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ABSTRACT

Measured global, diffuse and beam radiation on a
horizontal surface for Amman and Agaba are investigated.Hourly
global to monthly average daily ratios in addition to hourly
diffuse and hourly beam to hourly gleobal radiation ratios are
computed. Several available hourly global, diffuse and bean
radiation models are tested against measured data for both

Amman and Agaba.

Comparison based on all and averaged data showed that
Collares Pereira [2] and Garg and Garg {3] are the best fits
among other available global models such as Liu and Jordan [1],

Newell [4] and M. Alsaad [6] models for both Amman and Agaba.

Comparison based on all measured data showed that Liu
and Jordan model (1] fits adequately measured diffuse data
better than other available diffuse models investigated such as
Garg and Garg (3], Newell [4] and Orgill and Hollands [10]
models, while comparison based on averaged measured data showed
that Garg and Garg model [3] is the most suitable among other

diffuse models.

In this work an attempt is made to develop new
radiation models for Amman and Agaba that are based on local
weather data by using the following approaches:

(1) Hour}y global models are developed on the basis of

variation of hourly global to monthly average daily ratio
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multiplied by the day length (r * t ) in terms of hours
from solar noon to sunset angle ratio, (—).

(2)Hourly diffuse models are obtained b; examining the
relation between hourly diffuse to hourly global ratio (;ﬂ)
in terms of clearness index (kr) in one case, while the
behavior of hourly diffuse to monthly average daily ratio
multiplied by the day length (r *t)) in terms of hours from

: ), 1is studied in

S

solar noon to sunset angle ratio (

another case, -

(3) Hourly beam models are studied by considering the variation
of hourly beam to hourly global ratio, (;5—), in terms of
clearness index. ' -

The obtained correlations for the above models are linear
and polynomial regressions of second and third degree. The

developed radiation models were tested by using i) all

measured data and ii) averaged data.

Comparison between results of the developed models
showed that global models that properly fit measured data for
both Amman and Agaba are found to be second degree and third

degree polynomials.

The adequate hourly diffuse models for Amman and

Agaba are found to be third degree polynomials, of the form

w

W
s

r *t = f(
d

4 ) when all and averaged data are examined.

The results obtained indicate that the adequate beam

models for Amman are linear regressions when all and averaged

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Xxil
measured data are tested, while that for Aqaba is linear and

second degree polynomial, when all and averaged measured data

are used, respectively.

The obtained solar radiation medels were used to
estimate the collecting area needed to heat a medium size
house. A general computer program was developed to simulate the
heat load needed for such house. Required area of flat plate
~ collectors to meet the heating load is found and compared with
the correspconding area calculated using observed data. Results
showed an excellent agreement with calculaticon based on

measured data.
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CHAPTER ONE

INTRODUCTION AND LITERATURE SURVEY

Solar radiation 1is considered one of the main
substitutes to conventional energy sources. The amount of solar
radiation reaching the surface of the earth is attenuated by
the terrestrial atmosphere. Attenuation of solar energy is
caused by scattering and absorption. Therefore, solar radiation

reaching the earth contains both beam and diffuse components.

Measured data of solar radiation are obtained by
using several instruments such as pyrheliometer which measures
bean radiation and pyranometer which measures global (beam and

diffuse) solar radiation.

1.1 Introduction

The design of solar devices such as flat plate
collectors which are widely used in Jordan require information
on the availability of hourly solar radiation. In locations
such as Jordan where hourly radiation measurements are scarce,

the need of accurate estimates of the available solar radiation

becomes more important.

Several theoretical models had been developed for

this purpose. Such models are used to estimate global, diffuse

and beam radiation. These models were not developed
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specifically for application in Jordan.

In general, existing models are obtained by examining
hourly global (or diffuse) to monthly average daily ratio in
terms of sunset angle and hourly global (or diffuse) to monthly
average daily ratio multiplied by the day length in terms of
hours from solar moon to sunset angle ratio and by examining

hourly diffuse (or beam) to hourly gleobal ratic in terms of

clearness index.

In the present research, available hourly solar
radiation models are tested against available measured data for
both Amman and Agqaba. Based on the above findings, simple and
more accurate global, diffuse and beam hourly radiation models
are developed for Amman and Agaba. These models are intended to
be linear and polynomials of second and third degree. A
comparison of these models on the basis of calculating the
percentage error between measured and calculated data 1is
performed.

The present work includes the following objectives :
-Validity of available hourly radiation models for application
to Jordan.

-Development of new hourly radiation models using different

approachs.

-Applicability of developed models to heating systems.

The available and developed models are appiied to two

locations in Jordan, namely, Amman (latitude 32°.01 N,

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



!
longitude 35953 E and altitude 980 m a.s.l) and Aqaba (latitude

290.33'N, longitude 35°F and altitude 51 m a.s.l)

1.2 Literature Survey

Several mathematical appreoaches have been
investigated by many researchers to develop hourly global,
diffuse and beam radiation models. However, these models were
intended for applications to various locations in several

countries other than locations in Jordan.

1.2.1 Hourly global models

Liu and Jordan [1] recomended to use the following
theoritical model for the computation of r:

(cos w - cos w l
Lid

W22 (sin w ~w_cos ws) et ++(1.1)

Where
r : hourly global to monthly average daily ratio
w : hour angle

Wt Sunset angle

Collares-pereira and Rabl [2] investigated hourly
global to monthly average daily ratio in terms of sunset angle,
w_. Data were obtained from five stations in the U.S.A for a

period of two years.

To reduce the scatter in the results, averages over
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all days within an w for a month are taken. A modified model
8

of equation (1.1) was obtained using least square fit as:

(cos w - cos ws)

(sin W = w cos w }
s s

= It *
r, = —>3 (a+b cos w)

ceea(1.2)

where
a = 0.409 + 0.5016 sin (wS - 1.047)

b = 0.6609 - 0.4767 sin (ws - 1.047)

This model 1is recommended to provide a complete

description of the long term average insolation incident on

horizontal surfaces of arbitrary orientations [2].

Garg and Garg ([3] tested both Liu and Jordan and

Collares-pereira models for four Indian stations: Newdelhi (280

35 N), Calcutta (22

I

° 39'N), Poona (18° 32 ) and Madras, (13°
N). Liu and Jordan medel was found to be insufficient to
predict hourly global radiation from daily sums, while results
obtained by using Collares Pereira model were in excellent
agreement with the observed values which ensures the validity

of this model for India [3]. Garg and Garg [3) modified Liu and

Jordan model and developed a new correlation to estimate global

radiation for India,

COS W = CcOS W
]

_
r

v~ 24 (sin w = 7 cos ws) — 0.008 sin 3{w-0.65).....(1.3)

A simpler alternative expression to that obtained by

Liu and Jordan was developed by T.A Newell [4]). Parabolic and
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cosine models, were investigated using Swanson transformation,
who showed that equation (1.1) can be recast such that r, is a
function of o©one variable. The folleowing transformations are

performed.

w

w
s

Y=r*t and x =
t t d

The integrated value of r over the entire day should be unity,

i.e,

+C
J rdt =1
t

-C

Radiaticn is assumed to be symmetric around solar

noon with a continuous distribution from sunrise to sunset.
Based on this, the Parabolic form of hourly radiation, I, would

be

]
[}

A_- (Am/c2)t2
where

A : Maximum radiation (occurs at solar noon)
m

1

c 2

half day length and equals to td

t = time from solar noon, hours

The daily total radiation is obtained by integrating

hourly radiation over a day length.

+C
H = I [A- (A_sc*)t?] at
-

Ah' can be found by solving this integral
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A = 3H/4C

The ratio of I/H 1is given by the following parabolic

correlation

rt=—}I{-=(3/4c)(1-t2/C2) e (1.4)

on the other hand, the cosine model form is,

D G n
r _T" (_4(:) cos (Ht/zc) 44 08 s et e (1-5)

t

Detailed solar system simulation results show that

model 1.4 and 1.5 yield accurate results. The main purpose of

these models 1is in conjunction with simplified solar design
method development as stated by Newell [4].

P.C Jain [5] analyzed global radiation data for

Trieste, Italy for eleven vyears, 1972-1982 and global and

diffuse data for Montreal for eleven vyears, 1964-1975. The

following normal distribution equation was found to fit the

analyzed data fairly well.

1

P{t) = ——— exp [-

(t-12)2 ]
o {2n

20°
The standard deviation, ¢, needed to predict hourly

global radiation is obtained from the following correlations.
0g=0.461 + 0,192 S0 , for Treiste ......044

0=0.2%94 + 0,209 S0 , for Montreal.......... ceesaa(1.8)

Where 5, is the monthly average daily value of the maximum
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sunshine duration. Mean error was found not to exceed *5%.

Large disagreement was found 1-2 hours after sunrise and 1-2
hours before sunset but good agreement was found for all the
months irrespective of the seasonal and climatic conditions.
Jain claimed that his model is recommended to be of universal

applicability.

Al-Saad (6] following Jains approach, derived a
linear correlation to estimate the standard deviation, o, in
order to predict hourly globkal radiation for Amman, Jordan.

g = 0,153 + 0.226 S0 cesssansssasnsss(1.9)
He stated that his correlation can be used for estimating the
hourly global radiation at any place in Jordan where

measurements are not available.

In another approach, sinusoidal model to predict
hourly global radiation was developed by Al-Saad ([7]. The
general expression of this model is

Gh{t) = A ¢+ Bh sin [(2n/365)n—Fh] ceesssessseses(1.10)
where
Gh(t) :Average global radiation for a given hour, h.
A tMean value of hourly global radiation.

h

B, :Amplitude of the sinusoidal function which specifies the
amount of the global radiation oscillation about its
average value, .

t :Period in units of the time,

n :day number,

Fh:Phase angle which parameterises the extent to which the
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sinusoidal function is shifted horizontally.

A ,B.,F where obtained by using the following third degree

polynomials.

