Faculty of Graduate Studies e ?\
University of Jordan . \ \/ — o

o G TV ST T
-

AN

Performance Simulation of Serpentine Type Metallic
and Non-metallic Solar Collectors

by
Abul-Qasim A.M.Al-Sageer

Supervisor

Prof. Mohammed Al-Saad

Submitted in partial fulfillment of the requirement
for the degree of Masterof Since in

Mechanical Engineering

Faculty of Graduate Studies

Univers’ity of Jordan

April, 1996

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



COMMITTEE DECISION

i

This thesis was defended._schessﬁllly on 20, April, 1996

COMMITTEE MEMBERS

Prof, Mohammed Al-Saad

Prof. Mohammed A. Hamdan

Dr. Mahmoud Hammad

SIGNATURE

Mg Aseed]

—
&
.

A

T el

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



m

11S00_ S1S8Y L JO e - Ueplor JO AJSBAIUN JO Akiq!T - PoARSSY SDIY ||V

Vo my Parents and Weje



ACKNOWLEDGEMENTS

I am grateful to Prof. Mohammad Al-Saad for his support and precious
effort in helping, and guiding me through the preparation of this work.
Finally, I would like to thank all my friends who helped me during my
work especially Eng. Rami Al-Tarawnah.

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



Contents

Committee Decision

1

Dedication iil
Acknowledgment v
Table of Contents \%
List of Figures 1X
List of Tables XViil
Nomenclature XIX
Abstract xxii
Chapter One : Introduction and Literature Review 1
1.1 INTRODUCTION: 1
1.2 Types of Solar Collectors: 2
1.3 Serpentine And Parallel Types Solar collectors: 31
1.4 Literature Survey: 5

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



1.5 Objectives of the Present WOIK; --=ssesesesesseee-

1.6 Layout of the Thesis:

10

Chapter Two : Performance of Metallic and Non-Metallic_Serpentine Tube

Sollar Collector

2.1 Introduction;

11

11

2.2 Assumptions:

11

2.3 Parameters effecting the performance of flat plate solar collectors: ----12

2.3.1 The heat removal factor :

12

2.3.2 Overall heat transfer coefficient:

15

2.3.3 Transmittance-Absorbtance Product;

17

17

2.4. Performance of the metallic serpentine solar collector:

2.5 Performance of the non- metallic serpentine solar coliector:

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



Vil

2.6 Estimation of Solar Energy: 22
2.7 Estimation of ambient temperature: _ - - 26
2.8 Theoretical calculations and procedures: 28
Chapter Three : Results and Discussion 29
3.1 Performance, Calculations and Results. 29

3.1.1 Results of the forced circulation with no load condition for metallic

serpentine solar collector 30

3.1.2 Results of the forced circulation with load condition for metallic

serpentine solar collector 33

3.1.3 Results of the forced circulation with no load condition for non-

metallic serpentine solar collectors 34

3.1.4 Results of the forced circulation with load condition for non-metallic

serpentine solar collectors 36

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



viii

3-2 Discussion of Results. 38
3-2-1 Temperature Distributions 38
3-2-2 Useful Heat Gain and Stored Energy. 40
3-2-3 Instantaneous And Daily Efficiencies. 42
3-2-4 Heat Removal Factors And Overall Heat Loss Coefficients. ------—-43

- _Chapter Four : Comparison Between Theoretical and Experimental Work110

4.1 Forced circulation test with no load conditions:

4.2 Forced circulation test with load conditions:

4.3 Results and Discussion of the comparison

Chapter Five : Conclusion and Recommendations

5.1 Conclusions

5.2 Recommendations ——-

References

Appendix A : Tables of Calculated Results-------

Appendix B : Computer Programs -

Arabic Abstract —— —— —

110

112

~-113

123

123

125

126

129

145

175

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



X

List Of Figures

Figure (1.1) Different Liquid Collector Designs 3
Figure (3.1) Varation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector ( V,=50L, m=0.02

Kg/s) 45
Figure (3.2) Variation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector ( V&= 50L, th=0.03

Kg/s) : 46
Figure (3.3) Varation of inlet, outlet, and ambient temperature with time for the
serpentine tube flat metallic plate solar collector ( V= 50L, th = 0.05

Kg/s) 47

Figure (3.4) Varation of inlet, outlet, and ambient temperature with time for the
serpentine tube flat metallic plate solar collector ( V= 50L, m = 0.07

Kg/s) 48

Figure (3.5) Variation of inlet, outlet, and ambient temperature with time for the
serpentine tube flat metallic plate solar collector ( V¢&=150L, m=0.02

Kg/s) 49

Figure (3.6) Varation of inlet, outlet, and ambient temperature with time for the
serpentine tube flat metallic plate solar collector ( V= 150L, m = 0.03

Kg/s) 50

Figure (3.7) Varation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector ( Vi=150L, m = 0.04

Kg/s) 51

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



Figure (3.8) Variation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector ( Vi=150L, th =0.05

