (TO' ):’;” - (T(l‘ )efrr'_a,:
= —— 5 % 100 = Y

u,day [ TQ )dﬂy

Ay

> 100 (2.02)

It may noted that Ay has been normalized with respect to (Ta)qqy, since this is the
commonly employed definition in the literature. Q7 4, is the corresponding useful encrgy

gain that would be obtained. When X. =0, obviously Ay = 0 and (ra)j,, = (70 )iy



Table 2.1: Percentage dillerence Ag in useful energy gain and transmitlance-absorptance
product, ¢ = 20°N, 6 = ép, vy = 0°

Percentage difference, Ay
g X, Kp =03 Ky =05 Np =07
(deg.) Mar Jun Dec | Mar Jun Dec | Mar Jun Dec
0.2 | 0.13 0.14 0.100.97 096 1.14 [ 256 249 3.05
5 04| 028 030 022|151 153 1.90| 3.63 3.57 471
0.6 045 047 036 | 1.83 1.86 2.28|4.14 4.07 5.40
0.8 062 064 051|210 213 256|452 445 5385
021 014 011 0.14]095 091 0.97 | 247 250 235
20 | 04| 029 024 029|145 1.65 141|343 3.90 3.33
06| 046 039 046 | 1.76 2.03 1.70 | 3.92 4.49 " 3.80
08| 063 055 061|201 232 1.94|427 491 4.16
021 013 007 0.17[098 075 0.74 | 253 246 1.67
35 | 04| 028 016 035|148 1.71 1.07 | 3.53 445 2.36
06| 044 032 052|179 230 1.32|4.01 541 276
08| 060 046 067|201 262 153|437 592 3.07
02 | -026 000 01053 000 038|277 000 051
90 |0.4|-051 000 0.21]1.09 0.00 057|492 0.00 .17
0.6 | -0.66 000 031|168 0.00 073|678 000 1.1
0.8 -0.68 0.00 040|230 0.00 0.87|847 0.00 1.7

e

()

From the values given in Tables 2.1 to 2.3, Ay increases as X, ¢ and Kq increase,
The percentage differences for different slopes will depend on the declination. Ior example,
at low latitudes (say, ¢ = 20°N), when 3 = 90°, the change is zero in June and is highest
in March. Similarly, when the latitude is high (say, ¢ = G0°N), the highest differences, in

general, are in the month of June.

Variation of Ay as defined by Eq. (2.52) with the non-dimensional critical level X,
is shown is Figure 2.2, for ¢ = 40°, ¢ = 23.09%, v = 0° for (¢ — 3) = 0% and ;7 = 00"
at K7 = 0.3, 0.5 and 0.7. It is evident from Figure 2.2 that A, increases with L'y [or
(¢—pB) =0°. Ayisabout 6% at X, = 0.8, when Kr = 0.7. When 3 = 90°, Ay is negative
for all clearness indices and |Ag4| is higher for higher K. Similar plot for 6 = —23.05"
with other parameters being the same is shown in Iigure 2.3. Tt is evident from IMignre

2.3 that A, is always positive for all clearness indices for both (¢ — 3) = 07 and 3 = 90".

Ay negative implics (T(l);uy/(ﬂ'(r)“ (a weighted average during part of the day, the
operating time period) is lower than (7a)d.y /(7@ )y, the weighted average over the entire
day. This is due to instantaneous (Ta)/(Ta), does not monotonically reach a maximum
at w = 0%, for v = 0° when 6 > 0, in general. This feature is pronounced when J = 907,

; o ; . .
since w! is considerably lower than ws. During —w, to —w! (also during w} to w,) only the



Table 2.2: Percentage difference Ay in useful energy gain and transmittance-absorptance
product, ¢ = 40°N, § = é,,, v = 0°

Percentage difference, Ay
a X K =03 Kr =05 KNy =0.7

(deg.) Mar Jun Dec | Mar Jun Dec | Mar Jun  Dec
0.2]0.15 0.14 0.14 | 1.11 1.01  1.21 | 270 249 222
25 04032 031 028|168 1.81 1.78 | 3.82 3.83 3.63
0.6 | 0.51 0.49 0.43 | 2.02 221 2.09 | 432 440 4.19
0.8]10.68 068 058|228 251 234|470 482 4.60
0.21018 012 0.21)1.12 092 070|259 248 1.12
40 041037 029 041 1.63 1.91 1.03 | 356 414 1.86
0.6 | 0.57 049 059 1.96 241 1.28 | 1.04 4.81 2.28
081075 0.67 075222 274 149|440 531 2.60
0.2 019 009 027 L.17T 073 042 | 2.66 237 0.5
04039 024 050 1.70 1.80  0.69 | 3.66  4.60 1.07
0.6 1059 049 0.69 | 2.04 2,70 0.91 | 4.11 5.74 1.42
0.8 1078 0.68 0.86| 230 3.00 1.10 [ 1.50  6.30 1.69
0.2 10.10 -0.36 0.31] 1.60 -1.38 0.26 | 3.63 -3.84 0.25
90 0.4 1] 025 -079 053] 271 -273 048 | 5.91 4.80 0.62
061|041 -1.26 070 3.31 -3.23 0.66 02 —4.23 0.93
0.8 1057 =152 083|362 -3.10 0.8 23 A8 116

on
on

-1 &

=

Table 2.3: Percentage difference Ay in useful energy gain and transmittance-absorptance

product, ¢ = 60°N, 6 = §,,, v = 0°

Percentage diflerence, Ay
I} X Kr =10.3 Ky =0.5 Ky =07
(deg.) Mar  Jun Dec | Mar Jun Dec | Mar Jun Dec
0.2 1026 023 017|144 1.12 012 2.90 264 0.09
45 0.4 | 0.51 0.56 031|202 236 036 3.97 436 0.26
0.6 075 089 042|238 296 058|448 5.06 0.62
0.8 | 0.96 1.14 0.52 | 267 3.36 0.77 | 4.86 5.55 0.96
021033 021 019|143 1.00 0.07 275 252 0.06
60 041|061 058 031196 238 0.23]3.70 451 0.16
0.6 |08 098 041|232 317 039 4.18 539 041
0.8 | 1.08 1.26 0.50 | 259 3.61 053 | 451 595 0.67
02]034 015 0.18] 1.50 0.79 0.05] 280 236 0.04
75 04065 048 0.30 | 2.06 2.29 0.17] 3.79 486 0.12
0.6 | 0.91 1.01 039 | 241 348 030 | 4.28 630 0.32
081114 1.35 048 | 269 4.02 042 | 4.65 6.93 0.53
021034 -0.02 0.18| 1.71 0.15 0.04 | 3.09 1.44 0.03
90 041]063 012 0281236 141 0.13 ] 4.33 447 0.10
0.6 1089 069 037|275 324 026|487 7.21 0.26
0.8 1.12 1.41 045 | 3.04 471 036 | 5.27 9.01 0.46
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Figure 2.2: Variation of percentage difference in (7a)4qy and Qy 4.y with non-dimensional
critical level, ¢ = 40, § = 23.09%, v = 0°

sky diffuse and ground reflected components contribute to (ra)/(7a),. This contribution
is included in (7a)qqy/(T@),, whereas, (T@)a,/(T@), depends upon X., which decides
the operating time period. Thus, (Ta)},,/(Ta), can be lower than (ra)4,,/(Tar),. This
feature is demonstrated in Figure 2.4 where a plot of (ta)/(ra), vs w is shown for ¢ =
40°, B = 90°, 6 = 23.09, v = 0° for Kt = 0.7. Depending upon the value of V..

-

(Ta)g,,/(Ta), is constituted during —w, to we. If, w, > wr, (ra)y,,

J(Ter), will be higher
than (ra)j,, /(Ta), when w, < w?. As can be observed in Figure 2.2, this w? corresponds

to X, = 0.4, beyond which Ay starts increasing, implying (Ta)j,,/(Ta), is increasing.

Ay variation with latitude when v = 09, for (¢ — ) = 0° and 3 = 90°. for & = 23.00"
is shown in Figure 2.5 for three values of non-dimensional critical level. X. = 0.2. 0.6 and
0.8. Once again, when 3 = 907, Ay does not vary monotonically with ¢. However, at hich
latitudes, say, ¢ = 60°, Ag goes up to 9% when § = 90°. Thus, it appears that difference
in Qu,dey Obtained by hour by hour calculation and by using Eq. (2.34) is not insignificant

for vertical collectors, which may be of importance in direct gain systems.

A plot of Ay vs declination for v = 0°, when (¢ — 3) = 15° and (¢ — 3) = —15" is
shown in Tigure 2.6 corresponding to a non-dimensional critical level, X. = 0.6, for the
three latitudes, ¢ = 20°, 40° and 60° when K7 = 0.7. It is interesting to note that A,
when (¢ — 3) = 15° is higher than the values when (¢ — 3) = —15° for 6 < 0 and the

opposite is true when 8 > 0. Also, the lines for a given ¢, corresponding to (¢ 4) — 15"
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and (¢ — 8) = —15° intersect exactly at 6§ = 0. This feature reveals the importance
in developing a suitable method to estimate (T@)34,> since Ag may not be insignificant
depending on whether the system is summer optimized [(¢— ) = 15°) or winter optimized
[(¢ — B) = —15°]. In order to further confirm the influence of 3 on (Ta)day and (Ta);, .
a plot of Ay vs declination is shown in Figure 2.7 for ¢ = 60°, K+ = 0.7, X, = 0.6 for
different slopes, 8 = 0°, 15°, 30°, 45, 60°, 75° and 90°. These values of 3 yield ihe
variation of Ay with & for [¢ — 3| = 0°, 152, 30°, 45° and 60°. Tt is interesting to note (hiat
the curves for fixed |¢ — 8] (8 = 45°, 75° and 8 = 30°, 907) intersect at & = (°.

Aq as a function of clearness index when X. = 0.6 is shown in Figures 2.8 and 2.9
for (¢ — 3) = 0° and 3 = 90° respectively for ¢ = 20°, 40° and 607, for & = —23.05" and
6 = 23.09°. When (¢ — 38) = 0° (Figure 2.8), Ay monotonically increase with Ay and
is higher at higher ¢ when 6 = 23.09, whereas, when § = —23.05. Ay is higher at lower
¢. As has been observed in Figures 2.2 and 2.5, A, is negative for all clearness mdices
when 8 = 90° for § = 23.09 for low and moderate latitudes. However., when ¢ — 60",
Ay is positive and increases with A'p. In general, for g = 90°, when é = —23.1, A, is

insignificant at all clearness indices and latitudes.
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Table 2.4: Percentage difference Ay in useful energy gain and transmittance-absorptance
product, ¢ = 20°N, (¢ — 3) =0°

Percentage difference, Ay

¥ X Kp =0.3 Ky =0.5 KNy =07
(deg.) Mar Jun Dec | Mar Jun Dec | Mar Jun Dec

30 04028 025 0.28] 138 1.54 144 ] 311 3.75 5.10
0.8 1062 057 0.59] 196 2.24 200 | 3.97 1.75 4.07
G0 04027 026 023124 1.32 138 2.80 3.19 3.17
0.8 0.61 061 057 191 2.04 2,16 | 3.70 4.16 427
90 041023 027 014 1.15 1.20 1.23 ] 2.81 280 3.55
0.8 1059 0.62 055193 190 242 | 3.80 3.72 5.22

Non-South Facing Collectors (7 # 0)

Even though flat plate collectors are seldom oriented non-south facing (generally. az

o

o i

imuthal angle is within £15° due south), investigating the difference in (7)., and (7o)
is motivated since these results are indicative for direct gain windows as well and the az

imuthal angle for such windows can be —180? < vy < 180°.

Values of Q4 day, Q:leay} (T0)dais (Ta-)gay calculated according to Eqs. (2.341), (2.30).
(2.40), (2.37) respectively and the percentage differences, Ay, in the useful energy gain
and the transmittance-absorptance product [Eq. (2.52)] are given in Tables A.1 to A.O of
Appendix A for ¢ = 20°, 40° and 60° respectively, for v = 30°, 60° and 90°. for two slopoes.
(¢ — B) = 0° and B = 90° for mean days of different months, clearness indices and the
non-dimensional critical radiation levels. Summary of the Tables A.1 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, Ay increases as X.. ¢ and K7 increase.
The percentage differences for different slopes will depend on the declination. When
(¢ — B) = 0° the maximum Ay is under 8 %, for low and moderate latitudes. However,
at higher latitudes, say, ¢ = 60° (see Table 2.8), A  is as high as 19 % in December, when
K7 = 0.7 and v = 90°. When 8 = 90° K7 = 0.7 and X, = 0.8, at lower latitudes. sav,
@ = 207 (see Table 2.5), Ay is negative and |Ay| is 11 %, when v = 30° in June. Whereas,
at higher latitudes, say, ¢ = 60° (see Table 2.9), A, increases sharply as 7 increases and

Ay is about 21 % when v = 90° in December,

Variation of Ay with the azimuth angle, 7, for 3 = 90°, 6 = 23.09, K+ = 0.7 is

shown in Figure 2.10 for three latitudes, ¢ = 20°, 40° and 60°, for two non-dimensional



Table 2.5: Percentage difference Ay in usclul energy gain and transmittance-absorptance
product, ¢ = 20°N, 3 = 90°

Percentage difference, Ay
y | X Kr =03 Ky =05 Kr =07 |
(deg.) Mar Jun Dee Mar Jun Dee | Mar Jun Dee
30 04 |-044 -0.14 0.15|-096 0.26 1.36 | 0.60 —1.80 3.64
0.8 [-1.21 -0.09 085|-0.82 0.1l 3.08 | 3.78  -11.22 5.-1?_‘J
60 04 (-030 -0.26 -0.32|-072 -1.06 -0.22| 157 -1.25 277
0.8 -1.28 -0.83 -0.83)|-0.52 -4.75 177 | 4.60 0.59 542
90 |04 [-024 -0.23 -0.34 | 078 079 116 | L.71 133 156
0.8 | -1.01 0914 -1.33 | -1.60 -1.92 -2.62 | 5.03 145 5.71 |

Table 2.6: Percentage difference Ay in useful energy gain and transmittance-ahsorptance

product, ¢ = 40°N, (¢ — 3) = 0°

Percentage difference, Ay ]
¥ X Kr =0.3 Kr =05 KNy =0T
(deg.) Mar  Jun  Dec | Mar  Jun  Dec | Mar Jun Dec

30 04] 036 028 038|144 162 1.63] 28 395 2.89
08] 076 0.74 0.74 | 2.13 260 222 | 3.690 5.15 3.74
60 04 024 021 0.19| 1.06 1.03 LA1 | 2.64 295 3.44
0.8 0.82 0.71 .91 ) 220 2,17 .02 380 115 510
90 04 [-0.05 012 -056|0.30 0.65 -0.84 | 253 253 2.52
0.8 [ 030 0.61 -1.31]201 194 048|445 3.82 6.67 |

Table 2.7: Percentage difference A, in useful energy gain and transmittance-absorptance
product, ¢ = 40°N, 3 = 90°

Percentage difference, Ay

v | X. Ky = 0.3 Kr=05 —
(deg.) Mar Jun Dec | Mar Jun Dec | Mar Jun  Dee

30 | 04| 0.08 -053 059 088 -0.71 213|271 -064 351
08| 084 -1.64 1.09| 284 -1.93 286|479 229 439
60 04]-027 -030 -0.20|-0.10 -0.75 1.10 | 247 0.63 3.86
0.8 ] -0.74 -1.30 0.59 1.83  -1.24 J.78 | 4.79 384 6.8
9 | 04 ]-031 -0.23 -0.60 | -0.80 -0.65 -168 | 234 1.77 247 |
08 | -1.31 -1.01 -2.46 | -0.69 -0.90 -2.07 | 5.60 4.54 854




Table 2.8: Percentage difference Ay in useful energy gain and transmittance-absorptance
product, ¢ = 60°N, (¢ — 3) = 0°

Percentage difference, Ay
¥ X Kr =0.3 Kr =0.5 Ky =07
(deg.) Mar Jun Dec | Mar Jun Dee | Mar  Jun Dee
30 04| 064 036 049 1.84 207 145|281 439 180
08| 1.26 1.13 0.80| 266 346 1.94 | 3.73 586  2.58
60 0.4 0.17 0.11 1.07 131 1.39 442 313 3.97 (.30

08| 1.23 071 339 3.04 300 750|444 5.51 0.88
90 04| -048 -0.12 -242|-041 0.35 -3.68 | 3.32 297 6.21
08| -1.66 -030 -8.14 1.70  2.04 -197 | 6.31 151 1858

Table 2.9: Percentage difference Ay in useful energy gain and transmittance-absorptance
product, ¢ = 60°N, 3 = 90°

Percentage difference, Ay

¥ X, Ky =03 Ny =0.0 Ny = 0.7
(deg.) Mar Jun Dec Mar Jun Dee | Mar  Jun Dee

30 04| 074 -0.06 047 | 2.04 137 1.16 | 3.06 4.37 1.39
0.8 1.62 041 0.77 | 3.1  3.82 1.60 | 418 7.97 215
60 04 |-0.12 -0.21 1.67 | 111 0.72 4.98 | 3.26 3.61 6.7
08| 0.76 -0.72 141 346 257 7.93 1 1493 620 0 0.73
90 041]-053 -0.26 -3.07|-0.69 -0.16 -1.33 | 3401 220 7.86
0.8 | -2.47 -1.17 -10.54 | 1.37 1.18  5.76 | 6.79 4.60 20.77
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critical levels. X. = 0.4 and 0.8. As observed for south facing collectors, Aq is negative
for low latitudes when 7 < 50°. As latitude increases, Ay becomes positive for lower 7.
Also, as & increases, Ag is higher for all 4 and is higher for higher X.. Similar plot for
§ = —23.1° is shown in Figure 2.11. It may be readily seen from Figure 2.11, that Aqg
is always positive which has already been explained with reference to Figure 2.2 and 2.3.

For higher latitudes and higher 7, Ay is significant.

Maximum Percentage Difference

In general, since Ay increases as X, increases, it can be expected that Ay — Agmar a8
X. — 1.0. When X. — 1.0, operating time period tends to zero. Considering operating
time period to be small, let the collector operate [rom —e¢. to € around w = wy,. Dur-
ing this small operating time period, (1a)j,,/(T@)n from Eq. (2.38) can be expressed in

integral form as,

(T )0y j__(: It (ra)/(ra)pdw I, “ (ta)/(Ta), dw

: - €e - _EECC (2'53)
(Ta)n / L= L3l f (Ir — L) dw

Clonsidering the intensity of solar radiation to be constant during —¢, to €., Eq. (2.53) can
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be replaced by,

(ra) Gr /C (ra)/(ra)pdw G /.(: (ta)/(Ta), dw
ay i =i = i 1 2.01)
(Ta)n AGT — Golee NG —Go)es (£t
Eq. (2.54) reduces to,
(ra)s (Gr —(;c)/' (ra)/(ra). dw
ay e —€g (9
(ra)n AGr - Go)e 5
fc (ta)/(ra)y, dw
= = 5e (2.56)
Eq. (2.56) can be approximated as,
[ (7) ] 5
(T0)iny _ L{ra)s lwmwm] = 2.57)
— L)
(Ta), 2¢, ke
As X, — 1, . — 0 and (Ta)j,, /(Ta), approaches a limiting value given hy,
Ta)y :
((;2‘;”& = ((TT:)) e asX, — 1 (2.58)

When (Ta);uy/(rcr)n — (1) /(T@)n|w=wnm a8 X — 1, Ag in Bq. (2.52) becomes Ay

given by,

s (T )day
(Tat)y lw=wm (Ta),
(Tﬂ')rfqy

(Ta),

ﬁd,mar = (2.59)
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Admas values are given in Table 2.10 for ¢ = 207, 10° and 607, = ¢ and 3 = 90" for
5 = 0°, 30°, 60° and 90°, with K'r = 0.3, 0.5 and 0.7 for mean days for the months of
March, June and December. It is realized that when X — 1.0, Quday — 0. However,
the Agmar values are indicative of the differences that can be expected in the monl iy

average values.

2.4.2 Monthly Average Daily Useful Energy Gain and Transmittance-
Absorptance Product

South Facing Collectors (7 = 0)

Values of Qy,m, QLIm, (Fa) and (Ta)* have been calculated using Fas. (2.45), (2.50),(2.51),
and (2.48) respectively, for ¢ = 20°, 40° and 60°, v = 07, Ky = 0.3, 0.5 and 0.7, and the
non-dimensional critical level 0 < X, < 2.0. Depending on the value of Ny Qu.m — 0
for X. — Xcmaz, @ finite value. Xemazr Will be approximately equal to K7 mmae] Wr. whesn
KT maz is the maximum daily clearness index in a month whose monthly average clearness
index is K7. The percentage difference A4, in the monthly average daily useful energy

gain and transmittnce-absorptance product is calculated according to.

) s L ==\* _ (77
R s Q.tm(} wm 100 = (Tu){?m(rr.r)

U, 1M

% 100 (2.60)

It may be noted that as in Eq. (2.52), difference in (Fa) and (7a)™ has been normalized
with (@), since, (7@) as given by Eq. (2.51),is the commonly employed definition in tlie
literature. @, ,, [from Eq. (2.50)] is the corresponding monthly average daily useful encray

gain that would be obtained.

A plot of A, vs X is shown in Tigure 92.12, for ¢ = 40°, & = 23.09%, (¢ —f3) =07 and
B = 90°, for K = 0.3, 0.5 and 0.7. Also, shown in the figure is the corresponding plot
of Ay vs X, numerically equal to the value of X, which is a re-plot from Figure 2.2 for
K = 0.5, (¢—8) =0°and g = 90°. It can be seen from Figure 2.12 that |A4| increases
as K increases. |Ay is lower than |A4] for equal values of X, and X.. It may be noted,
Qu,m > 0 for X, > 1.0, whereas, Quday = 0 for X. > 1.0. Thus, it can be expoected
Q’;,m estimated with Eq. (2.50) which employs Eq. (2.51) for (7@) differs more from Qu.m
obtained from hour by hour calculations than the corresponding difference between 3

and Qu day-

Variation of Ay with latitude for (¢—p)=10° and 3 = 90° is shown in Figure 2.13,
for a fixed X, = 0.8, for three declinations, § = —23.05°, —2.4° and 23.092. The trend is

similar to that shown in Figure 2.5 for the single day for 6 = 23.09°.




Table 2.10: Maximum percentage difference Ay in useful energy gain and transmittance-

absorptance product for south facing and non-south facing collectors, & = 20°, 107 and
60°N, 8 = ¢ and 3 = 90°

Percentage difference, Ay nax ‘I
6 | 8 | ~ K7 =03 K =05 Ky =0.7
(deg) | (deg) | (deg) | Mar  Jun Dec | Mar  Jun Dec | Mar Jun f‘rt-{'-‘l
0 | 0.77 0.69 075 2.22 254 243|451 523 1.1
30 | 0.77 072 0.73| 216 246 222|425 507 1.5
20 | 60 | 0.76 0.76  0.72] 2.3 228 2361398 146 1os
20 90 | 0.73 0.77  0.70| 2.14 202 267|409  1.00 5.5
0 |-0.62 0.00 048] 2.80 0.00 099]9.96 0.00 1.0
30 |-1.62 052  1.09|-0.02 -3.45 3.37|6.19 -1247 578
90 | 60 [-2.57 -2.61 -0.11| 1.50 -6.36 2.84|5.05 3.56 5.8
90 |-3.40 -3.30 —4.01| 043 0.54 -0.59|5.63  4.99 H.TN‘
0 | 091 084 089 242 301 1.66]4.66 566 259
30 | 0.93 090 0.88| 236 286 242[397 549 101
40 | 60 | 101 0.93 1.19| 246 243 398|410 447 5.0
40 90 | 0.77 0.83 -1.53| 247 221 257[486 413 s59
0 | 0.71 -1.55 0.97| 3.86 -2.68 0.91]7.90 —1.91 135
30 | 1.27 220 1.29| 317 174 3.05|5.15  4.02 1G]
90 | 60 | 0.33 -2.80 1.81] 288 0.81 4.2305.00 191 610
90 |-3.96 -3.39 -5.65| 173 123 0.65|6.12  5.05 0.8
0 [ 127 148 0.60] 28] 3.95 005|482 635 0o
30 | 145 136 101 2.87 382 210|399 627 o281
60 | 60 | 1.60 1.14 427 3.32 335 788|475 588 1099
60 %0 |-150 055 —965| 325 252 308|678 4.8 27.76|
0 | L30 172  052] 328 5201 046|558 9.67 0.6
30 | 187 119 098] 346 457 176|449 860 2.9
90 | 60 | 1.90 047 538( 3.80 341 845[529  6.80 10.22
90 |-4.79 -2.55 -13.12| 3.55 2.33 851|729  5.03 25.0]
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Figure 2.12: Variation of percentage difference in (Fa) and @, ,, with non-dimensional

critical level, ¢ = 40°, 6 = 23.09°, v = 0°
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0.7, X, = 0.6,y = 0°

Percentage difference in (7@) or Qy,m plotted against declination is shown in Figure
2.14, for three latitudes, ¢ = 20°, 40° and 60°, for (¢ — 3) = —15° and 15°, for a fixed
X. = 0.6 and K7 = 0.7. Variation of Ay with ¢ is exactly similar to the corresponding,
plots for the single day shown in Figure 2.6. It may be noted from Figure 2.1.1 also, tha!
Ag, when (¢ — 3) = 15° is higher than the values when (¢ — 3) = —15° for 6 < 0 and ihe
opposite is true when é > 0. T'he lines for a given ¢, corresponding to (¢ — 3) = 15" and

(¢ — B) = —15°, intersect exactly at 6§ = 0°.

Variation of Ay with the monthly average daily clearness index, Ay is shown in
Figure 2.15 for ¢ = 20°, 40° and 60°, é = —23.05° and & = 23.09°, for a lixed X, = (.06.
Ay continuously increases with Ky and is higher at higher latitudes. Also, Ay is highes
when § = 23.09° compared to the value for § = —23.05°.

Non-South Facing Collectors (v # 0)

A plot of Az vs 4 for ¢ = 20°, 40° and 60°, 3 = 90° and é = —23.05° is shown in
Figure 2.16 corresponding to two non-dimensional critical levels, X. = 0.4 and 0.8, for
K1 = 0.7. It may be seen from Figure 2.16, that the dependence of Ay on 7 is similar to
the dependence of Ay for single day as shown in igure 2,11 The difference Ny is higher
than the corresponding Ay for a single day. Ay is not monotonic with v. owing to differing

changes for w,, and wy, from w! and getting limited to ws; beyond a certain 7.
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2.5 Conclusions

In order to estimate the daily useful energy gain or the monthly average daily useful
energy gain for flat plate collectors, using the utilizability concept, an appropriately av-
eraged transmittance-absorptance product has been defined. The average transmittance-
absorptance product applicable for the day or the month are the weighted average of the
instantaneous values, the weighting function being the solar radiation above the critical
level. The differences between (T7@)dqy and (Ta)j,, or (7a) and (Fa)* have been estimated
for a wide range of latitudes, declinations, slopes of the collectors, azimuthal angles, clear-
ness indices and non-dimensional critical radiation levels. It has been found that the
percentage differences in the aforementioned quantities are not insignificant. In gencral,
the differences are significant for higher latitudes and clearness indices, particularly af
B = 90°. Also, Ay and A, are higher when 7 # 0. Though, flat plate collectors generally
are not oriented with v # 0, the results are relevant for direct gain systems. (Ta)" differs
more from (7@) compared to the corresponding differences in (Ta)y,, and (7a)iay. Also,
these differences are higher at higher non-dimensional critical levels. Changes at higher

critical levels are relevant for designing direct gain systems.

Noting that methods to estimate Hr or ¢ are widely reported in the literature,
estimating @y day OT Qu.m according to Eqs. (2.34) and (2.45) will be straight forward
when methods to calculate (Ta)j,, or (Ta) conveniently are developed. Chapter 3 is

devoted to such studies.



Chapter 3

Evaluation of Monthly Average
Transmittance-Absorptance
Product during the Operational
Time Period for Flat Plate

Collectors

3.1 Introduction

The monthly average daily uselul energy gain from flat plate collector is commonly evaln-
ated as a product of F, H1, ¢ and a monthly average transmittance-absorptance produet.
Studies reported in Chapter 2 established that the appropriately defined monthly aver-
age transmittance-absorptance product, (7a)*, is a weighted average of the instantancons
(ra) and the solar radiation on the collector above the eritical radiation lovel. Numer-
ical results discussed in Chapter 2 show that the difference between (7ev) and (7ar)* is
not insignificant. This difference is significant, particularly, for non-soutlh lacing vertical
collectors. Direct gain systems, in general, comprise non-south facing collection deviees.
Methods to estimate ¢ and [Hp are widely available in the literature. 1. (2.17) to calen-
late Q.. becomes available when methods to evaluate (7a)* have been developed. The
usefulness of these methods is enhanced when they become applicable for collectors of

general orientation.

In the present chapter, an expression for (T) 34, delined by Bq. (2.38). applicable
for a single day, has been developed, assuming critical radiation to be constant. Eq. (2.39)
has been rewritten in terms of corresponding integrals. The instantancous solar radiation
falling on the collector surface, I, [Eq. (2.2)] has been expressed using the correlations

due to Collares-Pereira and Rabl [12] for r, and Liu and Jordan [16] for v It has been



G
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shown that the appropriate monthly average transmittance-absorptance product. (7).
can be calculated with the expressions developed for a single day, the single day being the
equivalent mean day (EMD). Equivalent mean day approach has been success(ul [01. 67, 30]
in calculating the monthly average daily utilizability from the expressions developed for
utilizability for a single day. Numerical values obtained for (ra)j,, and (Fa)™. using the
expressions developed in the present chapter, have been validated against liour by hour
calculations, as obtained in Chapter 2, as well as, by comparing with the values obtained

using solar radiation data.

3.2 Evaluation of Daily Transmittance-Absorptance Proc-
uct during the Operational Time Period for Flat Plate
Collectors

3.2.1 Mathematical Formulation

The effective transmittance-absorptance product for a day, (T)jqy given by Fq. (2.38),
after normalizing with the transmittance-absorptance product at normal incidence. can

be expressed in an integral form by,

(el _ [y, g 0

(TGJTI

// Y (3.1)

It may be noted that replacing Eq. (2.38) by Eq. (3.1) requires I7 to be a continucus
function. Also, Iy has been treated as a rate in writing 1. (3.1), though, the conmonls
employed notation (for example, in Duffie and Beckman [6]) is that it is the solar radia
tion over a short time interval, say, an hour. In Eq. (3.1), the superseript “+ indicalos
that when (I — I.) is negative, it will be considered as zero. Assuming that I+ has o
single maximum value during —w; < w < w,, Bq. (3.1) can be re-written dropping the

superscript ‘+’ as,

(ra);

day ez (o) //LU“""
Uday _ [“*1p_ 1. f — 1] dw
s ]w Ur =~ L do [ [ (17 = 14 (3.2)

In Eq. (3.2), we and wgy are the hour angles corresponding to Ir equal to [.. Fq. (3.2)

when expanded leads to,

T(.l'):r Wea Wea
.(._fﬂ:/ dw/ ‘_l’[:]dw—-[c[ (T”)rf...,// [h—f
(Ta)':e Wel '-'"cl Jwe TH

Eq. (3.3) is equivalent to Eq. (2.38) which is obtained by equating the daily useful enero

(.3)

gain to the product of (ra)y,,, Fr, Hr and ¢g.y [Bq. (2.35)]. It may be noted that

Eq. (3.3) is different from Collares-Pereira and Rabl's [68, 69] definition for 5. \When the
]



definition of Collares-Pereira and Rabl far 5, is adapted for a sinple day, designatod as

No.days il the present notation becomes,

afga wiea
No,day = / f'}‘(?'ft)dw/f IT dw (3.4)
e Wi

Eq. (3.3) when integrated yields (7«)j,,. The expressions thus obtained will become
determined when explicit methods to evaluate wy and wey are made available, w.y and
Wep can be found by equating I to I, and solving for w. The relevant equations have been

developed by Lahiri [67] and are given in Appendix B.

In the case of flat plate collectors, the solar radiation incident on the collector at any

time can be estimated from,
Ip =L Ry+ Ko ly+ K3l {3.5)

where, the constants Iy and K3 are as given by Eqs. (1.4) and (1.5) of Chapter T and are

reproduced here for flat plate collectors for ready reference.

Ky = (1+4cosp)/2 (3.6)
Ky = p(l—cosﬁ)/? (3.7)

The instantancous tilt factor for direct radiation, /ty, at an hour angle w is defined by,

Ry = (3.%)
C

6 is the angle of incidence for direct radiation which is given in Chapter 2 by Iiq. (2.1). 0.
is the angle of incidence for a horizontal surface (3=0), also called the zenith angle and is

given by,

cos#, = cos¢cosébcosw + sin@sind

A"+ B cosw

I

B'(cosw — cosws) (3.9)

I

where,
A = sin ¢sin é and I = coseosd (3.10)

(ra)/(Ta), in Eq. (3.3) is given by Eq. (2.11) of Chapter 2 which is reproduced heve for

ready reference.

(T“) - Ir'; R-JJ(TQ)F)/(TQ)H. + hr? [ra’(T“’)rr‘/(T”' )u + !\'.'5 !(T“' :]_rr/{ T,
(Ta)a Iy Ry + Ky Iy + Kl




Using Eq. (3.5) for Ir and Eq. (3.11) for (ra)/(Ta),) in Eq. (3.3), Eq. (3.3) becomes.

" * wi\ We3 ;
(T%)day = f ’ Iy Ry S dw + Hg] 14 (T(_} )d dw +
(Ta)n w!, (ta), iy (tar)y,
Ll e wea )
K;;/ ’ 1 (ra), dw— 1. G, dw| +
Wel (T“')u Jwey (T(")n
w’;z We2 We2 Weg
/ Iy Ry dw + I\'gf Tgdw + f\'g/ Tdw — .’,._./ dw| (3.12)
why Wel Wet Jwey
Eq. (3.12) can be written in a compact form as,
T,
ﬂ = [ﬁN + Ian + Isn — LlN] 5 [l"ln + hip + lap — -".m] (3.13)
(tra)n
where,
Wey (Ta)y ‘
Ly = f Iy By —— (3.11)
'-U‘_".I (Tn']'n
. e (To)d & B
fog 1= 1\2/ 7 iy (3.15)
wei (Tev)n
- ka2 {T“'}r: i
Iiy = f\;;f I = dw (3.16)
Wl (Ta)s
hiv = 1. fwr:z () dw (3.17)
wer (T
and
hp = / ° Iy Ry dw (3.18)
el s ”
Lhp = Ky / Iy dw (3.19)
iy
Isp = Ky / I dw (3.20)
puwea
Lip = 1. / dw (3.21)
St

It may be noted that the limits of integration for the direct radiation part given by 7
and I1p [Egs. (3.14) and (3.18)] are designated as w!; and w’,. The critical hour angles,
we1 and wey, for low critical radiation levels may extend beyond the apparent sunrise and
sunset hour angles w,, and wys and less than the sunset hour angle for a horizontal surface,
ws. In this situation Jyy and I1p are to be evaluated [rom w;, to wys only. Wl and w/,

thus are given by,
" § ) B R
Wy = max [wcfl ’ ‘-‘"sv'] (3.22)
Wig = min [we2, wss] {.3.23)
Methods to evaluate wy, and w,, are available from Duffie and Beckman [6] or Klein and

Theilacker [66] and in Lahiri [67] for more general situations, such as. double sunshine.

The equations needed to calculate wg, and w,s are given in Appendix B.