Ah = 2702.525 + 697.08%h - 42.031h2 + 0.6131‘13
B = 29.683 + 5.771h + 4.797h° + 0.291n’

F = 638.889 + 0.100h - 0.369h° + 0.019h°

M.Audi and M.Al-Saad (8], tested three simple global
radiation models, namely a normal distribution, half-sine wave
and polynomial models using data for a period of five years of
the area of Amman, Jordan. None of these models found to fit
measured data adequately. Specifically the results show that
polynomial model represents the data in about 42% of the hours
of the year, the half-sine wave model about 34% and normal
distribution model about 32%. A new model which 1is a
combination of the above three simple models was developed to
provide a comprehensive representation of the tested data. This

new model found to fit the data in about 74%.

Alfonso Soler [9], using Jains approach, also derived
an expression to calculate ¢, the standard deviation. Measured
global radiation data for Uccle, Belgium (48°N latitude, 50

m.a.s.l) during the period 1951-1980 were used. The obtained

correlation is:

o =0.313 + 0,218 S0 P O T & B
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1.2.2 Hourly diffuse models

Liu and Jordan ([1] developed a theoretical model

(equation 1.1) to estimate hourly diffuse radiation as well as

the hourly global radiation.

His model was derived by equating the diffuse ratio,

I
r, with the ratio _ﬁE at same latitude where,
o}
IO=rG“(cos $ cos § coswWw + s5in ¢ Sin &), ... veeeaeaes(1.12)
= 21 rG _{(cos ¢ cos & sin w + w sin ¢ sin §) (1.13)
0 i3 s¢ s R

The sunset hour angle, v, is obtained from the relation:

cos w_ = - tan ¢ tan § cesssssees(l.14)
Ten years data for Blue Hill, Massachusetts and four year data
for Helsingfors, Finland were tested against theoretical ratio,
r. Data were averaged around solar noon using hour angle at
—%— ' 1—%— ,2-%— ...etc. mid hours from solar nocn. An

excellent agreement between the theoretical ratios is recorded

(1].

T.A. Newell [4] Stated that equations (1.4) and (1.5)

are suitable to estimate diffuse radiation as well as global

radiation. In this case subscript "t" is replaced by subscript

"dl! .

‘Garg and Garg [3)]) modified the Liu and Jordan model
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(equation 1.1) to suit Indian data. The obtained correlation is

(cos w - cos ws)

r= —_ % - +0,01 sin 3(w-0.65) ..... 1.15
d 24 (sin w -w cos w ) sin 3w ) ( )
S s

Liu and Jordan model was tested against four Indian stations.
Only the rainy months data showed good agreement and were well
fitted. If rainy months data were excluded, no points were
found to fit exactly the theoretical curve. Equation (1.15) was
tested against measured data. Results showed that the
difference between observed and calculated data has been

narrowed.

Orgill and Hollands {10] examined hourly diffuse to
hourly global ratio in terms of clearness index,kr. Four year
measured data for Toronto, Canada (43048’N) were tested. For
each interval of kT equal to 0.05 the corresponding values of
;5 were averaged. Hourly midpoint method is recommended to be
used for calculating the extraterrestrial radiation in order to
reduce computation time. These averages were plotted against kT

for the mid point of that interval. Segmented 1linear

correlations have been obtained as:

1.0 - 0,249 k_ , k_ = 0,35

I T T

T— =| 1.557 - 1.84 k_, 0.35 = k_ = 0,75 ce..(1.16)
0.177 , k_ =z 0.75

It is noted that 62% of the data are included in the

range of kr' 0.35 - 0.75 while the range kT > 0.75 included

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



12

only 5.6% [92].

P.C Jain [11] examined eleven-year data for Montreal,
Canada during the period 1964-1975 against solar time. Hourly
diffuse data were found to fit the normal distribution curve
closely. The mean distribution is taken at solar noon. The
standard deviation, ¢, was obtained by matching the value of
p(t) for t=12 as:

o =0.270 + 0.222 S, ..... veeeea{1.17)
Jain reccmmended that his model is universally applicable, to
hourly diffuse gdata [11].

Alfonso Soler [9] examined diffuse radiation behavior
using Jain’s method to estimate r, for Uccle-Belgium for the
period 1951-1980. The standard deviation,o,correlations
ocbtained were -

o= 0,335 + 0,233 S0 cevvssassarses(l.18)
for clear skies and average turbidity and

o = 0,295 + 0,217 S0 ........... rea{1.19)
for overcast skies. Values obtained in most cases are different

from the corresponding experimental values.

Alfonso Soler [12] in another research examined x in

terms of (Sd/So), monthly average hourly sunshine fraction and

I/Io, the clearness index, taking into consideration different

£

I
0

the observed data for 1951-1980 regardless the state of. the

sky conditions. He found out that r, = £ ( ) fits Dbetter

sky. This is due to the smaller scattering of data, when the
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rd=f(I/IO) model is used.

M. Igbal [13] and ([14] examined whether or not the
canadian data fit Liu and Jordan model. Data for diffuse
radiation were obtained from three stations, Toronto (latitude
45°30°N) for the period 1967-1975, Montreal (latitude 43° 48°N)
for the period 1964-1975 and Goose Bay (latitude 53° 18°N) for
the period 1962-1975. In general, calculated data of diffuse
radiation from the three Canadian stations fit adequately
theoretical curves obtained by Liu and Jordan. As a rule, the
correspondence is very close during the summer period. On the
other hand, as the the day length becomes shorter (mainly at
early morning and late after noon) measured data were found to

deviate from the theoretical curves.

Erbs étal. [15] investigated hourly diffuse to hourly
global radiation ratio versus clearness index. Results were
compared with Orgill and Hollands theoretical curve. Data were
obtained from four locations in U.S.A. Fort hood (310 OB'N,

1080 m.a.s.l), Livermore (37°7°N,486 m.a.s.l), Raleigh (35°

877, 441 m.a.s.l) and Maynard (42° 42 N, 203 m.a.s.l). A
relationship was developed using combined data for the four U.S

locations. The following segmented linear equations were

obtained:
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1.0 - 0,09 k , k <0,22}
1 < T T
IL = |0.9511-0,1604 k_+ 4.388 ki ..(1.20)
3 4
-16.638 k¥ + 12.336 k' 10.22 = k=
0.165 , k=

A comparison with 0Orgill and Hollands relation
Showed that the two correlations are within 4% of each other
for all values of kr‘ Furthermore, data were grouped intec four
seasons and the standard deviation, ¢, was found for each of
the four locations. Results showed that the correlation tends
to overpredict the diffuse radiation in the fall and winter and
underestimate the measured data in the spring and summer
seasons.

I
Furthermore, = against kc, the ratio of hourly

I
global to clear sky radiation, was studied in order to reduce
the standard deviation. It revealed that using k_as an
independent variable did not reduce the uncertainty of the
estimated hourly diffuse fraction sufficiently to warrant the
extra calculations required when compared with the use of K.

I
Similar study of -2 against k. for Dahran, Saudi

I
Arabia was reported by Baksh, etal. [16]. Segmented linear
equations were obtained using measured data for a period of 15

months.
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. 1.0 - 0.22 k., k. = 0.23
; =| 1.235 - 1.26 k_, 0.23 s k_ = 0.8 ceea(1.21)
0.225 , k = 0.8

It was noticed that 60% of the data points are in the
intermediate range, while only 6% are in the range of kT< 0.23.

I

Turner and Mujahid [17] investigated _TE in terms of

kr for Blytheville, Arkansas for the period. 1978-1980.
Segmented linear equations were obtained in the form of

Id

I—=a1+ blkT * s 88 00000(1-22)
where a, and b1 are constants that vary with solar altitude

angle. Their values for altitude range between 20240° are as

indicated in Table 1.1.

Table 1.1 :tabulated values of a, and b1 for use with equation

(1.22),

kT range a, b1
< kT = 0.1 1.000 -0.04
kT = 0.2 1.001 -0.05
< kT = 0,3 1.093 -0.51
. < kT = 1.330 ~1.30
< kT = 1.490 -1.70
< kT = 1.740 -2.20
< kT = 1.500 -1.80
0.7 < kT s 0.520 -0.40
kT > 0.8 0.200 -0.00
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Bugler [18] also studied hourly diffuse to hourly

global ratio in terms of kc. Data used were for Melbourn,
Australia (latitude 38°S). By plotting data separately in 10°

ranges of solar altitude the following correlations were

obtained:
{ 0.94 , 0 < i < 0.4 1
I c
1.29 - 1.19(—)
I" = T~ , 0.4 < - = 1.0 cee..(1.23)
1.00 - 0.334(—) ¢
© I
0.15 s 7 = 1.0

M.Audi and M.Al-Saad [19] developed a new model for predicting
hourly diffuse radiation for Amman. In a similar way to the
global radiation model developed by both researchers [8], the
diffuse model consists of three components, namely normal
distribution, half-sine wave and a polyncmial of fourth degree.
These components were tested individually as seperate models.
Non of them was found to be adequately acceptable for the
tested data. In the other hand results based on the new model
showed that data can be represented up to 92.4% of the time if
the two early morning and the two late afternocon hours are

neglected.

1.2.3 Hourly beam models

Turner and Mujahid [20] investigated hourly beamn to
hourly global ratio in terms of c¢learness index for

Blytheville, Arkensas for the period 1987-~1980. Segnented
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linear equations were obtained in the forn.

I
b—
T =3, + bk Cereeee.a(1.24)

where a, and b2 are constants vary with solar altitude angle.
Their wvalues, for altitude range between 20°- 40° are shown in
Table 1.2.