Kg/s) 52

Figure (3.9) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V,= 50L, m = 0.02 Kg/s ) ~-------- 53
Figure (3.10) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V= SOL, m = 0.03 Kg/s ) ---------54
Figure (3.11) Vanation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V,= 50L, m = 0.05 Kg/s ) =---———-55
Figure (3.12) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V.= 50L, m = 0.07 Kg/s ) -=------- 56
Figure (3.13) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V,= 150L, m = 0.02 Kg/s }-------- 57
Figure (3.14) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V= 150L, th = 0.03 Kg/s )-------- 58
Figure (3.15) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V= 150L, m = 0.04 Kg/s )-------- 59
Figure (3.16) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V= 150L, m = 0.05 Kg/s )--------60
Figure (3.17) Variation of instantaneous efficiency against ((T;-T,)/1)* 100 for the
serpentine tube flat metallic plate solar collector ( V= 50L, m = 0.02

Kg/s) 61

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



Xl
Figure (3.18) Variation of instantaneous efficiency against ((T;-T,)/I)*100 for the

serpentine tube flat metallic plate solar collector ( V= 50L, m=0.03

Kg/s) 62

Figure (3.19) Variation of instantaneous efficiency against ((Ti-T,)/[)*100 for the -

serpentine tube flat metallic plate solar collector ( V,= 50L, m=0.05

Kg/s) 63

Figure (3.20) Variation of instantaneous efficiency against ((T;-T,)/I)*100 for the

serpentine tube flat metallic plate solar collector ( V,= 50L, m=0.07

Kg/s) 64
Figure (3.21) Variation of instantaneous efficiency against ((T;-T,)/I)*100 for the
| serpentine tube flat metallic plate solar collector (V= 150L, m = 0.02

Kg/s) 65

Figure (3.22) Variation of instantaneous efficiency against ((T;-T,)/1)*100 for the
serpentine tube flat metallic plate solar collector (V.= 150L, m = 0.03

Kg/s) 66

Figure (3.23) Variation of instantaneous efficiency against ((T;-T,)/I)*100 for the
serpentine tube flat metallic plate solar collector (V= 150L, m = 0.04

Kg/s) 67

Figure (3.24) Variation of instantaneous efficiency against ((T;-T,)/1)*100 for the

serpentine tube flat metallic plate solar collector (V= 150L, m =0.05

Kg/s) 68
Figure (3.25) Variation of overall heat loss coefficient with mass flow rate for the

serpentine tube flat metallic plate solar collector (V= 50L }--------m--m--- 69

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



Xil

Figure (3.26) Variation of overall heat loss coefficient with mass flow rate for the
serpentine tube flat metallic plate solar collector (V,= 150L ) ----——-—- 70
Figure (3.27) Variation of heat removal factor with mass flow rate for the
serpentine tube flat metallic plate solar collector (V= 50L }----eeeoeemeeen 71
Figure (3.28) Variation of heat removal factor with mass flow rate for the
serpentine tube flat metallic plate solar collector (V= 150L ) --——--—--- 72
Figure (3.29) Variation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector ( m = 0.02 Kg/s ) 73

Figure (3.30) Variation of inlet, outlet, and ambient temperature with time for the
serpentine tube flat metallic plate solar collector (m = 0.05 Kg/s )-—--- 74

Figure (3.31) Variation of incident and useful energy with time for the serpentine

tube flat metallic plate solar collector (m = 0.02 Kg/s ) 75

Figure (3.32) Variation of incident and useful energy with time for the serpentine

tube flat metallic plate solar collector (m = 0.05 Kg/s ) 76
Figure (3.33) Variation of daily efficiency. with mass flow rate for the serpentine

tube flat metallic plate solar collector 77

Figure (3.34) Variation of inlet, outlet, ambient, and plate temperature with time
for the serpentine tube flat non-metallic plate solar collector (V,=50L, m

=0.01 Kg/s) 78

Figure (3.35) Varation of inlet, outlet, ambient, and plate temperature with time
for the serpentine tube flat non-metallic plate solar collector (V.= 50L, m

=0.02 Kg/s ) 79

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



e

Xin
Figure (3.36) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=50L, m

=0.04 Kgfs ) 80
Figure (3.37) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=50L, m

=0.06 Kg/s ) 81
Figure (3.38) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=150L,

m = 0.02 Kg/s ) 82
Figure (3.39) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=150L,

m=0.03 Kg/s) 83
Figure (3.40) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=150L,

m = 0.04 Kg/s ) 84
Figure (3.41) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector (V,=150L,

m = 0.06 Kg/s ) : 85
Figure (3.42) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=3501L, m = 0.01

Kg/s) 86

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



X1y
Figure (3.43) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=50 L, m =0.02

Kg/s) 87
Figure (3.44) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,= 50 L, m = 0.04

Kg/s) 88
Figure (3.45) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=50L, m = 0.06

Kg/s) 89
Figure (3.46) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=150L, m=