3.2.2 Expressions for (ra)},,/(T7a).

Eq. (3.13) in terms of the integrals defined by ILigs. (3.14) to (3.21) becomes availab
for evaluating (Tr.r)zuy/("r(.r},,_ when specific expressions for the integrals are developed. T
may be noted that the critical hour angles we and we can be readily evalnated {rom

Egs. (B.27) to (B.35) of Appendix B.

Using Eqs. (2.25), (2.26) and (2.27) from Chapter 2, for 1, Iz and 1y respectively, and
Eq. (3.8) for R, with Eq. (2.4) for cos @ and Lq. (3.1 1) for (Ta)/(Tav),, the integrals in
Egs. (3.14) to (3.17) for I1n to Iyn are given by,

Ky Kol Wea (Tev)p ooy
hin = (—1};—> .[u;l (ay + beosw) ('nm‘}(?_“)” dw (3.21)
W
Iy = (I\ £y HO) (oD B (cosw — cosw, ){'rn i tlw (3.25)
Jwey (Tﬂ Jn
Ly = (h] kirds ) I’ b”/ d(n + beosw)(cosw — (‘ﬂ.‘w‘u)_;‘.}{?_rl):l dw  (3.26)
f}f Wl (T” :Ir.'
Ly = IL(Ta)/(ta) (3.27)
It follows from Eq. (3.17), (T&)/(7a), is defined as,
L) = /Mﬂ! {re) dw (3.28)
(Tﬂ)n Wl {‘_”)n
Similarly Egs. (3.18) to (3.21) for I1p to I4p are given by,
hip (é-]—{;:i) ./w, (a; + beosw) cos b dw (3.29)
K K7il,\ . e
Ip = (\]—L—?—) )"\2}’)}’}}‘. 4 Iz(cosw — cosw, ) dw (3.30)
WKl We
ILip = (h—lﬁ—j——o) KB [ ;(“ +bheosw)(cosw — cosw, ) dw {(3.31)
Iy Jwi
Wea
Lip = fn/ dw (3320
Wel

It may be noted that (7a)q/(7a), iu Eq. (3.25) and (ta),/(7a), in Eq. (3.26) are inde-
pendent of the hour angle w. (ra);/(7a), and (te),/(Ta), can be obtained emploving
Egs. (2.14) and (2.15), using 8 = 84 or 6, the effective angle of incidence for sky difluse
and ground reflected components of solar radiation. #; and 6, have been correlated to
the slope of the collector by Brandemuehl and Beckman [98] and are given by qs. (2.12)
and (2.13). (ta)/(Ta), in Eq. (3.21) depends on the angle of incidence. Dependenee of
(ra)/(Ta), on 8 as described by Eqs. (2.14) and (2.15) of Chapter 2 has been employed

in evaluating Eq. (3.24). (ra)/(7a), variation with # as given by Lqs. (2.11) and (2.15)



is piece-wise continuous. Let wy and wy be the hour angles corresponding (o & = 607
and wy can be obtained by setting 8 = 60° in Eq. (2.1) for cosd. The relevant equations

to determine w; and wy are also given in Appendix B. Thus, I;y needs to be evalnated as,

K \KrH, i _ 3
Ly = (_}%) l/ (a1 + beosw) 2(1 + b,) cos? B dw
wg“ ]
+ (a1 + bcosw) cos [l + b, ( - l)} dw
i cos
+/ “(a +bc.osw)2(1+ba)c.os**ﬂdw] (3.33)
wy

Integrating Eqs. (3.25) to (3.33), I, v etc. are expressed as,

hin Ky [2(1 + bo) {ar Tpa(wy. wiy) + blpg(wr wi )} 4 ay (1 = b)) Py (wa. )

ta1bo(wy —wr) + b(1 = by ) pa(wa,wi) + bb,Ips(wa,wy) +

2(1 + bo) {a1/pa(wly, ws) + blps(wly,ws)} J (3.31)
. - TO :
Ly = K4K,D B’( )a [IPS(WczewclJ — coswy(wey —wclll (3.435)
(Ta)n
Ly = 1('4!\'3B’m [11'51p5(wc2._wd) — acoswW(Wwey — We1)
(Tar)y
+bIpg(wes, wel) (3.36)
Tee
Iin = I G, (3:37)
(ra)n
and
Lp = Ki|adpy(wl,wh) + bIpa(wly,wly)] (3.38)
Lp = K4kK,D;B' [fPs(wc;z,wcl) — cosWs(Wez — Wey )J (3.34)
Lp = K4K3B' [K;;]ps(wc-z,wd) —acosws(Wey — we ) + b."{’(;(-.u‘l-‘-)‘.i.u'(’lf‘ (3.40)
Lp = I{we —wel) (3.41)

where, K4y and K5 are constants given by,

Ky = KiKrH,/B (3.42)

Ky = (a—bcosw,) (3.-13)

The primitives Ipy, Ipy, Ips, Ipg, Ips and Ipg appearing in Eqs. (3.31) to (3.10) are
deflined by,

Ip(w) = /cosﬁdw (3.4



(i

Ip(w) = fcosf) cosw dw (3.15)

¥ Ips(w) = /cosz A dw (3.16)
Ipf(w) = /C()529 cosw dw (3.17)
Ips(w) = fcoswdw (3.18)
Ipg(w) = /rnszw dw (3.10)

Detailed procedure to evaluate (T7a)/(Ta), in Eq. (3.37). delined by Eq. (3.25). 15

presented after evaluating the primitives for non-south facing and south facing collectors.

Non-South Facing Collectors

Using Eqs. (3.34) to (3.41) in Eq. (3.13), (ra)3,,/(7a), is expressed as,

Ta);
((T—(};? = [2[1 + bo){“l Ips(wi,wiy) + blpa(wr, wy )} +ay (1= b)) p1(wz,w1)
Farbo(wy — wi) + (1 — by ) I p2(wa, wi) + bbolps(we,wi) +
2(1+ bo){aleS(wing’Z} + blp4(“-";2~w2)} o
| KiDj pr (T [fpf(w.z Wer) = coswy(wer = wer)| +
(TQ)T‘ b ] 8 b [ & [} {
KSB’(TQ)Q [f\"sfPs(wczswcl ) — acosws(wey —wel) + bipg(wes,wer )
(ta)n
I. (Fa)| .
_E(Tﬁ')nl - [-‘.tlhq(wig,w;,) + ('prg(u.a‘iz.w:ﬂ )+
>
KyDyB' [IPS(wciswcl) — o8 Ws(wea — Wy )] + K3 B [.-’{5 Ips(weg,wer ) —
L -
a coswy(Wez — Wer) + Wl pa(wez, wer )] = }'\-—(Ub"--'z — W )J (3.50)
The primitives Ip; to Ipg, in Eq. (3.50), on evaluating Eqs. (3.44) to (3.19). are given
by,

Ipi(w) = Aw+ Bsinw—C cosw (3.51)

Ipa(w) = Asinw+ B (% mnfw) - C Cos.lz_‘u.? (352
| B? 4 (2 B — (2

Ips(w) = {z‘lz + -——j———-] w+ 2ABsinw + j—iL sin 2w

*

1

Treosw — 5 cos 2w (3.53:3)




, ; ADB B:-C? .
Ips(w) = ABw+ (A*+ BY)sinw + 'IT SN2 = — — it
AC 28C
— _( cos 2w — — cos” w (3.5
Ips(w) = sinw (3.55)
w  sin2w o
Ipg(w) = (E + 1 ) {3.56)

(S8
R

A, B and C appearing in Eqgs. (3.51) to (3.56) are already defined by Eqs. (2.5)
(2.7),

South Facing Collectors

The expression for (T&');ay/(‘rﬂ)n for south facing collectors is obtained rom Lq. (3.50)
when the limits of the integrals are changed suitably. For south facing flat plate collectors
|wei| = |wea|. Let the critical hour angles thus be —w, and w.. Simila rly, wl; and W/, are
replaced by —w/ and w/. Also, wy and w; are replaced by —w’ and w’. Thus, for south
facing collectors,
(Ta)3ay

(ra)n

[2(1 +b5) a1 Ipa(wh, ) + bIpa(why )] + ar (1 = bo) Ipy (', 0)

+arby(w' = 0) + b1 = by ) pa(w',0) + bb I ps(w’. 0) +

Ix’gﬂfﬁ’gz;” [JPS(% 0) — cos ws(we — 0 )J ¥
Iy B'((::;” [1\'5 Ips(we, 0) — acosws(we — 0) + b pglw.. U)]
+in
I. (Ta)

“ 5 A ol !
7@ (T(I)n] : [ﬁ.lf,- Hwe 0) + bIpy(w,,0) +

KyD;B' [fp,,(-u,-,,, 0) — cos w,(w,. — 0 )] + KaB' [Kslps(w,.0) -

I
acosws(w, — 0) + Mpf;{wc,{))] — ﬁ(w“ — (]]] (3.57)

The primitives Ip; to Ipg in Bq. (3.57) become,

Ipi(w) = Aw+ Bsinw (:3.5%)
Ipy(w) = Asinw+ B (% sin{lz‘,w) (1.57)
Ips(w) = [,flz 4 i;—z} w240 sinw + -]ili sin 2w {3.60)
Ips(w) = ABw+ (A% + B?)sinw + %?— sin 2w — f-);—z sin? w (3.61)
Ips(w) = sinw | ' (3.62)
Ipg(w) = (g + SEITI;")M) (3.63)



It may be noted that the constant C', defined by Eq. (2.7) of Chapter 2, is zero for south

facing surfaces and the constants A and B, obtained by putting v = 0 in Eqs. (2.5) and

(2.6), are given by,

A
B

Il

sin &(sin ¢ cos 3 — cos ¢ sin (3)

I

cos &(cos ¢ cos 3 4 sin ¢ sin J)

Evaluation of (7a)/(7a),

(3.461)

(3.65)

Eqgs. (3.50) and (3.57) shall become available when (7a@)/(7a), defined by Fq. (3.2%) is

evaluated. Expressing (7a)/(ra), in terms of the total absorbed radiation by the collector

and the incident radiation, (7a)/(Ta), can be expressed as,

(ﬁ) = /Wcz Ib Rb(TG)F)/(T(Y)n * 1\.'2 f,f(T{l’)d/(T{t.}n + A3 ]( T :];/( T”')n 1
(Ta), Wel Iy Ry+ Koy + K5l

Eq. (3.66) after splitting leads to,

(Fa)/(ra), = Ty Tyt Ty

where,

7 /Nc? Iy Ry(ra)y/(Ta), ”
' wei Ty Bg+Raly+ Bgl

3 - e 1,{(?(1’),{/{7’(1‘ )'n.

i = K. ] a . Jw
’ ? Wel Iy R+ Ky lg+ K31

= U2 [(ra),/(Ta), ,

™ = /w TR+ Kyl il

w

(3.66)

(3.67)

(3.70)

Using Eqgs. (2.25), (2.26) and (2.27) for I, Iy and I, respectively and Iiq. (2.3) for R in

Eq. (3.68), and using w(; and w/, instead of we; and w,, as has been done in Eq. (3.11),

T'1 can be written as,

B8 T

(f [‘2(1 + b,) cos ﬂ}

(a1 + bcosw)

= 2 cosfl.,
T, = = dw
o cos . :
¢l (a; 4+ bcosw) + KDy + Ky(a+ beosw)
cos d.
cos f l
N wy (ay + b (.()hwjm: [l + b, (m — ])} s
“ (a1 + bcosw) cos + NoDy + Ka(a+ beosw)
cos .
0s
i (a1 +beosw)—[2(1 + b,) cos
Jis cos b -

(a; + beosw) + NoDjy + Wa(a + beosw)

cos fl.



On simplification, after some what lengthy algebra, T, in Lq. (3.71) is given by,

T1 = 2(1+bo) i1 (w1, why )+ (1=bo ) Tha(wz, w1 ) +bo Tra(wz, w1)+2 L +06 ) T (g w2) (3.77)

The primitives 7y, T2 and Ty3 in Lq. (3.72) are delined by,

(a) + bcosw) cos? § dw

: 1.73

Tu(w) / (a1 4 bcosw)cosf + KyDycost, + Nyla + beosw)cosf, (3.73)

(ay + beosw)cosl dw sy

Tuw) = [ : o
(ay + beosw)cosd + NoDjcos 8, + Is(a+ beosw) cos .

(ay + beosw) dw —

Ty - — Foin)

Tia(w) ./ (a; + beosw)cost + KaD g cos B, + Kala+ beosw)cosf. hteld

Using similar procedure, ?g and Tg can be expressed as,
?2 = K; ‘Df(Tn')rf/( T ) To(wez, wer) (3.76)
?:‘3 = h'g(rrr)g/{’rrt)ﬂ Ta(weg,we ) AT

where, the primitives Ty(w) and Ts(w) are defined as,

cos . dw

Tyw) = /( (3.78)

a1 + beosw)cos @4 KNoDjycost, + Na(a + beosw) cost:

(a + beosw) cost. dw

/ (a3 + beosw)cost + KDy cos #. + Ky(a + beosw)cos .

Ta(w) = (3.79)

?1} ?I_—'-; and 12"3, as given by Egs. (3.72), (3.76) and (3.77), where the primitives are
defined by Eqs. (3.73) — (3.75), (3.78) and (3.79), are not integrable for non-south facing
collectors. In what follows a simple procedure to calculate (Fa)/(Ta), for non-south
facing collectors (which is valid for south facing collectors also) and analytical evalualion

for south facing collectors is described.

Non-Soulh Facing Collectors: Tn order to evaluate (Fa)/(7a), for non-south facing col

lectors, a simple procedure which yields accurate results is suggested. Let, 8y, 0,, and &,
be the angles of incidence for direct radiation at the hour angles wqy, Wy and wep respec-
tively. It may be noted that w,, corresponds to the hour angle for maximum radiation on
the collector surface. Let, 8 be the elfective angle of incidence defined by,
9] + Hm + {7'2

3

0 = (3.80)

Let, & be the hour angle corresponding to 6. @ can be obtained from igs. (13.12) to (B.15)

of Appendix B, by replacing the nnmerical valne of 0.5 with the value of cos@ given by




Eq. (3.80). It is suggested that (7a)/(ra), be calculated from,

= = (ta) . (T )4 - =y (),
(ﬁ] ~ fb(w}ﬂ.b(w)m + ‘(‘ﬂ"{w]{_rn)n + f\.‘i”w}(r—njfm (Wip — Wiy ) (3.81)
(ra), ~ T,(@) (@) + Kola(@) + Kl (@) e o

It may be noted that in Eq. (3.81), the value of (Ta),/(Ta), is the corresponding value i

9, from Eq. (2.14) or (2.15).

South Facing Collectors: For soutlh facing collectors, Ty, Ty and T as given by Iigs. (3.68),

(3.69) and (3.70), reduce to,

?l _ 2 / © Ib Rb(T(})b/(T(Y}vﬂ dw ;.i\“'\'} |
o D Ry+Kolg+ Ksl
b= o M )’,{(Tt‘l‘ )rf/(.T“}n :
T, = 2K / g — dw (3.83)
’ "o LRy+ Wylyg+ ksl
= . we I(Tﬂf]r/(?-ﬂ)n
Tz = 2K [ U — ! 381
’ By T Ry+ Kalgt hsi -
On simplification, %l is expressed as,
?1 = 2[2(1 + bo )T wgy ') + (1 = bo)T1a(w', 0) + boTya(w’, U)J {3.55])

where the primitives Ty, T12 and Ty3 are as defined by gs. (3.73) to (3.75), and for
south facing collectors cos @ is given by Iiq. (2.4) with €' = 0 and A and B are given by
Eqgs. (3.64) and (3.65).

On evaluating the primitives which involves lengthy algebra Ty, T2 and T4 can bo

expressed as,

T]] = D[)’.ﬂS(w;,wf) -I,. (-'1 D.(w:.—w')+("|D|i'fr,I;JT{u!I'..u)’) -
C1D1Qs1pg(wl,w’) (:1.86)

Ty, = Ei(w' =0)+ EyPIpr(w',0) + E1QoIps(w’,0) (3.87)

Tis = EyPpr(w',0)+ E£,Q11ps(W',0) (3.8%)

Similarly, ?2 and ?3 can be expressed as,

= _ (ra) o
T'z = (Tu),l [P:sﬁnr(w,._,[)] -+ Q;:,fm(w(.,(])] (1.80)
= T ) _ _

fa = (('Trx;g [ES(UJ“ = 0)+ Ly Pylpr(we, 0) + E3Q 41 ps(we. 0) (3.90)



Using 12gs. (3.85) to (3.90) in L. (3.67), (Ta) /(T ), can be expressed as.

(T@)

(Ta)n

2[2(1 i bo){DJpg,(wf,.w’) + Cy Dy(wh — W) + C1 Dy Ps I pr(wl W) +
(_.‘lul(gﬁf,._.s(w;,u’)} + I (W = 0) + (B Py + By P pr (w0, 0)
(E1Q2 + ExQq)Ips(w'.0) + %%:})d[!)ﬂh’?(wmn) + Q:Jr‘s(wr--ﬂ}] +

T [ 515 = 0) + EaPulpr(we,0) + EsQalps(ise, )] (3.01)
(Ta)n ;
Ips(w) appearing in Eq. (3.91) is already given by Lq. (3.62). The primitives Ip7(w) and

Ips(w) in Eq. (3.91) arc defined as,

Ipr(w) = ‘/ﬁdw (3.92)

Ipg(w) = /mrb} (3.91)
with

Po= %i-pﬁm (3.01)

Q = %éj:% By? — 44, (3.95)

In Eqgs. (3.94) and (3.95), A} and B} arc given by,

¢ Awt K DA+ Kyl (3.96)
R Db+ KNa D' 3.96)

B - Ab+ a1 B + h’-;_DJrB’ + N3 A+ Kqald y—
= Bb + K38’ (AT

Ip7(w) and Ipg(w) defined by Eqs. (3.92) and (3.93) are standard integrals. [p7(w) is

given by,
B L 1+ Peosw ) ¥ R
[PT(W) = T’[‘ cas (m) il s [1f}J
1 vV1+ P+ /1 - Ptan(w/2)

i P <l (3.99)

V11— P2 e V1+ P —+/1— Ptan(w/2)

Ipg(w) can be obtained from Eqs. (3.98) and (3.99) by replacing P with .

The constants C'y, Dy, etc., appearing in Eq. (3.91) are defined as follows:

B+ 24b

¢, = al—gg——ﬂ; (3.100)
b)').

Dy = —— (3.101)

B+ Kyl



E,

Py

P

Q2

Py

Py

Q4

Py

(1—b,)Bb

Bb+ K3B'b
bo

Bb + K3B'b

bP — a

P

) — Q@

P-Q

(Ab+a B — BoBY) P — (Aay — A, Bb)
Bb(P — Q)

(Aay — Ay Bb) - (Ab+ ay B — BbBY)Q
BO(P - Q)

KyDy(B'P - A)
(Bb+ K3BD)(P - Q)

K2D;(A'— B'Q)
(Bb + KsB0)(P— Q)

(A'b+ aB' — B'bBL)P — (Aa— AL B'D)

B'H(P - Q)
(Ala — ALB'b) — (A'b+ aB' — B'bB)Q

B'O(P - Q)

[{M!m. + A% — AL B2 — BY(a B* 42480 — 1) n"-m} i

_ {A%. — Ab(ayB* + 2ABb — B} n%)}]

- l(P — Q)(a; B> 4+ 2ABb — B, H'Zb)}

{{Azm — Al(a; B® +2ABb - H;B%)}

—~ {2.4 Ba; + A%b — ALB%b — By(a1 B* 4+ 2ABb — 13 B'ﬂh)} Q}

& {(P — Q)(a)B* +24Bb — B, B'—*b)]

(3.102)
(3.103)
(3101
(3.105)
(3.100)
(-5.107)
(3.108)
(3.100)
(3.110)
LR
(3.112]
(3:1133)

Though, (7@)/(re), for south facing surfaces has been obtained after integrating

Eq. (3.66), the resulting expression is some what lengthy. IHowever, adapting an effce-

tive angle of incidence, 8, as has been done for non-south facing collectors [Eq. (3.80)],

(Fa)/(Ta), can be evaluated easily. g is now defined as,

= 28, 48,
(;:_1__;.’_
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Figure 3.1: Validation of the approximate procedure to calculate (Fa)/(ra), for sontl

facing collectors

where, 8, is the angle of incidence at noon time. Let, w be the hour angle corresponding, to
. & can be obtained from Egs. (B.12) to (B.18) of Appendix B, replacing the numerical
value of 0.5, with the value of cos 0 given by Bq. (3.1011). Thus, (7)) /(rar), for south

facing collectors is given by,

m _omef g
(ra)y Iy(@) Ry(@) + Wola(@) + K31(@) X 2w (3.115)

It may be noted that (ra)y/(Ta), in Eq. (3.115) is the value obtained from Eq. (2.11) ar
(2.15) with 8 = @ given by Eq. (3.114).

Validation: Calculating (F@)/(ra), using Eq. (3.81) for non-south facing surfaces and
Eq. (3.115) for south facing surfaces has been validated by comparing with the values
obtained by numerically integrating Iq. (3.66) for v = 07, 30°, 607 and 90%: & = 207,
40° and 60° —23.05° < § < 23.09° Kp = 0.5 and X, = 0.6, with ¢ = ¢ = 15", ©.
6+ 15° and 8 = 90°. The comparison between (Ta)/(Ta)y, obtained with Fqs. (3.81)
and (3.115), designated as (7a)/(ra),(approx) with the value obtained by numerically
integrating Eq. (3.66) designated as (7a@)/(7a)s(num) is shown in Figure 3.1 for south
facing surfaces and in Figure 3.2 for non-south facing surfaces. The agreement is excellent

and the values differ by less than 1.0 %.
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Figure 3.2: Validation of the approximate procedure to calculate (7o) /(7a ), for non-south

facing collectors

3.3 Evaluation of Monthly Average Transmittance-Absorp-
tance Product during the Operational Time Period {or

Flat Plate Collectors

3.3.1 Equivalent Mean Day (EMD)

In order to obtain the monthly average transmittance-absorptance product during the

period of operation of the collector, it is proposed that (7a')*/(Ta), be obtained emploving
the expressions developed for a single day given by Eqgs. (3.50) and (3.57). along with
Eq. (3.81) (for non-south facing collectors) and Eq. (3.115) (for south facing collecto)
for (T&)/(Ta)n on a suitably chosen day. The single day chosen, designated as equivalent

mean day (EMD), is characterized by the following features:
1. Declination for the equivalent mean day is the mean declination. é,,. for the month,

2. llas clearness index of N3, K7 is the average of the clearness indices of the days

that contribute to the uselul energy.

3. Days that contribute to the useful energy are described by KNy > Ny . where
KT min is the clearness index of the day for which the maximum solar radiation on

the collector surface is equal to the critical radiation level. Let, No be the number
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Figure 3.3: Depiction of K1 i, from the generalized distribution curves of Ky due to i

and Jordan [16] for A7 = 0.5

of days with K7 > K7 min. Ii}‘ thus is obtained from,
. 1 . . . , .
}T:?‘Z th (;\T) 1’\’]‘_“”'”_} {-{[]{I}
e

K% is depicted in Figure 3.3. Distribution of clearness indices for K7 = 0.5 from Lin
and Jordan [16] is shown in Figure 3.3. Tor a certain I., Ny i is the clearness index
below which there is no useful energy gain for the collector. This corresponds to a certain
fractional time of fi;n. I_\"’} is the average of K¢ values during [ = f,... to |. N.. the

number of contributing days is obtained from,
ﬂrc=1\r(l—fmin) (3.117)

where, N is the number of days in a month.

Evaluation of K7,

Let X; be the non-dimensional critical radiation level which corresponds to a critical

radiation level of /. and is given by,
[.=X.Ir,, (3.118)

where, I7,,, can be obtained from Eq. (2.33), replacing K7 with Ny and Dy with .";.)J.r‘ I
may be nated that FT,m is the maximum radiation on the collector surface on the mean

day of the month which occurs at w,,.



Equating /. to the maximum radiation on the collector surface for a day with clearness
index ]\-:(',rra-i'flv

Ic = Ti,mRm.h"f"min nro (; ] [I;)

Ry, in Eq. (3.119), given by Eq. (2.32), is reproduced here,

Ry = [1 — Dy (—:’)] Ry + NoDy (:’) + Ky (3.120)
t,m Lo

where, (74, /7,m) is given by,

i\ _ I (3.121)
Ty (a4 bcoswy,)

In Eq. (3.120), Dy corresponds to Ky 0. Ry is the instantancous tilt factor lor direc

radiation at w = w,,.

The correlations due to Collares-Periera and Rabl [12] [or daily dilluse fraction. ;.

have been linearized for explicit evaluation of K7 i, and the following form is sngeested.
Df =514 Ly Nponin (3.122)

The constants L; and Ly in Eq. (3.122) assume the values according to N7, divided

into three bins as,

by = 1 Ly=0 il Kqmin < 0.24 (3.123)
Ly = 1371 Ly=-L151 il 024 < Ky i < 0.71 (3.121)
Ly = 0.23 Ly=0 il K7 > 0.74 (3.125)

In Egs. (3.123) to (3.125), K7 miy is used instead of K to signify that these approximate

relations are used to determine the daily diffuse fraction to oblain K pein O1ily.

Using Eq. (3.122) for D; along with R,, given by Eq. (3.120) in Eq. (3.119), Ky, can

now be obtained from the generalized quadratic equation,

t"Il)‘Il':.‘l?'.rn.in. + 52 h"f'.'m.iu + 53 =0 (3.126)
where,
l Ly (K3 — Rym) —_—
i = Ta+boosa,) 2\he— fthm 3,197}
l [“ + bcosw,, ) 2 2 th, I
l -
8 = —m— L] (Ifg e Rh.m) - H,‘;,m + I a (]!3\}

(a+beosw,,)

83 = —I.[/(rimH,) (3.129)



If K'7min is either < 0.24 or > 0.74, Ly = 0, giving sy = 0 from Eq. (3.127). sy = 0 lor a

horizontal surface also, since Ky = (1 +cos3)/2 =1, Ky, = 1. Thus, when s; = (0.

‘r\.'.“.ruﬂ'u = "c‘..'i/'u‘-'ﬁ {{ | F'”‘J

The procedure followed to determine the appropriate value of Ny ., is to use all
the three equations, Eqs. (3.123) to (3.125), to get the respective coellicients s; and s,
from Eqs. (3.127) and (3.128) and subsequently calenlate Ky, from Fags. (3.126) or
Eq. (3.130) when s; = 0. Out of the four values of Ny, (obtained one cach when
Eqgs. (3.123) and Eq. (3.125) are used and two when Eq. (3.121) 1s used) obtained. only
one value falling in the range for which the equation emploved [Eq. (3.123). (3.121) or

(3.125)] is valid, is to be accepted.

The difficulty of solving Eq. (3.126) three times corresponding to the three sets of
values for L; and L, as given by Eqgs. (3.123) to (3.125) can be alleviated by realizing
that,

e S Pl B Tmintle = Bl a4 X (3.131)

In Eq. (3.131), #ym, Ry, H, correspond to the values on the average day of the month.
Assuming that vy, Ry H, = vy R 1l 5, approximate value for KNy, to determine the

relevant equation from Eqs. (3.123) to (3.125) for D/ is given by,

i

!\'T,m!n‘u = XA (3.132)
where, K7 minq is the approximate value of K7 ,i,. It may be noted that Fe. (3.126) in

conjunction with Fq. (3.121) for Ly and Ly still vields two values of K. The value of

KT min nearer to K7 00,0 1s to be accepted as the value of K ,;,.

When Ky mn is determined, N. and f\",}. can be obtained from Table 3.1, prepared
from K7 distribution curves of Liu and Jordan [16]. Alternately, K5 can be obtained from

analytical representation for the Liu and Jordan curves given by Bendt et al, [17].

3.3.2 Evaluating (7a)*/(ra), from the Single Day Expressions

It is proposed that (Fa)*/(7a), be oblained using Eq. (3.57) for south facing flat plate
collectors and Eq. (3.50) for non-south facing flat plate collectors which have been dovel-
oped for a single day. The value thus obtained is designated as (Fa)*, ,/(Ta),. The single
day expressions, to obtain (7a)?, ,/(7a),, are used with,

1. 6=46,

2. Kt =K% and



Table 3.1: Daily clearness index distribution from Liu and Jordan’s [16] corves, numbor

of contributing days and average clearness index for the contributing days

Kt 0.3 0.4 0.5 0.6 0.7

Day | Kr N. K| Ky N. K;| Kp N. K5 | Ky N. K7 | Ky No Wp
0.01 30 0.30]0.05 30 0.40|0.08 30 0.500.12 30 0.60|0.37 30 0.70

1

2 [0.02 29 031]0.07 20 041]0.12 29 0501019 290 0.62 047 20 0.7
3 1004 28 032]009 28 0A42]0.16 28 053 [0.25 26 (63 | 052 25 0.7
4 1006 27 033012 27 043021 27 054 ) 030 27 0.64 | 057 27 0.73 |
b [0.07 26 0.34]0.14 26 045]0.24 26 0.55) 032 206 0.66 | 0.60 26 0.73 I
6 [0.09 25 035]016 25 046|028 25 057|057 25 0.67 [ 0.65 20 071
o0l 24 036|008 24 047 [ ugl 24 0|0 20 008 00 20 0]

8§ (013 23 037020 23 048|035 23 059047 23 070 0.66 23 0.75
9 1015 22 0381023 22 050037 22 060|050 22 071067 22 0.75
10 017 21 040025 21 050 040 21 0.61 | 051 21 0.72 ] 0.69 21 0.6
11 {0.19 20 0411029 20 052043 20 0.62]056 20 0.73]0.69 20 0.70
12 1020 19 042|032 19 054 (046 19 0631059 19 073|070 10 076
13 1022 18 043]034 18 055|049 18 0.64 | 0.61 13 071071 In 0.77
14 (023 17 045(036 17 056052 17 0.65[0.64 17 075|072 17 0.7
I5 (027 16 046|039 16 057|054 16 0.66 | 0.66 16 076073 16 077
16 1020 15 047|041 15 059 [ 056 15 0.67 [ 0.68 15 0761073 15 0.7
17 (031 14 048|044 14 0.60 [ 0.57 14 0.68]0.69 14 077|073 10 078
18 | 0.34 13 049|046 13 0.61]0.59 13 069071 13 077|070 13 0.7%
19 1036 12 0.51)049 12 062061 12 069072 12 078076 12 0.7)
20 1038 11 0.52(051 1L 064 (063 11 070073 11 0.79{0.76 11 0.79
21 |04l 10 054 [ 054 10 065 [ 061 10 070070 10 070056 10 050
22 1043 9 055057 9 0.66 | 0.65 9 0.72]0.75 9 0.800.77 & 0.79
23 | 045 8 0.56(0.59 8 0.67]0.66 8 0.72]0.76 B 0.8010.77 8 0.80
24 1047 7 0.58|0.61 0.68 | 0.67 T 0.73

20 1050 6 0.601 0.63 G 0.70 ] 0.69 60711078 G 0821070 A

-1

26 | 0.53 o 0.62 ] 0.65 o 071 0.71 5075 | 0TR o 0821079 9 Rl

27 [ 056 4 0.64]0.67 4 0.73 1 0.72 4 0.76 ] 0.80 1083 ] 080 I sl |
28 | 0.60 3 0.67 1 0.70 30751 0.75 30078 | 0.2 3081 | 0.1 FO A | |
29 |1 0.66 2 0.70 | 0.75 2 0771 0.77 2 0.80]0.84 2 0.85 | 0.81 2 (0.m2 I

30 1 0.75 1075 | 0.79 I 079 | 0.82 I 0.82 ] 0.87 I a7 | 0sd | R




3 X.=X*

1

where, X7 is the single day (now the equivalent mean day) non-dimensional critical radi-
ation level corresponding to I. and is given by,

I,

X'z —m—m—m— (3.133)
: rim N R H,
From Eq. (3.118), it may be noted that X is related to X, by,
- = Ttm K Rm
-Xc 'XC i _—f i
ri,m !\ T HTn
( !“ m
= o5 (3.131)
Ln
when, f}‘m is obtained, by rewriting Fq. (2.33) for the equivalent mean day, as,
" Ky K301, :
Ir, = ‘—% (a1 + beoswy ) cos by, + K2 DB (cosw,, — cosw;)
+K3B'(a + bcosw,, )(cosw,, — cosw, }] (13.135)

Dy in Eq. (3.135) is the daily diffuse fraction corresponding to 1.

This methodology becomes available to caleulate (7a)* /(70 ), when validated aeaina

the defining equation [Eq. (2.49)] which is reproduced here,

gri— v i; g T &¥
(Fa)*/(ta), = 2 2 = L) (ra)/(ra), (3.136)

2 XUr -1yt

Qu_m can thus be calculated from,

=

(glr,rn = F}?(Tﬂl)n !}T(f)imnri {i[‘_
T, -

—(Ta)
(

3.4 Results and Discussion

Numerical values for {Ta);,ay/(ra )n Obtained using Eqs. (3.50) and (3.57) and (7a)*/(ra),
using the EMD approach have been validated against the values reported in (hapter 2.
obtained by hour by hour numerical integration. The validation has been carried ont (o

the following values of the parameters.

¢ = 20°, 40° and GO°N

B =¢+15% ¢, ¢ — 157 and 90°
v = 0% 30°, 60° and 90°
—23.45° < § < 23.45°




b, = —0.1 (applicable for flat plate collectors with a single plass cover)
0.3< K <0.7, 0.0< Xe<08
03< KAr <07 0.0< X< Xemar

It may be noted that when X, > X, .4z, the monthly average daily utilizability, o = 0.
Xc‘,,mx will be approximately cqual to Ky e/ N, where Koy g0 is the maxinmng daily

clearness index in a month of average daily clearness index A'q.

3.4.1 Transmittance-Absorptance Product for a Single Day, (ra);, /(7a),
South Facing Collectors

Lven though, in principle, numerically integrated values as obtained in Chapter 2 and
the values obtained from integrated expressions should not differ. (except lor a small
difference due to numerical integration) this validation has heen undertaken sinee 1he
analytically obtained expression involved certain intricacies, such as, emploving w., wnd
wey instead of wy, and w,, and determining the same. (7o }fu,r/(T”]“ values Tave heen
obtained using Eq. (3.57), along with Eq. (3.115) for (7&)/(7a),. (Ta);,,/(Ta), obtained
following hour by hour summation according to Fyq. (2.38) of (! Im;nvr 2 is desionated |
(ra) day/(rcr)n(nmn). A plot o['(ru)(‘;w/(ra}n vs (Ta dmj;( R(num) is shown in igure
3.4 for ¢ = 20°, 40° and 60°, for —23.05% < 6 < 23.09%, 3 = & — 157, o. o+ 15" and
B =90°fory = 0° at X, = 0.6 and K'7 = 0.5. The agreement is noar perfect even thouph
Eq. (3.115), which yields (Fa) /(7o ), somewhal approximately, is nsed. the differences o

in the fourth decimal place in (T« Viay/ (T

Non-South Facing Surfaces

Plots of (ra)y,,/(Ta), vs (T )}, /(Ta)(num) are shown in Figures 3.5, 3.6 and 3.7 (o)

= 30°, 60° and 90° respectively, for ¢ = 20°, 40 and 607, for —23.05" < & < 23.00".
B=¢—15 ¢, ¢+ 15% and 8 = 90°, at X, = 0.6 and Ky = 0.5. The agrooment
between ("ra):;uy/(ra)“ and (ra )y, /(Ta),(num) is as good as the agreement for soutl

facing collectors in all the three figures for non-sonth facing collectors.