Table 1.2 : Tabulated values of a, and b2 for use with equation

(1.24)

kT range a, b2

6.0 - 0.1 0.000 0.02
0.1 - 0.2 -0.003 0.05
0.2 - 0.3 -0.007 0.39
0.3 - 0.4 -0.239 0.95
0.4 - 0.5 -0.663 2.01
0.5 - 0.6 -0.748 2.18
0.6 - 0.7 -0.640 2.00
0.7 - 0.8 -0.480 0.40
0.8 - 0.9 ~0.800 0.00

Alfonso Soler [9] used Jain’s approach to estimate hourly beanm
radiation. Data for Uccle, Belgium for the period 1951-1980
were used. The standard deviation o values were found to bear
linear correlation with S,+ Two expressions were derived:

0 = 0,104 + 0.216 S, ,........ (1.25)
For clear sky condition and minimum turbidity and

o= =0.07 + 0,217 S0 ......... (1.26)

for all data regardless of the state of the sKky.
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CHAPTER TWO

2.1 Analysis

Measured hourly global and diffuse radiation data
were obtained from the Solar Energy Center at the Royal
Scientific Society for both BAmman and Agaba. Four vyear
1984-1988, data, for Amman and one-year 1987,data, for Agaba
are avalilable. Data points for the first two early morning
hours and late two afternoon hours for both Amman and Agaba
were discarded due to possible measuring errors. Amman measured
data for the year 1985 were incomplete. Five months data,
namely January, July, October, November and December were not
recorded. To 1incorporate the vyear 1985 in the present
calculations, the unrecorded data are replaced by the averages
of similar months from years 1984, 1987 and 1988. The global
and diffuse radiation data for Amman were averaged over
four-year period and reduced to 144 points each. The available
measured radiation data are presented only graphically in
chapter 5 due to space limitation. These data are available

upon request from the author.

Hourly beam radiation data are obtained by

substracting the hourly diffuse radiation from the hourly

global radiation. The results are presented graphically in

chapter 5.

"In order to test the applications of the various
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available models and to develop new models for Jordan the

following ratios and parameters are evaluated using the

available data:

(1) Hourly diffuse and beam to hourly global ratios.

(2) Hourly global and hourly diffuse to monthly average daily
ratios (multiplied by the day length).

(3) Averages of measured hourly diffuse to hourly global ratios
within 0.05 clearness index interval.

(4) The ratio of hours from sclar noon to sunset hour angle.

The above calculated ratios are presented graphically in

chapter 5

Extraterrestrial radiation on a horizontal surface

for an hour is calculated using the following equation [21]

_12*3600 360n . s
Io-——ﬁ____ Gsc[1+0.033 cos[365 ]]x[cos ¢ cos §(sin v, sxnw1)+
2n(w2 - wi)
360 sin ¢ sin 8)] ..........(2.1)
where G_. is the solar constant and equal to 1367—55 .
m

Hourly extraterrestrial radiation for Amman and Agaba

were calculated using equation 2.1. The clearness index I is
4]
then obtained.
" Available models, equations (1.1-1.4), (1.6) and

(1.9) for global radiation and equations (1.1), (1.4) (1.15)
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and (1.16) for diffuse radiation in addition to equation (1.24)

for beam radiation have been tested against measured data for

both Amman and Agaba. Calculated values based on the above
models are obtained by using basic programs. Errors for each
hour and monthly average daily measured error between measured
and calculated data were found by using Lotus 123 program. The

error is defined as

Im-Il
Error = i = C et e e s ..(2.2)
m
I : measured hourly‘radiation.
I : calculated hourly radiation.

cal

New models have been developed using Ener Graphics
program. Hourly global and diffuse to monthly average daily
ratio multiplied by the day length in terms of hours from solar
noon to sunset angle ratio in addition to hourly diffuse and
beam to hourly global ratio in terms of clearness index are
studied for both Amman and Agaba. This study is performed for
the average and all data. Furthermore, hourly diffuse to hourly
global radiation ratio in terms of clearness index is tested
using Orgill and Hollands approach.Models obtained, as applied
to Amman and Agaba, are polynomial fits of linear, second and
third degree. These developed models are tested against
measured data. Errors obtained based on developed global,
diffuse and beam models are calculated and a summary of the

results is presented in chapter 4.
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The developed models estimate hourly solar radiation

on horizontal surface. To evaluate the performance of flat
plate collectors, the geometric factor Rb must be calculated by

using the following equation [21].

_ cos (¢-B) cos & cos w + sin (¢-B) sing
b COS @ COS & COS W + Sin ¢ sSin &

.. (2.3}

Where B8 is the tilt angle. The total solar radiation on a
tilted surface, Itis calculated using equation {21].

_ 1l + cos B~ 1 - cos BB
I=I.R, +Id[—-2— * L) P, [‘T—“‘]'”(z"”

Calculation of heat losses needed for estimating the
heat load of a medium size house is performed by using the

equation,

Q = U.A. (T, - T) R -3
where,

U is overall heat transfer Coefficient in W/mzco, which can be

evaluated using the relation.

A : Surface area, m°
T, is the inside temperature and

T, is the outside temperature.
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The overall heat transfer coefficient, U, for inhomogeneocus

construction material 1is calculated by using the relation

U=E .DOCOQOCOOCIOC(ZI-])

where,

Ui is Heat transfer coefficient for area part i,

A1 is ‘Surface area of part i,

A 1is Total area of the inhomogenecus surface.

Infiltration heat losses are calculated using the following
equation:

Q. = (pC)

plage ~ (8) ¥ LAT - T)) ...... ceeeeeeeasa(2.8)

where,
pCp is Product of density and its specific heat of air
q, is Infiltration rate, m3/hr/m,

L is Crack length [m].

2.2 Sample of Calculation

In this section calculations of global ratios using
Collares pereira model (Egn. 1.2) will be presented in details.
Radiation recieved at Amman during January will be taken as an
example.
The altitude angle ¢ = 32%.01°
The mean day of January N=17
For the hour 11-12 =-7.5° or -0.131 radians.

The declanation angle, 8, can be obtained using the following

equation [21].
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284+N
365

301

365)

§=23.45 sin (360 )

8§=22.45 gin (360
§=-20.92°
The sunset angle is obtained by using Eqn. 1.14
wo= Cos™ [-tan ¢ tan &)
w_ = Cos™'[-tan 32.01  tan -20.92%)
= 76.2° or 1.33 radians.
The consants a,b now can be calculated:
a=0.409 + 0.5016 sin(w_-1.047)
a=0.409 + 0.5016 sin (1.33 - 1.047) = 0.549
b=0.6609-0.4767 sin (w_-1.047)
b=0.6609-0.4767 sin (1.33-1.047) = 0.528
By substituting w,ws,a,b in Egn. 1.2, r is found to be

t

0.162.

Repeating the same calculation steps for each morning
and afternoon hours the following calculated hourly global

ratios would be obtained.

Hour 6.7 7-8 8-9 %-10}10-11|11-12

Global
ratio,rt

0.0(0.0216({0.065{0.108}0.142|0.162

In the other hand the actual measured global ratios for January

{averages arcund solar noon are taken) are:

Hour 6-7 7-38 8-9 9-10{10-11|11-12

Global
ratio,rt

0.0(0.015 |0.063(0.213|0.146]0.165
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Error difference between measured and calculated ratios is
obtained by using Eqn. 2.2.

Hour 6-7 7-8 8-9 9-10(10-~11f11-12
Mean
Error 0.0{-0.44 |-0.032(0.044(0.027(0.018

Accordingly the monthly average daily mean error for January is

-0.077.
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CHAPTER THREE

AVAILABLE HOURLY RADIATION MODELS

In this research the available radiation models
stated in chapter one were used to predict the solar radiation
for both Amman and Agqaba. These predicted values were compared
with the measured data and the error was calculated using
equation 2.2. A Summary of monthly average daily mean errors
obtained by examining existing models against all and averaged
measured data around solar noon of global and diffuse radiation
are presented in tables 3,1-2.8, while that for beam radiation
are in table 3.9. It 1is noted that when all results are
examined, the annual mean errors found to be too high. This
occurs mainly because the early and late two hours are included
in calculations. For example, the error incurred in calculating
the radiation using Collares pereira model for the hour 6-7
rises up to 86.7% while for the hour 17-18 it rises up to

774.3%. This applies as well as for diffuse radiation.

3.1 Available hourly global radiation models

Liu and Jordan [1], Collares pereira (2] , Garg and
Garg [3], Newell [4], and Al-Saad [6] hourly global models were
tested against all and averaged measured data. Estimation of
error between measured data and calculated values for these
existing models was carried out. Monthly average daily mean

error was also calculated for each month.
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3.1.1 Comparison based on all data-Amman

Based on the «calculated errors, the following

observation can be made,.

Collares pereira model shows lowest mean errors for
months of January, April, September and November where its
annual mean error is =-0.244. Garg and Garg model represents the
lowest mean errors for January, March , October and December
where its annual mean error is =-0.19. Al-Saad model shows
lowest mean errors for.four months too, but from May-August and

its annual mean error is -0.972.

Considering the value of mean errors between 0-10% as
an accepted and reasonable error we find that Collares Pereira
and Garg and Garg models have reasonable results for months of
February and April to August. Al-Saad model gives reasonable
results for the months of April to August. Liu and Jordan and
Newell models overestimate global radiation in general and do
not give reasonable results, while their annual mean errors are

=0.391 and -0.481 respectively.

3.1.2 Comparison based on averaged data-Amman

Based on the estimated errors, the following

observation are made:

Collares Pereira model is the best for seven months
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from December to July except March. Garg and Garg model is the
best for five months, only: March, August, and October to
December. Collares pereira, Garg and Garg models fit the data
reasonably for all months except october for the first and
their annual mean error is 0.003. Liu and Jordan model fits
reasonably the months from April to December and its annual
mean error is -0.069. Newell model fits reasonably the months
from May to July, October and November, Where its annual mean
error is -0.106. Al-Saad model fits reasonably the months from

April to.September and its annual mean error is -0.664.

3.1.3. Comparison based on all data-Aqgaba

Calculated errors yield the following observations:

Collares pereira model presents the lowset mean
errors for six months: January, March to July and September
except May, where the annual error is -0.189. Garg and Garg
model is the lowset for four months: February and October to
December, and its annual mean error is -0.074. The other two
months: May and August are presented well using Al-Saad model

where its annual mean error is -0.954.

Collares pereira model fits the data reasonably well
for the months of January to August, except February. Garg and
Garg model fits the months of January to October reasonably
well, except September. Liu and Jordan model fits February and

months of May to August reascnably well, where its annual mean
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error 1is -0.343. Finally Al-Saad model fits the months from

April to August, reasonably well.