0.02 Kg/s) 90
Figure (3.47) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=150L, m=

0.03 Kg/s ) . 91
Figure (3.48) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=150L, m=

0.04 Kg/s) 92
Figure (3.49) Variation of incident, useful, and stored energy with time for the

serpentine tube flat non-metallic plate solar collector (V,=150L, m=

0.06 Kg/s ) 93

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



XV

Figure (3.50) Variation of instantancous efficiency against ((T;+T,)1)*100 for the

serpentine tube flat non-metallic plate solar collector (V,= S0L, m = 0.02

Kg/s) 94

Figure (3.51) Variation of instantaneous efficiency against ((T;-T,)/1)*100 for the

serpentine tube flat non-metallic plate solar collector (V= S0L, m = 0.04

Kg/s ) 95
Figure (3.52) Variation of instantaneous efficiency against ((T;-T,)/I)*100 for the

serpentine tube flat non-metallic plate solar collector (V= 50L, m=10.06

Kg/s) 96
Figure (3.53) Variation of overall heat loss coefficient with mass flow rate for the
serpentine tube flat non-metallic plate solar collector (V= 50L ) mer~-mn 97
Figure (3.54) Variation of overall heat loss coefficient with mass flow rate for the
serpentine tube flat non-metallic plate solar collector (V.= 150L )-------- 98
Figure (3.55) Variation of heat removal factor with mass flow rate for the
serpentine tube flat non-metallic plate solar collector (V= 50L ) -=v-u--- 99
Figure (3.56) Variation of heat removal factor with mass flow rate for the
serpentine tube flat non-metallic plate solar collector (V= 150L )~----- 100
Figure (3.57) Variation of inlet, outlet, ambient, and plate temperature with time
for the serpentine tube flat non-metallic plate solar collector ( m = 0.01

Kg/s) 101

Figure (3.58) Variation of inlet, outlet, ambient, and plate temperature with time
for the serpentine tube flat non-metallic plate solar collector ( m=0.02

Kg/s) 102

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



xvi

Figure (3.59) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector ( m = 0.04

Kg/s ) 103

Figure (3.60) Variation of inlet, outlet, ambient, and plate temperature with time

for the serpentine tube flat non-metallic plate solar collector ( t = 0.06

Kg/s) 104
Figure (3.61) Variation of incident and useful energy with time for the serpentine
tube ﬂat non-metallic plate solar collector ( m = 0.01 Kg/s ) ----—-—--—-- 105
Figure (3.62) Variation of incident and useful energy with time for the serpentine
tube flat non-metallic plate solar collector ( m = 0.02 Kg/s ) -=---nnn-—-- 106
Figure (3.63) Variation of incident and useful energy with time for the serpentine
tube flat non-metallic plate solar collector { m = 0.04 Kg/s ) -----—-——-- 107
Figure (3.64) Variation of incident and useful energy with time for the serpentine
tube flat non-metallic plate solar collector ( m = 0.06 Kg/s ) ~---m------- 108

Figure (3.65) Variation of daily efficiency. with mass flow rate for the serpentine

tube flat non-metallic plate solar collector 109
Figure (4.1) Variation of inlet, outlet, and ambient temperature with time for the

serpentine tube flat metallic plate solar collector (V= 150L, m = 0.03

Kg/s) 115
Figure (4.2) Variation of inlet, outlet, ambient, and plate temperature with time
for the serpentine tube flat non-metallic plate solar collector (V,=50L, m

=0.02Kg/s) 116

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



XVII

Figure (4.3) Variation of incident and useful energy with time for the serpentine
tube flat metallic plate solar collector (V= S0L, m = 0.02 Kg/s ) ~—---- 117
Figure (4.4) Variation of incident and useful energy with time for the serpentine

tube flat non-metallic plate solar collector (V= 50L, m = 0.02 Kg/s )-- 118

Figure (4.5) Variation of instantaneous efficiency against time for the serpentine

tube flat metallic plate solar collector (V,= 50L, m = 0.03 Kg/s ) ----—-- 119
Figure (4.6) Open loop setup for load test 120
Figure (4.7) Closed loop setup for no-load test 121
Figure (4.8) Storage tanks diagrams 122

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



XViil

List Of Tables

Table (3.1) Instantaneous efficiency exprssion of metallic serpentine

collector 32
Table (3.2) Daily efficiency of serpentine metallic solar collector ~-----—— 33

Table (3.3) Daily efficiency of serpentine non-metallic solar collector------37

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



NOMENCLATURE

Qu
Q
Qs

Re

Collector area, (m°).

Water specific heat, (kJ/kg.°C).

Inside tube diameter, (m).

Outside tube diameter, (m).

Collector heat removal factor, ( dimensionless ).

Wind convective transfer coefficient, (W/m?.°C).

Incident solar radiation on tilted surface, (Wh/m?).

Thermal conductivity, (W/m.°C).

mass flow rate of water, (kg/s).

Effective heat capacity of the collector, (kJ/°C).
Number of glass covers.

Nusselt number.

Useful heat gain, (kJ).

Lost energy, (kJ).

Stored energy, (kJ).

Renold number.

Incident solar radiation on tilted surface, (kJ).

Ambient temperature, (°C).

XiX

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



Glass cover temperature, (°C).

Inlet temperature, (°C).

Qutlet temperature, (°C).

Plate temperature, (°C).

Sky temperature, (°C).