Validation Against Data

(ra)y,,/(Ta), values as obtained using 1. (3.57) for south facing and Fe. (3.50) for nou

”]fl:
south facing collectors respectively have been compared with the values obtained employ
ing monthly average hourly solar radiation data for 3 locations. Ahmedabad (o = 23.077).
New Delhi (¢ = 28.58?) in India and Madison, WI (¢ = 13.10°) in USA. The data

have been taken from [132], for the Indian locations and the TMY data for Madison



Tl

1.00
P n
pas B TTHRER
% 090 F
&
< -
Lo 085 F
) 3
= -
~ 080 £
:
0.75 £
E||!i|l||r[ll[lll|Jll!iIllllllll|||11||JJ||Jl[l]!!||‘fl]lll
%7870 075 080 085 090 085 1.00
(Ta)"say/ (T0)(nUM)

Figure 3.4: Validation of (r)},,/(ta), and (ra)j,, /(Ta),(num) for single day calculation

for south facing collectors
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Figure 3.5: Validation Of(Tﬁ');”y/l(Tﬂ']n and (ta)j,,/(Ta),(num) for single day calculation

for non-south facing collectors, v = 30°
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Figure 3.8: Validation of (ra)y,, /(Ta), with (Ta }r’m“/{Tn}u(da.l;n} for south lacing collee

[133]. (ra)3,,/(Ta), obtained using Eq. (2.38) employing the data is designated as
('roz)f;ﬂy/(TQ)ﬂ(da.i.a). Plots 0[(?‘:‘1-):,‘:”/(?'(1').“ vs (Ta)y,,/(Ta).(data) are shown in igures
3.8, 3.9 and 3.10 for the three locations, Ahmedabad, New Delli and Madison respectively.
Figures 3.8 to 3.10 are drawn for v = 0, for all the 12 months with J = o= 15", 0. 0+ 15
and 5 = 90° for X. = 0.2, 0.4, 0.6 and 0.8. The agreement is good. The differences seen
in Figures 3.8 and 3.9 are due to employing r; [12] and r4 [16] correlations in obtaining
Eq. (3.57) for (ra)},,/(Ta),. However, these differences are small. Somewhat larger dil-
ferences in Figure 3.10 between {T{t]:}rw/(’!‘ft)n and (Tn),‘;-_”H/(Trr'),,.(([a{a} for Madison, \WI,

USA is due to low K7 values for the months of November, December and January.

Similar plot 0['(1'0');””/(7'{1 ) VS (T‘(.l');ay/(?’-‘.}'}n_{ll-’c\-ltl-:l is shown in igure 3.11 for New
Delhi (¢ = 28.58%), India, for § = ¢ — 15%, ¢, ¢+ 15% and 3 = 90", for X, = 0.2. 0.1. 0.6
and 0.8, for all the 12 months, for v = 307, 60* and 90°. 1t is evident from Figure 311 that
the agreement is good. The rms difference for indian locations between (ra);,  /(Ta), and
(Ta)3q,/(Ta)n(data) is less than 1% for south facing as well as non-south facing collectors.
For Madison, WI the rms difference is 1.4 %. It may be noted that the only information
required to calculate {Tu’);a_y/(rf.u),,_ is the daily dilluse [raction or alternately the elearness

index Kp.

i

Transmittance-absorptance product for the day as defined in Eqs. (2.38), (2.10) and

(3.4), using the solar radiation data for the 3 locations (Ahmedabad. New Delhi and
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Figure 3.9: Validation of (’m);ay/(nr Yo with (rw):’;””/(rn)T.,({'Ia.t.a) for south facing colloe-
tors for New Delhi (¢ = 28.58°)
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Madison, WI), designated respectively as (ra)y,,/(ra).(data), (ra)guy /(1) 1or and
(To,day/Mo,n)lcPr have been calculated. Plot of (7a)day/(T@)n| e, and (foway/ 1o Ve rn
vs (Ta)y,,/(Ta)s(data) is shown in Figure 3.12 for 3 = ¢ — 15°. o, o + 157 and 007,
—23.05° < § < 23.09°, for X. = 0.2, 0.4, 0.6 and 0.8, for v = 0°. It is evident {rom Figure
3.12 that (T7a)gey /()| 1, values deviate more than (4yday/ o) crr values from the
(T@)ay/(Ta)n(data) values and the deviations are not insignificant. (1o /10,0 )|cpp be
ing closer to (ra)y,,/(Ta)a(data) is due to (1 day/1om)|crr being defined as the average

for the operating period.

3.4.2 Validation of EMD Calculation of Monthly Average Transmitinncc-
Absorptance Product

The values of (Ta)*/(7Tar),, as given by Fq. (2.19) have already been reported in Chaptor 2.
§2.3, for ¢ = 20°, 40° and 60°, # = ¢— 15°, ¢, ¢+ 152 and 90°, K = 0.3, 0.5 and 0.7. and
0.2 < X, < 2.0. The values thus obtained by hour by hour numerical integration for all the
hours and days are designated by (7a)*/(Ta),(num). As proposed in the present Chapter.
§3.3, monthly average transmittance-absorptance product, obtained emploving the MDD
method, designated as (7a)?_ ,/(7a),, has also been calculated for the alorementioned
parameters. It may be recalled that the EMD calculation employs the expression for

(Ta)i,,/(Ta), developed for a single day with 6 = é,,, X. = X7 and Ky = K5

In what follows, (T7a)},.,/(7a), values have been compared with (7a)* /i7a ), valnes,



1.00
I eococoe Klein
E +++++ CPR & D
C : i 1
5 C aff;@
€ 090 | e
3 O
S DV
£ 080 F . ® e
& = % g
8 - %
< E 4° o
= E
£ 0.70 3
0‘60 :||||||l|rr||_l_LJl|I|||||||‘||Jl|]|i|||||
Q.60 0.70 0.80 0.90 1.00
(T&) aey/ (Tat)n(data)

Figure 3.12: Comparison of (7 )gay/(T0)ulicr,  and  (Wosan/ Mo )|lern  againg

(Ta) g,/ (Ta)(data) for south facing collectors

calculated according to Eq. (2.49).

Plots of (Fa):,,  /(Ta), vs (TA)*/(Ta),(num) are shown in ieures 3.13 to 3.16 [or
v = 0% 30° 60° and 90° respectively, for ¢ = 20°, 10° and 60%; 3 = &. lor all (he |2
months for 0.2 < X, < 2.0, for A7 = 0.3, 0.5 and 0.7. It is evident from Figures 3.13 to
3.16 that the EMD approach yields values which agree well with (7@)*/(7a), obtained by
hour by hour calculation for the month. The rms differences are 0.50 %. 0.53 %. 0.61
and 1.03 % for v = 0°, 30°, 60° and 90” respectively.

(Ta);na/(Ta)n values have also been compared with (Fa)* /(ra),(num) values [or 1 =
90° for ¥ = 0° and 907, for the same parameters as stated in the preceding paragraph. 1he
comparisons are shown in Figures 3.17 and 3.19. The agreement between (rav);,, ./ (ra),

and (Ta)*/(ra), is within a rms difference of 1.76 % and 1.23 %.

Thus, the EMD approach predicts the monthly average transmittance-absorptance
product, (7a)*/(Ta)y,, defined as a weighted average of instantancous (ra) and the solar
radiation above the critical radiation level over all the hours and days in the month within

a small rms difference.
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3.5 Conclusions

An expression to evaluate the transmittance-absorptance product for a single day, defined
as a weighted average of instantancous (Ta) and the solar radiation above the critical
radiation level has been developed. The approach followed involves integrating the defining
equation during the period of operation. The period ol operation from wep towy has beon
related to the critical radiation level. Numerical values obtained for (?'”}f}_-;_,_r/(r"' ), have
been compared with the values obtained employing hour by hour solar radiation data
for south facing as well as non-south facing collectors. The agreement is good. within 2
rms difference of 1.0 % except for a few months when KNy < 0.1 (Tn-):,_‘w/{m]_,,(r.inl..a)
values diller to a significant extent from the all day and operational time period averaged
values calculated as per the procedure of Klein [95] and Collares-Pereira and Rabl [64]

respectively.

A procedure has been developed to obtain the monthly average transmittance-absorplance
product, (7a)*/(Ta)y, defined as a weighted average of instantancous (7a) and the solar
radiation above the critical radiation level over all the hours in the month. The procedure
involves employing the expression developed for a single day in the present study on the
equivalent mean day (EMD). The EMD is characterized be & = 6,,. Ny = K, whore It
is the average daily clearness index of the days that contribute to uselul cnergy. Values of
(7a)*/(Ta), obtained according to the EMD calculation differ from the values obtained

by hour by hour numerical calculations by less than 1.8% rms.



Chapter 4

Optical Efficiency during thc
Operational Time Period {
Parabolic Trough Concentrators

4.1 Introduction

Studies reported in Chapter 2 have established that the product ol Fp. [y, e and {76}
yields the monthly average daily useful energy gain per unit area for flat plaie éollng
tors, when (Fa)* is defined as a weighted average of the instantancous transmitfance
absorptance product, (T7a) and the solar radiation on the collector surface above the critical
radiation level. A procedure to calculate (F7a)®, using an expression developed considering
a single day and applied on the equivalent mean day (IMD). Tas heen developed

validated in Chapter 3.

Neither the graphical presentation of Klein [95] (with its own limitations, such as. dars
not account for diffuse fraction or the operating time period) nor the analytical approach
similar to that of Sfeir [96] is available for concentrating collectors. Studies reporfed by
Gaul and Rabl [45] provide a polynomial expression for the incidence angle modifier for
five different brands of parabolic trough concentrators. Ciaul and Rabl also sngoestod
a procedure to obtain the all-day average optical efliciency. i, and presented tahulatod
information for two cut-off times, one or two hours before sunsel. The applicability of o1l
day average optical efficiency values in place of monthly average values to obtaiin ot il
average useful energy gain has not been established. Also, certain equations in Coanl and
Rabl’s work appear to be inconsistent. Lor the sake of clarity §5 All-Day Avciage. ol
Gaul and Rabl’s article is reproduced here in the box that follows. In this reproduction,

equation numbers refer to the numbers as appeared in Gaul and RablPs articic,



From Gaul and Rabl’s [45] article, Transactions of the ASME, Journal of Selar Encrgy Pog |
neering, Vol. 102, Page-16-21, 1980.

5 All-Day Average .
Use of a single numher, the all-day average optical efficieney ), is far more convenient than th :
function n,(0) for short-hand prediction of performance. To be consistent with the utilizabiit
method [10], the all-day average must be calealated with the heamradianee [y as aoweighiog
factor. For this purpose, the long-term average meteorological correlations of the Liu and Jor |
dan type [11] are appropriate (see [8], Appendix). 'The beam irradiance corresponding to fouy
angle w and sunset hour angle w, is given by the equation (for latitudes between 45 deg N and

45 deg S)

L(w,ws) = (a +beosw — !L;/!fh) Ky l, (11) |
where, I
a = 0.409 4 0.5010 sin (ws — L.O1T), (12)
b = 0.6609 — 0.4767 sin (w, — 1.047), (13) ,
T; = solar constant, .
Ky = clearness index (ratio of terrestrial to extraterrestrial daily total irradiation i
on the horizontal surface), and
Hy/ Ty = ratio of dilluse Lo hemispherical daily tolal ireadintion on e horizontal

|
surface. |
|

Since concentrating collectors operate primarily during sunuy periods. one can assie [/ 11, =
0.23 and Ky = 0.75 (the values of Ny, and 1, do not matter for the ealeulations i this paperd.

The all-day average is defined by the formula

where, ¥ can be K, I', KT, or 5, and w is the hour angle corresponding to time of day 7,

|
g:/uh,[w} cnsﬂy(ﬁ‘}dw// Eff.('tu')‘-'ﬂh'n‘fw (14)
|
|
|

incidence angle is a function of time of day and time of year given by

cos O = cos 6 (cos”w + tan® §)'/? (15)

where 8= solar declination for a collector with horizontal tracking axis aligned in the cast-wes!
direction. For a collector with horizontal tracking axis aligned in the north-south direetion, i |
18 given by |

cosng = cosd [sili;’u' 4 (cos Acosw + tandsin ,\}")]1”‘ (1)

with A= geographic latitude,

For polar mount, the incidence angle equals the declination.,
€08 Upglar = cos (17) I

at all times and is so small that the incidence-angle modifier can be neglected i most eases,




Strictly speaking, one should calculate AT; however, the presentation of the results is groally

simplified by the approximation

o = (0 =N ma{tl = YA I’ (%)

Therefore, we first investigate (sce Table 2) the ratio of NT and A I' for three different values

of the ratio ol the collector length to focal length, {/f, corresponding to a Hexeol colloctor

operating as a single module or as two or four modules joined in a row. For this table, as well

as the next two tables, the following format has been adopted; all valnes are calenlated o
summer solstice, equinox, and winter solstice for hoth east-west and north-south monnts, o
for each case, values are entered for two cut-oll tines [fr =, = Lh (top row) and t. =1, -
(bottom row)], based on the assumption that the collector operates from 1, hours hefore noen
until ¢, hours afternoon (t, is the sunset hour time). The difference between the averane of
the product and the product of the averages is scen to he small enough 1o be negleeted, sinee
collectors with horizontal tracking axes will usually he tnstalled i long rows

Therefore, two tables suflice to present the all-day averages. Table 3 lists T asoa funetion of ]
and Table 4 lists K for each of the collectors that have been tested. Comparison of the cnfrics
for different cut-ofl times, (., indicates variation on the order of 1 percent. This tmplies tHha
an all-day average interpolated [rom these tables is quite acceptable [or nse in caleulations of

long-term energy delivery.
Conclusion

The incidence angle modifiers for several commercially available parabolic trongh eolleetons

have been caleulated from test data. The results have been presented i two forms: analyticnl

curve fits and all-day averages.

Not withstanding how Lq. (11) of Gaul and Rabl [15] has been integrated. P, (1170

from which Eq. (14) follows, does not appear to be correct. [, in Iiq. (11) of [15] should

be the hourly extra-terrestrial radiation (N.J/m?-hr) over a horizontal surface conterod

around the hour angle w. As mentioned in Gaul and Rabl [15], 1, is nol the solar constant.

Indeed, I, does depend on w in addition to latitude. ¢ and declination. &. Also. thon
concentrating collectors operate during sunuy days and Iq. (11) of Ganl and Rabl does not

depend on daily clearness index explicitly, [, appearing in L. (1), when ovaluatod from

r¢ [12] and ry4 [16] correlations, depends on L4/ 1, either a data value or a value correlato

to Ap. It may also be noted that the cut-ofl times depend on the critical radiation leve

and one or two hours before sunset do not imply same dimensional or non-dimensional
critical level for different tracking modes. latitudes and declination.  Ulus, lor a civen
critical radiation level and monthly average daily clearness index Ay, sinee the ent ol
time differs from day to day, optical efliciency of a single day can be expecied 1o diffor
from the monthly average value. Further. one or two hours cut-ofl time before sinsel
corresponds to operating periods differing by a factor of more than two dependine on 1he

latitude and the month. Tor example, for 1-hr cut-ofl time belore sunset. the operaling
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periods for ¢ = 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 component as well, though small
when concentration ratio is high. The effect of including the diffuse component of solar
radiation in I can be expected to be important when concentration ratio is lower and Kt
is not very high. K7 =~ 0.6 can be considered moderate, when a concentrating collector can
be operated satisfactorily. Indeed, a few locations have an an yearly average K1 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 Rabl, 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 Rabl’s calculation
implicitly assumes that the collector operates continuously from a certain cut-off period
after sunrise to a certain cut-off period before sunset. This is not true for tracking mode
¢, since the solar radiation distribution can be bimodal even within the frame work of r;
and ry correlations. This is explained in Figure 4.1. Iy variation with w for tracking
mode ¢ for K7 = 0.7, for ¢ = 40°, in December is shown. Also, shown is the 1/2-hr cut-off
time. The collector actually operates from —w, to —w and wy, to we and not from —w,
to w.. If the cut-off time is 3-hrs, according to Gaul and Rabl, the optical efficiency is
estimated from —we and we, whereas, in reality the collector does not operate during this
time interval, In terms of critical radiation level, I, (also shown in Figure 4.1), 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 seperate 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 Rabl [45], it is assumed that

KT can be calculated as product of K and T.

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, clearness index and bimodal nature of solar
radiation distribution has been examined. This part of the study is essentially along
the lines of Gaul and Rabl [45] as far as the weighting function in defining the optical
efficiency is concerned. Present study is concerned with developing a method to calculate

monthly average K, i.e., the monthly average optical efliciency, (7% /1,,,) with a modified
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Figure 4.1: Bimodal distribution of direct radiation on collector surlace tracked in mode

¢ for ¢ = 40° in December

definition consistent with the definition of utilizability. In order to be consistent with the

definition of utilizability, expressions for optical efliciency, defined as a weiglited avernee

of incident solar radiation above the critical level, have heen developed for a single (day
for parabolic trough concentrators tracked in the five principal modes. To facilitaie 1he
present approach, a suitable form for the incidence angle modifier, amenable for analyvtical
treatment, has been chosen. Finally, the monthly average optical elliciency caleulatod

employing the EMD approach has been validated.

4.2 Incidence Angle Modifier

The incidence angle modifier 1,(0)/1,(0 = 0) for infinitely long parabolic traugh collectors

for the live! brands of parabolic concentrators studied by Ganl and Rabl [ 15] are as
following:
Mo x — 5 AT 6 % — .
(—"‘—) = 1+381 % 107°0% - 1.18 x 107°0° - 6.85 x 107" (L1}
?F(J,H. 1 4
1 - _— - )
te = 1=-202x 10767 + 4.69 x 10776> - L8O x 107" (1:2)
Ho,n 9
lsubscript 1 to 5 in the LUS of ligs. (4.1) to (1.5) refer Lo the brands: 1=Seclar Ninetice: 2e=8F R

Hexcel; 3=5andia Hexcel; 4=0De¢l; 5=Acurex.
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( a ) = 1-6.74% 10756% + 1.64 x 107%6% — 2.51 x 10~3¢" (4.3)

Non )
fig = 1-845x107%0% +1.72 x 107%6° — 2.40 x 10~36* (4.4)
Non 4

(”—) = 1+1.69x107%6% - 8.92 x 107%0° + 6.30 x 10~%9" (4.5)
no,n 5

In Eqgs. (4.1) to (4.5), n, refers to the value at any incidence angle, § and 7, ,, refers to the

value at normal incidence, i.e., § = 0.

Eqgs. (4.1) to (4.5) for (no/1s,n) are not suitable for analytical treatment to obtain
all-day average optical efficiency employing equations similar to Lq. (3.1) or Iiq. (3.1).
Mo/ Mo )15 (Mo/Nom)2s (Mo/ Mo )3s (Mo/Mon)a and (1o/7o,n)s, given by Egs. (4.1) to (4.5),

have been rewritten as,

(—WL) = P+ &- + R;cost if 07 <0 <60° (4.6)
Nowm cos 8
= §;cosf if 60° < 6 < 90° (4.7)

where, 8; = (2P, +4Q; + R;). Eq. (4.7) satisfies (Mo/Non )il Bq.(a.1) = (10/ Mo, )il Eq.(a.6) at
6 = 607 and (1,/7o,n)i = 0, at = 90°. The accuracy of Fq. (4.7) has not heen examined.,
since it satisfies the conditions for 8 = 60° and 90° and monotonically decreases with 6.
Even if a minor deviation occurs from the polynomial fits (it may be noted that no data
exists for # > 60° from which the polynomial fits have been derived), (75 4ay/ Mon) accuracy
does not suffer since concentrating collectors tracked in the five principal modes seldom

encounter # > 60° during the operating time period.

The coefficients P;, Q;, R; and S; for the five types of parabolic trough concentrators
are determined from the data given in Gaul and Rabl [45]. The values of P, Q;, R; and

5; for the five collectors are given in Table 4.1.

A plot of (75/7,,,) using Eqs. (4.2) and (4.6) for SERI Hexcel 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. (4.2)] differing in the fourth decimal place.
A plot of (1,/1o,,) values obtained from Eqgs. (4.1) to (4.5) and Eq. (4.6) using the values
of the coefficients given in Table 4.1, is shown in Figure 4.3, for all the five brands of
parabolic trough concentrators. Values of (To/Non )i obtained from Eq. (4.6), yield val-
ues differing by less than 0.5% (rms) from the values given by Eqs. (1.1) to (4.4). Tor
the Acurex collector, (7,/1,,,)5 obtained from Eq. (4.6), differs with the values given by
Eq. (4.5) by 1.57% (rms). Iowever, the values given by I%q. (4.6) actually are close to the

data values fortuitous!
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Table 4.1: Coefficients P;, @;, R; and S; for the incidence angle modifier for different types

of parabolic trough concentrators

Coellicient. | Solar kinetics | SERI Ilexcel | Sandia llexcel Del Acurex
P 1.73557 1.45292 1.18929 1.03257 1.59799
Qi -0.389908 -0.289961 —0.204709 -0.171925 | -0.558666
B -0.339366 -0.161671 0.013020 0.136490 | -0.012018
S 1.572142 1.584325 1.572764 1.513930 | 0.949298

The advantage of the present functional form for (1,/7,.) [Eqs. (4.6) and (4.7)], is
that it is amenable for analytical integration to yield expressions similar to Eq. (3.57)
for concentrating collectors as well. Further, the constants P, Q;, I; and S; appear as
parameters in the expressions. For different collector brands (other than the five considered
in the studies of Gaul and Rabl and the present study) or types, suitable values for ;, Q;,
R; and §; can be inserted in the final expression, to calculate ("'f:_.day/”o.n)- It may also be
noted that, Rabl [91] suggested using a single polynomial [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; R; etc. For example, Eqs. (4.6) and (4.7)
reduce to Eqgs. (2.14) and (2.15) for flat plate collectors with P; = (1—1b,), Q; = b, R; = 0
and S; = 2(1+ b,).

4.3 Evaluation of Daily Optical Efficiency during the Op-
erational Time Period for Concentrating Collectors

4.3.1 Mathematical Formulation

Analogous to (Ta)3,,/(Ta)n, given by Eq. (2.38) of Chapter 2, optical efficiency valid for
a single day, (77 4,,/7o,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:

?}; day - + o
Bhdt ok — IT == [c PR
( Mo,n ) Z [ ] (T}n‘n)

—wls

Wa ) ??O Wy
Ir— L]* o / T = J e
./—ws [ ] (Umn) / —(ws [ T ]

In Eq. (4.8), the superscript ‘+’ indicates that when (Ip — I.) is negative, it will be

/i[ﬁ‘ ~I]*

—wy

(4.8)

Il

considered as zero. In Eq. (4.8), It and (M0/Mo,n) are the instantaneous solar radiation on
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Figure 4.2: Comparison of incidence angle modifier from polynomial form and the present

functional form for SERI Hexcel Concentrator
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Figure 4.3: Validation of incidence angle modifier obtained from polynomial form and the

present functional form for SERI Hexcel, Sandia Hexcel, Solar Kinetics, Del and Acurex

Concentrators
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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 defined by,

[ = FRAUL(T: — Ta) _ FpUL(T:i — Ta)
4= ‘FRAG.WO B 1’(‘!{("“/0

(1.9)

In Eq. (4.9), A, and A, are the aperture and receiver areas and (. is the area concentration

ratio, defined as,

=
N z’l-r

If I7 has a single maximum value during —w; < w < w; and wy; and weo are the angles

G (4.10)

corresponding to It = I, Eq. (4.8) can be re-written dropping the superscript ‘4+’. Making

use of symmetry around w = 0 and recognizing |we.| = |wez| = we say, Bq. (1.8) takes the

?t we We
(_’O'dﬂy) :/ [I7 - I.] ( 5 ) dw /f (Ir — I.] dw (4.11)
j - 0 Non 0

Indeed Eq. (4.8) can be replaced by Eq. (4.11) as long as It > I. for —w. < w < We-

form,

For a concentrating collector this is satisfied except when tracked in mode c. For mode ¢
tracking, maximum solar radiation on the aperture may not occur at w = 0. Thus, when

I, > Ir,, (referring to Figure 4.1), for tracking mode ¢, Eq. (4.11) needs to be modified

o we We
(o) = [ () o /[ ir = 19 (4.12)
Ton Web Ton Jwep

Methods to evaluate w. and we (where applicable) will be discussed in the following

as,

seclion.

Non-dimensionalizing . with respect to solar radiation on the collector aperture at

noon time, the non-dimensional critical level X, is defined as,

I I. .
= (4.13)

z\'c == -
IT,IB rt.njg-nj\ 'I'Ho-

For concentrating collectors, I7 and (1,/1,,,) in Eqs. (4.8) and (4.11), are given by,

: 1
It = LRy + el I (4.14)
I
= Io Ry /M) + G- Ut/ o)
('r- ) - .’; S
« Lyl

Cr
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where, Ity is the tilt factor for direct radiation given by,

Ry = cos (4.16)
cosé,

cos b, in Eq. (4.16), is given by Eq. (2.13) of Chapter 2. The different expressions for
cos f, for concentrating collectors tracked in the five principal modes, can be obtained

from,
cosf = Ay + By cosw + O sinw (4.17)
where, Ay, By and Cy for the five tracking modes take the expressions given in Table 4.2.
Using Eq. (4.14) for I, Eq. (4.11) becomes,
! W’c e
(:’odm;) [/ Ib.R ( Jab) diis +_/ (Uo,d) i — I / ( Mo ) J
r}ﬂ T T}O‘?l ??O mn

+[ DRt [ tdia = !C/ ' @J (4.18)
o C (4] [#]

g

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, §3.2.1.
Thus, w! is given by,

w, = min [w, w!] (4.19)

where wj is the apparent sunset hour angle. wy for the five tracking modes are given by,

min [w,,cos™! (—tan?§)] for tracking mode a
wy = § min [wy, T/2)] 2 for tracking mode b (4.20)
Wy :  for tracking modes ¢, d and e

Eq. (4.18) can be written in a compact form, analogous to Eq. (3.13) of Chapter 3,

as,
r"';"“l,da'.
(_’;—E) [IlNC + Lo — IdNC] [f:,’)(* + lapc — !u)r*] (4.21)
o,
where,
Line = /cfb Ry (::o,b) dw (4.22)
o o,
1 fue
Line = F./ Iy (;?G'd) dw (4.23)

Line = I/c(” ) (4.24)
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Table 4.2: Expressions to be used for A,, By, Cy in cos = Ay + Bycosw + Cysinw for

different tracking modes

Tracking Mode | Quantity | Expression

Ay sin? 6
Mode a B cos? §
Ch 0

Ay sin § tan §/+/cos? w + tan® é
Mode b By cos § cosw/v/cos? w + tan? 6

Cy 0
Aq [sin? ¢ sin? § + sin(2¢) sin(26) cosw /2] /VD
Mode ¢ By [sin(26) sin(26)/2 + cos? ¢ cos® b cos w] /D

C1 (cos? ésinw)/V/D
where,
1 D = sin? ¢sin? é + sin(2¢) sin(26) cosw/2+

cos? ¢ cos? 6 cos?w + cos? §sinw

A cos b
Mode d By 0

Ch 0

Ay .
Mode e By 0




and
Loe = [ "ILRydw (4.25)
4]
1 [
Lpe = F/ Tl (4.26)
Tise = IC/ * i (4.27)
o

In defining Ihine etc., in Egs. (4.22) to (4.27), symmetry around solar noon, w = (°,
has been invoked, i.e., integration from —w, to w,. has been replaced by twice of 0 to w,.
It may be noted that, integrals such as, I3y and I3p [in Eq. (3.13)] do not appear for
concentrating collectors since ground reflected component of solar radiation is not a part
of It as defined by Eq. (4.14).

4.3.2 Expressions for (75 day/Mon)

Eq. (4.21), in terms of the integrals defined by Eqs. (4.22) to (4.27), becomes available for
evaluating (713 4ay/ Mo,n) When specific expressions for the integrals and method to calculate
wc are developed. Expressions to evaluate the critical hour angle w, for different tracking
modes are given after deriving the expressions for (1% day/ Ylo,n) for all the five tracking

modes.

Using Egs. (2.26) and (2.27) from Chapter 2, for Iq and Iy respectively and Egs. (4.16)
and (4.17) along with the expressions for A;, By and C, given in Table 4.2 and using
Eqgs. (4.6) and (4.7) for (9o/7o.n), the integrals in Eqgs. (4.22) to (4.24) for Iine, Iane and

Linc are given by,

K KrH,
Iine = ( L ‘T ) (al + bcosw) cos @ (}M) dw (4.28)
B r}u n
KiKyH, B'D ;
hye = ( ”;; ) ( Crf)/o (cosw — cosw,) (:::i) dw (4.29)
Tlo
Line = I, (q’ ) (4.30)

In Eq. (4.30), (Mo/o,n) is defined as,

(”’0 ) - / ‘ (—""_) dw (4.31)
No,n Jo Non

Similarly Eqs. (4.25) to (4.27) for Lipe, Lpe and 1ipe are given by,

yi
Lipe = (ﬂ)/ (a1 + beosw) cos 0 dw (4.32)
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- e B{D W
Lpe = (ﬁlgfﬂo) Crf./a (cosw — cos wy) dw (4.33)
We
Loe = L[ dw (4.34)
v}

It may be noted that (7,,4/7,,n) in Eq. (4.29) is independent of the hour angle w. (7o,d/ Mo
can be obtained employing Eq. (4.6), using 8§ = 6; [Eq. (2.12) with 3 = 0], the effective
angle of incidence for sky diffuse component of solar radiation. (1,4/7,..) in Eq. (4.28)
depends on the angle of incidence for direct radiation and is described by Eqs. (4.6) and
(4.7). (70,6/Mo,n) variation with 6 as given by Eqgs. (4.6) and (4.7) is piece-wise continuous.
Let wy and w; be the hour angles corresponding to # = 60°. w;, and w, can be obtained
by setting # = 60° in Eq. (4.17) for cos# with the appropriate expressions for Ay, By
and 'y from Table 4.2. By virtue of symmetry, for tracking collectors, |wi| = |wy| = o’
(say). Expressions for w' for different tracking modes will be presented after deriving the

expressions for ("'?;,riuy/?fom)- Thus, I1ne [Eq. (4.28)] needs to be evaluated as,

hye = f\"‘i[/ (a1 + bcosw) [R + -Q—f + R;cos f‘}} cos 8 dw

cosfl

+/ c(al + bcosw) S; cos()rfw] (4.35)
w! )
Integrating Eqs. (4.29) to (4.35), I1nc etc. are expressed as,
hiye = Ky [ﬂlf’ifm(w', 0) + a1Qi(w’ — 0) + ay Rilp3(w',0) + bP:Tpy(w',0)
+bQilps(w',0) + bRiIps(w',0) + S; {a) Tps(wl, ') + blps(wl,w')} ] (4.36)

. B'D Mo

L = I ( o ) (4.38)

To,n
and
Iipc = f\"»i[ﬂlfPJ(w;U)+MP2(W;»U)] (4.39)
B'D

Lpe = 1{4( = f) (15 (e, 0) = cos w, (. - 0)] (4.40)
Lpc = I(w.-0) (4.41)

where, the constant Ky is given by Eq. (3.42). The primitives Ipy, Ipy, Ips, Ipy, and Ips
appearing in Eqs. (4.36) to (4.41) are defined by Eqs. (3.44) to (3.48) which are reproduced

here.

Ipy(w) = /cosf}dw (4.42)
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Ipy(w) = / cos f cosw dw (4.43)
Ips(w) = fcoxs2 0 dw (4.44)
Ipg(w) = / cant i (4.45)
Ips(w) = fcosu-m"w (4.46)

Using Egs. (4.36) to (4.41), along with the primitives as given by Egs. (4.42) to
(4.46), (13 duy/Tfo,n) for concentrating collectors tracked in the five principal modes can be
expressed as,

Tf:,day .
Ho,n

ay Pip (W, 0)+ @, Qi(w' = 0) + ay Rilps(w',0) -+ bP L py(w’, 0)

+0Q;iIps(w’,0) + bR Ipy(w',0) + Si{aIIP:i(W;s w') + bfp:;(wi-,w’)}

Ber Wo.d N 4oy ?T"’ e
"+’ ( C—r ) (Uo,n) {IPF)(WMB) = ('OE‘*‘JS(WC == U}} = "rc (??G,n)l ¥

Bc?f) {Ips(we, 0) = coswy(we — 0)}

lﬂ1IP1 (wl,0) + bIpa(wl,0) + (

—Ie(we — 0)] (4.47)

Eq. (4.47) become available to evaluate (77 ;,,/70n), When specific expression for the
primitives Ip; etc. are obtained for the different tracking modes. Also, a procedure to

obtain (1,/1s.,) is Tequired.

The expressions for the primitives Ip; to Ips, appearing in Eq. (4.47), for the five

principal tracking modes are given in Table 4.3.

Evaluation of (7,/7.1)

Eq. (4.47), for evaluating (’?:,day/‘?o,n) along with the primitives presented in Table 4.3,
becomes available when a procedure to evaluate (7,/7,.);, defined by Eq. (4.31), is de-
vised. Since the approximate procedure for evaluating (7o0)/(7a),, deseribed in Chapter
3 has been successful, the same procedure has been adapted to obtain (7,/1,,)i. Let, ]
analogous to Eq. (3.114) be an effective angle of incidence obtained from,
20,4+ 0,

g = : (4.48)

In Eq. (4.48), 6; and @, are the angles of incidence at w = w, and w = 0° respectively.

Corresponding to 6 determined from Eq. (4.48), if @ is the hour angle, obtained from

Fq. (4.17) along with the expressions for A;, B, and ', given in Table 1.2 for the five
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Table 4.3: Ixpressions for the primitives fpy, Ips, Ips, 1ps and Ips for dillerent tracking

modes

Mode Primitive | Expression
Ipi(w) | Ajw+ By sinw
Ipa(w) | Aq sinw+ By (w/2 4 sin2w/4)

Mode a | Ips(w) | [A}+(B?/2)] w+ 241 Bysinw + (B}/4) sin 2w
Ipy(w) | AyBiw+ (A% + B?)sinw + (A B;/2) sin 2w

—(B?%/3) sin*w

Ips(w) | sinw
Ipi(w) | Approximate, Eq. (C.3) of Appendix C
Ips(w) | Approximate, Eq. (C.4) of Appendix C

Mode b | Ip3(w) | (1 —cos?8/2)w + (cos? §sin2w)/4
Ipy(w) | sinw — (cos? §sinw)/3
Ips(w) sin w
Ipi(w) | Approximate, Eq. (C.32) of Appendix C
Ipy(w) | Approximate, Eq. (C.33) of Appendix C

Mode ¢ | Ips(w) | (A + B2+ cos?6/2)w + 24" B'sinw + (B'* — cos? §) sin 2w /4
Ips(w) | (A 4 B"*)sinw + A'B'(w + sin 2w/2) — (B'* — cos? §)sindw/3
Ips(w) | sinw
Ipy(w) | Aqw
Ipy(w) | Ap sinw

Moded | Ips(w) | A}w
Ipy(w) | Ajsinw
Ips(w) sinw
Ipi(w) |w
Ipy(w) | sinw

Modee | Ips(w) |w
Ips(w) | sinw
Ips(w) | sinw

Note: Expressions for A;, By and € for the five tracking modes are given in Table 4.2.
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Figure 4.4: Validation of (7,/n.,,)(approx) against (7,/n,)(num) for tracking mode a
and b for 20° < ¢ < 60°, 0.3 < K1 < 0.7 and 0.2 < X, < 0.6

tracking modes, I7(®) is obtained from,
- = = 1 -
I7(@) = (@) Rp(@) + C—Id(c.\_)) (4.49)

where Iy and Iy are given by Egs. (2.26) and (2.27). (,/%.n) is now obtained from,

(_ﬁ_) ) (E@) (we—0) = 1y (0) Ro(@)(10,5/o,n) + 2-1a(&)(Mo,a/ Mo ,n)
’ L(@)Ry(@) + z-1a(®)

(w.—0) (4.50)
No,n

Tlon

Though, analytical expressions for (7,/n,»): can be obtained for tracking modes a,
d and e, it is felt that it is unnecessary, since the values of (Mo/Mo,n)is given by Eq. (4.50),

differ by less than 1% (rms) from the values obtained by numerical integration according

LAV
(no,n)) B Z (no,n) - (4.51)

Values of (7,/n,») given by Eq. (4.50), designated as (1,/7m0,n)(approx) have been

to,

plotted against the values obtained from Eq. (4.51), designated as (Mo/Mo,n)(num). The
plot is shown in Figure 4.4, for tracking modes a and b, for ¢ = 20°, 40° and 60°,
—23.05° < 6 <23.09°, K7 = 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 (7, /7, )(num) and (o/M0,n)(approx)

is relatively large and is equal to 5.28 % for the same values of the parameters mentioned
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above. The plot is shown in Figure 4.5. It may be attributed as due to, for mode ¢, the
range of @ variation is relatively high and hence a large variation in the instantaneous
optical efficiency. Therefore, for mode ¢, particularly at higher latitudes, this approxima-
tion gives a larger error. However, it may be noted that (7,/n,,,) is only a part in the

expression for () 4,,/70,n) and the error in (97 4,,/70,n) has been examined and found to
be less than 1 %.