3.1.4 Comparison based on averaged data-Agaba

Based on the <calculated errors, the following

observations are made:

Collares pereira model presents the lowest errors for
the months of January, April to September.and December, except
June. The annual mean.error is 0.027. Garg and Garg model fits
February, March and November the best fit, where its annual
mean error is 0.006. Garg and Garg model fits all months
reasonably well. Collares pereira model fits measured data
reasonably well for all months except February and October. Liu
and Jordan model fits all data reasonably well, except for
March, where its annual mean error is -0.042. Newell fits the
months of February, May to August, October and November
reasonably well. Its annual mean error is -0.077. Al-Saad model
fits April to September reasonably well, where its annual mean

error is -0.498.

Based on the above discussion Collares Pereira

equation (1.2) and Garg and Garg equation (1.3) global
radiation models are the most suitable for Jordan among
existing models. A summary of obtained results based on both

models is shown in table 3.10.
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3.2 Available hourly diffuse radiation models

Liu and Jordan [1], Garg and Garg [3], Newell [4] and
Orgill and Hollands {10] models have been tested against
measured data. Errors between measured and calculated wvalues
based on these models are computed for each hour. The mean

error for each month is calculated considering all data as well

as averaged data.

3.2.1 Comparison based on all data-Amman

Based on obtained errors between measured and
predicted data using these models, the following observations

are made.

Liu and Jordan is the best for January, March, April,
and September to December. Its annual mean error is -0.114.
Garg and Garg presents the lowest mean errors for meonths May to

August, where its annual mean error is -0.2387.

Considering the value of mean error between 0-10% as
an accepted error, Liu and Jordan and Newell models present
reasonable results for months of January to September, except
March for the latter, while Garg and Garg shows reasonable
results for months April to September. Orgill and Hollands

model showed disagreement with measured data.
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3.2.2 Comparison based on averaged data-Amman

Based on estimated errors between measured and
calculated data, it is observed that Garg and Garg model is the
best for the months from May to October and its annual mean
error is 0.019, while Liu and Jordan model presents the lowset
mean errors for the months of January to March and December and
its annual mean error is 0.033. Liu and Jordan, and Newell
models fit measured data reasonably well except for October.
Garg and Garg model fits all months reasonably well except for

March and November.

3.2.3 Comparison based on all data-Aqaba

Considering the same models as in the Amman case,

obtained errors yield the following observations:

Liu and Jordan model is the best for months March and
september to December, where its annual mean error is -0.024.
Garg and Garg model presents the lowest mean errors for
February, and April to August, where its annual mean error is

=0.149.

Liu and Jordan, Garg and Garg and Newell models fit
Measured data reasonably for January to September, except one
month each. Orgill and Hollands model overestimates hourly

i
diffuse radiation for Agaba as well as for Amman.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



35

3.2, 4 Comparison based on averaged data=Aqaba

Errors between measured and calculated values based
on Liu and Jordan, Garg and Garg and Newell models are
obtained. It is observed that all three models fit all months
reascnably well except for February and October for Liu and
Jordan and Newell models. Garg and Garg shows lowset mean
errors for the months of January to octcber except March and
its annual mean error is -0.003. The other three months fit

well the Newell model, where its annual mean errors is 0.042.

From the above discussion it 1is clear that among
existing models Liu and Jordan model equation (1.1) is the most
suitable hourly diffuse model when all data are considered,
while Garg and Garg model equation (1.15) is the most suitable
hourly diffuse model when averaged data are considered. A
summary of obtained results based on both models is shown in

table 3.11.

3.3 Available hourly beam models

A study is performed by examining Turner and Mujahed
{20] beam radiation model against measured data, where the

corresponding constants for Amman and Agaba are used.

Errors between measured and calculated values for
)
both Amman and Agaba are obtained. It 1is observed that

estimated radiation values based on this model are less than
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those measured values. The annual mean error for Amman

0.385, while for Agaba is 0.217.
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Table 3.10 EVALUATION OF AVAILABLE HOURLY GLOBAL RADIATION

MODELS

AMMAN ALL-DATA

MODEL LOWEST MEAN REASONABLE ANNUAL MEAN
ERRORS ERRCORS ERROR

GARG & GARG 4 MONTHS 6 MONTHS -0.190

COLLARES 4 MONTHS 6 MONTHS -0.244

AMMAN~-AVERAGED DATA

COLLARES 7 MONTHS 11 MONTHS 0.003

GARAG & GARG 5 MONTHS 12 MONTHS 0.003

AQABA-ALL DATA i}

GARAG & GARG 4 MONTHS 9 MONTHS -0.074

COLLARES 6 MONTHS 7 MONTHS -0.189

AQABA-AVERAGED DATA

CCLLARES 7 MONTHS 10 MONTHS 0.027

GARAG & GARG 3 MONTHS 12 MONTHS 0.006
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Table 3.11 EVALUATION OF AVAILABLE HOURLY DIFFUSE RADIATION

MODELS
AMMAN-ALL DATA
MCDEL : LOWEST MEAN REASONABLE ANNUAL MEAN
ERRORS ERRORS ERROR
LIU & JORDAN 7 MONTHS 9 MONTHS ~0.114
GARG & GARG ‘ 4 MONTHS 6 MONTHS -0.387
AMMAN-AVERAGED DATA
GARG & GARG 6 MONTHS 10 MONTHS 0.019
LIU & JORDAN 4 MONTHS 11 MONTHS 0.003
AQABA-ALL DATA
LIU & JORDAN 5 MONTHS 8 MONTHS -0.024
GARG & GARG 6 MONTHS 8 MONTHS -0.149
AQABA~AVERAGED DATA
GARG & GARG 9 MONTHS 12 MONTHS =0.003
NEWELL 3 MONTHS 10 MONTHS 0.042
LIU AND JORDAN -— 10 MONTHS 0.057
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CHAPTER FOUR

DEVELOPED HOURLY RADIATION MODELS

The measured data were processed as stated in chapter
2 and fitted to linear and polynomial regressions using least

square approach. The following models are obtained:

4.1 Developed hourly global models

The hourly global models are obtained by examining
the hourly global to monthly average daily ratio multiplied by

the day length against the ratio from solar noon to sunset

hours.

a. Models obtained by using all measured data-Amman are as
follows:

(i) linear:

t W
s

r, * t = 1.955 - 1.889 [" ] AP 9 §

(ii) second degree:

2
W w
%* = - -
r, td 1.783 0.839 [ W ] 1.09[ W ] casse(2.2)

(iii) Third degree

2 3
" - wl _ w '
rt td 1.65 7 +0.576[ w] 4.616[ WJ +2.39[ VJ coce(4.3)

s

b. Models obtained by using averaged data-Amman are as follows

(i) linear:

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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(ii) second degree:

W
w

s

W
W

r, * td = 1.776 - 0,817 [

]- 1.107[ ]2 ve..(4.5)

(iii) Third degree

W W w

s S s

2 3
rt*td=1.651+0.585[ “] - 4.595[ “'] +z.354[ "] ... (4.6)

A summary of monthly averaged daily mean errors obtained by
examining these models against all and averaged data for Amman

are shown in tables 4.1 and 4.2.

¢. Models obtained by using all measured data-Agaba

(i) linear:

r, * t, = 1.932 - 1,848 [” ] R ceenea.(2.7)

s

(ii) second degree:

r *t =1.,753 - 0,771 [
t d

] - 1.101[ d ]2 ce..{4.8)

(iii) Third degree

2 3
*t = vl _ W d
r*t, 1.625+0.642[ w] 4.552{ w] +2.295[ w} ... (4.9)

s s

s

d. Models obtained by using averaged data-Agaba

(i) linear:

r, * t = 1,931 - 1,846 { L ] ..... I E T [
t d Y
5 -

(ii) second degree:

L4

w
s

v 2
w] N € P & )

s

rt*td=1.752-0.769[ ] - 1.101[
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(iii) Third degree

rt*td=1.625+0.63 [%] - 4.521[—2]12.274[-2—5]3...(4.12)

A summary of monthly averaged daily mean errors obtained by
examining these models against all and averaged data for Agaba

are shown in tables 4.3 and 4.4.

4.2 Developed hourly diffuse models

The hourly diffuse models obtained by examinning
hourly diffuse to hourly global ratio in terﬁs of clearness
index are as follows

a., Amman -all data

(i) Linear:

HIH
o

= 0.613 - 0,611 kT .........;.(4.13)

(ii} second degree:
I

TE = 0.699 - 1.034 k_+ 0.429 k e eeaa (4.14)

(iii) Third degree:

Id

T = 0.51 + 0.768 k_ - 3,778 ki + 2,819 k: eees.(4.15)

(iv) Segmented linear equations:

A
=
1A
o
>
0
N
—

0.646-0.68 k_ , 0

H,H
a

=| 0.658 - 0.704 kT »0.492

1A
=
1A
Q
3

ceee..{4.26)

0.13 , k_ =z 0.75 ]
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b.,, Amman, averaged data

(i} Linear:
I

=0.855-1.032 kT ----oooo'ot(4|17)

hqa

(ii) second degree:

= 0.899 - 1.205 k_ + 0.16 ki ....... .. (4.18)

HlH
a

(iii) Third degree:

1

< = 1.189 - 3,05 k_ + 3.875 k% - 2.386 k> .......(4.19)
I T T T

A summary of monthly averaged daily mean errors obtained by

using these models against all and averaged data for Amman are

shown in tables 4.5 and 4.6.

c,, Agaba-all data

HIH
=%

(i) Linear:

Pﬂ -
a.

=0-667—0¢619 kT c.cl..ltt.u(4l20)

(ii) second degree:
I

TE = 0.706 - 0.301 k_+ 0,181 ki ceeereenes.(4.21)

(iii) Third degree:

HlH
[* N

= 0.431 + 1.527 k_ - 5.14 k: + 3,635 k: .. (4.22)

(iv) Segmented linear equations:

1A
[=]
)]

0.635-0.48 k_ . 0 =k

1A
=
1A

=| 0.835 - 0,88 kT , 0.5 0.75 ceeess(4.23)
0.175 , k_ =z 0.75
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d. Agaba- averaged data
(i) Linear:
I

== 1,032 - 1.209 k U 737§

(ii) second degree:
b .
£ = 1.127 - 1.548 k_+ 0.294 K2 el .. (4.25)

(iii) Third degree:
I
iﬁ = 1.383 - 3.014 k_+ 3.031 ki - 1.666 kj ceeee.{4.26)

A sunmmary of monthlyAaveraged daily mean errors obtained by
using these models against all and measured data for Agaba are

shown in tables 4.7 and 4.8.