Overall heat loss coefficient from the collector, (W/m?°C).
Storage tank volume, (Liter).

Distance-between tubes, (m).

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



Greek symbols

N4

L1 )¢

T

(o). Effective transmittance-Absorbance product, (dimensionless).

Absorbance; (dimensionless).

Collector tilt angle, (degree).

Collector azimuth angle, (degree).

Collector daily efficiency, (dimensionless).
Collector instantaneous efficiency, (dimensionless).
Latitu.de angle, (degree).

Transmissivity, (dimensionless).

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



XxX11
ABSTRACT

Performance Simulation of Serpentine Type Metallic and Non-metallic

Solar Collectors

by
Abul_Qasim .a. M. Al_Sageer
Supervisor
Prof. Mohammed Al-Saad.

This thesis presents a theoretical investigation of metallic and non-
metallic solar water collector models for evaluating its performance
parameters. The determined parameters include heat removal factor, overall
heat loss coefficients, heat gain, daily and hourly efficiencies.

The present study reports that, under forced circulation test, the non-
metallic collector has an inferior performance parameters when compared to
that of the metallic one. It was also revealed that the overall heat loss
coefficients of both collectors show weak dependence on the flow rate
variations. It was also noticed that the heat removal factor for both models is
more sensitive to the flow rate variations when small storage tank capacities
are used.

The stored energy in the non-metallic serpentine solar collector model
constitutes a significant part of the useful energy, even after the diminishing
of the solar intensity.

Finally, a comparison of performance parameters of the theoretical and
experimental studies showed good agreements for most hours of the day,

except the results obtained at the early moming and late after noon hours.
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Chapter One

INTRODUCTION AND LITERATURE REVIEW.

1.1 INTRODUCTION:

Solar energy is by far our most plentiful energy souree. It has man
interesting properties, such as it is clean, non-depletable and reliable, which
makes it a vast field of research and investigation. On the cther hand, it is
very dilute and of variable nature, which dictates the use of large surface

area collectors to collect and concentrate the incoming insolation.

The flat plate collector is the simplest and the most widely used
means for converting the incoming insolation into useful heat. Different
configurations and types of solar collectors are now commercially available
in Jordan. Such types of collectors can be designed for applications
requiring energy delivery at moderate temperatures,” up to perhaps 100°C
above ambient [1]. They use both beam and diffuse solar radiation
component, and do not require tracking of the sun, and they require little
maintenance. They are mechanically simpler than concentrating collectors.
The major applications of these units are in solar water heating and building
heating, whereas potential uses include domestic hot water, space air

conditioning and industrial process heating.

In the mid. 1970, many new collector designs appeared on the

commercial market, and each one of these collectors has its own

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



performance, characteristics, advantages and disadvantages. Serpentine flat

plate solar collector is one of these designs.

1.2 Types of Solar Collectors:

Solar collectors can be categorized into four basic classes [2]:

1. Flat plate collectors which collect but do not concentrate sun's radiant
energy. Figure (1.1) shows number of different liquid flat plate solar
collector designs of this type.

2. Vacuum tube collectors, where the space around the absorber surface is
evacuated, so the convective heat losses are eliminated or minimized.

3. Medium performance focusing collectors which utilize a curved surface to
focus the sun's rays on a heat exchanger, such as a collecting pipe or plate-

pipe collector. Such collectors are adopted for slightly higher temperature
than that of the flat plate type.

4. Concentrating collectors which utilize large curved surfaces composed of
multiple mirrors. Such collectors can attain high temperature ranges for use

in operating steam generators, turbines and the like.
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1.3 SERPENTINE AND PARALLEL TYPES SOLAR COLLECTORS:

In the parallel type flat plate solar collector the flow ocecurs in parallel
risers connected between inlet and outlet headers. While in the éerpenﬁne
type the tube is fixed to the absorber plate in a serpentine fashion, therefore,
the flow passages can be constructed from a single integral length of tubing.

The manufacturing process of a serpentine solar collector is easier than
that of the parallel tube type, since it consists of a single tube. This means
saving in time and money, because welding is no longer needed to join the

pipes together as for the case of the parallel tube type where risers should be
Jjoined with headers by welding.

In the serpentine type the flow is forced to travel into one passage.
Thus any deposit formed on the internal surface of the tube will represent an
obstruction to the flow. The case in the parallel type is different, since there
are at least seven risers where the flow can travel through. Consequentiy, it

is obvious that the life cycle of the serpentine type is lower than that of the
parallel type.

The pressure drop in the serpentine type is higher than that of the
parallel type. This is due to the accumulation of pressure drops in the bends
and straight runs. Thus the driving force in the case of the serpentine type is
less than that of the parallel type when natural circulation is used.
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1.4 Literature Survey:

Performance of parallel tubes flat plate solar collectors have received a
lot of investigations, while the performance of the serpentine colléctors has
received a little attention. This survey is divided into three parts. Literature
dealt with parallel tube solar collectors, literature dealt with metallic
serpentine flat plate solar collectors, and finally, literature dealt with non-

metallic serpentine flat plate solar collectors.