4.3.3 Evaluation of Different Hour Angles needed for Evaluating 7} 4,, /70

for Concentrating Collectors
Critical Hour Angle, w,

Using Eq. (4.17), for cos §(= A; + By cosw + (' sinw) along with the expressions for A,
By and Cj, from Table 4.2, the critical hour angles for concentrating collectors, w,; and
Wez, in general, are obtained by setting It = I.. For tracking collectors, by virtue of
symmetry, |we| = |wez2| = we. The expression for I given by Eq. (4.14) can be rewritten

for concentrating collectors in the form,

It = K4[(ay + bcosw) cos§ + Kg(cosw — coswy)] (4.52)
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where, the constant Kg is given by,

B’D;)

K¢ = ( 4.53
{6 . (4.53)
By setting It = I. and solving for w the equations to determine w. for the five

tracking modes are as follows.

Tracking Mode a: For a concentrating collector tracked in mode a, (¢ — B = é), using

Eq. (4.52), It will be equal to I, when,

! cos’w, + dj cosw. + d3 =0 (4.54)

where the coefficients df, dj and dj are given by,

di = bcos’s (4.55)
dy = aycos’é+bsin®é+ K¢ (4.56)
dy = a sin?é — Kgcosws — I./ K4 (4.57)

Solving Eq. (4.54) yields,

~dt o JdP - add
we = cos ™! ( 2 2 L 3) (4.58)

2d

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 cos 6 along with the expressions from Table 4.2

for Aq etc. for tracking mode b in Eq. (4.52) and upon simplifying a quartic equation in

cos w, of the following form results,

cos?w,. + gz cos® we + qa cos?we + g1 coswe + qo =0 (4.59)
where,

gs = [bcosé]? (4.60)

g3 = 2a1bcos’6 /g (4.61)

g2 = [(bsiné)’+ (a1 cosd)’ — Kgl/w (4.62)

¢1 = 2[a1bsin?6+4 Ke(Kg cosws + I./K4)]/ qa (4.63)

g6 = [(aysinéd)? — (I./ K4+ K¢ cosw,)?] / qa (4.64)

Eq. (4.59) can be solved explicitly by the algorithm given in Appendix BB or by trial and

error. Out of the four possible roots for cosw,, only one is relevant. The value which
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yields w, in the range 0 < w, < w; is to be accepted. The correctness of the value of w. is

ensured if the value of I calculated using Eq. (4.52) at w = w. is equal to I..

Tracking Mode c:  Using Eq. (4.17) for cos 8 along with the expressions from Table 4.2

for Ay, etc. for tracking mode ¢ in Eq. (4.52) and upon simplifying a quartic equation in

cosw, of the following form results,

cos? w, + ¢4 cos® w, + g cos’ w, + ¢} cosw, + g, = 0 (4.65)
where,
¢ = b*C. (4.66)
¢s = [abCc+b* B/ (4.67)
¢ = [2arbB.+ A +ddC.— KE)/ 4 (4.68)
¢ = 2[a; A.b+0.5a% B, + Ko (Ke cosw, + 1./ K4)]/ ¢ (4.69)
¢, = [Aca®—(I./K4+ Kg cos ws)?]/ (4.70)

The constants A., B. and C, in Egs. (4.66) to (4.70) are given by,

A, = 1—sin®§cos®¢ (4.71)
B. = 2sin¢sinécosocosd (4.72)
C. = —cos’dsin®¢ (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 w, in the range 0 < w, < w, are relevant.

Tracking Mode d: Using Eq. (4.52) for It along with Eq. (4.17) for cos 8, w. for track-

ing mode d can be obtained from,

. (IC/K,; + K¢ cosw, — a; cos 5)
‘T Kg+b cosé

(4.74)

Tracking Mode e: Upon using Eq. (4.52) along with Eq. (4.17) for cos 8, w. for tracking

mode e can be obtained from,

s o (IC/IQ + K¢ cosws — ai)
Keg+ b

Hour Angle Corresponding to 6 = 60°, '

The hour angles w; and wy corresponding to = 60° can be obtained by setting cosf = 0.5

in the expressions for incidence angle for the five tracking modes. For tracking collectors,
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by virtue of symmetry, |w;| = |w2| = w’. In what follows the equations to evaluate w’ for

different tracking modes are given.

Tracking Mode a: Using Eq. (4.17) for cos @ along with the expressions for A, By and

C given in Table 4.2 and on inverting, w is given by,

f —sin?é
e (1.76)
w' corresponding to § = 7/3 is obtained from,
s(m/3) — sin? 6
W' = cos™! [CO ( {;0226 = ] (4.77)

Tracking Mode b: Using Eq. (4.17) for cos# along with the expressions for A, B; and

Ci given in Table 4.2 and upon simplifying, w can be obtained as,

1—cos26\"/? .
-1
- s :
w = cos [i ( Y ) (4.78)
Putting § = w/3 in Eq. (4.78) and upon solving v’ is given by,
/2
3 1 - cos?(r/3)\
' 1
— +x{l-—-= .
w' = cos ! ( gy (4.79)

Correct values for w or ' are obtained by taking the positive sign in the radical of
Eqs. (4.78) and (4.79). '

Tracking Mode c: Using the expressions for 4; etc. from Table 4.2, the angle of inci-

dence 6 for tracking mode ¢ can be written as,

cosf = [(A" + B’ cosw)? + cos? § sin? w M (4.80)

Eq. (4.80) can be rewritten as a quadratic equation in terms of cosw as,

cos’w + B} cosw + C! =0 (4.81)
where,
2A'B
B = ———— 4.82
1 (B'? — cos? ) (4:2)
Arz 2 6 — 22 g
C{ . + cos cos (4.83)

(B'? — cos? 6)



106

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,

w = cos™! [_—fi +0.51/(B]? - 4(;;)' (4.84)

The value of w’ can be obtained from Eq. (4.84) by putting cosf = 0.5 in Eq. (4.83) for
Cy. Out of the four possible values of w, the two equal in magnitude and opposite in sign,

are to be accepted as the correct value.

w' 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, X, it is proposed that (75 /M0,n) be evaluated employing the expressions
developed for a single day given by Eq. (4.47), along with Eq. (4.50) for (7o/Mom) ON a
suitably chosen day. X, is defined by,

X <

e= == 1.85
TE,HR‘HI‘.THD [ J)

when R, is the noon-time tilt factor on the average day of the month. For concentrating

collectors R, is given by,

P n D T
R, = [1—1); (:d_)] Byn + 7 (:d ) (4.86)
t,n T t,m

To obtain (7;/n,,n), the single day chosen, 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 (7} ... ./1on). Eq. (4.47) valid

for a single day thus has been used to obtain (75,ema/ Mon) employing
b Sl Kt = K7 and X.=X? (4.87)

It may be recalled from Chapter 3, §3.3.1 that K7 is the average daily clearness index of
the contributing days. K7 has been obtained as the average clearness index of the days
with K1 > KT min, Where KT i, 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, N., are
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given in Chapter 3, §3.3.1. Eqgs. (3.118) to (3.132) become applicable for concentrating
collectors when 74 m, Td,m, Rom and Ry, are now the noon time values 7y ., Tqn: Bbn and

-

R, since X, is defined with reference to the noon time solar radiation. X7 is the single
day (equivalent mean day) non-dimensional critical radiation level corresponding to I.
Applying Eq. (4.13) for the EMD, X{ is given by,

I, T Ft,‘:fi,jr_(TR'n % It,n

* = e — = — 4.88
° " r}.K3RyH, “r1 KRy I (4.88)
In Eq. (4.88), I}, is obtained from,
< 7¢- B'D
IT, = &%H—o[(al + bcoswy ) cos b, + ( - f) (cosw, — cosws)] (4.89)

This methodology becomes available to calculate (7% /No,n) when validated against

the defining equation,

(£)-s8mr (&) /SEw-w aw

Ton —ws —we

Qu,m can thus be calculated from,

= 7 T 7_?: e b
Qum = FrNon Hrod (?ﬁ) (4.91)

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 Rabl [45] designated in the present
study as (no.day/no,n)G'H is given by;

Mo, day = Mo =
—_— 1 Ir 4.92
( To,n )GR —ch ‘ (”0‘“) /Z ' (92

—lle

f i ( o ) dw// * Irdw (4.93)
—lWe flon —e

It may be noted that, Eqgs. (4.92) and (4.93) have been written consistent with the notation

employed in the present study. In Gaul and Rabl [45], —w, corresponds to the hour angle
1 or 2 hours after the sunrise and w, corresponds to the hour angle 1 or 2 hours before

the sunset.
In Egs. (4.92) and (4.93), Gaul and Rabl expressed It as,

It = IRy = K7 H,(r¢ — rqDy) Ry, (4.94)
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Cut-off

times, ¢
hrs.

Kr

(No,day /Mo,n)GR

Mode a

Mode b

Mode ¢

Mar

Jun

Dec

Mar

Jun

Dec

Mar

Jun

Dec

0.30
0.50
0.70

0.985
0.956
0.947

0.984
0.953
0.943

0.990
0.973
0.969

0.985
0.956
0.947

0.985
0.957
0.949

0.991
0.975
0.971

0.992
0.994
0.994

0.999
0.999
0.998

0.947
0.954
0.955

0.30
0.50
0.70

0.985
0.957
0.949

0.978
0.940
0.929

0.993
0.984
0.982

0.985
0.957
0.949

0.979
0.944
0.934

0.993
0.984
0.982

0.957
0.968
0.970

0.997
0.997
0.997

0.810
0.843
0.849

60

0.30
0.50
0.70

0.986
0.960
0.952

0.959
0.929
0.922

0.997
0.996
0.996

0.986
0.960
0.953

0.962
0.922
0.913

0.997
0.996
0.996

0.852
0.898
0.907

0.982
0.986
0.986

0.518
0.536
0.540

20

0.30
0.50
0.70

0.985
0.972
0.969

0.984
0.967
0.963

0.990
0.985
0.984

0.985
0.972
0.969

0.985
0.969
0.966

0.990
0.985
0.984

0.992
0.993
0.993

0.999
0.999
0.999

0.947
0.950
0.950

0.30
0.50
0.70

0.985
0.973
0.971

0.978
0.951
0.945

0.994
0.992
0.992

0.985
0.973
0.971

0.979
0.956
0.950

0.994
0.992
0.992

0.957
0.963
0.964

0.997
0.998
0.998

0.805
0.815
0.817

60

0.30
0.50
0.70

0.986
0.976
0.974

0.959
0.929
0.922

0.999
0.999
0.999

0.986
0.976
0.974

0.962
0.927
0.919

0.999
0.999
0.999

0.852
0.878
0.883

0.982
0.987
0.988

0.357
0.358
0.358

However, IT can be expressed including the diffuse component of solar radiation, in terms

of ry and ry as,

It = LRy + Id/C,- = Kr H, [(T‘t — 'J"de) Ry + Tthf/Cr] (4.95)
Using Eq. (4.94) for I7 in Eq. (4.93) (Mo,day/Mo,n) has been obtained from,
To,day _ 2 (re = 14Dy) Ry (10,6/o,n) -
oiday| (4.96)
TNon GR ): (?'t == 'f'dDj) Rb

Dependence on Latitude and Clearness Index

Numerical values of (7o,day/%o,n)GR, have been obtained employing Eq. (4.96), consider-
ing It to be comprising of only direct component of solar radiation. (16/Mo,n) as given
by Eq. (4.2) for SERI Hexcel collector has been employed in evaluating (7)o,day/7o.n)GR-
(Mo,day/Mo,n)GR Vvalues for the tracking modes a, b and ¢, for K7 = 0.3, 0.50 and 0.70
are given in Table 4.4 for ¢ = 20°, 40° and 60° and § = —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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1. (7o,day/Mo,n)GR does depend on K7, particularly for tracking modes a and b. Indeed,
the change in (7, day/7o,n)GR, When Kr changes from 0.3 to 0.7, is more than the
change when & changes from —23.1° to 23.1°, for lower latitudes, ¢ = 20° and 40°.
However, at ¢ = 60° and § = —23.1° for tracking modes a and b the changes due
to Kt are negligible. For tracking mode c, (Mo,day/Mom )R varies with K7 in the

month of December.

2. (7o,day/Mon)cr 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.

3. For tracking mode c, (To,day/Mo,n)GR changes significantly with latitude, particularly
in December. This is due to strong bimodal solar radiation distribution as shown in

Figure 4.1.

4. (7o,day/Mon)GR values are almost identical for 1-hr and 2-hrs cut-off times for low K¢
(0.3). This is due to direct radiation being a small fraction of the global radiation
at low K1. (7o,day/Mon)cr values for 1-hr and 2-hrs cut-off times differ for higher
K values. This difference is higher at higher latitudes, particularly for mode ¢ in

December.

An examination of Eq. (4.96) readily reveals that (7o,day/Mon)GR is independent of
latitude and clearness index for tracking modes d and e, since (7,/1, ) Temains constant

throughout the operating period.

From these results, it may be concluded that latitude dependence is relevant for
tracking mode ¢ 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 ¢ = 35.0° 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 (1,day/%0,n)aR according to Eq. (4.96) have been obtained for tracking
modes a, b and ¢, for ¢ = 20°, 40° and 60°, for 6 = —2.42°, 23.09° and —23.05°. for
K1 = 0.3, 0.5 and 0.7. The cut-off time has been characterized by a non-dimensional

operating period, O,, defined by,
we

0, = (4.97)

Ws
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Table 4.5: Tabulated values of (1o,day/Ton)GR for ¢ = 20°

r (I;‘o,dﬂy/??o,n)(:‘ i j
Tracking | Op Kr =03 Ky =05 Ky =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 0.992 0.995 | 0.992 0.992 0.995 | 0.992 0.991 0.99
0.60 | 0.985 0.985 0.991 | 0.978 0.977 0.987 | 0.976 0.975 0.986
0.80 | 0.085 0.984 0.990 | 0.958 0.957 0.974 | 0.951 0.949 0.970
020 | 0.098 0.998 0.999 | 0.998 0.998 0.999 0.998 0.998 0.999
b 0.40 | 0.993 0.993 0.995 | 0.992 0.992 0.995 0.992 0.992 0.995
0.60 | 0.985 0.985 0.991 | 0.978 0.978 0.987 0.976 0.976 0.986
0.80 | 0.985 0.985 0.991 | 0.959 0.961 0.976 0.951 0.954 0.972
020 | 0.991 1.000 0.940 | 0.991 1.000 0.940 0.991 1.000 0.940
c 0.40 | 0.992 1.000 0.943 | 0.992 1.000 0.944 | 0.992 1.000 0.944
0.60 | 0.992 0.999 0.946 | 0.993 0.999 0.949 | 0.993 0.999 0.949
0.80 | 0.992 0.999 0.947 | 0.994 0.999 0.953 | 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 Rabl [45] is w./15 hrs when w, is in degrees. Numerical values
of (1o,day/Mo,n)GR for the above mentioned parameters are given in Tables 4.5 to 4.7 for
¢ = 20°, 40° and 60° respectively.

The variation of (7o,day/Ton)GR With non-dimensional operating period, Oy is shown
in Figures 4.6 (a) to 4.6 (f). Figures 4.6(a) to (c) are plots of (7o.day/Mon)Gr Vs Op for
tracking mode b (results for tracking mode a, can be expected to be very similar) for the
three latitudes ¢ = 20°, 40° and 60° respectively, at K¢ = 0.7, for the three months, March,
June and December. For tracking mode b, as operating period increases (M6.da5/Non JGR
decreses. This is due to the weighted average being for longer time periods during which
higher angles of incidence are included. From Figures 4.6 (a) to (c), it is evident that
the change in (7o,day/Mo,n)GR With O, is minimum in the month of December owing to
favourable angle of incidence. The change in (7,day/Mo,n)GR with O, is maximum in June
for ¢ = 40° and 60°, whereas, for ¢ = 20°, the change in the months of March and June

is comparable.

The plots of (Mo,day/Mo,n)GR V8 0, for tracking mode ¢, shown in Figures 4.6(d)
to 4.6 (f) for ¢ = 20°, 40° and 60° respectively, display an opposite trend compared to
mode b, in the variation of (Do,day/ Mo )GR with O,. For mode ¢ tracking, (%o,day/Mon )JGR

increases as O, increases. This is due to the angle of incidence being relatively higher



Table 4.6: Tabulated values of (7,,day/ Mo )R for ¢ = 40°

Tracking
Mode

Op

(71o,day /Mo, )GR

Kr =03

Kr =0.5

Kr =07

Mar Jun

Dec

Mar Jun Dec

Mar Jun

Dec

0.20
0.40
0.60
0.80

0.998
0.993
0.986
0.985

0.998
0.990
0.978
0.978

0.999
0.997
0.993
0.993

0.998
0.992
0.979
0.960

0.998
0.989
0.968
0.944

0.999
0.996
0.991
0.983

0.998
0.992
0.977
0.953

0.998
0.988
0.966
0.935

0.999
0.996
0.991
0.980

0.20
0.40
0.60
0.80

0.998
0.993
0.986
0.985

0.998
0.990
0.979
0.979

0.999
0.997
0.993
0.993

0.999
0.996
0.991
0.983

0.998
0.992
0.979
0.960

0.998
0.989
0.970
0.949

0.998
0.992
0.977
0.953

0.998
0.989
0.968
0.941

0.999
0.996
0.991
0.981

0.20
0.40
0.60
0.80

0.945
0.952
0.957
0.957

0.996
0.997
0.997
0.997

0.763
0.787
0.808
0.810

0.996
0.997
0.998
0.998

0.763
0.789
0.820
0.845

0.945
0.953
0.961
0.967

0.996
0.997
0.998
0.998

0.945
0.953
0.962
0.969

0.763
0.790
0.822
0.852

Table

4.7: Tabulated values of (7,.day/M0.n)cr for ¢ = 60°

Tracking
Mode

(no,day /qo,n )GR

Kr =103

Kr =05

Kr =0.7

Mar Jun

Dec

Mar Jun Dec

Mar Jun

Dec

0.20
0.40
0.60
0.80

0.998
0.993
0.986
0.986

0.996
0.982
0.961
0.959

1.000
0.999
0.997
0.996

0.996
0.980
0.944
0.929

1.000
0.999
0.997
0.994

0.998
0.993
0.980
0.962

0.998
0.993
0.979
0.956

0.996
0.979
0.940
0.922

1.000
0.999
0.997
0.994

0.20
0.40
0.60
0.80

0.998
0.993
0.986
0.986

0.996
0.982
0.964
0.962

1.000
0.999
0.997
0.996

0.996
0.980
0.950
0.942

1.000
0.999
0.997
0.995

0.998
0.993
0.980
0.962

0.998
0.993
0.979
0.956

0.996
0.980
0.946
0.937

1.000
0.999
0.997
0.994

0.20
0.40
0.60
0.80

0.783
0.824
0.851
0.852

0.968
0.978
0.982
0.982

0.314
0.409
0.500
0.560

0.969
0.979
0.985
0.987

0.315
0.413
0.514
0.599

0.783
0.829
0.870
0.896

0.783
0.830
0.874
0.904

0.969
0.979
0.986
0.988

0.315
0.413
0.517
0.606

111
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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 of a cut-off time results in misleading
values when the solar radiation distribution is bimodal. Referring to Figure 4.1, when
Ity < I. < ITpm, it has already been pointed out that the collector operates during —w,;
to —wep and wep to ws. When Gaul and Rabl’s [45] integral for daily optical efficiency
is evaluated, specified cut-off times may correspond to we or we. Typically, 1-hr and
2-hrs cut-off times for ¢ = 40° fall in this category. When it corresponds to wg, the
all-day average will be obtained for the period —wg to we. For It, < I. < I, the
collector does not operate during this time period. When the cut-off time corresponds to
we1, Gaul and Rabl’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 I. is
same, is demonstrated in Table 4.8. For critical radiation level Ir, < I, < I1.n, wa
and w,, values have been obtained for ¢ = 40° and 60°, for the month of December, for
K7 = 0.7. All-day average optical efficiencies, as obtained from Gaul and Rabl for cut-off
times corresponding to we; and we, given in Table 4.8, differ considerably. Indeed, both
the values are incorrect. Values obtained averaged during —w. to —w and we to we
by the present approach also have been given in Table 4.8. A further discussion of this is
presented in the following section. Thus, (7, day/"o,n)ar 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 (9} 4ay/Mom), Single Day Values

Numerical values for (7] 4,,/70,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 (7,/%s.,), for the
concentrating collectors with C, = 10 tracked in the five principal modes for ¢ = 20°, 40°
and 60°, X, = 0.2, 0.4, 0.6 and 0.8, for representative values of declinations, § = —2.42°,
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 (7} ;,,/7o,n) for the range of parameters mentioned are

given in Tables 4.9 to 4.11 for ¢ = 20°, 40° and 60° respectively.

Tracking Modes a and b

Values of (7} 4,,/70,n) for a given ¢, 6§ and X, for the tracking modes a and b are almost

the same. Thus, the dependence of (7} ;,,/7,x) on X and K7 for different latitudes and
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Table 4.8: Values of (7,day/"0,n )R (for different cut-off hour angles) and (??:‘dr:r_y/??fl-“) for
same critical radiation level

@ I, Cut-off hour angle (Mo,day /Non)GR (ﬂ;,day/n"’-")
(deg.) | W/m® (deg.)
67.10 0.872 0.899
#5040 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
360.40 16.00 0.766 (X, = 1.06)
60.80 0.862 0.909
Al 22.00 0.777 (X = 1.10)
495,30 56.70 0.855 0.912
28.00 0.790 (X.=1.14)
147.30 " ' 0708
9.10 0.320 (X, = 1.50)
* * 736
19650 14.55 0.383 (X. = 2.00)
60 . * N 0.772
245.60 20.10 0.451 (X. = 2.50)
e * 0.812
a5y 26.40 0.527 (X. = 3.00)
: * * 0.845
8,50 33.10 0.598 (X. = 3.40)

Note: (9] 4ay/10,n), the present value is the average for the periods —w.; to —wes and wep to wey
since the collector does not operate during —w.y to w.y.

For ¢ = 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 (73 4,. /70,) for ¢ = 20°

Tracking
Mode

Xe

(n;,duy /no,u)

.KT = 03

Kr =05

Kp =0.7

Mar Jun

Dec

Mar Jun Dec

Mar Jun

Dec

0.20
0.40
0.60
0.80

0.919
0.926
0.931
0.935

0.922
0.928
0.934
0.938

0.935
0.940
0.944
0.947

0.952
0.964
0.970
0.975

0.964
0.972
0.978
0.981

0.954
0.965
0.972
0.977

0.958
0.976
(.985
0.991

0.960
0.976
0.986
0.991

0.966
0.980
(.988
0.993

0.20
0.40
0.60
0.80

0.919
0.926
0.931
0.935

0.922
0.928
0.934
0.938

0.935
0.940
0.944
0.947

0.952
0.964
0.971
0.975

0.965
0.972
0.978
0.981

0.954
0.965
0.972
0.977

0.960
0.976
0.986
0.991

0.955
0.976
0.985
0.991

0.966
0.980
0.988
0.993

0.20
0.40
0.60
0.80

0.923
0.926
0.928
0.929

0.930
0.933
0.935
0.937

0.893
0.894
0.894
0.894

0.978
0.978
0.978
0.978

0.937
0.934
0.931
0.927

0.973
0.972
0.971
0.970

0.994
0.994
0.995
0.995

0.990
0.989
0.988
0.986

0.954
0.953
0.950
0.944

0.20
0.40
0.60
0.80

0.933
0.936
0.938
0.939

0.919
0.922
0.924
0.925

0.931
0.933
0.935
0.936

0.967
0.967
0.966
0.966

0.972
0.972
0.972
0.972

0.981
0.980
0.980
0.980

0.997
0.996
0.996
0.996

0.984
(.984
0.983
0.983

0.985
0.985
0.985
0.985

0.20
0.40
0.60
0.80

0.933
0.936
0.938
0.940

0.930
0.934
0.936
0.937

0.943
0.946
0.947
0.949

0.981
0.980
0.980
0.980

0.980
0.979
0.979
0.979

0.985
0.984
0.984
0.984

0.997
0.996
0.996
0.996

0.996
0.996
0.996
0.995

0.998 |
0.997
0.997

0.997




Table 4.10: Tabulated values of (713 day/ Mo,n) for ¢ = 40°

Tracking
Mode

(n;,dayx.qﬂ.ﬂ)

Kr =103

Kr =0.5

Kr =07

Mar

Jun

Dec

Mar Jun

Dec

Mar

Jun

Dec

0.20
0.40
0.60
0.80

0.932
0.938
0.943
0.947

0.919
0.927
0.933
0.937

0.954
0.958
0.961
0.963

0.958 0.948
0.969 0.962
0.976 0.971
0.981 0.976

0.974
0.980
0.985
0.988

0.961
0.978
0.987
0.993

0.954
0.974
0.984
0.991

0.974
0.984
0.991
0.995

0.20
0.40
0.60
0.80

0.932
0.938
0.943
0.947

0.919
0.927
0.933
0.937

0.954
0.958
0.961
0.963

0.958 0.947
0.969 0.962
0.976 0.970
0.981 0.976

0.974
0.980
0.985
0.988

0.961
0.978
0.987
0.993

0.950
0.974
0.984
0.991

0.974
0.984
0.991
0.995

0.20
0.40
0.60
0.80

0.901
0.901
0.901
0.899

0.930
0.932
0.934
0.934

0.796
0.790
0.783
0.771

0.950 0.978
0.947 0.977
0.943 0.977
0.937 0.975

0.846
0.840
0.832
0.821

0.969
0.967
0.966
0.961

0.993
0.993
0.993
0.992

0.869
0.869
0.870
0.872

0.20
0.40
0.60
0.80

0.943
0.946
0.947
0.949

0.922
0.925
0.926
0.928

0.948
0.950
0.951
0.952

0.984 0.968
0.984 0.968
0.984 0.968
0.984 0.967

0.978
0.978
0.978
0.978

0.997
0.997
0.997
0.997

0.984
0.984
0.984
0.983

0.987
0.987
(.986
0.986

0.20
0.40
0.60
0.80

0.943
0.946
0.947
0.949

0.934
0.937
0.938
0.940

0.960
0.962
0.963
0.964

0.985 0.981
0.984 0.980
0.984 0.980
0.984 0.980

0.991
0.991
0.990
0.990

0.998
0.997
0.997
0.997

0.997
0.997
0.996
0.996

0.999
0.999
0.999
0.999
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Table 4.11: Tabulated values of (7} 4,,/7s,) for ¢ = 60°

Tracking
Mode

(n;,day/no,n)

Kr =103

Ky =05

Kp =07

Mar Jun

Dec

Mar Jun Dec

Mar

Jun Dec

0.20
0.40
0.60
0.80

0.950 0.920
0.956 0.932
0.960 0.940
0.963 0.945

0.985
0.986
0.987
0.989

0.965 0.943 0.990
0.976 0.962 0.992
0.982 0.972 0.994
0.987 0.979 0.996

0.963
0.980
0.989
0.994

0.950 0.991
0.972 0.992
0.984 0.994
0.991 0.998

0.20
0.40
0.60
0.80

0.950 0.921
0.956 0.932
0.960 0.940
0.963 0.945

0.985
0.986
0.988
0.989

0.965 0.939 0.990
0.976 0.961 0.992
0.982 0.972 0.994
0.987 0.979 0.996

0.963
0.980
0.989
0.994

0.944 0.991
0.971 0.992
0.984 0.994
0.991 0.998

0.20
0.40
0.60
0.80

0.828 0.924
0.824 0.924
0.817 0.922
0.806 0.919

0.550
0.548
0.546
0.543

0.893 0.969 0.624
0.889 0.969 0.629
0.885 0.967 0.637
0.883 0.964 0.646

0.919
0.921
0.924
0.929

0.980 0.637
0.981 0.644
0.983 0.653
0.983 0.664

0.20
0.40
0.60
0.80

0.961 0.932
0.962 0.934
0.964 0.935
0.965 0.936

0.976
0.977
0.977
0.977

0.990 0.973 0.986
0.990 0.972 0.986
0.990 0.971 0.986
0.990 0.971 0.986

0.999
0.999
0.999
0.998

0.985 0.988
0.985 0.988
0.985 0.988
0.984 0.988

0.20
0.40
0.60
0.80

0.961 0.944
0.962 0.946
0.964 0.947
0.965 0.948

0.989
0.989
0.989
0.989

0.990 0.985 0.999
0.990 0.984 0.999
0.990 0.984 0.998
0.990 0.983 0.998

0.999
0.999
0.999
0.999

0.998 1.000
0.998 1.000
0.997 1.000
0.997 1.000

117



118

1.00

0.99

(n.o.duy/n o.n)
© o o
g 9 8

o
©
w

December
______ June

ll'l!!l”l]lilllI|I]IIIIIIIII|II1IIIIII|IIIIIIIII|IIIIIIIII]II”IIII!

Critical Radiation Level, X

Figure 4.7: Variation of (7} 45,/70,n) With X for tracking mode b for Ky = 0.5, 6 =
—23.05° and 23.09°

months is discussed with the values corresponding to mode b. A plot of (1] 4,,/%0,n) VS
the non-dimensional critical level X, is shown in Figure 4.7, for Kt = 0.5, for the three
latitudes, ¢ = 20°, 40° and 60°, for the months of June and December. From Figure 4.7,
it is evident that, as X, increases, (7} 4,,/7o,n) increases. The increase in (13 day/ Mon) 18
higher in the month of June compared to the increase in December for a given latitude. The
values of (7] j,,/7o,n) are higher in December compared to the values in June. Also, it can
be noticed from Figure 4.7, that as latitude increases, (7 4, /7o) increases with latitude
in December whereas it decreases in June. This trend is similar to R, the monthly average
daily tilt factor for direct radiation when the orientation of the collector is optimum. For
example, for a south facing flat plate collector, (¢ — ) = & is the optimum. Mode b

tracking is almost the same with additional adjustment of the slope throughout the day.

Variation of (n;,day/??om) with K7 corresponding to X, = 0.4 is shown in Figure
4.8, for ¢ = 20°, 40° and 60°, for two months, June and December. As Ky increases,
(7% day/Mom) increases. As can be expected (73 day/To,n) is higher at higher latitudes in

December.
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Figure 4.8: Variation of (n:'day/ng'n) with K for tracking mode b, X, = 0.4, 6 = —23.05°
and 23.09°

Tracking Mode ¢

For tracking mode ¢, from the values given in Tables 4.9 to 4.11, it appears that (1} 4ay/70,n)
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 (n} 4,,/70,n) occur for Xc > 1.0 which is relevant only 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 < I < IT;n, when correct operational time period is employed, ("'f;,day/?}‘a,n)
values obtained as the averaged value during —w. to —wg and wep 10 wWe (referring to
Figure 4.1) have also been calculated for ¢ = 40° and 607, K7 = 0.7, for concentrating
collectors tracked in mode ¢. 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. < I7,m, (15 day/ Toyn) # 0-
Thus, cut-off time say, 2-hrs which corresponds to —we to we (referring Figure 4.1) is
irrelevant. (’?;,day/ﬁo.n): if evaluated for —w.s to wa, will be equal to zero since It < I,

during —wep to wep. This feature is included in writting Eq. (4.8).
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Figure 4.9: Variation of ("?;,day/"?o,ﬂ) with K7 for tracking mode ¢, Xe=0.4,6 =—-23.05°,
—2.42° and 23.09°, ¢ = 20°

Plots of (??;,day/??a,n) vs K7 corresponding to X, = 0.4, for three months, March,
June and December are shown in Figures 4.9, 4.10 and 4.11 for ¢ = 20°, 40° and 60°
respectively. As K7 increases (W;,day/’?o.n) increases and the trend is same for the three
latitudes considered. Also, the values of (5, day/Ton) increase as § increases and decrease

as ¢ increses.

Tracking Modes d and e

Owing to angle of incidence remaining constant (6 = § for mode d and § — 0° for mode
e) through out the day, (7,/7,n) does not vary during the operating period? and hence
(75, 4ay/Mo,n) does not depend on X

Variation of (’?:,day/??o,n) with K7 for tracking modes d and e, for the three latitudes,
¢ = 20° 40° and 60° is shown in Figures 4.12 and 4.13, for the months of June and
December respectively. As can be expected, (?};‘,dw/ Tlo,n) 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 valyes of (??;,day/norﬂ) are almost same for modes d

and e in the month of March which can be expected since the declination is small.

2except for small dependence arising due to including diffuse component of solar radiation
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Figure 4.12: Variation of (n:,dﬂy/no,n) with Kt for tracking modes d and e, ¢ = 20°. 40°
and 60°, § = 23.09°, X. = 0.4

From Figures 4.12 and 4.13, it can be seen that (75 day/Mon) increases with K for
both the modes d and e, for all latitudes in June as well as in December. As latitude
increases, (73,day/ Mo,n) increases at a given K. This is due to I.., the critical radiation level
remaining almost constant for different latitudes but the day length differing considerably.
Also, it can be noted from Figures 4.12 and 4.13 that as K7 increases, the difference in
(75,day/Mo,n) values for different latitudes decreases. This is due 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 § for |8] = 23°.