The hourly diffuse models obtained by examining
hourly diffuse to hourly global ratio against clearness index
using Orgill and Hollands approach are as follows:

a. Amman
(i) Linear:

I
EE =0.534 - 0.3%92 k. ...... ceve.(8.27)

(ii} second degree:

HIH
fe

= 0.582 - 0.682 k_+ 0.29 ki N 7 913

(iii) Third degree:
L4
I

= 0,362 + 1,939 kT -~ 6,254 k: + 4.362 k ceeee(4.29)

(iv ) Segmented linear equations:

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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0.344 + 1,454 k_ 0 sk_ = 0.137 1
1 T T
Id =| 0.6356 - 0.67 k. ,0.137 = k_ = 0.785 ciiae.(4.30)
0.11 k_= 0.785

Table 4.9 shows comparison between mean errors obtained by
using these models for Amman.
b. Agaba

(i) Linear:

1
TE = 0.591 - 0.543 k_ ceeeeessnes(4.31)

(ii) second degree:
I
TE = 0.612 - 0,709 k_ + 0,222 ki e eeeeeeeene.(8.32)

(iii) Third degree:
I

TE = 0.526 + 0.647 k_ - 4.287 ki - 4.008 k: cerea.(4.33)

(iv ) Segmented linear equations:

0.507 + 0.375 k_ , 0<k_ = o0.11
I T T
Tﬂ— =| 0.597 - 0.45 k_ ,0.11 =k_= 0.8 cene..{4.32)
0.237 , k. = 0.8

Table 4.10 shows comparison between mean errors obtained by

using these models for Agaba.

The hourly diffuse models obtained by examining
hourly diffuse to monthly average daily ratio multiplied by the
day length against the ratio of hours from solar noon to sunset

hours are as follows

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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a. Amman—all data

(i) Linear:

r *t = 1,648 - 1.245 [“' ] e, (4.35)
d d ‘Js

(ii) second degree:

E S

d

%

r * td = 1.378 + 0,403 [ ] —1.713[

S

(iii) Third degree

2 2
W w W
*t = - - -
r, td 1,425 0.127[ 5] 0.391[ ] 0.896[ ] e {4.37)

b. Amman-averaged data

(1) linear:

r * t, = 1.647 - 1.245 ["' ] e ce..(4.38)

3

)

(ii) second degree:

2
r *t = 1,378 + 0.403 [“ ] -1.712[ hd ] cee..(4.39)
d d W w
s s
(iii) Third degree:
2 3
b = - W - W - W
r *t =1,426 0.135[ "s] 0.371[ w] 0.909[ —| ... (4.40)

s s

A summary of monthly averaged daily mean errors obtained by
using these models against all and averaged data for Amman are
presented in tables 4.11 and 4.12.

c. Agaba-all data

(i) Linear:

£, * t, = 1.601 - 1,163 [” ] ............ ve..(4.41)

1]

(ii) second degree:

2
r, %t = 1.287 + 0,727 [ hud ] -1.934[ b ] ceee.(4.42)

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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(iii) Third degree

2 3
r *t =1,325+0.31 [ = ] - 0.914{—1L] -0.678[ = ] veo(4.43)
d d W v v

S S s

d. Agaba-averged data

(i) linear:

* = - v
r, td 1.601 1.163 [ W ] ce e ceeseses(4.44)

(ii) second degree:

2
r %t = 1.287 + 0.727 [ h ) -1.934[ L ] cev..(4.45)
d d W ws

]

(iii) Third degree

2 3
r*t =1.325+0.312[ v ] - 0.918[ v ]-—0.575[ L ] ... (4.46)
d d W W W

s s s

A summary of monthly averaged daily errors obtained by examinig
these models against all and averaged data for Amman are shown

in tables 4.13 and 4.14.

4.3 Developed hourly beam models

Hourly beam mcdels are obtained by examining hourly
beam to hourly global ratio in terms of clearness index. The

obtained correlations are as follows:

a. Amman-all data
(i) Linear:

I
i; = 0.387 + 0.611 k_ Ceeersennenseses(4.47)

(iij second degree:
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I

b

;> = ©.301 + 1,034 k- 0.429 ki Cereeeeereees{4.48)

(iii) Third degree:

-

33 = 0,49 - 0,768 k_ + 3.778 k> - 2.819 k> ......{4.49)
T T T

b. Amman-averaged data

(i) Linear:
I

TE = 0.145 + 1.032 k_ Ceteeernsaneesss{4.50)

(ii) second degree:
I
= 0.101 + 1,205 T I (4.51)

(iii) Third degree:
I

TE = -0.189 + 3.05 k_ - 3.875 k> + 2.386 kK> .....(4.52)

T T T
A summary of monthly averaged daily errors obtained by examinig
these models against all and averaged data for Amman are shown

in table 4.15 and 4.16.

c. Agaba-all data

(i) Linear:

HIH
o

= 0.333 + 0,619 kT ........... «e...{4.53)

(ii) second degree:
I .

TE = 0.294 + 0.801 k_ - 0.181 kj ....... vev...{4.54)

(iii) Third degree:
I
— = 0.569 - 1,527 k. + 5.14 ki - 3.635 ki ....(4.55)
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d., Agaba-averaged data
(i) Linear:

I
T3='°'°32+1'2°9 k. A - 13

(ii) second degree:
I

T = =0.127 + 1,548 ko - 0.29¢ kZ ............(4.57)

(iii} Third degree:
I

F =-0.383 + 3.014 k_-3.031 kZ + 1.666 k2 ......(4.58)

A summary of monthly averaged daily errors obtained by examinig
these models against all and averaged data for Agaba are shown

in tables 4.17 and 4.18.
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CHAPTER FIVE

RESULTS AND DISCUSSION

5.1 Hourly global radiation

Plots of measured hourly global radiation against
local solar time for Amman and Agaba are shown in Figures

5.1 to 5.4.

Figures 5.1 and 5.2 for Amman, show that variation of
hourly glebal radiation is symmetrical around solar noon for
all months. The absolute amount of hourly global radiation
varies between 0.0 and 971.75 W/HF over all hours. Maximum
values of hourly global radiation vary from 383.25 W/nﬁ in
December to 971.25 W/m2 in June. Figures 5.3 and 5.4 for
Agaba, show same behaviocur for hourly global radiation around
solar noon, the absolute amount of hourly global radiation
varies between 0.0 and 920 W/m2 over all hours of the year.
Maximum values of hourly global radiation vary between 500 W/m2
in December and 920 W/m2 in July. Data for Amman and Agaba are
in the same range of values except for winter season, where
values of hourly global radiation for Amman are lower than
those for Agaba which reflects the fact that in winter Amman

region is covered with clouds, but not Agaba region.

The variation of hourly global to monthly average

daily ratic with sunset hour angle is shown in figures 5.5 and
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5.6 for Amman and Agaba, respectively.

From figure 5.5 we can see that hourly global to
monthly average daily ratio for Amman varies from 0.001 to
0.171, while figure 5.6 shows that this ratio varies between
0.0 and 0.168 for Agaba throughout the year. It is also
observed that these ratios are lower in the morning and
afternoon hours, and higher around the solar noon hours for all

months of the year.

5.1.1 Developed hourly global radiation models

Hourly global to nmonthly average daily ratio
multiplied by the day length in terms of hours from solar noon
to sunset angle ratio is studied. Errors between measured and
calculated data are obtained along with monthly average daily
mean errors. It is noted that when all data are examined, the
annual mean errors are found to be high. This occurs mainly due
to the 1inclusion of the early and late two hours in
calculations which results normally in high mean errors. For
example mean error obtained using equation 4.2 for the hour
16-17 in November is 606%. This applies to global as well as to

diffuse radiation.

5.1.1.1 Comparison based on all data-Amman

The obtained 1linear, second and third degree

regressions are shown in figures 5.7 to 5.9. Errors between
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measured and predicted data using the developed models are

obtained using Egn. 2.2. The following observations can be

made:

Third deqgree polynomial (Egn. 4.3) presents the
lowest mean errors for the months of February and April to
August, where the annual mean error is =0.256. The second
degree polynomial (Eqn. 4.2) is the best for the months of

January, March and September to December, and its annual mean

error is -0.181.

The second degree polynomial (Egqn. 4.2) fits
reasonably six months from February to April and June to
August. Third degree polynomial (Egqn. 4.3) fits reasonably well
five months February, April, and June to August. Linear (Eqn.

4.1) fits reasonably April, June and July with an annual mean

error of =-0.492,.

5.1.1.2 Comparison based on averaged data~-Amman

Obtained linear, second and third degree regressions
are shown in figures 5.10 to 5.12. Based on the calculated

errors between measured and predicted wvalues the following

observation are made:

Third degree polynomial (Eqn. 4.6) represents the
lowest mean errors for nine months: February to September and

December, where its annual mean error is -0.003. Second degree
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polynomial (Egn. 4.5) is the best only for January and October,

and its annual mean error is =-0.006. Linear regression (Egn.
4.4) represents minimum errors for the months: October and
November, Where its annual mean error is -0.054. The second
degree polynomial fits all months reasonably well.Third degree
polynomial (Egn. 4.6) fits all months reasonably well too
except October. Finally, linear regression (Egn. 4.4) fits all

months reasonably well, except January and March.

5.1.1.3 Comparison based on all data~Agaba

Linear, second and third regressions are obtained and
shown in figures 5.13 to 5.15. Based on obtained errors between
measured and calculated values the following observations can
be made:

Third degree polynomial (Egn. 4.9) is the best for seven months
of January, April to August and November, where the annual mean
error is -0.269. Second degree peclynomial (Egn. 4.8) represent
lowest mean errors for five months of February,March,

September, October and December, where the annual mean error is

-0.111.