The first study of the performance of the parallel type solar collector
was introduced by Hottel and Woertz [3]. The study was based on energy
balance measurements of an array of collectors on an experimental solar
heated building. The performance calculations were based on mean plate

temperature. A correlation for thermal losses was reported.

Moore et al. [4] made extensive comparisons of the performance of a
flat piate liquid heating collector with fesults predicted by use of the Hottel
and Woertz method. The operating conditions were similar to those of
Hottel and Woertz and good agreement was reported. Spencer and Strud [5]
had conducted research on an integration of solar collectors into building
elements. Frank and Mcgowan [6] reported that the performance of non-
metallic collectors is equal or better than that of conventional collectors in
applications where high temperatures are not required. They also found that
the Hottel-Whillier-Bliss model can be used to predict the performance of
the non-metallic solar collector if some alterations are incorporate in it, such
as the effects of long wave transmittance, variable plate forced convection
coefficients, and finite absorber plate thermal conductivity. Finally they

showed that the thermal conductivity of the top plate absorber configurations
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with thin absorber plates is not critical beyond about 0.1 #/meC. Tumer [7]
presented a simplified mathematical model for predicting the useful solar
heat gain by water in tubes placed under concrete surface, but no
experimental data were reported. Russel and Guven [8] reported that high
stagnation temperature presents serious problems for most plastics. But this
problem can be minimized by venting the passage between the absorber
plate and the cover. Also they reported that the overall performance of all
plastics flat plate collectors is reasonably high for low and medium
temperature collector operation. Such collectors have some potential for

possible cost reduction of solar systems.

Madsen ai:d Goss [9] provided a report on non-metallic solar collectors
which indicates that the use of plastics in flat plate solar collectors is rapidly
growing and this is leading to reduced costs. The use of lower molecular
weight plastics in flat plate collectors is easier to handle and less expensive
to install. Wilhelm [10] reported on the low cost solar collectors'using
plastic absorber and glazers. His approach was to select materials suitable
for higher temperature applications, but less expensive materials for outer
covers such as polyethylene, polycarbonate, glass reinforced polyester and
acrylic. He also proposed to reduce stagnation eﬁ‘e;cts by mounting the
collector with a tilt angle calculated for solar conditions. Currin [11]
investigated that the polysulfone or glass reinforced-silicone are suitable for

stagnation temperatures up to 150-170°C.

Abu Fans [12] had conducted an experimental research on three non-
metallic parallel tube solar collectors under Jordanian climatic conditions.
Three models of flat plate solar collectors were constructed of concrete,
each had a gross area of 1m?. The only difference between these models was

the flow passage material. These passages were made from locally
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manufactured PVC (Polyvinyl Chloride), thermo-pipe, and Galvanized steel

pipes. These collectors were tested according to ASHRAE standard 93-77
(1977) [13].

Upon comparing the performance of each concrete collector with that
of a locally manufactured metallic solar collector, the instantaneous
efficiency of all tested models was higher than that of the selected metallic
solar collector.

Abdel-Khalik [14] obtained an analytical solution for heat removal
factor, F; for metallic serpentine absorber plate of a signral bend (two
segments ). He solved the problem numerically for large values of segments.
He concluded that the dependence of the heat removal factor on the number
of segments is slight. Zhang and Lavan [15] analyzed the thermal
performance of a serpentine type. They obtained analytical solutions for
three and four segments. They showed that, what was concluded by Abdel-

Khalik was in error for a certain range.

Akgun [16] presented two analytical solutions resulting from two
assumptions which uncouple the governing matrix differential equation. He
concluded that, the dependence of the heat removal factor on the number of

segments is slight, which is the same conclusion reached by Adel-Khalik.

Brode et al. [17] tested the parallel and the serpentine collector types
under identical conditions. They found experimentally that the thermal
efficiency was higher for parallel type than that for serpentine type.

Chiou and Perera [18] reported analysis and experimental study of a
metallic serpentine collector. Their results showed a higher performance of

the parallel type during mid-day, but conversely, higher performance for the
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serpentine type during early morning when compared to prior experiments
with serpentine type [19] and parallel type [20].

Abu Yahia [21] conducted an experimental study that aimed to

compare the performance of a metallic serpentine type collector, with that of

a parallel type, under Jordan climatic conditions. The results revealed that

under forced circulation conditions, the serpentine type has superior
performance when compared to the parallel type, for all the investigated
flow rates and time intervals. Zhang [22] developed mathematical relations
to predict the performance of the non-metallic serpentine coliectors, based
on the non-dimensional mass flow rate and some other non-dimensional
parameters. He stated that the thermal performance of collectors (parallel or
serpentine types) made out of metallic or non-metallic materials can be

readily obtained.

Adas [23] performed an experimenta! investigation to predict a relative
performance for two serpentine concrete collectors. He concluded that under
no load conditions, the performance parameters for both collectors are
improved as the storage tank capacity is increased from 50 litter to 150
litter. On the other hand, the performance parameters for the concrete
collector with galvanized steel tubes are better than that of thermo-pipe

tubes.
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1.5 Objectives of the Present Work:

Thermal performance of two solar serpentine (Metallic and Non-
Metallic) tube collector arrangements are theoretically predicted under

456094

Jordan’s climatic conditions.