Validation Against Data

(73 day/Mo,n) values as obtained using Eq. (4.47) have been compared with the values ob-
tained employing monthly average hourly solar radiation data for three locations, Ahmed-
abad (¢ = 23.07°), New Delhi (¢ = 28.58°) in India and Madison, WI (¢ = 43.10°) in
the USA. The data have been taken from [132], for the Indian locations and the TMY
data for Madison [133]. (7 4ay/Mon) Obtained using Eq. (4.8) (as summation) employing
the data is designated as (75 day/Mo,n)(data). Plots of (15, day/ Moy ) VS (W] 4ay/Ton)(data)
are shown in Figures 4.14, 4.15 and 4.16 for the three locations, Ahmedabad, New Delhi
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Figure 4.13: Variation of (9} 4,,/7,x) With K7 for tracking modes d and e, ¢ = 20°, 40°
and 60°, § = —23.05%, 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 e¢. The three
groups of four points each for which (7} 4,,/%0,n) < 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, WL In general, I, I;
and I, predicted using r¢ [12] and rg [16] correlations may differ significantly from the
data values for low Kt value. The agreement, in general, is pood. The rms differences are
0.43 %, 0.49 % and 2.21 % respectively. Indeed the difference is due to employing r; [12]
and ry [16] correlé,tions in obtaining Eq. (4.47) for (1} 40,/70,n)-

4.5.3 Monthly Average Optical Efficiency: Validation of EMD Calcula-
tion

Monthly average optical efficiency, (77/1o,,), defined by Eq. (4.90) has been evaluated
using Eq. (4.95) for I for ¢ = 20°, 40° and 60°, for all the twelve months, for K7 = 0.5 and
0.7,for 0.2 < X, < 2.0. X, 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
K7 = 0.5 and 0.7 have been obtained from Liu and Jordan [16] distribution as presented
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Figure 4.15: Validation of (7 4,,/70,n) against (1 4,,/7,)(data) for tracking mode a, b
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in Table 3.1 of Chapter 3, §3.3.2. The values of (7}/7,,) so obtained are designated by
(75 /Mo»)(num) 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 K7 = K7 and & = §,, and for I, given by,

L= X T B B By (4.98)

Eq. (4.98) follows from Eq. (4.85). The value of (7} ,,/70,n) thus obtained for the equiva-
lent mean day is designated as (7} .,,4/70,n) Which is the montlly average optical efficiency

when validated against (7} /7, )(num) values.

Comparison for Tracking Modes a and b

Plots of (] .na/Mon) V8 (M5/N0,n)(num) for the tracking modes a and b for the three
latitudes, ¢ = 20°, 40° and 60° are shown in Figures 4.17 and 4.18 for Ap = 0.5 and 0.7
respectively. The rms differences between (75 ,,.4/70o,n) and (75/10,,)(num) are 0.4 % for
K1 = 0.5 and 0.3% for K1 = 0.7. Thus, the EMD calculation yields (7%/n,,) value very

close to the value obtained by hour by hour numerical calculations.



126

1.00 ¢
F cooco Tracking Mode a
% E coaoe Tracking Mode b
0.98 F
72 096 F
&= £
N
£ E
.° 094 F
R
092 F
||||||J|I4|:ull||I||||1||||lurlr||||I|“||||||
09990 092 094 086 0.98 1.00
(1"o/Mon) (num)
3
Figure 4.17: Validation of (7} ,,,4/70,n) against (73/1,,,)(num) for tracking modes a and
b, ¢ = 20°, 40° and 60°, —23.05° < § < 23.09°, K7 = 0.5,0.2 < X. < 2.0
1.00 ¢
- ooooo Tracking Mode a
- +++++ Tracking Mode b
098 |
2 096 F
v & E
~ s
o L
£ C
.° 0.94 |
= r
092 F
[NERERER NN NI RE SRR RN RSN E SN NN NN
0'9%.90 0.82 0.94 0.96 0.98 1.00
(%'o/Non)(num)
i Figure 4.18: Validation of (7 ,,,4/70,n) against (7;/7,,»)(num) for tracking modes a and

b, ¢ = 20°, 40° and 60°, —23.05° < § < 23.09°, K7 =0.7,02< X, < 1.2
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Figure 4.19: Validation of (7] .,,4/70,n) against (7;/7o,,)(num) for tracking mode ¢, ¢ =
20°, 40° and 60°, —23.05° < § < 23.09°, K7 = 0.5, 0.2 < X. < 2.0

Comparison for Tracking Mode c

Plots of (7} .yna/Mom) V8 (75/Mo,n)(num) for the tracking mode c for the three latitudes,
¢ = 20°, 40° and 60° are shown in Figures 4.19 and 4.20 for K7 = 0.5 and 0.7 respectively.
The rms differences between (7 .,,4/M0,n) and (7;/7,,)(num) are 0.65 % for K7 = 0.5 and
0.6 % for K7 = 0.7. Slightly larger difference between (7] ,,.4/M0n) and (773/n,n)(num)

for mode ¢ compared to mode a and b are due to approximate calculation of (7, /7o..)-

Comparison for Tracking Modes d and e

Similar plots of (7} ¢yna/7on) V8 (75/7Mon)(num) for the tracking modes d and e for the
three latitudes, ¢ = 20°, 40° and 60° are shown in Figures 4.21 and 4.22 for K7 = 0.5 and
0.7 respectively. The rms differences between (7} .,,4/70,n) and (/1 )(num) are 0.2 %
for K1 = 0.5 and 0.1 % for K7 = 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 (7} g/ o) OF (775 /70,n)(num).
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Figure 4.20: Validation of (9} .,../%on) against (1}/1,.,)(num) for tracking mode ¢, ¢ =
20°, 40° and 60°, —23.05° < § < 23.09°, K7 = 0.7, 0.2 < X. < 1.2
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Figure 4.21: Validation of (%} ,,.4/70,n) against (7} /7,»)(num) for tracking modes d and
“ e, ¢ = 20° 40° and 60°, —23.05° < é < 23.09°, K7 = 0.5,0.2< X, < 2.0
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Figure 4.22: Validation of (%} ,,,4/70,n) against (775 /7,,,)(num) for tracking modes d and
e, ¢ = 20°, 40° and 60°, —23.05° < 6§ < 23.09°, K+ =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. In 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 days 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 r;
[12] and rq [16] correlations. A convenient form of the instantaneous optical efficiency
which fits the test data values, given in Gaul and Rabl [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 Rabl [45] has been examined in detail. It has been shown that, indeed, even
the single day optical efficiency depends on K7 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 given critical radiation
level. Further, specifying a cut-off hour angle is misleading 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 day in (he
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 mean day
(EMD). The monthly average optical efficiency values obtained using the equivalent mean
day (EMD) approach agree with the hour by hour computations within a rms difference
of less than 0.5% when r; and r; 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. Apart from Utzinger and
Klein’s [125] graphical presentation of the shading factors for south facing surfaces, at-
tempts to provide algorithms [126, 128] to estimate f; 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.

a) To examine the difference in the monthly average shading factor values evaluated

under terrestrial and extra-terrestrial conditions.

b) Develop a method to estimate the monthly average shading factor under 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, i, and width, W, is
shown in Figure 5.1. The slope 3, of the vertical receiver is equal to 90°. Let the azimuthal
angle of the receiver be 7. A horizontal overhang with projection P, extends by Fr 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 G. The non-dimensional width w, projection p, gap g and
extensions ey, and ep are obtained by referring the dimensional quantities to the height of
the window. Thus,

%4 P G EL Er
B *H' TR TR T,

If A; is the irradiated area of the window and A, is the shaded area of the window

w = and €R

caused by the overhang, the shading factor at any instant, f;, is given by,

= S
fi i ™

where, A, (=W H,,) is the window area and A,, = (A; + A,).

(5.2)

The solar radiation over a small period of time (say, 1-hr) per unit receiver area, I,
according to Utzinger and Klein [125], is given by,
1

1
T, = bR Lo (5 - F) 4 pi (5 S . FT_O) (5.3)

where, p; and p; are the reflectivity of the ground and the underside of the overhang.
F_, is the receiver radiation view factor of the overhang and F,_, is the overhang view

factor of the ground.

Summing Eq. (5.3) over all the hours and days in a month, the monthly average

daily solar radiation per unit receiver area, H,, as given in Utzinger and Klein [125] can
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be expressed as,
= o em o o 1 _ /1
Hy = BoRofi + Ha (5= Froo) + ufl (5 + paFory o) (5.4)

where, Hy, Hy and H are the monthly average daily direct, diffuse and global radiation
on a horizontal surface of unit area. R, is the monthly average daily tilt factor for direct

radiation for the vertical receiver (window).

fi and Ry in Eq. (5.4), strictly speaking, are to be evaluated as,

Bo= Y Y nr/Y S (5.5)

days hours days hours
fi= X XLk Y b (5.6)
days hours days hours

Utzinger and Klein [125] employed Eq. (5.4) but simplified Egs. (5.5) and (5.6) by
evaluating Ry and f; on the monthly mean day. Thus, R and f; are obtained from,

B = ZIbRb/ZIb:/@IbRbdt/fmlbdt (5.
day day

wn
=1
e

fi > Rbfi/; IRy = /m IRy fi dt / /m Iy Ry di (5.8)

day day
In Egs. (5.7) and (5.8), day refers to summation or integration over the hours on the

monthly mean day. Noting d¢ = dw/(n/12), where w is in radians, integral expressions in

Eqgs. (5.7) and (5.8) can be re-written as,

) / * LRy dw

By = e (5.9)
Iy dw

[T hrigiae

fi = =——— (5.10)

/ Ty s
Wsr

where, w,, and w,, are the apparent sunrise and sunset hour angles for the receiver and
ws s the sunset hour angle. Determining w,, and wss for surfaces of general orientation

unambiguously has been described in Appendix B of the present study.

Utzinger and Klein further simplified Eq. (5.10) by evaluating f; under extra-terrestrial
conditions i.e., by replacing I with [,. This value designated as f;, in the present study
is given by,

/ * LRyf: dw
- (5.11)

.’F:'a — Wss
j IRy dw
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5.3 Conditions for Validity of Extra-terrestrial Calculation

Noting that Iy = (I — Iy), Iy can be written as,

fd Id) =
_ _fa) _ _ i 12
L=1T (1 I) krl, (1 T (5.12)

where, k7 is the hourly clearness index.
Using Eq. (5.12) in Eq. (5.10), fi can be expressed as,

) / s kTIo(l e Id/_{)Rg,fi dw
fi = R
f krlo(1 — I/ T) Ry dw

Considering (I3/I) to be a function of hourly clearness index, kr only, Eq. (5.13) can be

rewritten as,

) f(kr) IRy f; dw

fi== (5.14)
|7 g1 Ry o

War

If atmospheric transmittance or daily clearness index, A7 = 1.0, the hourly clearness
index, k7, also is unity throughout the day and (I4/I) = 0, yielding f(kr) = 1.0. Thereby,
f; from Eq. (5.14) reduces to,

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 kr
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 when Ky = 1.0, but
also when k7 is constant throughout the day, not necessarily equal to unity. In general, fi
and f;, values can be expected to differ since K7 # 1.0 and kr 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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W49/ RN

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,

A; =YW (5.16)

The projection of the shadow over the window, Y is related to the zenith angle, 6.,
the solar azimuth angle, 7, and the surface azimuth angle, v from [114] by,

P Pcos@,
tan@ cos(7ys — 'y) sin @, cos(ys — 7)

(5.17)

The the angle of incidence, 6, for a vertical surface of azimuthal angle v from [6] is given

by,
cos @ = sin 8, cos(ys — 7) (5.18)

Using Eq. (5.18) in Eq. (5.17), the instantaneous shaded area A, given by Eq. (5.16) can
be expressed as,
PW cosé,
A, = TV 084, (5.19)

cos #
Using Eq. (5.19) in Eq. (5.2) and noting that A, = H,W, the instantaneous shading

factor f; can be expressed as,

P cos @,
i=1——— 2 =1 _tand/R 5.20
f H,, cosf an g/ Ry (5:20)
where, ¢ is the angle between the vertical and an imaginary plane passing through the
outer edge of the overhang and the window base; R}, (=cos 8/ cos 6. ) is the instantancous

tilt factor.

Using Eq. (5.20) for f;, in Eq. (5.10), the monthly average shading factor, f; for

infinite overhangs designated as, fio, for clarity can be expressed by,

Wag t Was
~ IR, [1 - a‘; ¢:| dw / Iy [Rb — tan ii’] dw
fico = 22— 2 = EE (5.21)
/ I, By dw iRy dis
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Consider the integrand in the numerator of Eq. (5.21). Using Eq. (2.3) for Ry along with
Eq. (2.4) for cos# and Eq. (2.8) for cos @, the integrand of the numerator of Eq. (5.21)

can be written as,

LiRyf; = Iy[Ry— tand))
[ A+ Beosw+ Csinw sin -gh]

: . = : (5.22)
cos¢cosdcosw + sin ¢sind  cosip

I

Using Eqgs. (2.5) to (2.7) for A, B and C and noting 3 = /2, for the vertical receiver,
after some what tedious but straight forward algebra, Eq. (5.22) simplifies to,

1 A"+ B” cosw + Csinw ] _

1, - = : 5.23
b [ Ry —tany] (cos 'gb) [cos ¢cosdcosw + sin dsin b ( )

where, the constants A*, B* and C* in Eq. (5.23) are given by,
A* = sin(sin ¢ cos 8* — cos ¢psin 5% cos ) (5.24)
B™ = cosé(cos¢cos" + sin ¢sin 87 cosv) (5.25)
C™ = cosésin " siny (5.26)

B* in Egs. (5.24) to (5.26) is given by,

B =(B+v) (5.27)

Comparing Eqgs. (5.24), (5.25) and (5.26) for A*, B* and C* with Egs. (2.5), (2.6)
and (2.7) for A, B and C, it can be readily noted that, A*, B* and (™ are nothing but
the constants in the equation for cos @ for a surface with slope 3* = (B + o).

Thus, Eq. (5.23) takes the form,

I [Ry — tan 9] = ( L ) L ( L .f) R (5.28)

cos/) cosf,  \cos

where, 6* 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 3*. It may be noted
that Rj is nothing but the instantaneous tilt factor for direct radiation of this imaginary

plane which has been referred to as shading plane by Jones (1980).

Let w}, and w}, be the apparent sunrise and sunset hour angles for the shading
plane. By noting that |w},| < |w;,| and |w},| < |wss| and either Iy or R} becomes zero for
|w| > |wi,| and |w| > |w},|, it is sufficient to integrate the numerator of Eq. (5.21) between

the limits w3} to wy,.
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Using Eq. (5.28) in Eq. (5.21), the monthly average shading factor for infinite over-

; /w LR dw
fio = ( ) e o SRS (5.29)

cos P

hang is given by,

cos ¥ in Eq. (5.29), related to the window geometry can be expressed as,

» WH Ay ;
cosy = i = — = (5.30)
VPP+ HE WPT+ H: Ay,
where, Agp, is the area of the shading plane.
Thus, Eq. (5.29) takes the form,
2 LR dw
r As /w - .
fico = ( A’”’) o (5.31)
o / LRy dw

Recalling that the monthly average tilt factors for direct radiation, Rj, and R; for

the receiver and the shading plane can be expressed by,

/“ Iy Ry dw
Ry = e (5.32)

/ T dbe

/ “ LR} duw
w

Ry = oo (5.33)
/ Iy dw
Eq. (5.31) now takes the form,
F Ashp) @ .
fico = (f 7, (5.34)

Eq. (5.34) is the same as the algorithm given by Jones [126] and Yanda and Jones [128].
However, fis values differ depending upon the manner in which R; and R, are evaluated.
If Eqs. (5.32) and (5.33) are used, employing solar radiation data or r; [12] and ry [16]
correlations for I, Rg and Ry are the values for the monthly average daily tilt factor under
terrestrial conditions. When I is replaced by I, in Egs. (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 overhang obtained under extra-terrestrial conditions
bY fiooo, fioso Can be expressed as,

. As.ﬁ,p Rr
oo = | — | =2 5.35
f ( Aw ) Rbo @ )
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1_230 and Ry, are the monthly average daily tilt factors for direct radiation for the shading

plane and the receiver under extra-terrestrial conditions.

In the present investigation, fioc has been evaluated using Eq. (5.34) along with
Eqs. (5.32) and (5.33) for R} and R, employing r; [12] and 74 [16] correlations to express
Iy. 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 r; and r4 [15]. For the sake of completeness, compact expression for R; valid under

terrestrial condition available in Lahiri [67] is reproduced below,

5 _ R+ bCil/(a— Dy)

= 5.36
1+bCz/(f£—DJr) ( )
where, Ry,! is obtained from,

Rs, = C114 (5.37)

In Egs. (5.36) and (5.37), the constants C; and Cy are given by,

1 ’

&y, = 2 B'(sinws — w; cosw;) (5-38)
e, (ws/2 — sin 2w, /4) (5.39)

(sinws — w, cosws)

The integrals I; and I, in Eqgs. (5.36) and (5.37) are the definite integrals defined by,

B = / cos 8 dw (5.40)
I, = ‘/H cos f cos w dw (5.41)

Expressions for I; and I; can be derived easily and are available in Lahiri [67] which are

reproduced here. I; and I, are given by,

L = Ipi(wss) — Ipy(wse) if Wy < ws
I]. = IPi(wss)_IP](_ws)+IP](W3)_IP1(WST) if wsr >wss {512)
I = IP2(W.93) = IPZ(‘-‘-’sr) if Wy < Wy,
I; = IP‘Z(W:;&) - IPZ(‘_ws) + IPZ(Ws) = JrP‘2(‘*"sr I R (543)

! Ryo is the monthly average daily tilt factor for direct radiation under extra-terrestrial conditions defined

by,
Rbo=/IoRbdw/rodw (I'5.1)

which on simplification becomes,

Rbo=]c059dw//c039;dw (F5.2)

Expressions given in Liu and Jordan [16] and Klein [65] are the result of evaluating Eq. (F'5.2).
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where, the primitives Ip;(w) and Ipz(w) are given by,

Ipi(w) = Aw+ Bsinw—Ccosw ' (5.44)

in2 05 2
Ipy(w) = Asinw+ B (§+ S'“4 “’) —cml -

It may be noted that I} and I evaluated from Eqs. (5.42) and (5.43) can account for

double sunshine period also, which may occur, particularly for the shading plane.

Fq. (5.36) can be used to evaluate R by replacing 3 with 3% in evaluating A*, B*
and C* in place of A, B and C appearing in the primitives Ipi(w) and Ipy(w) given by
Eqgs. (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 Figure 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 87 = (90° + ¢») and
the shading plane-2 with slope 35 = (90° + ¢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,

o (-GS e

costh1 ) Ry costn/) Ry
E = 1 R ( 1 ) R, ,
fou = () 22~ (m) 22 (547

In Egs. (5.46) and (5.47), ¥; and v, characterizing the two imaginary planes are related

i+ (753)]
[1 - (gﬂ_m (5.49)

5.4.3 Infinite Overhangs for Non-vertical Receivers

to the receiver-overhang geometry by,

~1/2

I

cos ¥

cos 19

When the receiver is non-vertical as shown in Figure 5.3, let the slope be 3 and the height
measured along the receiver be H'. P’ 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. OI) H,,. The projection beyond I is P.

For both the actual rec r represented by the line OR and an imaginary vertical

receiver represented by OI, OS represents the shading plane. Thus, the radiation received
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Receiver

Figure 5.3: Non-vertical receiver and an infinite overhang

by the non-vertical receiver of slope 8 and projection P’ is the same as the radiation
received by the imaginary vertical receiver OI of projection P. H,, and P are related to

H', P' and § by,
H, = H'cos(90°-3) (5.50)
P = P — H'sin(90° - ) (5.51)

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,
WAy, = Hg Ay = Aghy Hy R} (5.52)

where, H!, and H, are the direct radiation on the actual receiver and the imaginary

vertical receiver per unit receiver area respectively. Al is the area of the actual recciver.

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,
Hy Ry flo Ay = HyRy fiso A = Ashp Ho R (5.53)

where, R}, R; and R} 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 f;oo are respectively the shading factors for the actual receiver and the imaginary

vertical receiver,

From Egq. (5.53),

P (Ashp) Ry _ (Amp) Ry [Aw Ry
ico Al L Aw Rb Al RE,

w
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ra -H'LU Rb (=4 y
= ficol =90 (_H_' ﬁi) (5.54)

where, fis|a=g0 indicates the shading factor for the imaginary vertical receiver. It may
be noted that fis|g=90 can be evaluated by Eq. (5.34) along with Egs. (5.30), (5.32) and
(5.33) given in the preceding section §5.4.1.

By evaluating fieo 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 fi
under terrestrial conditions is a function of the diffuse fraction. The influence of the
diffuse fraction can be assessed by examining the difference between fioso and fiso given
by Eqgs. (5.34) and (5.35) when there is no gap and Egs. (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 fioo and fioeo, obtained for different projections, latitudes, az-
imuthal angles and months for 0.0 < D_f < 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 fjs, 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, A, 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 fiso 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 dom-
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 f;, depends
on the diffuse fraction as it has already been shown. Assuming the changes in fi., and f;
values due to diffuse fraction to be similar, relations between finite and infinite monthly
average shading factor values have been developed for Dy = 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, Df = 0.4, ¢ = 252, 30°,
40°, 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 f; and f;., have been developed.
fico values have been calculated using Eq. (5.34) and f; values have been obtained by

numerical integration employing Eq. (5.8).

Plots of f; vs fieo are shown in Figures 5.4(a), 5.4(b) and 5.4(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(f), when fiso > 0.0, f; can be related to fi» by an equation of the
form,

fi= M4 N foo (555)

where, M and N are constants which depend, in general, on the extension e and the

projection p.

If, according to Eq. (5.55), fi < fis, fi is to be evaluated as,
Fo=doe (5.56)

It is interesting to note that f; 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 fi~.

Best fit values for the constants M and N have been determined for ¢ = 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, f; values,
using Eqs. (5.55) and (5.56) along with the values of the constants M and N given in
Table 5.1 for different projections and extensions, can be estimated from f;.. which can

be calculated from simple expressions.

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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Table 5.1: Values of the constants M and N in Eq. (5.55) to estimate f; from f., (when

Overhang Extension, e
P | Constants =G TG00 T 0.40 | 0.60 | 0.80
M | 0.210]0.097 | 0.046 | 0.021 | 0.005
021 N |0.766| 0887 | 0.948 | 0.978 | 0.997
M |0.232]0.114 | 0.058 | 0.031 | 0.017
031 N |o0.740| 0.863 | 0.932 | 0.964 | 0.981
M | 0.277 | 0.155 | 0.092 | 0.056 | 0.035
041 N |o671]0.800] 0879 | 0.923 | 0.953 |
M | 0.290 | 0.165 | 0.098 | 0.059 | 0.036
051 N 06550784 0.866 | 0.918 | 0.950

irregularly with p. Also, the variation in M and N with p is small. A plot of f; vs fio, 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, f; can be related to fico independent of p by,

fi=M,+ N, fieo (5.57)

Best fit values for M, and N, for different extensions are given in Table 5.2. M, and

N, given in Table 5.2 are correlated to e by,

M, = 0.258exp=2%c¢ (5.58)
N, = 0.703+ 0.627e — 0.377 ¢* (5.59)

Using Eqs. (5.58) and (5.59) in Eq. (5.57), f; is related to fio, through a single
equation by,
fi = 0.258 exp™290¢ 1 [0.703 4 0.627 € — 0.377 €7 fioo (5.60)

The relative accuracies in predicting f; from fio, 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.

fi Values when f,., = 0.0

It can be noticed from Figures 5.4(a) to 5.4(f) that f; values are non-zero, when fio, = 0.0

and differ depending on the latitude and declination. Non-zero f; values corresponding
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Table 5.2: Values of the constants M, and N, in Eq. (5.57) to estimate f; from f;., (when
fico > 0.0)

Overhang Extension, e
0.00 | 0.20 | 0.40 | 0.60 | 0.80

M, 0.258 | 0.140 | 0.079 | 0.046 | 0.026
N, 0.703 | 0.824 | 0.897 | 0.941 | 0.970

Constants

Table 5.3: Values of the constants m and n to estimate f¢ from W/, for south facing receivers

e | 0.00 | 0.20 | 0.40 | 0.60 | 0.80

m | 0.245 | 0.174 | 0.160 | 0.153 | 0.169
n | 1.018 | 1.569 | 1.917 | 1.801 | 1.539

to firo = 0.0, designated as f?, 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,
fico = 0. However, since the shaded area on the receiver (window) need not be rectangular
when the overhang is finite, f; # 0. Also, it can be envisaged that f° values for a given
extension e, be independent of the projection p, since the radiation reaches the recoiver
from the sides only. This has been verified numerically and found to be true. In view of
this, it is proposed that ff values be correlated to w!, which describes the duration of the

possible sunshine on the receiver.

A plot of f? vs w! for w = 1.0, Dy =04, e =0.0,0.2,0.4, 0.6 and 0.8 for 25° < b <
60° and —23.05 < 6 < 23.09° is shown in Figure 5.6. f:ff’ is remarkably well correlated to
w; for all latitudes and declinations and extension e will be a parameter in the relation

between f? and w!. f? is correlated to wy by an equation of the form,
fF=mlul - (e+ 0.2)]" (5.61)

where wy 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 f? — 0 for wg > 0. The value of w’ for which fe—=0

depends on the extension.

It may be noted that T'q. (5.61) is valid for 25° < ¢ < 60°, —23.05° <6 <23.09° and
0 < e <0.8. Eq. (5.61) predicts f? values within a difference of 0.005 compared to the
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Figure 5.6: Relation between f? and ! 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 otherwords, f; = fi...

5.6  Shading Factor Values for Non-south Facing Receivers
Shaded by Finite Overhangs

fico 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 f; and fico for a given p and e does not depend on ¢ and 6 for south
facing receivers. Even the apparent sunrise hour angle o/ does not explicitly appear in the
relation between f; and f;o, for south facing receivers. Thus, for non-south facing receivers,
it can be expected that the relation between f; and fico does not depend on the apparent
sunrise and sunset hour angles, w,, 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 fi and fiso for non-south

receivers will be dependent additionally on 7.

The difficulty arising owing to non-symmetric shading for receivers with v # 0 is
proposed to be alleviated by considering shading factors for two time intervals separately

during w,, to w,,. To split w,, to w,, duratinn into two parts, the hour angle chosen is
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the hour angle corresponding to (5 — ) = 74 = 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 w}, the hour angle w = 0 corresponds to 74 = 0. Of course, the shading factor

values for forenoon and afternoon for south facing receivers will be equal.

When 7 # 0, let the hour angle corresponding to 74 = 0 be designated as w,. w, can
be obtained by solving the equation (see, Duffie and Beckman [6], page-16),
sin w cos 6
i T — -".f'2
Sy sin 6, {ab2)

Expressing sin 0, in Eq. (5.62) from Eq. (2.8) for cos 8, from Chapter 2, w, is governed by,
Az cos’w, + By cosw, + Cy =0 (5.63)

where, the constants Ay, B and C5 are given by,

Ay = sin?v,cos? pcos?§ — cos? (5.64)
B, = 2sin?,sin ¢ cos¢sin b cosé (5.65)
Cy = cos®§+ sin? 7y, sin® @sin? 6 — sin’~, (5.66)
W, is given by,
—By £1/B2 —4 A,C,
— =d 2 =
w, = CO8 A (5.67)

The correct value of w, is obtained by considering positive sign for the radical in Eq. (5.67)

and noting that w, > 0if vy > 0 and w, < 0 if v < 0.

Let Hyry and Hyrg be the direct radiation reaching the unshaded non-south facing
receiver during ws, to w, and w, to ws, respectively. If fi; and fi; are the shading factors

for these two durations separately, the overall daily shading factor f; is given by,

= _ Hyri fio + Hera fi
7 = o ler s12 fiz (5.68)
bT

where, Hyr = Hyry + Hyra. fn and f,‘g are defined by,

ZIbRbfi /wo LRy f; dw

fa =22 = S (5.69)
Z IRy LRy dw
War -
and
Was -
_ Z Iy Ry fi ] LRy f; dw
Joo == = e (5.70)

Z IRy IRy dw

Wo
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It may be noted that f;; and fi; are the shading factors for the two time intervals,
when sunshine duration (ws, to wy) is split according to a common feature qualitatively
similar to that for south facing receivers. When the overhang is infinite, let Sivor and fisoz
be the shading factor values for the durations ws, to w, and w, to wss respectively. It
is proposed that, f;; and fi; be correspondingly related to fi.o; and ficz by the same

relations developed for south facing surfaces. Thus, when foo12 > 0,
faa=M+N fisr2 (5.71)

where, M and N are the same constants given in Table 5.1 for different projections and

extensions.

If fi1.2 < fico1,2 according to Eq. (5.71), fi1,2 is to be evaluated as,

fite = ficor2 (5.72)
fico1 and fieoz are defined according to,
s Asfw) _;1
i1, = i1 5.73
for = (S2) 22 (5.73)
f. — Ashp) Rgz E B
f:ooZ - ( Aw sz (0.14)
where, R}, Ry, R}, and Ry are defined by,
B, = [“Lr dw// " Bodles (5.75)
By = / gm@#/ I, dw (5.76)
R Ig,R;dw// Bl (5.77)
We —Ws
By = / Iy Ry dw// ' Lydw (5.78)

When f?;l, Rgz are defined according to Egs. (5.75) to (5.78), all-day R; and Rj are related
to the part values by,

R; = Ry + Ry, (5.79)
Ry = Ry + Ry (5.80)

Ry1 and Ry, etc. can be evaluated from Eq. (5.36) using the appropriate limits? of inte-

gration.

2For example, considering Ry, the limits of integration being w,, to w, in the numerator and —w, to
w, in the denominator, R is to be evaluated using Eq. (5.36) modifying Eqs. (5.42) and (5.43) for I, and
12 as,
I = Ip1(we) — Ipa(wsr) ‘if Wsr < Wo

I =1Ip; (wo) — IPZ{W") if War < Wo



Similar to the relations developed for south facing receivers for fi, when fin, =0, in
terms of w! (actually w! can be interpreted as the duration from w = —w/ tow = 0 or
w =0 to w = w}), it is proposed to relate fi1 when fiso1 = 0, to (w, — ws;) and fiz when
fiscz = 0, to (wgs — w,). These durations are commonly designated as w,. fi and fig,

when fioo1 and fiooz are zero, are designated as f3 and f5.

Plots of :-"1‘2 vs w!, are shown in Figure 5.7 for e = 0.0 for v = £30° and £60° and

for e = 0.2 for v = 30°. When |y| > 60° [actually computed for |y| = 90°] even for ¢ = 0,

f¢ , are nearly equal to zero. Also, when e = 0.2, f3 , values are close to zero for |y| = 60°

- and 90°. the plots shown in Figure 5.7 are for non-zero (significant) values of 1-"1’2. It may
be noted that the values of ﬁ%,z in Figure 5.7 have been obtained for both negative and
positive values of ¥ since, when fioo1 = 0, ficoz # 0 and vice-versa. It is interesting to note
that both f§ and f3 are correlated by a single line, which supports the splitting of the
duration wy, to wgs into two intervals. These correlations are independent of p since ffl 2

are due to radiation entering from the sides. For v > 0, f3 is related to w/ [= (w, — ws )]

by,

f& 0.008 4 0.010w’, 4 0.072w.,>  when e = 0.0, = 30° (5.81)

0.006 + 0.047w), + 0.089w’ >  when  e=0.0,y=60°  (5.82)

0.021 — 0.110w’, + 0.152w",>  when  e=02,y=130°  (5.83)

For 7 < 0, Egs. (5.81) to (5.83) yield f% with w!, = [wss — w,]-

Egs. (5.81) to (5.83) predict _:-"m differing by less than 0.008 compared to the values

obtained by numerical computations.

The method proposed to evaluate f; for non-south facing receivers in terms of two
shading factors fgl and fi; related to fieo; and fiz by the same relations developed
for south facing receivers, when fi,; and fin; are greater than zero, becomes available
when validated. f3 , have been related to the extension and a duration of sunshine by
Eqgs. (5.81) to (5.83). The validation is presented in the section on Results and Discussion,
85.7
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5.7 Results and Discussion

Numerical values for f;,, obtained using the present algorithm, Eq. (5.34), and f; obtained
using the equations® developed in the present study have been validated against hour by
hour numerical computations according to Eq. (5.8) expressing I; in terms of r; [12] and
rq [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 fi,, 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 fioo > 0 and Eq. (5.56) when
fi < fiso as per Eq. (5.55).
Eq. (5.61) along with the constants m and n given in Table 5.2 when f;s = 0.0.

For non-south facing surfaces, Eq. (5.68) has been used along with the aforementioned equations to calculate
fi1 and fiz.
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the shading factor values obtained by numerical integration are designated by fico(num)

or f;(num).

5.7.1 Infinite Overhangs

fio values obtained employing Eq. (5.34) have been compared 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 finite
and infinite overhang values differ insignificantly. To obtain fiso(num) values according to

Eq. (5.8), € = 10 has been employed in the present computations.

Plots of fise VS fico(num) for ¢ = 25°, 30, 40°, 50° and 607, —23.05° < § < 23.09°,
Dy =04,p=03fory = 0° and 60° respectively are shown in Figures 5.8 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 thar 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?, and w}, for the shading plane correctly and replacing wr and
w,s of the receiver in Eq. (5.21) with g, and w*, in Eq. (5.29). In what follows, deviation
of fieo values from fioco (i-e., the values obtained under extra-terrestrial conditions) values

for south facing and non-south facing receivers is discussed.
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South Facing Receivers

Shading factor values for infinite overhangs under extra-terrestrial conditions have been
obtained using Eq. (5.35). A plot of (fico/fioso) Vs declination 8, for monthly average
daily diffuse fraction equal to 0.2 and 0.8 is shown in Figure 5.10 for ¢ = 30°, w = 1.0,
p=03,¢9g=0and vy = 0° As can be expected, (fiso/ fioso) differs less from unity when
D_f = 0.2 whereas, (fico/fiooo) is as high as 1.15 for Dy = 0.8, when § = 9.4° (April).
Thus, for practical values of l_)f = 0.4 to 0.6, differences up to 10 % between f;oc and f; oo
can be expected for south facing receivers. It can be noticed also that, (fis/ fivee) > 1.0
for § > 0 and (fico/ fiooo) < 1.0, when & < 0. Also, (fioo/ fioso) = 1.0, when § = 0. Both
these features are in conformity with the behaviour of Ry, when D; changes. According
to present notations, when v = 0 and § = 0, Ry, = Rp for any D; and also, Ry > Ry,
when ¢ > 0 and Ry < Ry, when § < 0. The same trend is reflected in fio, also, since it is
a function of (R;/Rs) and both R} and R, do not change with Dy for § = 0, when 7 = 0.
(fico/ fiooo) for & > 9.4°, for p = 0.3 and ¢ = 30° takes indeterminate form since R; and
R;O are zero. The condition for fis OF fiseo to be zero for v = 02, § > 0 can be easily
derived by setting the angle of incidence for the shading plane to be 7/2 at w = 0. This
yields, ¥ > (¢—46). In terms of the overhang geometry, ¥ > (¢—4d) implies, p > tan(¢—4¢).
For example, for p = 0.3, ¢ = 30°%, fico = fioso = 0 for 6§ > 13.3°.

A plot of (fico/ fioso) Vs Dy for 6 = —23.05° (December) and & = 18.8% (May) for
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¢ =40% p = 0.3 and vy = 0° is shown in Figure 5.11. é = 18.8° has been chosen since
for higher 6 (say, June), the shading factor values are small and the percentage differences
could be misleading. (fico/ fiooo) varies from 1.02 to 1.10, when § = 18.8° and from 0.995
to 0.975, when § = —23.05° when Df changes from 0 to 0.8. It may be noted, that when
Df =00 % fiooo since the distribution of I, obtained from r; and r4 correlations with
ﬁf = 0 does not reduce to I, distribution. Maximum difference between fio, and fiooo
is 9.8%. For typical values of Dy = 0.4, when 7 = 0°, 5% difference between extra-
terrestrial and terrestrial value can be expected. However, higher percentage differences

occur at lower latitudes.

A plot of (fico/fioco) Vs the projection p is shown in Figure 5.12 for § = —9.6°
(October), 6 = 2.2° (September) and é§ = 9.4° (April) for ¢ = 30°, 7 = 0° and Dy = 0.4.
(fico/ fioss) deviates more from unity as p increases. It may be noted that this deviation

is higher, in general, when § > 0, when fio, fioco # 0.