The second degree polynomial fits January to August data
reasonably well. Third degree polynomial fits the same months
reasonably too, except March. Linear regression (Egn. 4,7) fits
January and May to August reasonably well, and the annual mean

error is -0.593.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



67

5.1.1.,4 Comparison based on averaged data-Agaba

Linear, second and third degree regressions are
obtained as shown in fiqures 5.16 to 5.18., Errors between
measured and calculated data offers the following observations:
Third degree polynomial (Eqn. 4.12) is the best for five
months, January, April, May, August and September, where the
annual mean error is 0.008. Second degree polynomial (eqn 4.11)
is the best for five months also, but February, March and
October to December, and the . annual mean error is -0.015.
Linear regression (Egn. 4.10) is the best only for June and

July, with an annual mean error equal to -0.075.

The second degree Polynomial fits all months of the
year reasonably well. Third degree fits all months reasonably
well, except for February, while linear regression fits all

months reasonably well, too, except for February and March.

Based on the above discussion second degree
polynomials equation (4.2) and equation (4.8) are the most
suitable among the developed global models, when all data are
considered. In the other hand third degree polynomials equation
(4.6) and equation (4.12) are the suitable ones when averaged
data are considered for both Amman and Agaba respectively. A
summary of obtained results using these models is shown in

table 5.1.
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MODELS

MODEL

SECOND DEGREE POLY.
(EQN 4.2)

THIRD DEGREE POLY.
(EQN. 4.3)

THIRD DEGREE POLY.
(EQN. 4.6)

SECOND DEGREE POLY.
(EQN. 4.5)

SECOND DEGREE POLY.
(EON. 4.8)

THIRD DEGREE POLY.
(EQN. 4.9)

THIRD DEGREE POLY.
(EQN. 4.12)

SECOND DEGREE POLY.
(EQN. 4.11)

AMMAN-ALL DATA

THE LOWEST MEAN REASONABLE
ERRORS

ERRORS
& MONTHS 6 MONTHS
5 MONTHS 5 MONTHS

AMMAN-AVERAGED DATA

9 MONTHS 11 MONTHS

2 MONTHS 12 MONTHS

AQABA-ALL DATA

5 MONTHS 8 MONTHS

7 MONTHS 7 MONTHS

AQABA-AVERAGED DATA

5 MONTHS 11 MONTHS

5 MONTHS 12 MONTHS

€8

GYALVATION OF DEVELOFED HOVREY GLOBAL RAPTATION

ANNUAL MEAN
ERROR

-0.181

-0.256

-0.003

-0.054

-0.111 -

-0.269

0.008

-0.015
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5.2 Hourly diffuse radiation

Plots of measured hourly diffuse radiation against
local solar time are shown in figures 5.19 to 5.22. Figures
5.19 and 5.20 for Amman show the variation of hourly diffuse
radiation around solar noon hours for the months July to
December is 1less than for the months January to June. The
absolute amounts of hourly diffuse radiation varies between
0.00 and 181 -l% over all hours, while for middle six hours
around the solgr noon, are between 74 and 114 —jiu Values
interference is observed too. Maximum values o? diffuse
radiation vary between 84 —E%'in July and 181 W/m° in March.
The higher diffuse radiation min March could be due to special

type of clouds contribution as some type of clouds are more

scattering than others [6].

From figures 5.21 and 5.22 for Agaba, almost same
result can be observed except that absolute values of hourly
diffuse radiation for Agaba are higher than those for Amman.
The absolute amount of hourly diffuse radiation is between 0.00
and 212 W/m2 over all hours and between 95 and 212 W/m2 for the
middle six hours. Maximum value ranges between 116 W/nﬁ in

November and 212 W/m2 in May. The higher values of diffuse

radiation for Agaba compared with Amman of diffuse values could

be due to the contribution of dust, humidity and reflection

from the surface of sea water.

For Amman the annual diffuse to the annual global
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ratio is found to be 0.28 while for Agaba is 0.304. From figure
5.23 we can see that hourly diffuse to monthly averaged daily
ratios vary from 0.002 to 0.156 for Amman, while figure 5.24
shows that this ratio varies from 0.001 to 0.168 for Agaba
throughout the year. It is also observed that hourly diffuse to
monthly average daily ratios are 1lower in the morning and
afternoon hours, while they are higher around solar noon hours

for all months of the year.

5.2.1 Developed hourly diffuse models

5.2.1.1 Amman-all data

I
Four models obtained for _TE = f(kT), equations 4.13
to 4.16 and three models obtained for r* td = £ : )

s

equations 4.35 to 4.37 have been investigated. In addition to
these models four correlations equations 4.27 to 4.30 obtained
by using Orgill and Hollands approach are also investigated.
Equation 4.29 found to have the lowest mean error along other
correlations obtained using this approaches as shown in table
4.9,

Plots of these models are shown in figures 5.25 to 5.33. Based

on obtained errors between measured and calculated data using

these models, the following observations can be made:

The third degree polynomial (Egqn. 4.37) based on r'_d*td =

L)

W
s

September and its annual mean error is -0.256. The third degree

£(

), shows lowest mean errors for five months from May to
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pelynemial using Orgill and Hollands appreoach, (Egn. 4.29) is

the best for three months of January, ©October and November,

where its annual mean error is -0.057. The linear regression

I
(Egqn. 4.13) based on TE = f(kT), represents lowest mean errors

for March and December and its annual mean error is -0.09% .

v
v ). (Egn.
4.36) is the best for February and April, where its annual mean

The second degree polynomial based on rd* td = f{

error is -0.371.

The third and second degree polynomials based on r, * td =

£( x ) each fits reasonably seven months of February and April .
s I
to September. The linear regression (Egn. 4.13) based on < =

I
f(kT) fits also reasonably well seven months of January to May,
November and December. The third degree polynomial (Egn. 4.15)
and segmented linear regressions (Egqn. 4.16) based on TS =
f(kr) each fits reasonably well five months of January,
February, May, November and December. The 1linear regression
(Egn. 4.35) based on ra*t;= f(—%—) fits also reascnably well
five months of February and May ;o August, where 1its annual
mean error is -1.16. The third degree polynomial obtained by
using Orgill and Hollands approach fits reasonably well four

months of January, February, November and December. Finally the

H @

second degree polynomial (Egqn. 4.14) based on = f(kT) fits

4
I
reasonably well three months of May, November and December,

where its annual mean error is -0.096.

5.2.1.2 Amman-averaged data

Obtained linear, second and third degree polynomials,
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I

equations 4.17 to 4.19 and 4.38 to 4.40 based on Ti = 'f(kT)

and r * t = f( ) are tested against measured data.

W
s

Plots of these models are shown in figures 5.34 to 5.39. The

following ohservations can made:

The third degree polynomial based on r *t = f(—

), equation
s

(4.40) represents lowest mean errors for six months of April to
August and December, where its annual mean error is -0.015. The
Za
I

is the best for January, February and October and its annual

second degree polynomial based on = f(k)), equation (4.18)

mean error is -0.002. The second degree polynomial based on

rd*td=f( : ), equation (4.39) 1is the best for April and
September ;nd its annual mean error is =-0.021. Third degree
polynomial based on ;3 = f(kT), equation 4.19 shows lowest mean
errors for November and its annual mean error is -0.018, while
linear regression based on :—I[-E = f(kr)' equation (4.17) fits

March the best and its annual mean error is -0.019.

: I
The third degree polynomial (eqn. 4.19) based on TE = f(kﬂ

fits reasonably well eleven months of January to November. The

second and third degree polynomials (Egn. 4.39) and (Eqn. 4.40)

W

W
8

January to November except March. The linear regression (Eqn.

based on rd*td= £(

) each fits reasonably well ten months of

I
4.17) based on TE = f(kT), fits reasonably well nine months of
January to April, June and August to November. The second
I
degree polynomial (Eqn. 4.18) based on Tﬂ = f(kT) fits

reasonably well eight months from January to March, June and
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August to November, while the 1linear regression Eqn.4.38)

W

W
s

but February, April to September and November and its annual

based on rd*td= £( ) also fits eight months reasonably well

mean error is -0.08.

From the above it is obvious that the third degree

w

W
s

are the most suitable for Amman, when all and averaged data are

polynomials based on r *t = f( ), (Eqn. 4.37) and (Egn. 4.40)

examined. A summary of obtained results based on these models

is shown in Table 5.2.

5.2.1.3 Agaba-all data

I
Four models obtained based on Ti = f(kT), equations
4.20 to 4.23 and three models obtained based on rd*td = £f( : ).

equations 4.41 to 4.43 have been investigated. In addition to
these four correlations, equations 4.31 to 4.34 obtained by
using Orgill and Hollands approach are investigated too.
Equation 4.33 found to have the lowest mean error along other
correlations obtained using this approach as shown in table
4.10.

Plots of these models are shown in figures 5.40 to 5.48. The

following observation can be made: -

The third degree polynomial based on r. *t, = £( : ) equation
8

(4.43) shows lowest mean errors for four months of February,

June, July and September, where its annual mean error is

W

)

equation (4.42) also fits four months of January, April, May

-0.143. The second degree polynomial based on rd*td=f(
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and August, where its annual mean error is -0.17. The linear

regression based on fg = f(kT) equation (4.20) is the best for

two months of October and November and its annual mean error is

-0.062. The segmented

I
linear egquations (4.23) based on TE = f(kr) is the best for

March and its annual mean error is -0.058, while the second
I

degree polynomial based on TE = f(kr), equation (4.21) fits

December and its annual mean error is -0.059. The second and

third degree polynomials (Egn. 4.42) and (Eqn.4.43) based on

rd*td=f( : ) each fits seven months reasonably of January,
3

February and April to August. The linear regression (Eqn. 4.41)

based on rd*td = f{ : ) fits six months reasonably of January

-
and April to August. The segmented linear equations (Egn. 4.23)
I
based on —= f(kT) fits reasonably five months of January to

I
March, June and December. The third degree polynomial obtained
by using Orgill and Hollands approach (Egn. 4.33) fits also
reasonably five months of January, February, April, June and

August, where its annual mean error is -0.056. The 1linear,

second and third degree regressions (Eqns. 4.20 to 4.22) based

I
d

on = f(kﬂ each fits four months reasonably of January,

February, June and December.