This work is performed as follows:

1. The mathematical model is developed and formulated .

2. A computer program that simulates the two models is developed and
written. i}

3. The various performaﬁce parameters of interest are computed under
different operating conditions.

4. The obtained theoretical results are compared with that of available

experimental ones.

The thermal performance parameters of each type are studied and

analyzed theoretically.
The following parameters are evaluated:

1. The collector overall heat loss coefficient.

2. The heat removal factor.

3. Hourly and daily heat collected per unit area of the collector.

4, Instantaneous and daily efficiencies.

5. Hourly heat stored per unit area of the collector (for non-metallic

one).
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1.6 Layout of the Thesis:

The thesis is divided into five chapters of which this introduction and
literature review is the first chapter. Chapter two descries the performance
of the serpentine solar collector models for metallic and non-me;tallic flat
plat collectors. Chapter three presents the results and discussion of the
models suggested in this thesis. Chapter Four shows a comparison between
the suggested models in this thesis and some of the previous experimental
studies. Finally, Chapter Five lists the general conclusions and

recommendations reached by the present study.
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Chapter Two

PERFORMANCE OF METALLIC AND NON-METALLIC

SERPENTINE TUBE SOLAR COLLECTORS

2.1 Introduction:

The main objective of the present study is to evaluate the theoretical
performance of the metallic and non-metallic serpentine solar collector
under Jordanian climatic conditions. In this chapter the theoretical analysis
and the basic mathematical equations used to evaluate the performance

parameters of the considered collectors are outlined.

2.2 Assumptions:
The following assumptions were adopted:

1. Steady flow.

2. Dust, dirt, and shading effects are negligible.

3. One dimensional heat flow through glass cover and back insulation.
4, Properties of working fluid are independent of temperature.
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2.3 Parameters effecting the performance of flat plate solar

collectors:

The performance of a solar collector is influenced by a large number of
operational and design parameters. The useful energy gain of the collector
can be readily evaluated upon knowledge of its three governing parameters,
which are the heat removal factor F;, the heat loss coefficient U, and the

effective transmittance-absorptance product of the cover system (tct)e.

2.3.1 The heat removal factor :

'The heat removal factor for the serpentine type is given by [1].

F/F = B[l— exp|(% - 1)/3]] ................................ (2-1)
where
NK,L

L e U UUEUOOOUUOO 2-2

' FAUC (22)
mCP

e OO 2-3
FlAcUl ( )
T (2-4)
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kén
....................................... 2-6
. (W—Dn)smhn ( )
u
*=(W-D ’(—’) ....................................... 2-7
n* =(W-D,)| - (2-7)
y = —Zcoshn—[D°U‘) ..................................... (2-8)
K,
R o= b (2-9)
C, mD;hg;

The notations appearing in equations (2.1) -(2.9) are defined as

follows:

m- The mass flow rate.
© C,- The specific heat of the flowing fluid (4.186 Kj/Kg. C°) water 20C°
W- Is the distance between tubes.
D,- Is the outside diameter.
D;- Is the inside diameter.
Cy- The bond conductance which equal Kyb/t
K- Is the bond thermal conductivity.
B- Is the collector capacitance.
N- The number of the tube segments of the serpentine type.
L- The length of the tube segments of the serpentine.
R- Thermal resistance between the plate and flowing fluid.
hyi- Heat transfer coefficient inside tubes.

To calculate the value of the hg; the R, must be calculated, where’s
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If R,, turned to turbulent flow the value of, h¢j,can be obtain from the

f
—IR,P
(s)“ D,

equation [1].

hf.i= ( P JJ?XHE ........................... (2-11)
1074127 P2 -1 3
The Darcy Fraction factor £ for smooth pipes defined as:
f=(0.79L0R, ~164) " w.oooovoooorocrernrersnnnsonen (2-12)
The Prandtl number,P; ,is given by [1].
Po= e (2-13)
o

o~ Thermal Diffusivity.
v- Kinematic Viscosity.
K- Thermal conductivity of water.

D,- Outside diameter.
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2.3.2 Overall heat transfer coefficient:

The top heat lost coefficient,U,, is required during the performance
estimation of flat-plate solar collectors. This parameter can be found from
the governing equations of heat balance. However, the governing équations
are non-linear and require an iterative solution. Muhaddin et al. [24]
suggested a large number ofiterative solutions for calculating both U, and
glass temperature, T, at different sky temperatures, Ts. The results for glass
temperature were then correlated in the form of an equation. This resulted in

a slightly extended proposal for the top loss coefficient. It can be stated as:

a7l

- 1275(T, - T,)CosB)  o(1Z +T2)T, +7)
(1, +1,) L Ve, +1e, -1

where

h0.38
T, =C>~ [240 €, 170+ T, [T, - T,]+ Ty e (2-15)
C=1- exp[(-o.m(Tp -T, ))] =T 40 (2-16)

T, =00552T oo (2-17)

The wind convection coefficient, hy, is estimated as [1].
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8.6V°s
h, = [OF s (2-18)
where
V- Wind speed (m/s).
L- characteristics length (m).
The bottom loss coefficient, U, , is equal
LSS ) SR (2-19)
where
K- Insulation thermal conductivity.
Ly~ Back-insulation thickness.
Edge loss coefficient, U,, can be expressed as
UA
U, = O (2-20)
A

where

(UA)eqge- The edge loss coefficient-area product.