Variation of ( fiso / fioco ) With latitude for three values D; =0.2,0.4 and 0.8 are shown
in Figures 5.13 and 5.14 for § = —9.6°, —18.9° and § = 9.4°, § = 18.8° respectively for
p=03andy=0° |1- (f,oo/f,ooo)[ decreases as ¢ increases at any given DJr. In general,

diffuse fraction effect is higher at low latitudes and is more significant in summer months.
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Tabulated Values:
Summary values of f,., and fico for p = 0.3 with w = 1.0, ¢ = 0.0 are given in Table 5.4
for three representative months, March, June and December for ¢ = 20°, 25°, 30°, 40°, 50°

and 60° for ¥ = 0°. Under the column Dy, "Ext.’ indicates the extra-terrestrial shading

factor values f;y00, whereas, the other values correspond to Dy = 0.2 to 0.8. Values of the

ratio fieo/ fiooo Which indicate the percentage changes are given in Table 5.5.

Non-south Facing receivers

Values of f,o and fiy for 307, 60° and 90° 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 summarized

values given in Table 5.4, the following points emerges:

1. As v increases, both f;,, and f,o, values increase for a given ¢ 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.

% = fiooo| increases as 7 increases for a given ¢, month and diffuse fraction. Of

course, | fioo = fiooo| increases as D; increases.




1.04

1.02

RLR RN RN R RN RN AN AR R RN RN RRR AR R LR RN

1.0 P T T T W O T N 0N N A T N N N O O O
?Z0.0 30.0 40.0 50.0 60.0

Latitude, ¢
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3. For a given v, | fioo — fiooo| decreases as ¢ 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°, ¥ = 30°, fioco = 0.604 and f;oo = 0.546 at Dy = 0.4 and fic = 0.424
at Df = (.8, percentage chnages of 9.6% and 29.8%. For 7 = 0°, fis.o = 0.318 and

fico = 0.306 at D; = 0.4 and f;o, = 0.286 at Dy = 0.8, percentage changes of 4% and
10 %.

Plots of (fico/ fioso) Vs 7 for ¢ = 20°, 40° and 60° at Dy = 0.4 and 0.6 are shown
in Figures 5.15 to 5.17. The deviation of (fioo/fioeo) from unity indicates the difference
between the extra-terrestrial value and the terrestrial value. For example, at Df = 0.4,
fico 2 0.9 f,—om for ¢ = 20° in the month of March.

5.7.2 Finite Overhangs

South Facing Receivers:

Performance of the equations developed in the present study, to obtain the shading factor
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Table 5.4: Tabulated values of fioeo and fio for different azimuthal angles; p = 0.3, ¢ = 0.0

Values of fioeo and fieo

~ March June December
P10 =0 30° 60° 90°|7=0° 30° 60° 90°|7=0° 30° 60° 90°
Ext. | 0.318 0.604 0.729 0.759| 0.000 0.250 0.658 0.738| 0.760 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| 0.785 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 0.752 0.728
0.8 | 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 0.6561 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
0.8 | 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 0.947 0.917
0.8 | 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 ﬁm/ﬁom for different azimuthal angles; p = 0.3,

g=00
Values of the ratio fi /f,;om
_ March June December
¢ | P y=0° 30° 60° 90°|y=0° 30° 60° 90°|y=0° 30° 60° 90°
0.2 0.970 0.929 0.946 0.950 — 0.834 0.931 0.946| 0.982 0.971 0.960 0.954
20104 0.960 0.903 0.924 0.928 — 0.769 0.902 0.924| 0.975 0.965 0.944 0.935
06| 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 0.733
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| 0981 0.921 0.929 0.931 — 0.802 0.907 0.926| 0.981 0.975 0.951 0.940
06| 0970 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 0.972 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
401 04| 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 0.910 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
20(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 0.955 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| 0.997 0.996 0.992 0.970
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for finite overhangs from the values for the infinite overhangs, is examined in this section.
f: has been calculated numerically by hour by hour summation, using Eq. (5.8), designated
as f,-(num), for ¢ = 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 Dy = 0.2, 0.4 and 0.6. fi
values have been obtained using Eq. (5.34) for the same parameters. f; has been predicted
using Eqgs. (5.55) and (5.56) along with the constants given in Table 5.1. When fi~. = 0.0,
fi designated as f? has been predicted using Eq. (5.61).

Plots of f; predicted using the aforementioned equations developed in the present
study vs f;(num) are shown in Figures 5.18, 5.19 and 5.20 for Dy =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
Dy = 0.4, the equations are equally valid for other diffuse fraction values as well, since
fico, 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 terrestrial 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 D; = 0.6. The rms difference

is 2.0 %, which is not significu uigher compared to 1.63 % when different equations for
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different projections and extensions have been used. Thus, at a panality 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, f;,, 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;(num)
values according to Eq. (5.8) for v = 30° 60° and 90° and then comparing with the values
as obtained from Eq. (5.68), designated as fi(predicted). Tt may be noted that f;; and [,
values needed in Eq. (5.68) are obtained as mentioned in §5.6, from Lq. (5.71) using the
same values for M and N (Table 5.1) developed for south facing receivers. fico1,2 needed
in Eq. (5.71) are obtained using Eqs. (5.73) and (5.74).

Plots of f,-(predicted) vs fi(num) for v = 30°, 60° and 90° are shown in Figures 598
9.23 and 5.24. Values of the other parameters are: ¢ = 25, 30°, 40°, 50° and 60, p = 0.2,
0.3, 0.4 and 0.5 for all 12 months. Compared to f;(num), f; is predicted within a rms
difference of 2.42 %, 3.65% and 4.78 % for 7 = 30% 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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Figure 5.21: Validation of f;(predicted) against fi(num) for Dy = 0.6; w = 1.0, g = 0.0,
7 = 0° [from Eq.(5.60)]

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 1o w, and w, to ws, revealed the same
information. The rms differences between ﬁ-(predicted) and fi(num) [the comparisons
shown in Figures 5.22 to 5.24 are for v = 30°, 60° and 90° respectively] for p = 0.2 (only)
are respectively 1.53 %, 2.12 % and 2.56 % for v = 30°, 60° and 90°. Thus, it is considered
that the procedure described in §5.6 to predict f; for non-south facing surfaces from the
corresponding values of f;., is valid for low p, say, upto p = 0.2. In what follows a simple
procedure to predict f; for higher values of the projection from the values at p = 0.2 is
described.

Procedure to obtain f; for a desired projection from known values for a particular

projection: Consider the finite overhang and the window causing a shadow line ¥; from
the top edge of the window. The theme is dipicted in Figure 5.25. Let the lit area comprise
of (Ao1 + Aj1). It is assumed that As1 and (A1 + Afq) are the equivalent lit areas
corresponding to f,-mpl and fi,; at a projection p1- At another projection, say, p,, let
f,'oopg be the shading factor value when the overhang is infinite. Let Y, be the distance
from the top edge of the window to the shadow line caused by an infinite overhang of

projection p;. The objective is to obtain f"pg corresponding to p; from f,-,xJ.P], f;-pl and




1.00
0.80 F
3 2
Y] -
? s
;5 0.60 F
E C
& f 7
v E
0.40 F B,
C % °
: o
n y=30°
0’2 -ilIIIillI|IIIII1IJIJIIIll[l[I[II’IIlllII
%.20 0.40 0.60 0.80 1.00
Ji (num)

Figure 5.22: Validation of f;(predicted) against f;(num) for Df=04;w=1.0,02<p<
0.5, g = 0.0,y = 30°

1.00
0.90 £ ﬁ
F oo f 7
S 080 E e 0°
§ T
a0.70 n P
~ C 0
Iy o -]
s : ??vg% ﬂ
0.60 F®°
gy
z 7=60°
05% peria b e gl es e gl iviiiiigg
.50 0.60 0.70 0.80 0.90 1.00
Ji (numy)

Figure 5.23: Validation of f;(predicted) against f;(num) for Df=04;w=1.0,02<p<
0.5, g = 0.0, 7 = 60°




166

1.00 ¢
5 g
L o O
0.90 F /£
[ @ o ©
E ‘:@ocpoo 2
-— F gI:) u%’ :n
E a2 92 Oy
$ 080 F 0 58 83,05
18 o oF 3 SaPo
"5 - o0 o°om:g'%n
E ° o
& : ofh o
R.O'?O E B, B 0B
o C o /° o
" P ° o
0.60 |
: 7=90°
05 s nvenalesoevnrvne o onon o oo oot ol iainaingy
850 060 070 080 080  1.00
ﬁ-(num)

Figure 5.24: Validation of f;(predicted) against f;(num) for D; = 0.4; w = 1.0,0.2< p <
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ficop2- It may be noted that ficopt and fisopz can be easily calculated from Eq. (5.33) and

fip1 is predicted by following the procedure of §5.6.

From Figure 5.25, within the frame work of the assumptions made,

& (Hy - Y)W Y1
; = —=1-— 5.84
ftoopl HwW Hw (‘J )
Foo_ H-NW+An An .
ftp‘t - HwW - fwcp] + le’v (5'8‘3)
Solving for Ay,
Afl = ft’;p] HwW = .ft'oopl HwW (586)
X1 shown in Figure 5.25 is now given by,
2 W (fip1 — fioop1) -
X, = L ! 87
YT T Foom) (>:87)
Similar to Eq. (5.84), ficep2 is given by,
= Y- -
Fisspp =1~ f; (5.88)

From Egs. (5.84) and (5.88),

Y2 -Y1=H, (fioopl = .f:'oop2) (5.89)
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Figure 5.25: Effective shaded areas of window when shaded by finite overhangs of two

projections

fip2 from geometry is given by,

= (Hy =Y )W+ Ap 4+ X1(Ys — 17)

fig= = (5.90)

In writing Eq. (5.90) the additional shaded area for the projection p; is assumed to be
given by X;(Yz — Y1). Using Eq. (5.86) for A;y, Eq. (5.87) for X7 and Eq. (5.89) for
(Y2 = Y1), in Eq. (5.90) fip2 can be obtained from,

2 (.fioopl - fioop?)l (591)

fip2 = f;‘oopi! + (fipl - )Fx'oopl) l (1 — _fioopl)
Validation of Eq. (5.91):
From the values of f; at p = 0.2, values of fi 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; for p = 0.3, 0.4 and 0.5 have been calculated for ¢ =259,
30°, 40°, 50° and 60°, for all 12 months, for Dy = 0.4, w = 1.0, ¢ = 0.0 and ¢ = 0.0. The
comparison between f;(num) obtained using Eq. (5.8) and fi(predicted) using Eq. (5.91)
is shown in Figures 5.26, 5.27 and 5.28 for 7 = 30°, 60° and 90° 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 f; at some projection. It is recommended that this input
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Figure 5.26: Comparison of f;(predicted) with fi(num) for D¢ =0.4; w= 1.0, p =03,
0.4 and 0.5, g = 0.0,y = 30°

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 fi
which have been traced to belong to ¢ < 25° and the extreme declination, é = 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

fico values have been calculated following Utzinger and Klein’s [125] procedure (under
extra-terrestrial conditions) as well as using Eq. (5.34) for four locations [3 Indian locations,
New Delhi (¢ = 28.58°), Ahmedabad (¢ = 23.08) and Trivandrum (¢ = 8.48°) and one
US location, Madison, WI (¢ = 43.10)] for all 12 months. The data 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
designated as fioo(U&K). fioo values, designated as fi(data), have been obtained using
Eq. (5.8) by employing hour by hour solar radiation data. Values of the other parameters
are: v = 0°, 30°, 60° and 90°, » = 0.3.
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Figure 5.27: Comparison of f;(predicted) with f;(num) for Dy = 0.4; w = 1.0, p = 0.3,
0.4 and 0.5, g = 0.0, v = 60°
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Figure 5.28: Comparison of f;(predicted) with fi(num) for Dy = 0.4; w = 1.0, p = 0.3,
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Figure 5.29: Comparison of fioo(U&K) and fio(present) with fioo(data); w = 1.0, p = 0.3,
g=20.0,vy=0°

Plots of fioo(U&K), fioo(present) vs fin(data) are shown in Figures 5.29 to 5.32 for
v = 0°, 30°, 60° and 90° respectively. fioo(present) values are always closer to fio(data).
The rms differences between f;..(present) and fi(data) are respectively 1.16 %, 4.31 %,
4.26 % and 4.32% for v = 0°, 30°, 60° and 90°. The corresponding differences between
fico(U&K) and fioo(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 ¢ = 0.0 and 0.4 are shown in Figures 5.33 to 5.36.
It may be noted that f;(U&K) is the value for the finite overhangs obtained under extra-
terrestrial conditions following Utzinger and Klein [125]. f;(present) values are obtained
using the equations developed in the present study. f;(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 v = 0°, 30°, 60° and 90°. The corresponding differences between f;(U&K) and f;(data)
are 4.97 %, 10.68 %, 9.64 % and 8.76 %. It may be noted that the rms 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 correlations

developed in the present study heing used to obtain f; from fio,. For finite overhangs
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Figure 5.32: Comparison of f;o(U&K) and fioo(present) with fi(data); w = 1.0, p = 0.3,
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also, calculations under extra-terrestrial conditions according to Utzinger and Klein [125]
yield values which differ from the data values. This deviation is higher for higher 7. Thus,
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 Jones [126].
This procedure enabled generalization for non-vertical receivers. An examination of the
expressions for f;o, show that it depends on the monthly average daily diffuse fraction and

the dependence is similar to the dependence of R, on the monthly average daily diffuse

fraction.

For south facing surfaces, shading factor values for infinite overhangs under terrestrial
and extra-terrestrial conditions coincide when 6§ = 0. fio, > fioso When 6 > 0 and

fico < fiooo when 8 < 0 for south facing receivers.

A procedure has been 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 w, (w corresponding to 74 = 0) and from w, 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 7.

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 Dy = 0.4 to 0.6. In general, the percentage
differences are higher at lower latitudes. For non-south facing surfaces, as v increases,
the difference between fiooo and fioo increases. Of course, for finite overhangs also the

difference between f;, and f; increases as 7y 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 7 increases from 0° to 90°.




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 wingwall, is a vertical line on the receiver,
whereas, due to an overhang it is a horizontal 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 obtain 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 Delsante 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, H,, 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 7. Two vertical wingwalls, perpendicular to the
receiver, with projections P; and P, (usually, P, = P,) also are shown in Figure 6.1. The
wingwalls are separated from the sides of the window by a gap . The wingwalls extend
in the vertical direction by E from the top of the window. The non-dimensional width w,
projections p; and p3, gap g and extensions e are obtained by referring the dimensional
quantities to the height of the window. Thus,

|44 _h _ Iy G E

=73 =7y P2 0. 9= 7 and €
w w w

w T
o, H,

(6.1)

If A; is the irradiated area of the window and A; is the shaded area of the window

caused by the wingwalls, the shading factor at any instant, f;, is given by,
A; A,

e R B 1-—

f Ay Ay

where, A,, (=H,W) is the window area and A,, = (A; + A,).

(6.2)

The solar radiation over a small period of time (say, 1-hr) per unit receiver area, [,

analogous to Eq. (5.3) is expressed as,

fs = [bs + Ids
= LRyfi+ Ius (6.3)

In Eq. (6.3), Ips is the direct radiation on the receiver surface and [y, 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 I;; given by IR} f; 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,
Hy = HyRy f; + Hys (6.4)

where, Hy, is the monthly average daily diffuse radiation reaching the receiver comprising
of sky-diffuse and reflected radiation from the ground and the inner side of the wingwalls.

Ry 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,

Wa Was
) Iy Ry fi1 dw + / Iy Ry fia dw
ffoo = . /wss = (()5)

Iy Ry dw

war
It may be noted that, in Eq. (6.5), w, is the hour angle corresponding to v4 = |ys — 7| = 0;
where 7 is the receiver azimuthal angle and v, is the solar azimuthal angle. Since the
wingwalls are perpendicular to the receiver, in writing Eq. (6.5), it is realized that, for
w > w,, wingwall-1 does not shade the receiver and for w < w,, wingwall-2 does not shade
the receiver. When there is only one wingwall, say, wingwall-1, f;; = 1.0, thereby 2nd
integral in the numerator of Eq. (6.5) is nothing but the direct solar radiation received
by the window during w, to wss. 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 fio, 0Ot only when K = 1.0 but

also when k7 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-1 only. Let 6 be 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 vy; 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 a, is the altitude
angle (complement of the azimuthal angle 6,), X' is given by,

X'=1L cosa, (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,

. o P P
5111(90 ‘]fd) = 5(—, = m (67)
from which,
= 2 = F 6.8
~ sin(90° — Yd) COS@s  €OS 7y, oS ay (6.8)
Also, from Figure 6.2(b),
X = L cos a, cos(90° — Yd) = L sin y4 cos ag (6.9)
Using Eq. (6.8) for L in Eq. (6.9), X is given by,
Psin
X B (6.10)
€Os ¥y

From the definition of the instantaneous shading factor,

o XH, _ Psin')«d)
fa = (1 B Hw) - (1* W cos v4 L
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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 IRy fi; in the first term of the numerator of Eq. (6.5),

P sin v4 ]

LRyfii = LRy [1 il e—

& [Rb — Ry tan oy o= '”]

(6.12)
COS Y4
where, 9, 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.

Using Ry = cos 8/ cos 8, [Eq. (2.3)] and expressing cos 6 = sin 8, cos(vs—7) [Eq. (5.18)],
Eq. (6.12) can be re-written as,

LRfa = I, [sm cosyq _ sin b cosyqsin iy sin ’Yd]

cos b, cos #, cos 1 cos vy

I, [sin#, cos~y4cos; — sin 8, sin y4sin ¥
cos Y L cosf,

I, [sin8,{cos~y4cos Py — sin yqsin ¥y }]

cosYy | cos b,
_ Iy [siné, cos(yq + ¥1)
T cosiy | cosé, ] (6.13)

Using 74 = |7s — 7|, Eq. (6.13) can be re-written as,

Ibf?. fy= Ib [Sin 82 Cos(ﬁrs — 7;)]

" cos cosf, {9-14)
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where

M=7+t? (6.15)

Noting the term in the parentheses of Eq. (6.14) is the tilt factor for a vertical surface of

azimuthal angle 77, Eq. (6.14) becomes,

cos ‘Q’Jl

LRy fn = (6.16)

In Eq. (6.16), cos ¢; in terms of the window-wingwall geometry can be expressed as,

w WH, Ay

= = = 6.17
CDS¢1 VP2+W2 HwVP2+W2 Ashﬂ ( )
where Agpp is the area of the imaginary plane-1 pertaining to wingwall-1.
Thus, ¥
LRsfa = =221 1,RY (6.18)
Ay
Similarly,
AshpZ = :
LRy fiz = A Iy Ry, (6.19)

In Egs. (6.18) and (6.19), R}, and R;, are the instantaneous tilt factor for direct radiation
for plane-1 and plane-2 which may be termed as the shading planes for wingwalls 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.

1. 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, 7 and 735, whereas, the shading plane of the overhang

differs from the receiver by having a different slope, 3.
Using Egs. (6.18) and (6.19) in Eq. (6.5), monthly average shading factor for infinite

ASh 1 Yo - A hp2 Waa *
(—Aj )fu IR}, dw + (—;j )j; IR}, dw

Waa
/ IyRy dw

Wer

wingwalls is given by,

f%'oo=

(6.20)

The lower limit of integration for the first term in the numerator of Eq. (6.20) and the upper
limit of integration for the . . term in the numerator of Eq. (6.20) can be replaced by

wy.q and wj,,, where the <wnerscript “*’ refers to the imaginary planes in general and the
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Figure 6.3: Resulting shading planes when a gap 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 |[w} | < |wsr| and w},, < wys. Dividing the
numerator and the denominator of Eq. (6.20) by [*: Iydw (=H}), Eq. (6.20) takes the

form,
A, = A ="
() ()
TAEE T et W (6.21)
Ry

Similarly, the shading factor under extra-terrestrial conditions can be expressed as,

) "LRyfado+ [ LRyfipde
ﬁOOO = e /Was =

IRy dw
War
A,h S Ash Y %
( Ajl) Ry + ( y pa) Ror
_ _\ Ay 6.22
T, (6.22)
In Egs. (6.21) and (6.22), Rj,, R;,, R}, and R}, are defined by,
Wo
LR}, dw
Ry == —— (6.23)
/ Iy, dw
w:SZ
/ I, Ry, dus
Ry = =g (6.24)
Iy dw
f * LRy dw
Rj = ————— (6.25)
1, dw
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»

Was2
/ I, R}, dw

e
/ I, dw

Tt may be noted that the instantaneous tilt factors Rj; and R}, for the imaginary

Rpy = (6.26)

4+

planes 1 and 2 are to be evaluated with y = 9] and v =73 respectively. R;, and R},, 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 w,, to w, and w, 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 ws, to w, is the
difference between the solar radiation falling on the imaginary plane-1 and 1’. Similarly,
solar radiation reaching the receiver during w, to wy, 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 yf = ¥ + ¥ and 77, = v + ¥y+. Similarly, for the
planes 2 and 2', 75 = 7 — ¢z and 73, = ¥ — ¥r. The angles ¢, 1+ and 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,

= A Wo Agpprr Wo

:"1 arl
Ash 2 Wia2 * Ash 2¢ LY =
£ () [ niaa— (S5 [ s
Was
o [f Iy Ry dw] (6.27)

Dividing both the numerator and the denominator of Eq. (6.27) by the horizontal

radiation Hjp and after rearrangement, Eq. (6.27) can be expressed as,
ABhE] % A hE:Z D A ﬁR]’ % AShE ! %
[( Aw )Rb1+( :iw sz - ( f{w Rb1f+( sz) b'z*}
Ry

Similarly, the shading factor under extra-terrestrial conditions, when a gap exists,

fiin= (6.28)

can be expressed as,

Aahgl % Ashg? % As pl’ I As p2’ 3%
_ [( Ay ) Rbol + ( Ay ) 50‘2] - [( Ahwl ) Rbol’ + ( Ahw2 ) bo?"]
fiooo = oo L (6.29)
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where, R}, and R},, are defined by,

Wo

IbR;li dw
. (6.30)

" Lydw

—lg

5.12 Ibsz, du
/ * Fidus

6.4 Results and Discussion

Ry = (6.31)

Numerical values for f;., 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 b =20°, 25°
30°, 40°, 50° and 60°, —23.05° < § < 23.09°, v = 0°, 30°, 60° and 90°, p = 0.2, 0.3, 0.4 and
0.5, ¢ = 0.0 and 0.1 for Dy = 0.0, 0.2, 0.4, 0.6 and 0.8. fioo values under extra-terrestrial
conditions designated as f;,o, also have been obtained using Eqgs. (6.22) and (6.29) for the
same values of other parameters except Dy; fiooo does not depend on Dy. In order to
validate the algorithms developed in the present study, fi», values have been obtained by
numerical integration also according to,

Was

Z Ly Ry f;

fico(num) = £r (6.32)

Waa

ZI{,R&

War
where, f; is the instantaneous shading factor given by Eq. (6.11). I, expressed in terms of
7t [12] and 74 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 fico Vs fico(num) is shown in Figure 6.4 for 25° < ¢ < 60°, —23.05° < § <.23.9°,
Dy = 04, v = 0° for p =03 and g = 0.0. There is no difference between fiso and
_)’,Oo (num) graphically. Numerical values differed by less than 0.001.

Similar plot is shown in Figure 6.5 for 7 = 60° for the same values of the other

parameters mentioned above. The agreement is within 0.004.

For g = 0.1, fios vs f,-m(num) for v = 0° 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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Figure 6.4: Validation of fi, against fieo(num) for p = 0.3, ¢ = 0.0, Dy = 0.4 and v = 0°
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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 f;o, and fioe

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 54 # 0°. Wingwalls constitute,
by virtue of their orientation, shading planes which in general are characterized by v # 0°.
Thus, it can be expected that fio, values differ more from fiooo for wingwalls. The values
of fiow and fijoo for three months, March, June and December, for receiver azimuthal
angles, v = 0°, 30°, 60° and 90°, for different latitudes, ¢ = 207, 25°, 30°, 107, 50 and
60°, for p = 0.3 and ¢ = 0.0 are given in Table 6.1. Under the column Dy, ‘Ext.” indicates
the extra-terrestrial shading factor values fioso, Whereas, the other values correspond to
Dy = 0.2 to 0.8. The values of ( fico/ fioso) Which indicate the percentage changes are also

given in Table 6.2 for the aforementioned parameters.

A plot of fiee and fiseo VS Dy when the receiver azimuthal angle is zero, for three
months, March, June and December, for p = 0.3, ¢ = 0.0 are shown in Figures 6.8, 6.9
and 6.10 for ¢ = 25°, 40° and 60° respectively. fiono does not vary with Dy. fi., value at
D = 0.0 is not equal to fiooo since 7; and 4 correlations do not yield I, distribution when
Dy = 0.0. When 7 = 0°, for typical values of D; = 0.4 to 0.6, fi differs from fipoo by
10 to 16 % for ¢ = 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
to 12 % in the month of March, whereas, when ¢ = 60°, it is 6 to 9%. When v # 07, the
percentage differences are higher in the month of June. For example, when 7 = 307, at

¢ = 30° for Dy = 0.6, fieo differs from fioeo by 21 %.

It may be noted [rom the values given in Table 6.2, the ratio (ﬁ,w/fmm) > 1, as well
as, (fico/ fioso) < 1 depending on ¢, é, v combination. (fieo/fiose) is as low as 0.870 for
Dy = 0.6 for ¢ = 50° 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 f;., values for wingwalls is much higher than the corresponding changes for the
overhangs. For example, even when the receiver azimuthal angle is zero, at ¢ = 25°, for
p=10.3,¢9=0.0, Df = 0.6, fioo = 0.617 and fio0o = 0.532 for the wingwalls in the month
of March. The corresponding values for overhang of the same dimension are f;,, = 0.440

and fi;eo = 0.453. These features may be attributed as due to differing changes due to Dy
in R}, the tilt factor for the shading planes of overhangs and wingwalls. The change in R}
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Tabulated values of f;yo, and fio, for different azimuthal angles; p = 0.3, 9 = 0.0

Values of f;y0o and Fics

g March June December
o] L Y=0° 30° 60° 90°|y=0° 30° 60° 90° y=0° 30° 60° 90°
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| 04 | 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| 0.800 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 0.690 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| 04 | 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 0517
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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Figure 6.8: Variation of fioo and fioe with Dy for March, June and December for ¢ = 25°;

p=0.3,9=00,7=0°
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Table 6.2: Tabulated values of the ratio fiso/fioso for different azimuthal angles; p = 0.3,

g=20.0
Values of the ratio fico/fiooo
_ March June December
¢ |Dr o= 30° 60° 90°|y=0° 30° 60° 90°|y=0° 30° 60° 90°
0.2| 1.089 1.019 0.998 0.980 — 1.200 1.009 1.003| 1.040 1.003 0.972 0.962
2010.4 1.119 1.026 0.997 0.972 1.250 1.013 1.004 1.056G  1.003 0.960 0.915
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
02| 1.079 1.016 0.994 0.974| 1.010 1.133 1.018 1.008| 1.035 1.003 0.969 0.957
25104 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
02| 1.069 1.015 0.990 0.971| 1.016 1.101 1.021 1.004| 1.031 1.004 0.967 0.954
30104 1.093 1.020 0.986 0.958| 1.021 1.137 1.029 1.005| 1.043 1.004 0.955 0.934
06| 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
401 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 0.996| 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
02| 1.052 1.009 0.977 0.957| 1.019 1.036 1.019 0.994| 1.015 1.005 0.969 0.944
501 04| 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
08| 1.194 1.032 0.889 0.751| 1.066 1.134 1.083 0.960| 1.065 1.024 0.861 0.663
02| 1.047 1.009 0.973 0.952| 1.016 1.022 1.022 0.996| 1.006 1.001 0.983 0.952
60| 0.4| 1.064 1.011 0.963 0.932| 1.021 1.027 1.030 0.995 1.008 L.002 04976 0.936
0.6 1.0906 1.018 0.941 0.881| 1.030 1.040 1.046 0.992| 1.011 1.003 0.963 0.900
08| 1.175 1.028 0.872 0.717| 1.0563 1.076 1.093 0.972| 1.023 1.005 0.925 0.773
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Figure 6.10: Variation of fio, and fi,e with D_f for March, June and December for ¢ = 60°;
p=03,0=100, y=0°

compared to the change in R (the tilt factor for the receiver) for overhangs is due to Dy
but at § = 90° and B* > 90° for a fixed 7. Whereas, for the wingwalls the change is due
to Dy at v and v* for a fixed 8. The influence of f)f on Ry (or R;) when v # 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 fi, for all the 12 months at Dy = 0.2, 0.4, and 0.6, for ¢ = 20°, 40° and
60°, p = 0.2, 0.3, 0.4 and 0.5, g = 0.0 for v = 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 Dy can be calculated if data value is not available)
and projections can be readily obtained. Values of f;., can be graphically interpolated
for values of the parameters not given in the range 20° < ¢ < 60°, 0.2 < f)f < 0.8,
0.2 < p < 0.5 with sufficient accuracy.
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6.4.4 Dependence of f;, on Latitude

A plot of fie vs ¢ at D_f = 0.4 and 0.6, for the months of March, June and December,
for p = 0.3, g = 0.0 for south facing receivers is shown in Figure 6.11. f;., 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 f, for different latitudes and azimuthal angles for all the months can be

found in the tables given in Apendix D.

6.4.5 Dependence on Azimuthal Angle

Variation of f., with 7 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 paraneters
are, D_f =0.4,p=0.3, g = 0.0. fio increases with 7 monotonically in the month of June.
At lower values of v, fi is higher at higher ¢, whereas, at higher values of v, fi.. is lower
at higher ¢. From the variation of f;., with 7, as shown in Figure 6.13, in the month of
December, fio, decreases as v increases for higher latitudes and at lower latitudes, say,
¢ = 20°, it displays an increasing and decreasing trend with 4. In the month of March,

for 7 < 35°, fiso is higher at high latitudes, whereas, the opposite is true for y > 35°. It
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Figure 6.12: Variation of fis with azimuth angle, v for the month of June; p = 0.3,
g=10.0, Df =0.4

is to be noted that this behaviour for f;.. with 7 is a result of f;,, being contributed by
shading (or irradiating) of the receiver by one wingwall up to a certain hour angle (ws)
and the second wingwall takes over beyond that hour angle. Also, the shading planes are
characterized by azimutha] angle 7f and 5. When 7 # 0% 97 and 73 differ equally from 5
but one is higher than 7 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 f;., 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 Dy =04, g9 = 0.0. It is easy
to envisage that as projection increases, fiso decreases. Similar figure for the receiver
azimuthal angle v = 60° is shown in Figure 6.16. For Y # 0° also, f;, decreases as P

increases,
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6.5 Conclusions

Expressing the instantaneous shading factor in terms of sun-earth-receiver-wingwall 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
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

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 flat 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 day
average values or the average values over the operating period of the collector both eval-
uated on the mean 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; K = 0.75.
According to the literature, the monthly average useful energy gain is evaluated as a
product of Fg, Hr, ¢ 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 utilizability.

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 f; assume the atmospheric transmittance be unity. Also, methods to estimate
fi for finite overhangs, shading non-south facing receivers, are not available. When the
receivers are shaded by wingwalls, methods reported in the literature deal with the diffuse

radiation only.

Aforementioned lacunae in estimating monthly average transmittance-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 studies
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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,

Quyday = Fr(7a)5,, Hrdday (2.36) (7.1)
In Eq. (7.1), to be consistent with the definition of ®day given by Eq. (2.35), (ra)i,,/(Ta),

is to be defined as,
(T)iay = ) [r = L] (ra) / 3 [l — 1]t (2.38) (7.2)
wday> 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,

(Ta)day = Zs: It(ra) /i Ir (2.40) (7.3)

—Wy —W,

Normalized difference between Qu,day and Q;‘day is also the normalized difference
between the two values of the daily transmittance-absorptance product as obtained from
Egs. (7.2) and (7.3). The percentage difference, Ay is defined as,

quday - Q:J,duy (Ta);ay - (Ta)'iﬂ!i’
= - X 100 =
u,day (Ta)dﬂy

Ag is not insignificant and in general is large when K7 is high, 8 = 90° and the latitude is

Ag

X100 (2.52) (7.4)

high for non-south facing collectors. For example, when v = 60°, K+ = 0.7, Ay = 5.88%
for ¢ = 20° and Ay = 10.22% for ¢ = 60° in the month of December.

Qu.m and QL‘m, the monthly average daily useful energy gain analogous to @, 44y and
u,day aT€ given by,

Qum Fr(ra), Hyé(Ta)*/(ta),  (2.47) (7.5)

Qum = Fr(ra), Ard(Fa)/(ra),  (2.50) (7.6)

(Ta)*/(ta), and (7&)/(ra), appearing in Egs. (7.5) and (7.6) are defined by,
i > Ur=L)(ra)/(ra)n / " S (Ir = 1) (249) (1.7)

T
( )“ day hour day hour

iTe) ¥ IT(TQ)/(TQ)n/Z oIy (2.51) (7.8)

(ra)n day hour day hour
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Ay, the percentage difference in the monthly average transmittance-absorptance product
values [given by Egs. (7.7) and (7.8)], is defined by,
Qu!m__ _:.t,m x 100 — (ﬁ)‘( — (ﬁ)

o ) 100 (2.60) (7.9)

By

In general, Ay > Ay, for K7 = K1 and X. = X.. These results warrant developing
methods to estimate (7&)*/(7a), 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 Q.

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

When Eq. (7.2) is expressed as an integral, (Ta);ay/(ra)n is given by,

(T)ay _ o -
(Ta)n _/%1 /]u, (I — I.)dw (3.2) (7.10)

Expressing I in Eq. (7.10) in terms of r; [12] and ry [16] correlations, upon integration
Eq. (7.10) yields,

(Ta):ay

= [2(1 + bo){alfpa(wl,wil) + bqu(wl,wgl)} + a1(1 = by) pr(wg,wr)

tarbo(wz — w1) + b(1 — by ) pa(wa,wi) + bbolps(wz,wy) +

2(1+ bOJ{GIIPS(w;mw?) + pr4(w;2,u2]} +

TO
K7Dy B' E'm;d [IPS(WCZ-:wcl) — cos ws(wez — Wey )} +
n

Ta),
g &) [ 5Ips(Wez, We1) — @ coswy(wep — wel) + blpg(weg, wer)
mn

I. (7
_E(Ta)n

K3B'

} b [ulfpﬂw::gaw;l) + bIPQ(w:’:%w:‘l) +

KszBI [IP5(wc21wC1} - COS&)_,(&)CQ - We1 )] + I(SB’ [R'S{ ’5(wc2-pwcl ) -

I.

@ cosw,(Weg — wey ) + bIPG(wciawcl)] K
L4

g wd)} (3.50) (7.11)
It has been suggested that (Ta)/(ra), appearing in Eq. (7.11) be evaluated at the
hour angle & corresponding to a effective angle of incidence 9 = (0146, +62)/3. 61,6, and

02 are the angles of incidence at w = w,y, Wy, and wey respectively. (7a)/(ra), evaluated
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by this procedure according to Eq. (3.81) agrees within a rms difference of 1 %, compared
to the values obtained by numerical integration. (ra)j,,/(Ta), 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 A1 < 0.4.