5.2.1.4 Agaba-averaged data -

Obtained linear, second and third degree polynomials,

I .
equations 4.24 to 4.26 and 4.44 to 4.46 based on Ti = f(kr) and
rd*td = f{( : ) are tested against measured data. Plots of these

3
models are shown in figures 5.49 to 5.54. The following
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observations can be made:

: ), eguation

]

(4.46) represents lowest mean errors for five months of May to

The third degree polynomial based on r.*t = £

September and its annual mean error is =-0.003. The second

W

W
s

the best for four months of January, April, November and

degree polynomial based on rd*td = f{ }, equation (4.45) is

December, where its annual mean error is =-0.014. The third

I
d

degree polynomial based on T = f(kr), equation (4.26) shows

lowest mean errors for months of February, March and October,

where its annual mean error is =-0.023.

The second and third degree polynomials (Egn. 4.45) and ]Eqn.

w

w
s

the year. The linear regression (Eqn. 4.44) based on rditd =

4.46) based on r *t =f( ) each fits reasonably all months of

£{ : ) fits reasonably eight months of January, April to

S
September and November where its annual mean error is -0.115.

The linear, second and third degree polynomials (Eqns. 4.24 to
I
d

4.26) based on T = f(kT) each fits reasonably seven months of

January to March, June and August to October, where their

annual mean errors are -0.002, 0.002 and -0.023 respectively.

From the above it is clear that the third degree

W

w
s

are the most suitable for Agaba when all and averaged data are

polynomial based on rd*td=f( ), equations (4.43) and (4.46)

tested. A summary of obtained results based on these models is

shown in table 5.2.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



76

Table 5.2 EVALUATION OF DEVELOPED HOURLY GLOBAL RADIATION

MODELS
AMMAN-ALL DATA
MODEL LOWEST MEAN REASONABLE ANNUAL MEAN
ERRORS ERRORS ERROR
THIRD DEGREE POLY. 5 MONTHS 7 MONTHS -0.256
- (EQN.4.37)
SEGMENTED LINEAR 3 MONTHS 4 MONTHS =-0.057
EQUATIONS (EQN 4.29)
LINEAR REGRESSION 2 MONTHS 7 MONTHS  -0.095
(EQN. 4.13)

AMMAN-AVERAGED DATA

THIRD DEGREE POLY. 6 MONTHS 10 MONTHS 0.015 -
(EQN.4.40)

SECOND DEGREE POLY. 2 MONTHS 10 MONTHS 0.021
(EQN. 4.39)

THIRD DEGREE POLY. 1 MONTHS 11 MONTHS ~0.018
(EQN. 4.19)

AQABA-ALL DATA

THIRD DEGREE POLY. 4 MONTHS 7 MONTHS  ~-0.143 N
(EQN. 4.43)

SECOND DEGREE POLY. 4 MONTHS 7 MONTHS -0.170

(EQN. 4.42)

LINEAR REGRESSION 2 MONTHS 6 MONTHS =-0.062

(EQN. 4.20)

AQABA-AVERAGED DATA

THIRD DEGREE POLY. 5 MONTHS 12 MCNTHS -0.003
(EQN. 4.46)
SECOND DEGREE POLY. 4 MONTHS 12 MONTHS =-0.014

(EQN. 4.45)
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5.3 Hourly beam radiation

Measured hourly beam radiation data are plotted
against local solar time for Amman and Agaba as shown in
figures 5.55 to 5.58. Figures 5.55 and 5.56 for Amman show the
variation of hourly beam radiation is almost symmetrical around
solar noon. Beam radiation values from January to June are in
the same range of values from July to December. The absolute
amounts of beam radiation vary betweén 0.0 and 881.75 W/ma
Maximum value of beam radiation varies between 305 W/nﬁ in

December and 881.75 _EE in July which is normally expected.

Similarly for Agaba f?gures 5.57 and 5.58 show almost same
behavior of beam radiation around solar noon as for Amman. Beam
radiation values from January to June are in the same range
compared with the other six months except for December where
lower values are recorded. The absolute values of beam
radiation vary between 0.0 and 789 W/mz. Maximum value of beam

radiation varies between 361 W/m2 in December and 789 W/m° in

July which is normally expected too.

5.3.1 Developed hourly beam radiation models

5.3.1.1 Comparison based on all data-Amman

Figures 5.59 to 5.61 represent linear,second and
I

third degree regressions obtained by examining TE against kr'

Based on the calculated errors between measured and predicted

data using these models the following observation can be made:
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The Linear regression (Egn. 4.47) shows lowest mean errors for
months March to June, September, Octcber and December, where
its annual mean error is -0.023. Third degree polynomial (Egn.
4.49) shows the lowest mean errors for the months: January,

February, July and August where its annual mean error is

~0.018.

The Linear and Third degree regressions show
reasonable mean errors for all months except January, while

February is added to the second degree polynomial (Eqn. 4.48).

5.3.1.2 Comparison based on averaged data-Amman.

Figures 5.62 to 5.64 represent obtained 1linear,
second and third degree regressions. Based on the errors
between measured and predicted data obtained using these models

the following observations can be made:

Linear regression (Eqn. 4.50) represents lowest mean
errors for six months, namely January to April, August and
November, where its annual mean error is =-0.003. Third degree
polynomial (Egn. 4.52) fits February, April, May, July,
September and December, where its annual mean error is -0.003.
Second degree polynomial (Egqn. 4.51) is the best for February,

June, August and October, where its annual mean error is

-0.004.

All developed models represent measured data
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reasonably for all months all over the year.

5.3.1.3 Comparison based on all data~Agaba

Obtained linear, second and third degree regressions
are shown in figures 5.65 to 5.67. Obtained errors between
measured and calculated data using these models offer the

following observations:

Linear regression (Eqn. 4.53) shows lowest mean errors for
February, June and September to November, where its annual mean
error 1s =0.012. Third degree polynomial, (Egn. 4.55) is the
best for January, March to May, July and August, where its

annual mean error is -0.011.

All models represent measured data reasonably except for months

March and April.

5.3.1.4 Comparison based on averaged data-Agaba

Obtained linear, second and third degree regressions
are shown in figures 5.68 to 5.70. Based on the errors between
measured and predicted data obtained using these models the
following observations can be made: The second degree
polynomial (Egn. 4.57) presents lowest mean errors for months
of January, April and July to December where its annual mean
error is 0.0. Third degree polynomial (Egqn. 4.58) is the best

for January to June and December, where its annual mean error
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is 0.001. Linear regression (Eqn. 4.56) fits months of January

February and May to July, where its annual mean error is

0.001.
All models fit measured data reasonably except for April.

From the above discussion it is obvious that all
developed beam models are adequate, mainly linear regressions
equation (4.47) and equation (4.50) wﬁen all and averaged data
are. considered for Amman. Concerning Agaba, all models would be
suitable too, mainly linear regression equation (4.53) and
second degree polynomial equation (4.57) when all and averaged
data are examined. A summary of results obtained based on these

models is shown in table 5.3.

5.4 Comparison with previous works

5.4.1 Hourly global radiation models

Comparing the results obtained by using the best
models among the available and developed ones the following

observations can be made:

5.4.1.1 Amman-all data

The second degree polynomial (Egqn. 4.2) presents the
lowest mean errors for months of January, March, September,
November and December with annual mean error -0.181. Garg and

Garg model presents lowest mean error for October only with an
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Table 5,3 EVALUATION OF DEVELOPED HOURLY BEAM RADIATION

MODELS

LINEAR
REGRESSION
(EQN.4.47)

THIRD DEGREE
POLYNOMIAL
(EQN.4.49)

LINEAR
REGRESSION
(EQN.4.50)

THIRD DEGREE
POLYNOMIAL
(EQN.4.52)

LINEAR
REGRESSION
(EQN.4.53)

THIRD DEGREE
POLYNOMIAL
(EQN.4.55)

SECOND DEGREE
POLYNOMIAL
(EQN.4.57)

THIRD DEGREE
POLYNOMTAL
(EQN.4.58)

AMMAN-ALL DATA

LOWEST MEAN REASONABLE ANNUAL MEAN

——— A — . — T ——— — o ———— -

7 MONTHS 11 MONTHS

4 MONTHS 11 MONTHS

AMMAN-AVERAGED DATA

6 MONTHS 12 MONTHS

6 MONTHS 12 MONTHS

AQABA-ALL DATA

5 MONTHS 10 MONTHS

5 MONTHS 10 MONTHS

AQABA-AVERAGED DATA

8 MONTHS 11 MONTHS

7 MONTHS 11 MONTHS

-0.018

-0.003

-0.003

-0.012

-0.011

0.000

0.001
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annual mean error =0.19. Both nmodels present six months

reasonably well.

5.4.1.2 Amman-averaged data

Collares pereira presents four months with lowest
mean errors, namely February, April, May and July while Third
degree polynomial (Egn. 4.6) presents only June and September.
Both models present eleven months reasonably well with an

annual mean error +0.003.

5.4.1.3 Agaba-all data

Garg and Garg model presents October, November and
December with lowest mean errors and nine months reasonably
well and its annual mean error is =-0.074. The second degree
polynomial (Egn. 4.8) presents February and March with lowest

mean errors and eight months reasonably well with an annual

mean error -0.111.

5.4.1.4 Agaba-averaged data

The third degree polynomial (Eqn. 4.12) presents
August and September with lowest mean errors and all months
reasonably well with an annual mean error 0.008. Collares
pereira presents January, April, May and December with lowest

mean errors and ten months reasonably well and its annaul mean

error is 0.027.
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From the above it is obvicus that developed models

compared with the avallable ones vield an Improved and equal

annual mean errors for all cases except for Agaba-all data
where the difference 1is 0.037. Also, it is observed that
developed models are of simple forms, easy to calculate with

and give reasonable results.

5.4.2 Hourly diffuse radiation models

5.4,.2.1 Amman-all data

Liu and Jordan presents lowest mean errors for
January, March, April and September and nine months reasonably
well with an annual mean error -0.114. The third degree
polynomial (Egn. 4.37) presents seven months reasonably well

with an annual mean error -0.256.