A, - The collector area.

The overall heat loss coefficient, Uy, is the sum of the top, bottom, and

edge loss coefficients:
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2.3.3 Transmittance-Absorbtance Product:

The value of the transmittance absorbtance product, (x)_, is nearly

equal to 1.02 times the product of T and « [1]. Then
(1), 210270 weooveeerer e, .. (2:22)

2.4. Performance of the metallic serpentine solar collector:

In terms of the heat removal factor, F;, overall heat loss céefﬁcient, UL,

and the effective transmittance-absorptance product of the cover system,
(1et),, the instantaneous useful energy gain of the collector pet unit time Q,

is given by [1]:
0, = 4F[I(ra), - U,(T - )] SO (2-23)

where

A~ 1s the collector area.
I - is the incident solar flux on the collector.
Ti- is the inlet fluid temperature.

T,- is the ambient air temperature.
I(zaxr) - is the absorbed solar energy per unit area of the collector.

The useful heat gain is also given by [1]:
Q, =mC, (T, ~T.).T, oo, (2-24)

where
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To- is the collector outlet fluid temperature.

- 1s the time in seconds of the test interval.

The instantaneous efficiency, (n;), can be expressed as:

Q, ¥100% ..o,
Al

<

n=

Using Eq. (2.23), and Eq. (2.24), then efficiency can be expressed as:

n, = [F (1), -FU, E—ET—)} *100% oo (2-26)
and
hC, (T, - T,
n =m—"g—"1—'2* 100% oo (2-27)

If the goveming parameters F;, U, (tat),, were all constants, then the
plot of m,versus (T,-T,)/I would be a straight line with intercept F,(tat),
and slope -F,U, .

The daily efficiency of the solar collector is the ratio of the useful
energy gain obtained during the test day to the total radiation incident on the

collector area during the complete day, thus,

Q.
= R %1009
e =73 ’

<
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2.5 Performance of the non- metallic serpentine solar

collector:

An energy balance can be employed to describe the performance of the
serpentine non-metallic solar collectors. This energy balance shows that the
incident solar flux is divided into three portions; useful energy gain, lost

energy to the surrounding and stored energy.

Considering the control volume around the water tubes, the energy

balance for the concrete collector becomes:

where:

S- 1s the absorber solar radiation given by:

S=1(1e) A, *3600 ...ooomierrirarrrerieerrnnanes (2-30)

(tax), -is the effective transmittance absorptance product;(dimensionless).

I~ 1s the incident solar radiation on the tilted surface.
A.- is the aperture area of the collector.
Qu- 1s the useful energy gain to the working fluid, expressed as:

ORE ToR Ml o K RO (2-31)

The stored energy, Qs, In the collector, is positive in the moming and

negative in the afternoon and can be evaluated as:
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where

(mc)e-is the effective heat capacity of the non-metallic collector [23].

Tp-is the plate mean temperature which can be calculated from

$-U,(T,-T,)-q,
Fo=——— e,
"OS-U(T -T)-Q,

using Eq. (2-32) for Q, and solving for Tp2 , then the resulting equation is:

Ty X (M) x(Fp =1+ T xU, x(F, - |-, x Fy xU,+5x(Fp 1)

= 2-34
P2 Fp x(Me), —U;-(M0), ( )

where Ty, is the initial plate temperature.

The energy stored in the concrete slab can constitute a significant

portion of the total incident energy, because the collector have a large
thermal effective mass.

The instantaneous efficiency for the non metallic collector is given by:

Q

S =% 100% oo, 2-35
MEALoq o (2-35)
Using Eq. (2-31), n;, can be expressed as:
C.(T,-T).
no=— (L=T), *100% (2-36)

Al —Q, e
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If Eq. (2-29) is used then 7;, can be expressed as

__SA -Q-Q,
n; = Ac.I,—IQ, ....................................... (2-37)

Which can be shown to; .

_(Ta)c'IT'Ac_FR.UI(j;_I;)_ Q: (2-38)

N AL -0, AL -0,  AL-Q T

The daily efficiency of the solar collector is the ratio of the useful
energy gain obtained during the test day to the total radiation incident on the

collector area during the complete day, thus,

Ny =%‘E*100% ........................................ (2-39)

-
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2.6 Estimation of Solar Energy:

Solar radiation measurements are made mainly by the Meteorological
Department and the Royal Scientific Society, Jordan. A first attempt to put
total radiation measurements into empirical formulas using the -modiﬁed
Angstrom linear regression formula was done by [25]. This attempt was later

extended considerably and detailed by [26] and [27].

Alsaad et al [28] presented the information needed for a prediction

formulas for the various components of solar radiation.