A procedure based on equivalent mean day (EMD) calculation enabled calculating
(Ta)*/(ta), using Eq. (7.11) developed for a single day. Equivalent mean day is charac-
terized by é = 6, and K7 = K%, where K7 is the average clearness index of the days
which contribute to useful energy. Values of (7&)*/(7a), obtained by EMD procedure
have been validated against the values obtained by numerical integration of the defin-
ing equation [Eq. (7.7)] for ¢ = 20°, 40° and 60°, § = ¢ — 15°, 07, ¢ + 15° and 907,
~23.05° < § < 23.09°, 0.2 < X, < 2.0 and 7 = 0°, 30°, 60° and 90°. (7@)%,.4/(T@)n
agrees with (Fa@)*/(ra),(num) within 1 % when 3 = ¢ for all azimuthal angles and within
1.26 % when 8 = 90° and 7 = 90°. 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,

n:,day - We _ We ~ ; o
(no,n ) _/g iz IC]( ) d“"/fo [r - L]dw  (4.11) (7.12)

A feature of Eq. (7.12) for (%} 4,,/70,n) is that the cut-off time of Gaul and Rabl [45] is

Mo
To,n

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 been

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 (n,/7, ) variation with @ is different and estimation of
I7 on the aperture of the concentrators depends on the tracking modes. In the present
studies, based on the (7,/7,,) data and polynomial fits given by Gaul and Rabl [45], an
accurate and convenient form for (7,/7,,) has been proposed as,

Tlo : Qi .
R — _P! —_ ; e o . . 11
("‘?o,n) + g T Ricosd it xéze0 (4.6) (7.13)
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— S;cosf i 60°<8<90° (4.7) (7.14)

The form given by Egs. (7.13) and (7.14) is suitable for adapting to other types of con-

centrators.

Expressing I7 in terms of 7; [12] and r4 [16]) correlations for the five tracking modes,
RHS of Eq. (7.12) has been evaluated to yield expressions for (7} 4,,/70). General ex-

pression for (1 4,,/7o,n) is given by,

(”ﬂsdﬂ-y) - [“’ Pilpi(w',0) + a1Qi(w' — 0) + a1 Rilp3(w',0) + bPilpa(w', 0)

Tfon

+6QiIps(w',0) + bRiIpa(w',0) + Sif arIpa(w,w') + bIps(wi,w')

i (B’Ci:f) (%) {jps(uc, 0) — coswy(we — 0)} -1, ( ) ]

[alfpl(w;, 0) -+ bIpa(ety 0)+ ( 2L ) {Tes(w,0) = cosus (e = 0)}

I (we — 0)] (4.47) (7.15)

The primitives Ip;(w) to Ips(w) for the five tracking modes are given in Table 4.3. (7,/Mo,n)

appearing in Eq. (7.15) can be evaluated accurately by,

(L) _ B(S)Ry@)(Mop/ Mom) + &= 1a(&)(0,4/To,n)

Noun (&) Ro(@) + &1a(®) (we —0) (4.50) (7.16)

where, & is the hour angle corresponding to an effective angle of incidence 9 defined by,

26,46,

=11l

(4.48) (7.17)
where, 8, and 8, are the angles of incidence at w = w, and w = 0.

Numerical values for (7] 4,,/70n) have been obtained using Eq. (7.15) for the five
tracking modes for ¢ = 20°, 40° and 60°, —23.05° < § < 23.09°, K7 =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} 4,,/70,n)

are as follows:
1. (0} 4ay/Mom) does depend on the latitude.

2. Dependence of (7 4,,/70,n) o0 the clearness index is as significant as the dependence

on declination.

3. Even though K7 = 0.3 is a low value when concentrating collectors are not efficient,

low values of K7 do occur in a month even when Kr is high. Also, assuming
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K7 = 0.75 by Gaul and Rabl [45] is restrictive since very few locations have a

monthly average daily clearness index greater than 0.6.

4. The difference between the values of (1 4,/ 70,n) and (M} day/ Mo )GR 18 large, par-
ticularly, for tracking mode ¢ 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 — 1.)* is not only consistent
with the definition of utilizability but also takes into account the correct operational

time.

(75 day/Moyn) values compared with the (7] 4,,/70,n)(data) values show good agreement
for two locations (Ahmedabad ¢ = 23.07° and New Delhi ¢ = 28.58°, India) within a rms
difference of 0.5 %. The agreement for Madison, WI, USA is not as good (rms difference of

2.2 %) mainly because of K1 < 0.4 for the months of November, December and January.

Monthly average optical efficiency (7% /Nom) has been defined by,

(f—) => § [Ir — 1] (,—f—) 'y § [Ir— L]t (4.90) (7.18)
EMD approach as described for flat plate collectors has been found to be equally successful
in predicting (77%/7on) for concentrating collectors tracked in the five principal modes. The
comparisons made have been extensive for ¢ = 20°, 40° and 60°, —23.05° < & < 23.09°,
Kr = 0.3, 0.5 and 0.7, 0.2 < X, < 2.0. The agreement between (7} emal Mom) and
(% ema/Mo,n)(num) for the tracking modes a and b is within 0.3% and for mode ¢ is
within 0.6 % when K7 = 0.7. For tracking modes d and e, the agreement is within a rms
difference of 0.1 % for K1 = 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 developed 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 mean day of the month, expressed in
integral form, is given by,
f; :E IbRbfi/Z Iy Ry = /3_ IbRbfidI/[iF Iy Ry dt (5.8) (7.19)
= — ay

day day i
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When I, takes into account the atmospheric transmittance, when expressed, say, employing
r¢ [12] and rq [16] correlations, f; 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 fis. fino has been shown to be,

7 Ashp) RZ -
e e 5.34 7.20
foo= (F2) 2 (539 (7.:20)
When a gap exists between the overhang and the window fi., is given by,
3 1 R ( 1 ) R} : _—
100 — SRR % 5.46 21
f (cos U ) Ry cosy/ Ry (5:46] (7:21)

Egs. (7.20) and (7.21) are analogous to Yanda and Jones’ [128] shading plane approach.
The difference being that Egs. (7.20) and (7.21) have been obtained from the defining
equation [Eq. (7.19)]. Yanda and Jones [128], however, employed Ry, and R}, the tilt
factors evaluated under extra-terrestrial conditions. The corresponding shading factor
has been desiganted as fioo in the present studies. R, 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 algorithms to include non-
vertical receivers. fio, 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. Calculations assuming atmospheric transmittance to be unity
(i-e., under extra-terrestrial conditions), as has been done by Utzinger and Klein [125] differ
from fi(data) by more than 12 % rms. Influence of diffuse fraction has been evaluated as
fioo/ fioo for a wide range of climates and parameters; ¢ = 20°, 25°, 30°, 40, 50° and 60°,
—23.05° < 6 < 23.09°, Dy = 0.2, 0.4, 0.6 and 0.8, p = 0.2, 0.3, 0.4 and 0.5 and v = 0°,
307, 60° and 90°. In summary, it is concluded that f;., differs considerably from f,.. at
low latitudes and v # 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, f;, when the overhang is
finite, f; has been related to fico Which can be calculated easily. Based on the detailed
studies on the relations developed for different projections and extensions, the following
equations to evaluate f; are recommended.

When fio, > 0,

fi = 0.258exp %4 [0.703 + 0.627¢ — 0.377€¢%] i  (5.60) (7.22)
fi = fiw i fi < fiw, accordingto Eq. (7.22)  (5.56) (7.23)

When fi =0,
ff=mwl—(e+02)]" (5.61) (7.24)
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Egs. (7.22), (7.23) and (7.24) predict f; within a rms difference of 2% tested in the
range ¢ = 20°, 25°, 30°, 40°, 50° and 60°, —23.05° < & < 23.09°, D; = 0.2, 0.4, 0.6 and
0.8,p=0.2,0.3,04 and 0.5,y =0° and e = 0.0, 0.2, 0.4, 0.6 and 0.8.

The equations relating f; to fi;oo for south facing receivers have been found to be
applicable for non-south facing receivers as well. The equations have become applicable
when f; for non-south facing receivers has been split into two parts as f;; and fi. fi1 and

fin are the part shading factor values defined by,

wea wo
Y LRy f; I,Ryf; dw

fa=t = her_ (5.69) (7.25)
ZIbRb IbRb dw
Wer War

and ¥

bR, / " IRy fi dw

fo=2 = o (5.70) (7.26)
ZIbRb Iy Ry dw
Wo ?

When f;; and f;; are given by Egs. (7.25) and (7.26), f; is obtained from,

T Hyry fir + Hira fio (5.68) (7.27)
Hyr

fi and fiz are related to fis; and fico2 by the same relations developed for south lacing
receivers. This procedure yielded f; values within a rms difference of 2.1% when the
projection is small, say, 0.2. A simple procedure to obtain f; at any projection from the
value at p = 0.2 has been developed. fi at a projection ps is related to fi at a known
small projection p; by,

2 (ficopt = fioopz)

ffp? = )F:'o-op2 + (fipl = fTioopl) [ (1 — f{oopl) } (5.91) (T.QH)

From the values of f; at p = 0.2 predicted using Eq. (7.27), f; for p = 0.3 to 0.5 have
been obtained using Eq. (7.28) for v = 30°, 60° and 90° for ¢ = 25°, 30°, 40°, 50° and 60°,
Dy = 0.4. The agreements are within 3%, 1% and 0.5% rms for 7 = 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 f;; or fi; values practically becoming

Zero as 7y increases.
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7.6 Evaluation of Monthly Average Shading Factor for
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,

~ / obebf,'l dw—l— N IbRbfg-g dw
fivo = 2 T (6.5) (7.29)
/ IRy dw

It may be noted that w, in Eq. (7.29) is the hour angle corresponding to (v, —v) = 0.

Assuming the wingwalls to be infinite and expressing f;; and fi; in terms of sun-earth-

receiver geometry f;», has been obtained as,

AS D% A-S %
5 ( Ahpl) Sl ( AW) Fia
fio = = i ® (6.21) (7.30)

The corresponding monthly average shading factor for wingwalls evaluated under extra-
terrestrial conditions, fi,eo is obtained by replacing R}, R, and R with the correspond-
ing extra-terrrestrial tilt factors. Eq. (7.30) is exactly similar to Eq. (7.20) for infinite

overhangs. The differences are:

1. fico is evaluated in two parts since the first wingwall shades during w,, to w, and

the second wingwall shades from w, to wgs.

2. Ry, R}, 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 shading planes
for wingwalls is different from the azimuthal angle of the receiver. Whereas. for the

shading plane of the overhangs it is the slope that is different.

fico and fi,eo have been evaluated and numerical values are presented in tables given
in Appendix D. The parameter values are: ¢ = 20°, 40° and 60°, § = —23.05°, —2.2° and
23.09°, v = 0°, 30°, 60° and 90°, ¢ = 0.0 and 0.1, p = 0.2, 0.3, 0.4 and 0.5. fio, values are
geven for D = 0.2, 0.4 and 0.6 which is an additional parameter.

f,-oo values obtained from Eq. (7.30) have been validated against _,-‘_'.”L 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 charecterized by y # 0,
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fico for wingwalls differs from fioco more than the difference for overhang values. lor

example, even when the receiver azimuthal angle is zero, at ¢ = 25%, for p = 0.3, g = 0.0,
Dy = 0.6, fico = 0.617 and fiooo = 0.532 for the wingwalls in the month of March. The

corresponding values for the overhang are fioco = 0.440 and f;peo = 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.

w

Studies on sensitivity of the design methods for both active and passive solar energy

syatems with new (7a)*/(ra), and (7}/n0,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 (7&)*/(7a)n, (7;/M.») and in general Hr
and ¢ are developed after the correlations have been proposed. In view of this,

studies to examine whether the correlations need modification are warranted.

. 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 finite wingwalls can be

developed along the lines for overhangs given in the present studies.

. It appears that combining R f; into a single factor, Ry, i.e., the tilt factor for shaded

surfaces is desirable since the present definition of f; does not distinguish between a
surface fully shaded and a surface that does not receive any radiation. The combined
factor Ry, will be zero either when the surface is fully shaded or when it does not

receive radiation.

. Studies to estimate f; for eggcrate structures, in terms of f; for overhangs and

wingwalls now separetely available, be taken up.



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 Quday, @ gays (T@)i,,/(T@)nY, (T@)day/(T@),* and the percentage
difference, A4 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:
¢ = 20°, 40° and 60°N
B=¢+15° @, ¢ — 15° and 90°
v = 0°, 30%, 60° and 90°
—23.45° < § < 23.45°
bo = —0.1 (applicable for flat plate collectors with a single glass cover)
0.L0<Xec<0.8
03< K7 <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 K1 = ﬁfr

Yra)iay/(Ta)s is indicated by Z* in the tables
}(r@)day/(T@)n is indicated by Z in the tables
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Table A.1: Tabulated values of Qu day, Q) gays (T@)day/(T@)n and (Ta)i,,/(Ta), for ¢ =
200M..6 =8 = 0°

Jii Kr =03 Kpr =05 Kr =01
deg X | Qw. Mar Jun  Dec | Mar Jun  Dec Mar Jun Dec
;,dng 5.354 6.064 3.988 | 9.108 10.151 6.827 | 12.982 14.202 9.795
Qu day | 5.361 6.072 3.992 | 9.196 10.249 6.905 13.314 14.556 10.093
0.2 A 0915 0.915 0.912 | 0.924 0.925 0.911 0.929 0.932 0.902
zZ* 0.916 0.916 0.913 | 0.933 0.934 0.921 0.953 0.955 0.929
Ag 0.13 0.14 0.10 0.97 0.96 1.14 2.56 2.49 3.06
"y | 3375 3813 2518 | 5.743 6383 4314 | 8187 8937 6185
Quday | 3.384 3824 2524 | 5830 6481 4.395 | 8485 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
b 0917 0.918 0914 | 0.938 0939 0928 | 0963 0.966 0.944
b Ag 0.28 0.29 0.22 1.51 1.53 1.90 3.63 3.57 4.71
iy | 1789 2018 1338 | 3.045 3.381 2.201 | 4.340 4.736 3.283
Quaay | 1798 2.028 1343 |3.101 3.444 2.344 | 4520 4929 3.460
0.6 Z 0.915 0.915 0.912 | 0.924 0.925 0.911 0.929 0.932 0.902
zZ* 0.919 0.919 0.915 | 0.941 0.942 0.932 0.968 0.970 0.950
Ay 0.45 0.47 0.36 1.83 1.86 2.28 4.14 4.07 5.40
T iay | 0618 0697 0463 | 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 09256 0.911 0.929 0.932 0.902
VA 0.921 0.921 0.917 | 0.944 0.945 0.934 0.971 0.974 0.954
Ay 062 064 051 210 2.13  2.56 4.52 4.45 5.85
L,day 5.303 5.904 4.023 | 9.239 9.546 7.490 | 13.540 12.804 11.812
Quday | 5311 5910 4.029 | 9.327 9.633 7.562 | 13.875 13.125 12.090
0.2 VA 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
Ay 0.14 0.11 0.14 0.95 0.91 0.97 2.47 2.50 2.35
eray 3.339 3.710 2.535 | 5.823 6.000 4.732 8.536 8.071 7.443
Quaay | 3.348 3.719 2543 | 5908 6.099 4.798 | 8.830 8.385  7.692
0.4 VA 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 Ay 0.29 0.23 0.29 1.45 1.65 1.41 3.43 3.90 3.33
:.l,day 1.771 1.961 1.349 | 3.088 3.178 2.,513 4.523 4279  3.951
Quaay | 1779 1.969 1.355 | 3.142  3.242 2555 | 4.701 4471  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
Ay 0.46 0.39 0.45 1.76 2.03 1.70 3.92 4.49 3.80
Q' wy | 0612 0.676 0.467 | 1.066  1.095 0.871 | 1562 1.479  1.367
Qu,day | 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
Ay 0.62 0.55 0.61 2.01 2.32 1.94 4.27 4.91 4.16
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Table A.1: Continued
g Kr =03 Ky =0.5 Ky =0.7
X Qty.
deg Mar Jun Dec | Mar Jun Dec Mar Jun Dec
:J,day 5.062 5.532 3.911 | 8.915 8.500 7.763 | 13.226 10.664 13.089
Qu,day | 5.068 5.535 3.918 | 9.002 8.564 7.820 | 13.561 10.927 13.307
0.2 Z 0920 0913 0.923 | 0928 0.906 0.939 | 0930 0.893 0.947
z" 0.921 0914 0.924 | 0.937 0.913 0.946 | 0.953 0915  0.963
Ag 0.13 0.06 0.17| 098 0.75 0.74 2.53 2.46 1.67
wday | 3-184 3.476 2463 | 5.618 5.340 4.904 | 8336 6.736  8.238
Qu,day | 3.193 3.482 2472 | 5,701 5.432 4.957 8.630 7.036 8.432
0.4 VA 0.920 0.913 0.923 | 0.928 0.906 0.939 0.930 0.893 0.947
zZ" 0.922 0.915 0.926 | 0.941 0.921 0.949 0.962 0.932 0.969
35 Ay 028 016 035 148 1.71  1.07 3.53 4.45 2.36
eray 1.689 1.835 1.311 | 2.979 2.828 2.604 | 4.416 3.576  4.365
uday | 1.697 1.841 1318 | 3.032 2.893 2.639 | 4.593  3.770  4.486
0.6 Z 0.920 0913 0.923 | 0.928 0.906 0.939 [ 0930 0.893  0.947
z" 0.924 0916 0.928 | 0.944 0.927 0.951 | 0.967 0.941 0.973
Ag 044 031 052 1.79 230 1.32 4.01 541 2.76
L’day 0.584 0.632 0.454 | 1.029 0.975 0.903 1.524 1.237 1.507
Qu,day | 0.587 0.635 0.457 | 1.050 1.001 0.917 1.591 1.310 1.553
0.8 VA 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 0.953 0.970 0.946 0.976
Ag 0.60 0.46 ° 0.67 2.04 2.62 1.53 4.37 5.92 3.07
:J,day 3.051 3.312 2.580 | 4521 4.102 5.643 | 5294  3.246 10.648
uday | 3-043 3.312 20583 | 4545 4.102 5.664 | 5441  3.246 10.706
0.2 VA 0.881 0.904 0.911 | 0.809 0.903 0.920 | 0.705 0.903 0.924
A 0.879 0.904 0912 ] 0.813 0903 0.924 | 0.724  0.903  0.929
Ag -0.26 0.00 0.11 0.53 0.00 0.38 297 0.00 0.54
leay 1.931 2.124 1.630 | 2.855 2.610 3.578 3.334 2.058 6.694
uday | 1.921 2.124 1634 | 2.886 2.610 3.599 | 3.498 2058  6.772
0.4 Z 0.881 0.904 0.911 | 0.809 0.903 0.920 | 0.705 0.903 0.924
zZ* 0.877 0.904 0.913 [ 0.818 0.903 0.926 | 0.739  0.903  0.935
90 Ag -0.51 0.00 0.21 1.09 0.00 0.57 4.92 0.00 1.17
L_day 1.026 1.138 0.873 | 1.516 1.394 1.907 | 1.768 1.096 3.539
Quday | 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
Ay -0.66 0.00 031 1.68 0.00 0.73 6.78 0.00 1.48
L,day 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 1.242
0.8 A 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
Ag -0.68 0.00 0.40 2.30 0.00 0.87 B.AT 0.00 1.73
Note: Z = (ra)day/(7a)n; Z* = (Ta);ay/(‘ra)n; Qu,day and Q) day 10 MJ/m?-day.
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Table A.2: Tabulated values of Q4 day, QL‘M, (Ta)day/(Ta)n and (Ta)3,, /(Ta), for ¢ =

40°N, v = 0°
3 Kr =03 Ky =05 Ky =0.7 [
Xe Qty.

deg Mar Jun Dec Mar Jun Dec Mar Jun Dec

leay 4232 6.250 2.259 | 7.829 10.407 4.792 | 12.228 14.552 8.528

Qu,day | 4238 6.259 2262 | 7.916 10.512 4.850 | 12.558 14.915  8.717

0.2 A 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

Ag 0.15 014 014 | 1.11 1.01 1.21 2.70 2.49 2.22

::‘day 2.657 3.903 1.429 | 4930 6.522 3.033 | 7.698 9.158 5.380

Qu,day | 2665 3.915 1.433 | 5.013 6.640 3.087 | 7.992  9.509  5.575

0.4 A 0.921 0.919 0920|0929 0.924 0922 0929 0.928 0916

Z* 0.924 0.922 0.923 | 0.945 0.941 0.938 | 0.966  0.963  0.949

25 Ag 032 031 0.28 | 1.68 1.81 1.78 3.81 3.83 3.63

L_day 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 4.2H8 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 0.9141 0.970 0.968 0.954

Ay 0.51 0.49 0.43 2.02 2.21 2.09 4.32 4.40 4.19

w,day | 0485 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 | 0973 0.972  0.958

Ay 0.68 0.68 0.58 | 2.28 251 234 4.69 4.82 4.60

L‘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

Ag 0.18 0.12 0.21 1.12 0.92 0.70 2.59 2.48 1.12

L’dﬂy 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 8549 6.702

0.4 Z 0922 0916 0.926 | 0.933 0916 0.943 | 0935 0914  0.950

Z* 0.926 0.919 0.930 | 0.948  0.933 0.953 | 0.968  0.952  0.968

40 Ay 037 029 041 1.63 1.91 1.03 3.56 4.14 1.86

eray 1.345 1.918 0.758 | 2.608 3.151 1.799 4.256 4.358 3.488

Quyday | 1.353 1.927 0.762 | 2.659  3.227 1.822 | 4.428 4568  3.568

0.6 Z 0.922 0.916 0.926 | 0.933 0.916 0.943 0.935 0.914 0.950

z* 0.927 0.921 0.932 | 0.951 0.938 0.955 0.973 0.958 0.972

Ag 057 049 059 1.96 241 1.28 4.04 4.84 2.27

Ljday 0.463 0.657 0.263 | 0.899 L.OBT 0.623 1.471 1.506 1.2006

Qu,day | 0.467 0.662 0.265 | 0.919 1.117  0.632 1.536 1.586 1.237

0.8 A 0.922 0916 0.926 | 0.933 0.916 0.943 | 0.935 0.914  0.950

zZ* 0.929 0.923 0.933 | 0953 0.941 0.957 | 0.976 0.962 0.975

Ay 0.75 067 075 | 2.22 274 149 4.39 5.31 2.59
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Table A.2: Continued
3 Kr =103 Kr =0.5 Ky =0.T7
X, Qty.
deg Mar Jun Dec | Mar Jun Dec Mar Jun Dec
day | 3747 5279 2.146 [ 7454 8.251 5.588 | 12458 10.785 11.619
Qu,day | 3.754 5284 2.152 | 7.541 8.311 5.611 [ 12,789 11011 11.682
02| 2z 0921 0911 0.930|0.931 0.902 0954 | 0.932 0.889  0.966
Z 0923 0911 0932|0942 0.908 0.958 | 0956 0.910  0.972
Ag 019 009 027| 117 073 042| 266 237 055
ey | 2346 3.286 1357 [ 4.691 5.170 3538 | 7836 6.813 7.314
wday | 2:355 3.294 1364 | 4771 5267 3.563 | 8.122 7.126 7393
04| 2z [0921 0911 0.930|0.931 0.902 0954 | 0932 0.889 0.966
Zz* | 0925 0913 0.935|0.946 0919 0961 | 0966 0.930 0.977
55 Ag 039 024 050 1.70 189 069 | 3.66  4.60 1.07
leay 1.244 1.724 0.727 | 2.481 2.732 1.883 4.155 3.620 3,873
Quday | 1.251 1733 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 ().889 0.966
z* | 0926 0915 0.936|0.950 0.926 0.963 | 0.970 0.940  0.980
Ag 059 0.49 069 | 2.03 270 091| 414 574 1.42
day | 0428 0590 0.252 [ 0.855 0.943 0.651 | 1436 1253 1341
wday | 0431 0.594 0.254 | 0.875 0972 0.658 | 1.501 1.332  1.364
08| 2Z 10921 0911 0930|0931 0902 0.954| 0932 0.889  0.966
Z* |0.928 0.917 0938 | 0952 0.929 0.965 | 0973 0.945 0.983
Ag 0.78 0.68 0.86| 230 3.09 1.10| 450  6.30 1.69
! aay | 2-688 3520 1.669 | 5276 4.502 4.946 | 8.698 4.057 11.141
Quday | 2690 3.507 1.674 | 5.361 4.440 4.959 | 9.014 3.901 11.169
02| Z 0909 0.879 0.928 |0.894 0.825 0.953 | 0.871 0.721  0.964
Z* 10910 0.876 0931 | 0.908 0.813 0.955 | 0.903  0.693  0.966
Ag 0.10 -0.36 031 | 1.60 -1.38 0.26]| 363 -3.84  0.25
ey | 1682 2104 1060 [ 3.321 2741 3.134 | 5468 2541  T7.057
Qu,day | 1.687 2.177 1.066 | 3.411 2.666 3.149 | 5791 2419 7.101
04| 2 0.909 0.879 0.928 | 0.894 0.825 0953 | 0.871 0.721  0.964
Z* | 0911 0872 0933 |0.918 0.802 0.958 | 0.923 0.686  0.970
90 Ag 025 -079 053| 271 -273 048 | 591 -480  0.62
ey | 0893 1.143 0.568 [ 1.756 1.446 1.671 [ 2901 1358  3.731
Qu.day | 0.897 1129 0.572 | 1.814 1.399 1.682 | 3.104 1300  3.766
06| Z 10909 0.879 0.928 | 0.894 0.825 0.953 | 0.871  0.721  0.964
Z* 0913 0868 09350923 0.798 0.959 | 0.932 0.690 0.973
Ag 041 -1.26 070 | 3.31 -3.22 066 | 7.02 -423 093
day | 0307 0390 0.198°[0.605 0.498 0579 | 1.003 0472  1.287
Qu.day | 0.309 0.384 0.199 | 0.627 0.483 0.583 | 1.078 0457  1.302
08| Z 0909 0.879 0.928 | 0.894 0.825 0.953 | 0.871 0.721  0.964
Z* 0914 0866 0.936|0.926 0.799 0.961 [ 0.937 0.698 0.975
b4 057 -1.52 0.85 | 3.62 -3.10 0.8l 753 -3.18 1.16

Note: Z = (Ta)day/(T)n;

27 = (1a) ey /(T@)n;

Qv day and Qz,day in MJ/m?-day.
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Table A.3: Tabulated values of Q day, QL,day, (T@)day/(T0)y and (Ttt'_);ay/(?'(l‘)n for ¢ =

60°N,y =0°
B Kr =03 Ky =0.5 Kpr=0.7
deg Xe | Qty Mar Jun Dec | Mar Jun  Dec Mar Jun  Dec
leay 2.628 5.758 0.660 | 6.001 9.861 2.666 | 11.150 14.550 6.497
Qu,day | 2.635 5.771 0.661 | 6.087 9.971 2.669 | 11.473 14.934 6.502
0.2 Z 0.926 0.917 0.940 | 0.935 0.919 0.953 0.933  0.922 0.957
VA 0.929 0919 0.942 | 0.948 0.930 0.954 | 0.960 0.946 0.958
Ay 0.26 0.23 0.17 1.44 1.12  0.12 2.90 2.64 0.09
leay 1.641 3.541 0.423 | 3.773 6.160 1.713 | 7.014 9.175 4.398
uday | 1.649 3.561 0.424 | 3.849 6.306 1.720 | 7.293 9.575 4.409
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 Aq 051 056 031| 202 236 0.36 3.97 4.36  0.26
:J,day 0.870 1.848 0.229 [ 1.996 3.252 0.917 | 3.722 4.870 2.369
Qu,day | 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 0922 0.957
Z* 0.933 0.926 0.944 | 0.957 0.947 0.959 | 0.974 0.968 0.963
Ay 0.74 089 042 | 238 296 0.58 4.48 506  0.62
L’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 0957
z" 0.935 0.928 0.945 | 0.960 0.950 0.961 0.978 0.973  0.966
Ay 096 1.14 0.52| 267 336 0.77 4.86 5.5  0.96
L,day 2471 5.192 0.709 | 6.028 8.779 3.137 [ 11.700 12.937 7.833
Qu,day | 2.479 5203 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 0974 | 0.966 0.934 0.979
Ag 033 0.21 0.19 1.42 1.00  0.07 2.75 252 0.06
:.n,day 1.543 3.179 0.456 | 3.789 5.499 2.026 7.357  B8.185 5.344
Qu,day | 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 0912 0.974 0.940 0.911 0.979
z* 0.934 0919 0.959 | 0.959 0934 0976 | 0975 0.952 0.980
60 Ay 0.61 0.58 0.31 1.96 2.38 0.23 3.70 4.51 0.16
:.t,day 0.819 1.656 0.247 | 2.004 2.899 1.087 | 3.904 4.355 2.901
Qu,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 0911 0.979
z" 0.937 0.922 0.960 | 0.963 0.941 0977 | 0.980 0960 0.983
Ay 086 098 041 232 3.17 0.39 4.18 539 041
uday | 0282 0.565 0.087 [ 0.693 1.001 0.379 | 1.340 1.504 1.002
uday | 0.285 0.572 0.087 | 0.711 1.037 0.381 1.410 1.593 1.008
0.8 Z 0.920 0.913 0.956 | 0.941 0.912 0.974 | 0.940 0911 0.979
A 0.939 0.925 0.961 | 0.965 0.945 0.979 | 0.983 0965 0.985
Ay 1.08 1.26 0.50 2.59 3.61 0.53 1.54 5.95 0.67
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o Table A.3: Continued
B Kr =10.3 Kr =05 Ky =07
X Qty.
deg Mar Jun Dec | Mar Jun Dec Mar Jun Dec
w.day | 2240 4501 0.721 | 5.727 7.380 3.388 | 11.437 10.623 8.589

Qu.day | 2.248 4508 0.723 | 5.813 7.438 3.390 | 11.757 10.874 8.592
02| Z |0929 0907 0.965|0.940 0.899 0.983 | 0.938 0.889 0.988
Z* 10932 0908 0967 |0.954 0906 0.984 | 0.965 0.910 0.989
Ag | 034 015 018| 150 079 005 280 236 0.04
oy | 1399 2746 0463 [ 3599 4.619 2205 | 7.189 6.734 5.893
Qu.day | 1409 2759 0.465 | 3.673 4.725 2208 | 7.461  7.062 5.900
04| Z |0929 0907 0.965|0.940 0.899 0.983 | 0.938 0.889 0.988

zZ* 0.935 0911 0.968 | 0.960 0.919 0.985 | 0.974 0932 0.989

75 Ay 065 048 030 | 2.06 229 0.17 3.79 4.86  0.12
wday | 0-742 1429 0.251 | 1.904 2443 1.180 | 3.814 3.579 3.217
oy Quday | 0.749 1.443 0.252 | 1.950 2.528 1.184 | 3.977  3.806 3.227

06| 2 [0929 0907 0.965|0.940 0.899 0.983 | 0.938 0.889 0.988
Z* 10937 0916 0.969 | 0.963 0.930 0.986 | 0.979 0.945 0.991
Ag | 091 101 039 241 348 030| 428 630 0.32
 day | 0256 0.487 0.088 | 0.658 0.842 0412 | 1.318 1242 L.117
Qu.day | 0.258 0.494 0.089 | 0.676 0.876 0.413 | 1.379  1.320 1.122
08| Z [0.929 0907 0.965 |0.940 0.899 0.983 | 0938 0.889 0.988
Z* 10939 0919 0.969 | 0.966 0.935 0.987 | 0982 0.950 0.993
Ag | 114 135 048] 269 402 042| 465 693 053
!l day | 1945 3723 0.694 | 5.111 5765 3401 | 10.361 7.762 8.709
Quyday | 1.951 3.722 0.695 | 5.198 5.773 3.402 | 10.681 7.874 8.712
02| Z [0.925 0.895 0.968 |0.931 0.872 0985 | 0925 0.843 0.990
Z* 0928 0894 0969 | 0.947 0873 0.986 | 0.953 0.855 0.990
Ag | 034 002 018 171 015 0.04| 3.09 144  0.03

vday | 1216 2.250 0.446 | 3.211 3.585 2.227 | 6512 4.926 6.005
2 Qu,day | 1.223 2262 0.447 | 3.287 3.636 2.230 | 6.794 5.146 6.011

0.4 VA 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 Ay 0.63 0.12 028 | 236 140 0.13 4.33 447  0.10
:.l,day 0.644 1.174 0.241 | 1.698 1.898 1.191 | 3.453  2.636 3.302

Quday | 0.650 1.182 0242 | 1.745 1.960 1.194 | 3.621 2.826 3.310
06| 2Z 0925 0.895 0.968 | 0.931 0.872 0.985 | 0.925 0.843 0.990
Z* 0933 0901 0.971]0.956 0.900 0988 | 0970 0.904 0.992
Ag | 089 069 037| 275 324 025| 487 721 0.26
"day | 0222 0.400 0.085 | 0.587 0.652 0415 | 1.193 0917 1.148
Quday | 0.225 0.406 0.085 | 0.605 0.682 0417 | 1.256 0.999 1.153
08| Z |0.925 0895 0.968 |0.931 0.872 0.985 | 0925 0.843 0.990
Z* | 0.935 0907 0.972 |0.959 0913 0.989 | 0973 0.919 0.994
Ag | 112 141 044 | 3.04 471 036| 527 9.01 046

- Note: Z = (Ta)day/(70)n; Z" = (1a)3ay /(T@)n; Qu,day and @, 4., in MJ/m?*-day.
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Table A.4: Tabulated values of Quday; Q3 day» (T@)day/(T@)n and (1)}, /(Ta), for ¢ =

20°N, (¢ — B) = 0°

¥ Kr =103 Kp =05 Kp =07
deg Xe Qty. Mar Jun Dec | Mar Jun Dec | Mar Jun Dec
hday | 333 371 252 | 577 603 4.63| 848 818 7.22

Quday | 334 372 253 | 585 612 470 | 874 849 746

0.4 Z 0.920 0.917 0.919 | 0.930 0.921 0.927 | 0.937 0.923 0.930
Z* 10922 0919 0.922]0.943 0936 0.940 | 0.966 0.957 0.960

30 Ag 028 025 028 1.38 154 144 311 3.7  3.19
hday | 061 068 046| 1.06 110 085 | 155 150 1.33

Quday | 061 068 047 | 1.08 1.13 087 | 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* 10925 0922 0.925|0.948 0.942 0.946 [ 0.974 0.967 0.968

Ay 062 057 059 1.96 224 200 3.97 475 4.07

ey | 331 372 248 | 565 612 437| 823 851 658

Quday | 332 373 249 | 572 620 443| 846 878 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 Ag 027 026 023 1.24 132 1.38| 280 319 3.17
ey | 061 068 046 | 1.04 112 080 | 151 156 1.2l

Quaay | 061 068 046 | 1.06 1.14 0.82| 1.56 1.62 126

0.8 b A 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

Ag 061 061 057 1.91 204 2.16| 3.70 4.16 4.27

nday | 328 373 243 | 547 623 4.00| 778 885 5.6l

Quday | 329 374 243 | 553 6.30 4.04| 8.00 9.10 5.8l

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 Ay 023 027 014 1.15 120 1.23| 281 280 355
wday | 060 068 044 | 1.00 114 0.74| 143 162 1.03

Quaday | 060 068 045 | 1.02 116 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* 10.922 0.923 0.917 | 0.941 0.945 0.929 | 0.967 0.972 0.945

Ag 0.59 0.62 0.55| 1.93 190 242 380 372 522

Note: Z = (Ta)day/(T0)n;

2" = (1a)gay/(T@)n;

Qu,day and Q) 4o, in M.J/m*-day.