5.4,2.2 Amman - averaged data

Garg and Garg model presents lowest mean errors for
four months of May to August. It fits the data reasonably well
for all months, except March and November with an annual mean
error 0.01%9. Third degree polynomial (Eqn. 4.37) also fits the

data reasonably well for all months, except March and December

and its annual mean error is -0.015.

5.4.2.3 Agaba-all data

Liu and Jordan model shows lowest mean errors for
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three months of March, September and November, while presents

eight months reasonably well from January to September except

February with an annual mean error =-0.024. The third degree

polynmomial (Egn. 4.40) presents lowest mean error for February

only and present reasnonably well seven months from January to

August except March, with an annual mean error -0.143.

5.4.2.4 Agaba-averaged data

Garg and Garg model presents lowest mean errors for
four months of January, May, June and July. Also it presents

all months of the year reasohably well with an annual mean
error =0.003. The third degree polynomial Egn. 4.46 presents
lowest mean errors for August and September and present all
months of the year reasonably well with an annual mean error

-0.003.

From the above we notice that developed models
compared with the available ones yield an improved and equal
annual mean errors when averaged data are investigated. Also as
for the golbal radiation case the developed models are of
simple forms, easy to calculate with and give reasonable

results.

- In other hand it is noticed that all developed models

I
in the form of fi = f(kr) have low annual mean errors compared
with developed models in the form of (%—) and the other

. -
available models tested.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



35

Figure 5.71 shows the comparison of diffuse

radiation, calculated by using the devloped linear model (Eqn.
4.13) and Orgill and Hollands model (Egqn. 1.16), with the
measured data as well as comparison amongst themselves. It is
obvious that Orgill and Hollands model over estimates the
diffuse radiation for Amman. Similar results can be observed

for Agaba too.

5.4.3 Hourly Beam radiation models

All developed models for both Amman and Agaba yield
better results than Turner and Mujahid model. Further details

are indicated in 3.3 and 5.3.1.
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CHAPTER SIX

APPLICATION OF DEVELOPED MODELS TO HEATING SYSTEMS

The heating load for a typical residential house is
estimated by using a computer program and equations (4.6),
(4.40), (4.12), and (4.46). The selecﬁed house consists of four
bed rooms sitting room, guest rcom, kitchen and three baths

totaling 240 m® as shown in figure 6.1.

Data needed for calculating the heating 1loads are
taken from the standard data adopted by the Ministry of public

works and the Royal Scientific society [22] and reference [23].

Conductivities and thicknesses of building materials

are shown in table 6.1.

Table 6.1 : Conductivities [W/m.CO] and Thicknesses (m) of each

building material element

MATER. /THICK. |[WALL{CEIL 1|CEIL 2|FLOOR{CONDUCT
STONE 0.07] — — — 1.70
CONCRETE 0.2010.05 0.05 — 1.75
INSULATION 0.03{0.03 0.03 0.03 0.04
PLASTERY 0.03]0.02 0.02 — 1.20
TILES I — — 0.02 1.10
ASPHALT — [0.02 0.02 — 0.70
BRICK — — 0.14 — 0.95
REINF. CONCR. — 10.20 0.06 0.06 1.75
SILICA SAND — — — 0.05 1.75

. . . : . 2 o
The inside and outside air resistances [m“.c /W] are
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taken 0.12 and 0.06 for external walls, 0.1 and 0.04 for the

roof, and 0.1 and 0.02 for the floor respectively.

Outside design temperature is taken as 5°C for Amman
and 10°C for Agaba. The interior design temperature is taken as
20°C. The ground temperature needed to estimate the heating
load fof the basement floor is taken as 10°C and 15°C for Amman
and Aqaba respectively. Basement heating load can be estimated
by assumeing an arbitrary temperature difference between the

inside air and the ground.

Infiltration rates per unit crack length are taken as
6.875 m3/hr/m for windows and 10.219 m3/hr/m for doors, as

recommended in Ref [23].

Windows frame is considered of Aluminum type, while
transparent double glazed glass is assumed to cover all faces.

Doors are constructed of iron and wood.

The overall heat transfer coefficient, U, for metal
doors is taken as 5.8 W/msz, for wooden doors 3.5 W/mzdf,

and that for windows, 5.6 W/ma.co.

In calculating heat losses for the ceiling, equation
2.7 is used to evaluate the overall heat transfer coefficient
as 20% of the ceiling does not include brick material.
Table 6.2 represents the obtained heating 1lcads for each

individual building element. It is noticed that total heating
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load needed for the assumed residential house in Amman and

Agaba are 13739 (W] and 8851 [W] respectively. This heating
load will be supplied by using a flat plate solar heating

system.

To estimate the useful heat extracted from a flat plate
collectors, one needs to know values of diffuse, beam and
global radiation. In addition, the geometric factor, Rb, tilt
angle; B, reflectivity, Poopr flat plate collector efficiency,
n, and the transmissivity absorptivity product, (ta)}, should be
known. Hourly g;obal and hourly diffuse radiation data are
estimated by using the developed models of equation (4.6) and
(4.40) for Amman, and equation (4.12) and equation (4.46) for
Adaba. Beam radiation values are taken as the difference

between glcbal and diffuse radiation.

The geometric factor is calculated using equation (2.3). The
flat plate collector tilt angle is taken as 45°. calculated Rb,

values are represented in table 6.3.

The total solar radiation on tilted surface, It is calculated
using equation (2.4) by assuming P..r @S 0.20. The useful heat
extracted from a given collector is equal to the absorbed
energy,S, multiplied by the collector efficiency, 7, where S
values are obtained using the relation:

S = (ta);v * It
Tfansmissivity absorbtivity  product and the collector

efficiency are taken as 0.8 from [24],and 0.281 from [25])
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respectively, The obtained usefull neat are presented in table
6.4. The useful heat are determined but using measured data

instead of calculated one and presented in table 65.5.

The required flat plate collectors area needed to meet the
heating load can be found by dividing the heating load needed
for the residential house by the useful heat extracted from the
flat plate collectors. Results are shown in tables 6.6 and 6.7.
As seen from these tables the collecting area needed ranges

2 and 141 m2 for Amman and between 58 m2 and 80 m2

from 102 m
for Agaba.
Errors between areas obtained using measured and calculated

data were computed and presented in table 6.8 for both Amman

and Agaba.

It is observed that mean errors range between -0.001 and 0.032
for Amman and between -0.001 and 0.01 for Agaba. This reflects
an excellent agreement between areas obtained using actual

measured and calculated data.

Furthermore, graphs of useful solar energy developed by using
the minimum flat plate collectors area needed against local
solar time are plotted for each month, as shown in figures 6.2
to 6.13. It can be observed that auxiliary heating is needed to
meet the required heating locad in both Amman and Agaba.

It is also noticed that during computation the collecting area

needed for the hour 7-8 is larger than ceiling area so

calculations related.to this hour are discarded.
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this work, hourly global, diffuse and bean
radiation models are investigated. Various available models
have been tested against measured data. New models have been
developed for Amman and Agaba and tested against measured data
too. An application of developed models to heating systems is
performed. The following conclusions are made:

a. Available models,

1. Collars pereira equation (1.2) and Garg and Garg
correlation (1.3) are found to be the most suitable among
other global radiation models when all and averaged data are

tested for both Amman and Agaba.

2. Liu and Jordan theoretical model, equation (1.1) gives the
best estimates for diffuse radiation when all data are
tested, while Garg and Garg equation (1.15) gives the best
estimates, when the averaged data are tested for both Amman
and Agaba. Orgill and Hollands model, equation (1.16),
failed to f£it measured data for both Amman and Agabka.

3. Turner and Mujahed equation (1.24) hourly beam radiation

model found to be not suitable for Jordan.

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



b.

1.

181

Developed models

The second degree polynomial equation (4.2) and equation
(4.8) are the most suitable hourly global radiation models
among other developed global models when all data are
tested, while third degree polynomials equation (4.6) and
equation (4.12) are the most suitable when the averaged data
are tested for both Amman and Agaba.

To determine hourly diffuse from the hourly global radiation,
linear regressions, equation (4.13) and equation (4.20) are
found to be the most suitable fits when all data are tested,
while second degree polynomials equation (4.18) and equation
(4.25) are the most suitable when averaged data are.tested
for both Amman and Agaba. To estimate hourly diffuse from
monthly averaged daily radiation, third degree polynomials,
equations (4.37), (4.40), (4.43) and (4.46) are found to be
suitable when all and averaged data are tested for both
Amman and Agaba respectively. Also it is noticed that among
all developed diffuse models these latter models give the
best results.

All developed beam models for Amman are suitable to estimate
hourly beam radiation, mainly linear regressions equation
(4.47) and equation (4.50). For Agaba linear and second
degree regressions; equation (4.53) and equation (43.57)
give the best results, when all averaged data are tested.
All developed global, diffuse and beam radiation models are
of simple forms, easy to use for hourly radiation estimation
and give improved and reasonable results compared with the

available models.
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c. Application to heating systems

1. Collecting area for the solar heating system based on

developed radiation models approved to be acceptable and
reliable.

2. Flat plate Solar heating systems cannot be used to supply
all the required heating load alone. If used auxiliary

heating or large storage is needed.

7.2 Recommendations

2

The following suggestions are recommended for further
investigations.

1. Different climatalogical parameters, such as humidity,
turbidity, and correction factors should be taken into
consideration in developing new models whenever available.

2. In this work the selected hourly global and diffuse
radiation data range is between 6.a.m and 18 p.m. It is
recommended to decrease this range to be only from 7 a.m up
to 17 p.m to avoid unreliable readings of measured data.

3. It is recommended to investigate more locations in Jordan,
Whenever measured data are available. Due to the lack of
available measured data in most locations in Jordan,
developed models for Amman can be applied té the higher
latitude regions, while developed models for Agaba can be
applied to the Jordan valley and desert areas.

4. The present results can be improved if more measured data

are available, therefore it is recommended to collect more

of measured data.
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5. On application to heating systems, it is recommended Lo use

concentrators instead of flat plate collectors in order to

generate more useful solar energy and lessen area needed.
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