Table A.5: Tabulated values of Q. dqy, Q’;'day, (T0)day/(Tt)y and (Ta)y, /(Ta), for ¢ =
20°N, 7 = 90°

7 Kr =03 Kr =105 Kr =07
deg Xe | Qw. Mar Jun Dec| Mar Jun Dec | Mar Jun  Dec
wday | 193 217 157 | 299 276 323 | 424 214 5.99
Quday | 192 217 157 | 296 277 327 426 211 621
0.4 A 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 Ag -044 -0.14 0.15| -0.96 0.26 1.36| 0.60 -1.80 3.64
wday | 035 044 029 | 054 053 059 078 030 1.10
Quyday | 0.34 044 029 | 054 053  0.61| 0.8l 027  1.16
0.8 b A 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
Ag -121 -0.09 085 -0.82 0.11 3.08 (| 3.78 -11.22 547
wday | 193 220 146 | 299 3.07 261 | 453 331 480
Quaday | 192 219 146 | 297 304 260| 460 327 494
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 0.854 0.935
60 Ag -0.30 -0.26 -0.32 | -0.72 -1.06 -0.22 | 1.57 -1.25 2.77
wday | 034 043 026 | 050 044 048] 0.86 0.60 0.92
Quday | 033 043 026 | 050 042 048 | 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* 10.885 0.888 0.888 | 0.892 0.841 0.916 | 0.944  0.870 0.959
Ag -1.28 -0.83 -0.83 | -0.52 -4.75 1.77| 460 059 542
wday | 195 221 145| 290 325 215| 398 427 3.10
Quday | 194 220 144 | 287 323 213| 4.04 433  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 Aq4 -0.24 -0.23 -0.34 | -0.78 -0.79 -1.16 | 1.71 1.33  1.56
wday | 037 042 027 044 049 033 078 0.82  0.62
Quday | 037 042 027 | 043 048 0.32| 082 085 0.66
0.8 VA 0.898 0.898 0.894 | 0.898 0.898 0.887 | 0.906 0.904 0.885
A 0.889 0.889 0.882 | 0.884 0.881 0.864 | 0.951 0.944 0.936
A4 -1.01 -0.94 -1.33 [ -1.60 -1.92 -262| 503 445 5.71

Note: Z = (Ta)day/(TQ)n;

2" = (Ta)gyy /(Ta)n;

Qu,day and @, 4., in MJ/m*-day.
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¥
Table A.6: Tabulated values of Qy day, Q;,day, (T@)day/(T@¥), and (T(I);ay/(?'{t]n for ¢ =
40°N, (¢ — B) = 0°
5 Kr=0.3 Kr =05 Kr =07
deg Xe:| QY. Mar Jun Dec| Mar Jun Dec| Mar Jun  Dec
hday | 251 363 138 478 596 3.16| 7.82 832 6.04
Quday | 252 3.64 139 485 6.06 321 | 804 865 622
04| Z |[0920 0915 0.923 | 0.931 0.918 0.931 | 0.940 0917 0.935
Z* 10923 0918 0.926 | 0.945 0.932 0.947 | 0.966 0.953 0.962
30 Ag | 036 028 038| 144 162 1.63| 2.81 395 2.89
wday | 046 066 026 | 088 1.08 058 143 152 1.11
~ Quday | 046 066 026 090 1.11 060| 149 160 1.15
08| Z (0920 0915 0.923 | 0.931 0.918 0931|0940 0.917 0.935
Z* 10927 0922 0.930 [ 0.951 0.941 0.952 | 0.975 0.965 0.970
Ag | 076 074 074 213 260 222| 3.69 5.15 3.74
wday | 243 360 129 437 593 260| 7.04 856 471
Quaday | 244 361 1.29| 441 599 264| 722 881 4.88
04| Z 0914 0914 0909 | 0.923 0921 0.907 | 0.933 0.929 0.906
Z* 10916 0916 0.910 | 0.933 0931 0.919 | 0.958 0957 0.938
60 Ag | 024 021 019| 1.06 1.03 141| 264 295 3.44
wday | 044 065 024 080 1.08 048] 129 156 087
Quday | 044 065 024 082 110 050| 1.34 163 092
08 Z 0914 0914 0.909 | 0.923 0.921 0.907 | 0.933 0.929 0.906
Z* 10922 0921 0917 [ 0.943 0.941 0.934 | 0.969 0.968 0.953
Ag | 082 074 094] 220 217 3.02| 380 415 5.10
A wday | 234 358 118 | 3.79 582 188| 574 853 201
Quday | 234 358 1.17| 380 586 1.86| 589 875 2.98
04| Z [0.907 0.912 0.893|0.908 0.920 0.868 | 0.911 0.931 0841
Z* 1 0.907 0913 0.888 | 0.911 0.926 0.860 | 0.934 0955 0.862
90 Ag [ -005 012 -056| 030 0.65 -0.84| 253 253 9252
uday | 042 065 0.21] 070 1.06 0.35] 1.06 156 055
Quday | 042 065 021 071 1.08 0.35]| 1.11 162 059
081 Z 0907 0912 0893|0908 0.920 0.868 | 0.911 0.931 0.841
Z* | 0910 0918 0.881|0.926 0938 0872|0952 0967 0.897
Ag 030 0.61 -1.31| 2.01 1.94 048 | 445 382 6.67

Note: Z = (T&)aay /(T0)n; Z" = (10)ay / (T0)n; Qu,day and @, 4., in MJ/m*day.




Table A.7: Tabulated values of Q4 day, QL'day, (T@)day/(T)n and ('rrr):{w/(ra ) for ¢ =

40°N, g = 90°
Y Kr =03 Kr =0.5 Kp =07
deg Xe | QY Mar Jun Dec | Mar Jun Dec | Mar Jun Dec
wday | 162 224 1.00| 3.15 300 276| 553 311 6.12

Quday | 162 223 1.00| 3.18 2.98 2.82| 5.68 3.09 633
0.4 Z 0.901 0.888 0.919 | 0.902 0.843 0.929 | 0.904 0.766 0.934
g 0.902 0.883 0.925 | 0.910 0.837 0.949 | 0.928 0.761 0.967

30 A; | 008 -053 059| 088 -071 213| 271 -0.64 3.51
" | 029 039 019 058 051 051 102 058 113
* Quasy | 0.30 038 0.19| 059 050 053 | 1.07 059 118

0.8 Z 0.901 0.888 0.919 | 0.902 0.843 0.929 | 0.904 0.766 0.934
z* 0.909 0.873 0.929 | 0.927 0.827 0.956 | 0.947 0.784 0.975
Ag 084 -164 1.09| 2.84 -193 286 | 479 229 439
oty 1.54 230 0.85| 270 338 198 | 503 448 4.21

Quaday | 154 229 084 270 3.36 2.00 | 5.15 450 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 Ag -0.27 -0.30 -0.20| -0.10 -0.75 1.10 | 247 0.63 3.86
wday | 027 040 015 0.49 055 0.37| 0.94 0.82 0.84

Quaay | 0.26 039 0.15| 050 054 038 | 098 086 0.89
08| 2z |0898 0.897 0.894 |0.904 0.892 0902 | 0.916 0.886 0.912
7= | 0891 0885 0900|0921 0880 0.936 | 0.960 0920 0.968
Ag |-074 -130 059 | 1.83 -124 378 | 479 381 6.18
A M | 154 234 078 234 351 123[ 374 500 209
Quaay | 153 233 078| 232 348 121 | 382 508 214
04| 2z |0896 0899 0887|0897 0.903 0871|0906 0.912 0.862
Z* | 0.893 0.897 0.882 | 0.890 0.897 0.857 | 0.927 0.928 0.884
90 Ags | -031 -023 -0.60 | -0.80 -0.65 -1.68 | 234 177 247
I day | 028 043 014 037 054 020 073 091 046
Quaay | 028 043 013 | 036 053 020 | 0.78 098 050
08| 2z |0896 0899 0.887 |0.897 0.903 0.871 | 0.906 0.912 0.862
z* | 0884 0.890 0.865|0.891 0.894 0.853 | 0.956 0.953 0.936

Ayg -1.31 -1.01 -2.46 | -0.69 -0.90 -2.07| 560 454 8.54

Note: Z = (7a)day/(T@)n; Z* = (1) 0y /(T)n; Qu,day and Q/, 4., in M.J/m*-day.




Table A.8: Tabulated values of Q day, @
60°N, (¢ — 8) = 0°

'
u,day?

(T@)day/(T¥), and (Ta)

*
day

y KNe = 0.3 Ny = 0.5 Ny = 0.7
deg Xe | Qty. Mar Jun Dec| Mar Jun Dec| Mar Jun  Dec
hday | 149 315 041 | 354 543 1.76| 7.01 823 4.39
Quday | 150 316 042 | 361 554 1.78 | 7.20 859  4.47
0.4 A 0.923 0913 0.943 | 0.937 0914 0.952 | 0.946 0.914 0.954
. Z* (0929 0916 0948 [ 0.954 0.933 0.965 | 0.972 0.954 0.971
30 Ag 064 036 049 1.84 207 145| 2.81 439 180
wday | 027 056 0.08| 065 099 033 128 151 0.88
Quday | 027 056 0.08| 066 1.02 033 L33 160 0.90
0.8 z 0.923 0.913 0.943 | 0.937 0.914 0.952 | 0.946 0.914 0.954
Z* 10934 0.923 0.950 | 0.961 0.945 0.970 | 0.981 0.967 0.979
Ay 1.25 113 0.80| 266 346 1.94| 3.73 5.86 2.58
wday | 134 309 029 | 288 521 1.06| 578 824 2.44
Quyaay | 135 3.00 029 | 292 528 1.10| 596 857 259
0.4 Z 0908 0.911 0.879 | 0.920 0.916 0.872 | 0.932 0.920 0.869
Z* 10910 0912 0.888 | 0.932 0.929 0.910 | 0.961 0.957 0.925
60 Ay 0.17 0.11 1.07| 1.31 139 442 3.13 397 6.39
wday | 024 054 005| 053 095 020| 106 151 0.54
Quday | 024 054 0.06| 054 098 0.22]| 1.11 159 0.60
0.8 Z 0.908 0.911 0.879 | 0.920 0.916 0.872 | 0.932 0.920 0.869
Z* (0919 0.917 0.909 | 0.948 0.944 0.937 | 0.973 0.971 0.955
Ag 123 071 339 3.04 300 750| 444 551 9.88
wday | 124 3.04 018 205 491 0.37| 3.88 7.98 0.69
Quday | 123 304 0.18 | 205 492 0.36| 401 820 0.73
0.4 z 0.896 0.907 0.836 | 0.894 0.917 0.748 | 0.897 0.929 0.692
Z* 0892 0.906 0.816 | 0.890 0.920 0.720 | 0.927 0.955 0.735
90 Ag | -048 -0.12 -242| -041 035 -368| 3.32 277 6.21
wday | 021 051  0.03| 037 087 0.07| 074 146 0.15
Quday | 020 051 0.03| 038 0.89 007 078 152 0.17
0.8 Z 0.896 0.907 0.836 [ 0.894 0.917 0.748 | 0.897 0920 0.692
Z* [0.882 0.904 0.768 [ 0.909 0.936 0.733 | 0.954 0.971 0.821
Ag | -166 -0.30 -8.14 | 1.70 2.04 -1.97| 6.31 451 1858

Note: Z = (Ta’)day/(ra)";

2" = (raYiay /()

Qu,day and Q, 4., in MJ/m*-day.
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[(Ta), for ¢ =



Table A.9: Tabulated values of Qu day; qu’day, (TQ)day/(TC)n and (T(J')an/

60°N, B = 90°

(ta)y for

219

=

o Kr=03 Kr =05 Ky =07
deg Xe | Qu. Mar  Jun Dec | Mar Jun  Dec | Mar Jun  Dec
ey | 114 226 0.40 2095 359 18| 6.22 522 4.86
Quaay | 115 226 040 | 301 3.64 191 6.41 545  4.92
04| 2 0.915 0.809 0.954 | 0.927 0882 0.966 | 0.935 0.861 0.969
7+ | 0922 0898 0958 | 0.946 0.894 0.977 | 0.964 0.899 0.982
30 Ay 0.74 -0.06 047 | 204 137 1.16| 3.05 447 1.39
faap | 021 039 007 054 065 0.35 | L.14 097 099
Quday | 021 039 007| 056 0.68 0.36) 119 1.05  1.02
08| 2z |o0915 0899 0954|0927 0882 0966 | 0.935 0.861 0.969
7 | 0930 0902 09610956 0915 0.981|0.974 0.930 0.990
Ag 162 041 077 | 315 3.8 160 | 418 797 215
ey | 099 227 026 227 364 1.08 | 5.08 578 2.5
Quasy | 099 227 026 230 367 113 5.25 5.99  2.72
04| 2z 0899 0901 0879|0913 0899 0884|0927 0.894 0.886
7 | 0898 0899 0.894 0923 0.905 0928|0958 0926 0.946
60 A; | -012 -021 167| 111 072 498| 326 361 6.75
ey | 017 036 005 042 064 02 0.95 107 057
Quaay | 017 036 005 043 066 023 ) 1.00 1.13  0.62
08| 2z |0899 0901 0879|0913 0899 0884|0927 0894 0.886
7+ | 0906 0894 0918|0945 0922 0.954 | 0.973 0.950 0.972
Ay 0.76 -0.72 441 | 346 257 793 | 493 629 9.73
Ldag | 093 231 014 154 3.4 034 | 325 6.13 0.68
Quday | 093 230 013| 153 363 033] 3.36 6.27 0.73
0.4 7 10891 0900 0.833|0.893 0910 0.772 | 0.902 0.923 0.741
7« | 0887 0898 0.807 | 0.887 0.909 0.761 | 0.933 0.944 0.799
90 A; | -053 -025 -3.07|-069 -0.16 -1.33| 341 229 786
tday | 015 039 0.02| 027 059 0.07] 066 .13 0.13
Quaay | 014 039  0.02| 027 059 008 071 118 0.15
08| 2z |o0891 0900 0833|0893 0910 0.772|0.902 0.923 0.741
Z* 10869 0.890 0.745 | 0.905 0.921 0.816 | 0.964 0.965 0.895
Ay | -247 -117 -1054| 137 118 576| 6.79 4.60 20.77

Note: Z = (Ta)day/(T®)n;

il — (Ta'):‘iay/('ra'),,;

Qu,day and Qleay

in MJ/m?*-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 algorithms
given in Klein and Theilacker [66], these expressions fail for certain cases. For example,
¢ = 18°, B = 90°, ¥ = 30° and § = 12° (from Lahiri [67]). Lahiri developed algorithm
to estimate w,, and w,s uniquely. The philosophy being w,, and w,; can be expressed as
inverse cosine functions or inverse sine functions, when 8 is set equal to /2 in Eq. (2.4)
for cosf. Considering the uncertainity in the sign to be assigned for wg and ws, when
solved as a cosine inverse and the ambiguity in assigning the magnitute 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 w, and ws, can be determined unambiguously following
Lahiri [67] from,

wsy = SIGN [min (ws,wf), wi] (B.1)
wss = SIGN [min (ws,wy), wy (B.2)
where,

ay = B?*+4(C?%- A% (B.3)
w! = cos? [(—AB+C\/CTI')/(B?+02)] (B.4)
wj = cos”! [(~AB - Cya)/(B*+ )] (B.5)
wi = arcsin [(—AC'u B\/a:)/(ﬂucf}] (B.6)
wy = arcsin [(—AC-i— B./a1)/(B? +C2)] (B.7)
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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. Eqgs. (B.1) and (B.2) yield w, and

wss when a; > 0. When oy < 0, w,, and wy, are estimated from,

—SIGN [wy, (A + B)] (B.8)
SIGN [w,,(A+ B)] (B.9)

War

Wys

This procedure is to be valid for determining w,, and wy, correctly even for surfaces

with double sunshine period.

For south facing flat plate collectors the apparent sunrise or sunset hour angle, wi,

as given in Duffie and Beckman [6] is,

w! = min [cos_l(-— tan ¢ tan é), cos™! (— tan(¢ — ) tan é‘)] (B.10)

B.2 Evaluation of the hour angles w; and w,

Hour angles w; and wy, corresponding to the angle of incidence # = 60°, can be obtained
by setting cosf = 0.5 in Eq. (2.4). It follows,

A+ Bceosw+ Csinw = 0.5 (B.11)

Upon solving Eq. (B.11) in terms of cosw,

win = cos™! [{~B(A-0.5)+CVa'}/(B + )] (B.12)
we1 = cos™! [{—B(A -0.5) - CVa'}/(B® + C?)] (B.13)

where,
o =B*+C? - (A-0.5)? (B.14)

Eq. (B.11) can also be solved in terms of sinw to yield the roots wyy and wsy; as.

wiz = aresin [{~C(4—0.5) - BVa'}/(B? + c?)| (B.15)
wp = aresin [{~C(A - 0.5)+ BVa}/(B? + c?) (B.16)

Then w; and w, are obtained from,

w = SIGN [wu,wlg] (Bl?}
SIGN [t’.u'gl.,{..LJgg] [BIS)

ws

This procedure determines w; and w; correctly in magnitude as well as sign.
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B.3 Evaluation of the critical hour angles

The critical hour angles, ws and wez, required to evaluate the optical efficiency under
operating time periods, is obtained by setting I = I.. Using Egs. (2.25) to (2.27) of
Chapter 2, expressing the hourly global, diffuse and beam components of solar radiation,

Ir in Eq. (2.2) can be written as,

It = Kil(a1+bcosw)cost + KoD¢B'(cosw — cosws )+
K3B'(a+ bcosw)(cosw — cos ws)] (B.19)

Specific expressions for cos § applicable for different types of collectors can be deduced
from the general form, [cosf = A + Bcosw + C cosw, given by Eq. (2.4) of Chapter 2]
using the expressions for 4, B, C for the corresponding collectors. Using the expression

for cosf, Eq. (B.19) can be re-written as,

IT = K4 [d1 cos? w + dg cosw + dz coswsinw + dysinw + d_r,] (B.20)
where,
dy = b(B+bK3B') (B.21)
dg = bA+ a1 B+ B‘(I{?DI + I(ghﬂf,) (BZZ)
ds = bC (B.23)
dy = C (B.24)
ds = a1A— B'cosws(KoDjs+ Kza) (B.25)

In Egs. (B.21) to (B.25), the constants A, B and C' are given by Egs. (2.5) to (2.7) of
Chapter 2 respectively for flat plate collectors.
By definition of the critical hour angle, It = I, when w = we. At w = w,, the

expression given by Eq. (B.20) for Ir, after rearrangement reduces to,
dy cos® w, + dg cos w, + da cosw, sinw, + dg sinwe + ds— I./Ks=10 (B.26)

It may be noted that, the constants dy, dz, etc. appearing in Eq. (B.26) do 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 sine terms

in Eq. (B.26) are eliminated, Eq. (B.26) leads to a quartic equation in cosw. as follows:
cos? we + p3 cos® we + P2 cos® w, + prcoswe +p, =0 (B.27)
where,

p3 = 2[dydy + dady]/pa (B.28)
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p2 = [di—di+di+ 2dids]/pa (B.29)
o= 2 [dzds = d3d4 ]/j‘L; (BJO)
po = [d§— di]/pa (B.31)
with
pa = di +d} (B.32)
ds = ds—I./Ky (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, B and C' are employed. For
south facing flat plate collectors and concentrating collectors tracked in modes a, d and
e, valid for symmetric solar radiation distribution, simp]jﬁes to a quadratic equation in
cos we, 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 w,; is the root closer to w,, and w., is the value
closer to wy,. However, for certain cases, no root may be available in —w, < w, < w,. For
example, when I.=0 or a small value, since I} R; term in I7 tends to be a finite value at
w = w, due to the form of the correlations for I, Iy and I;. Also, certain other special
situations such as, —w, < we < wyr and wys < Wey < wy, which can occur for low critical

radiation levels will be discussed later on.

South Facing Flat Plate Collectors

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 = dy = 0) as,

dq cosgwc-i-dgcoswc-l-ds~IC/I{4: 0 (B.34)

Eq. (B.34) is quadratic in cosw,. Solving Eq. (B.34) yields,

—dy % \/d — ddy(d5 — 1./ K+)
24,

1

We = cos™ (B.35)

Out of the four roots given by Eq.(B.35), the root obtained considering the positive
sign of the radical which lies between 0 < w. < &' is the relevant root. For south facing
flat plate collectors,

Wel = —We and We2 = We (BJﬁ)
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B.4 Evaluation of wy,

In order to evaluate the average transmittance-absorptnce product for non-south facing
collectors or to evaluate K7 min explicitly, evaluation of the hour angle, wy,, 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, wn, = 0. However, for a non-south facing flat plate collectors
w,, differs from solar noon, for example, for v > 0, wy > 0 and forvy < 0, wn < 0.
Differentiating the expression for Itm, as given by Eq. (2.33), with respect to wn, and

equating to zero yields,
— 2dy COS Wy, SIN Wy, — dg SIN Wi + ds cos® wy, — d3 sin® wy + dqcoswy, =0 (B.37)

Eliminating sinw,, terms from Eq. (B.37) and upon re-arranging, Eq. (B.37) takes

the form,
cos* Wi + ¢ cos® Wy, + g coswy, + ¢f coswm + =0 (B.38)
where,
¢f = 4[di+d3] (B.39)
¢35 = 4[didz+dada]/ag (B.40)
¢ = [di+di-gi)/ai (B.A1)
¢ = —2[2dydr+ dads]/d4 (B.42)
¢ = [di—-d3]/qy (B.43)

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. coswn > 1) or more than ws and are to be rejected. Only one of the two remaining

roots will be < w,. The sign of wy, is the same a the sign of ¥ employed.

B.5 Solution Procedure for Quartic Equations

Determining w,; and we, from Eq. (B.26) after eliminating the sine terms, in general, calls
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 described in [135] is
reproduced below for ready application in obtaining wg; , wee and wy, 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,

24 + paz® + ppz’ + prr +po =0 (B.44)



can be rewritten as,
[2* + (ps/2)a]* = [p3/4 - pa)e® = prz — po
Adding 2(z? + p3z/2)y/2+ (y/2)? on both sides of Eq.(B.31) one obtains
[2° + psz/2 + y/21” = [P3/4 — p2 + yla® + [p3y/2 — iz + [42/1 — pol
Setting the discriminant of the right hand side of Eq.(B.46) to zero yields
¥ +ay’ +y+e =0

where

a = —pm
V' = pip2 — 4po
¢’ = 4popz — pop — p}
Putting y = ' — a’/3 in Eq.(B.47), Eq.(B.47) takes the form
¥y +q=0
where
p= _af2/3 o b!’
g=2(a'/3)° -V /3+ ¢
Let y] be a root of Eq.(B.51), then ¥y can be obtained as
y=A1+ B
where
A =02+ VTP
B = [-a/2 - VI
In Eqgs.(B.55) and (B.56), Q' is given by
Q" = (p/3)° + (¢/2)*
If Q" <0 then
y1 = 2(—p/3)*cos(«’/3)  (+ ve root)

where
o = cos™! [~q/{2(-p/3)*/?})] (4 ve root)
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(B.45)

(B.16)

(B.47)

(B.48)
(B.49)

(B.50)

(B.51)

(B.52)

(B.53)

(B.54)

(B.55)

(B.56)

(B.57)

(B.58)

(B.59)



With this value of ¥}, Eq.(B.45) is rewritten as

22 +pazf2+9./2 = K+ Kiz+ Ko'/?

= 4[+KM K
where
K:=[p3/4-m+Hh
Ky = [pay1 /2] — m
Ko = [9/4]1 - po
Thus the four roots can be obtained from the resulting quadratics,

¥K;>0

xz +p'a:+q’ =0 and a:2+p"x+q"
KfK;<0

22 +pr+d"=0 and 2+p'z+d

In Eqs.(B.64) and (B.65), 7/, p", ¢’ and ¢" are given by

P = [ps/2) - K3'*
o = los/2)+ K3
¢ =w,/2 - Ky

1/2

¢" = [n1/2]+ Ky
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(B.60)

(B.61)
(B.62)

(B.63)

(B.64)

(B.65)

(B.66)
(B.67)
(B.68)
(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 6 for tracking mode b is given by,

cosf = [1 — cos? §sin”]'/2

Eq. (C.1) can be expanded binomially as,

2 4 B
cos“d | cos?§ . cos®d . .
cosf ~ 1-— sin?w — sin? w — sin®w —
16
5cos86 . g Tcos'®6 . o 2lcos'?6 . |,
s51n - W — sin — e
128 256 YT Tio2a M ¥

From Eq. (C.2), the primitives Ip;(w) and Ipz(w) can be written as,

Ip1(w) = fcosﬂdw

2 44
cos“é [ . cos®é [ .
b= /51n2wdw— : ]suﬁwr!w—

Q

cos® § 5cos® 8
T jsinswdw— (‘1(;58 sin®wdw —

7Tcos!0§ 21 cos'?é :
55 sin!%w dw — %/sinuwdw

Ipy(w) = [ms@coswdw

(C.1)

(C.2)
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cos? § cos*é

/ sin? w cosw dw — / sin® w cosw dw —

/& sinw —

= cncd
5cos® 6 s

cos® § .
sin® w cos w dw —
128

/sinswcoswdw -

10:§ 2 12 5
71:;;6 sin1®w cosw dw — _1(:00;4_ /Siﬂlzwcoswdw (C.4)

The integrals appearing in Eqgs. (C.3) and (C.4) can be easily obtained from,

’ inwcosw 1
f51n2wdw = —ﬂtﬁéo— 4 v (C.5)
;3
]sin“wdw = —$ + %/sinzwdw (C.6)
w sinfwcosw 5 [ . 4 ,
sinwdw = ———6—+ g/sm wdw (C.7)
T
fsinswdw = ——S-m—TE+ %/sinawdw (C.8)
9
/sinmwdw = —fs—l-n{f[]ﬂ + %fsinswdw (C.9)
. 12 sin'wcosw 11 . 10 y
sin “wdw = ——1-5—4- T/ sin w dw (C.10)
1 .4 .
sinwcoswdw = gsm w (C.11)
i3 2
fsm wecoswdw = —w + gfsinzwcosw dw (C.12)
sin® w cos? w 5
/sm weoswdw = f /5111 w cos w dw (C.13)
sin"weos?w T [ . . :
sinfwcoswdw = e + 5]5111 w cosw dw (C.14)
9 2
/sinmwcoswdw = —w + 19—1 /singwcoswdw (C.15)

sin'weos?w 11

. 12
d = —_——_—_—_—,_— il
fsm w cos w dw 3 Fi— 3 sin'®w cos w dw (C.16)
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C.2 Concentrating Collector tracked in Mode ¢

The expression for cos 6 for tracking mode c given by,
cosf = [(A' + B cosw)® + cos® & sin’ w]t/? (C.17)
where A’ and B' are as given by Eq. (3.10).
Eq. (C.17) can be written as,
cosd = [Ac + B cosw + C cos? w]'/? (C.18)

where the constants A., B. and C, given by,

A, = 1—cos¢sin?é (C.19)
B. = 2cos¢cosdsingsind (C.20)
C. = —cos?ésin’¢ (C.21)

Expanding Eq. (C.18) binomially one obtains,
cosf@ = ap+ aicosw+ az cos? w + a3 cos® w + a4 cos* w +
as cos’ w + ag cos®w + ar cos' w+ ag cos®w (C.22)

where the coefficients ao, ay, a2, a3, a4, as, ag, a7 and ag are given by,

ag = A2 (C.23)
1
o = ;A7VB (C.24)
1
ay = -A 12¢ _ 8 3;‘232 (C.25)
_ 1 AT5/2p3 ~3/2
a3 = g% H; 4Ac B.C. (C.26)
1 5 -
= A 5/2 g2 2 4-3/2 2E o —7/2 4 5 ey
ay 16 B:C. - 8Ac C; ].QSAC B (C.27)
o= 3 —5/2 2 . -7/2 p3 .
a5 - IGA B C 32 AC Bc CC (C..ZS)
ag = A—s,szs g 7,{232(12 (C.29)
64
_ _5 4tp2p s .
6 = -4, ""BL, (C.30)
. 5 —7/2 14 _
% = —zpd:lC: (C31)
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From Eq. (C.22), the primitives Ipj(w) and Ipy(w) can be written as,

Tpfisly = f seslidis
auw—l—a1fcoswdw+ag/cosgwdw-{-ag-/cosawdw—k

Q

a4/cos4wdw+a5fc035wdw+a6fcosﬁwdw+

a7fcos7wdw + agfcosgwdw (C.32)

Ipy(w) = /cosﬂcoswdw

L

agsinw+a1/c052wdw+a2]cos3udw+(;g/cos4wf£w+
a4/cos5wdw+a5/cosﬁwdw+a6/c057wdw+

ayfcosswdw+ aafcosgwdw (C.33)

The integrals appearing in Eqgs. (C.32) and (C.33) can be obtained from standard

recursion relations [134] as,

fcoszwdw = O a lu (C.34)
2 2
3 sinwcos?w 2 ;
coswdw = —3 - §/c05wdm (C.35)
: 3
/cos4wdw = %‘?—S—w + g /cos?‘wdw (C.36)
: 4
fcos5wdw = Sinu;ﬂ— + %/CDSSu(iw (C.37)
& sinwcos’w 5 4 5
cos"wdw = T+ E/CDS wdw (C.38)
sinwcos®w 6 :
/COSdew = S + ?/cosﬁunﬂw (C.39)
8 sinwcos’w 7 6 :
cos"wdw = — = + g/cos wdw (C.40)
. 8 ’
j_cosgwdw = w + %/cofu}du (C.41)

The primitives Ip;(w) and Ipz(w) as exressed by Eqs. (C.3) and Eq. (C.4) for tracking
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mode b and Egs.(C.32) and Eq. (C.33) for tracking mode ¢, along with Egs. (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 ¢ for cos @ differed in the third decimal place only.




Appendix D

Tabulated Values of Monthly
Average Shading Factor for
Wingwalls under Terrestrial
Conditions

Numerical values of fi., obtained using Eq. (6.21) when g = 0 and Eq. (6.28) when g # 0

are given in Tables D.1 to D.8. The values of the other parameters are:

¢ = 20°, 25°, 30°, 40°, 50° and 60°;
6 = 6, for all 12 months;

7 = 07, 30°, 60° and 90°;

w = 1.0;

p=0.2,0.3,0.4 and 0.5;

g = 0.0 and 0.10;

D¢ = 0.2, 0.4 and 0.6;

fico values for y = 0°, 30°, 60° and 90° are given in Tables D.1 to D.4 respectively
for g = 0.0 and in Tables D.5 to D.8 for g = 0.10.




Table D.1: Tabulated values of fiy, for wingwalls; g = 0.0, ¥ = 0°
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Values of fioo

D; =02 D; =04 Dy =06

¢ Mon =02 03 04 05|p=02 03 04 05|p=02 03 04 05
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 0.440 0.326 0.267 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 0.553| 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 0.655 0.573 0.506
May | 0.688 0.580 0.496 0.430| 0.692 0.585 0.501 0.435| 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 0.475 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 0.551
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 0.854 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 0.656 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| 0.885 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 0.832| 0.934 0.901 0.868 0.834| 0.936 0.904 0.872 0.840

0.899 0.865




Table D.2: Tabulated values of f;., for wingwalls; ¢ = 0.0, v = 30°
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Values of fis

Dy =0.2 Dy =04 D; =0.6
o Mon 02 03 04 05|p=02 03 04 05|p=02 03 04 05
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| 0492 0.273 0.133 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 0.220| 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 0.674
Apr | 0.809 0.721 0.638 0.568| 0.814 0.720 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 0.650 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 0.619 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| 0811 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 0.706| 0.881 0.822 0.762 0.706| 0.881 0.822 0.763 0.706

0.762




Table D.3: Tabulated values of f;., for wingwalls; g = 0.0, 7 = 60°
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Values of fino
D_f =0.2 D_{ =04 Dy =0.6
¢ |Mon P09 03 04 05|p=02 03 04 05[p=02 03 04 05
Jan | 0892 0.845 0,804 0.767| 0.885 0.836 0.792 0.754| 0871 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 0.884 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 0719 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 0.740 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 0.577
Jan | 0.753 0.651 0.561 0.483| 0.749 0.646 0.555 0.476| 0.742 0.635 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| 0.844 0.774 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 | 0.729 0.437| 0.727 0.614 0.516 0.431| 0.721 0.606 0.506 0.420

0.618 0.521



Table D.4: Tabulated values of fis for wingwalls; g = 0.0, v = 90°
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Values of fico

D; =02 D; =04 D; =06
o |Mon P02 03 04 05|p=02 03 04 05|p=02 03 04 05
Jan | 0791 0.698 0.613 0.535| 0.783 0.687 0.600 0.520| 0.763 0.660 0.568 0.484
Feb | 0845 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| 0962 0.944 0927 0.910| 0.960 0.941 0.923 0.906| 0.955 0.935 0.915 0.896
May | 0966 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 | 0777 0.678 0588 0.506| 0.768 0.666 0.574 0.491| 0.748 0.638 0.541 0.454
Jan | 0711 0.591 0.486 0.395| 0.701 0.578 0.471 0.380| 0.677 0.547 0.436 0.343
Feb | 0774 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
Jun | 0.932 0.900 0.868 0.838| 0.932 0.899 0.867 0.837| 0.930 0.898 0.865 0.835
401 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 | 0557 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
Jun | 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 | 0877 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 | 0730 0.619 0.522 0.440| 0.719 0.604 0506 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




Table D.5: Tabulated values of f,, for wingwalls; g = 0.1, v = 0°
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Values of fio

Df =0.2 Df =04 Df =0.6
o |MonlP =059 03 04 05|p=02 03 04 05[p=02 03 04 05
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 0724 0.622 0.539| 0.852 0.741 0.641 0.559| 0.875 0.775 0.681 0.599
Mar | 0717 0591 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 0.000 0.000 0.000
Aug| 0499 0.375 0.297 0.244| 0503 0.378 0.299 0.246| 0509 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 0.556
Nov | 0.890 0.798 0.703 0.616| 0.897 0.810 0.720 0.635| 0.914 0.836 0.755 0.676
Dec | 0915 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| 0813 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| 0796 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 | 0.807 0.814 0.736 0.667| 0.906 0.827 0.752 0.684| 0.923 0.854 0.785 0.720
Nov| 0942 0.883 0.820 0.755| 0.947 0.891 0.831 0.769| 0.957 0.907 0.853 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
60l Jul | 0.858 0.774 0.698 0.632| 0.861 0.777 0.702 0.637| 0.866 0.784 0.710 0.645
Aug| 0872 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 0.820 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




Table D.6: Tabulated values of fio, for wingwalls; ¢ = 0.1, v = 30°
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Values of fie

Dy =0.2 Dy =04 Dy =0.6

¢ | Mon = .
p=02 03 04 05|p=02 03 04 05(p=02 03 04 05
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 0.753
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 0.830 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 0.538| 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 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 0.656| 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| 0.884 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 0.842 0.787| 0.949 0.898 0.843 0.787| 0.951 0.899 0.845 0.789

0.948 0.897




Table D.7: Tabulated values of f;,, for wingwalls; ¢ = 0.1, ¥ = 60°
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Values of _ﬂ-m

D; =02 D; =04 Dy =06

o |Mon 02 03 04 05(p=02 03 04 05]p=02 03 04 05
Jan | 0.944 0.905 0.869 0.834| 0.940 0.836 0.860 0.823| 0.930 0.816 0.838 0.796
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| 0.952 0.816 0.845 0.789
40| Jul | 0.948 0.892 0.832 0.774| 0.950 0.812 0.840 0.784| 0.956 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
601 Jul 0.916 0.849 0.784 0.724 0.918 0.773 0.790 0.731 0.923 0.783 0.803 0.746
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| 0.850 0.658 0.661 0.581
Dec | 0.826 0.711 0.520| 0.823 0.614 0.604 0.514| 0.818 0.606 0.594 0.502

0.609
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" Table D.8: Tabulated values of f;s for wingwalls; g = 0.1, v = 907
Values of fioo
Dy =02 Dy =04 Dy =0.6

¢ |Mon 09 03 04 05|p=02 03 04 05[p=02 03 04 05
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
Jun 0.985 0.966 0.942 0.916| 0.984 0.965 0.940 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
x 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 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 0.311 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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