The hourly solar radiation incident on tilted surface, I, is expressed as[29]

I, =1, DBF +1, cos’ [g) +p, I, sinz(%) ...................... (2-40)

where :

Ipn- 1s the direct hourly beam radiation incident on a normal surface. Its value

1s given by

where
0,- the angle of incidence of beam radiation on horizontal surface, which is
expressed in [1] as:

cos6, = cos¢cosdcosm +sinsind ..., (2-42)
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where

Iy-the hourly global flux on a horizontal surface.
Is-the hourly diffuse flux on a horizontal surface.

The fraction of direct beam radiation, DBF, incident on a tilted surface is

given as follows [1]:

DBF = cospsin¢ sind + cos¢ cosd coso |

i 1 ~sindsecd]| ....... 2-43
+sinp {cosy[tan da(sm $sind +cosdcosd cosco) sind sec da]} ( )

+stny cosd sino
where
¢ -1s the latitude angle

o - the hour angle

& -declination angle. Its value given by
5=2345 sin[@ (284 + n)—l ................................ (2-44)
365 g

The hourly global radiation, 1, is expressed in [28] as:

where Ay, By and F, are given below for Amman in terms, h, of the hour of
the day.[28]:

A, =-1913343+3228383h-328510h* +06137h*............. (2-46)
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B, =142.1121+319338h+04338h? —02908h° ................ (2-47)
F, = 751929 +21360h +0.0779h* - 0.0194h° .................. (2-48)

The values of h are 1,2, 3,.. ., 11, 12 for the hours 06, 07, 08, . . ., 16
17.

The hourly diffuse radiation, g4, is expressed as [28]:

I,

= {= 0344 +145k (for0 < k; <0137) ccorcccccccccnneeen (2-49)
h

e

T {= 0636 - 0670k (for0137 < ky <0.785) .coocvrvcrrcres (2-50)
h

=

I—d {= 0110(fork; 2 0.785) ....ccoccrneerrcrreerrcenn (2-51)
h

where, k7, is the ratio of the global solar radiation, I, , to the extraterrestrial
radiation, I,, for the desired hour.

The extraterrestrial radiation on a horizontal surface, I, , is expressed in [1]

as.

cos¢cosd *(sino, —sinw,)

12*G
I = % * 1+0.33cos(--—360n) 2n(0 ) - (2:53)
n 365 ————~sin¢sind
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where

Gic-is the solar constant, its current value is 1367 W/m? .

n- is the day of the year,
¢ -Latitude angle .

25
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2.7 Estimation of ambient temperature:

26

The values of the hourly ambient temperature can be correlated using

the PeakFit soft ware for the months of August and September. The

obtained equation for the month of August is:

T,'—"T 1+T2+T3 +T4+T5 ..........................

where

T,=15.0045+0.24348X+0.00609613X3-0.00123364X%>

2
T, =aq, exp[—O.S[X ua‘) :| ....................
a,

a,=1.45449 ,a,=13.32247 and a,=0.880859

- T, =a, exp|:—0.S(X —%
aS

a;=13.6507 ,a;=15.38189 and as=6.24817

a;=1.64694 ,a;=11.642 and a3=0.763324

a,=2.06127 ,a;,=9.29022 and a,,=0.6993

Mo

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



and that for September is:

T.=7.17872-0.388107X+30.316504X>-0.0136785X°

where X is the Time of the day (in 24 hour Format).

..............

27

(2-60)
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2.8 Theoretical calculations and procedures:

The results of the theorctical calculations of the performance
parameters of the present study were recorded every hour from 8:00 to

17:00, using the equations of this chapter. The recorded calculations are :

1- Inlet (T;) and outlet (T,) water temperatures for the serpentine collectors
(metallic and non-metallic ).

2-Plate mean temperature (Tp) .

3-The over all heat loose coefficient (U)) .

4- The ambient temperature (T,) .

5- The heat removal factor (F,) .

. 6- Solar incident radiation on the collector plane (I;) .

The theoretical performance of the metallic and non- metallic collector,
was obtaind for the cases of forced circulation tests with no- load and load

conditions.
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Chapter Three

RESULTS AND DISCUSSION

This Chapter is divided into two sections. Section (3.1) deals with the
performance calculations. In section (3.2) the results are analyzed and

discussed. -

3.1 Performance, Calculations and Results.

The calculations of this study were performed by developing a
FORTRAN Computer Program as shown in Appendix (B). The calculations
are based on the performance equations introduced in section (2.4) and
section (2.5) for metallic and non-metallic serpentine collector respectively.
The results of these calculations are tabulated in Appendix (A). All
calculations are based on the absorber plate area.

Plots and Figures of this study are prepared by using the Computer
AXUM Graphics Package. In the following sub-sections, the results of all

calculations are introduced.
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3.1.1 Results of the forced circulation with no load condition for

metallic serpentine solar collector

This calculations were performed by using two different arrangements
as related to the storage tank used. The first arrangement, a storage tank of
150 Liter capacity was used. The water flow rates used are: 0.05, 0.03,
0.02, and 0.04 Kg/s. The second arrangement, uses a common storage tank

of 50 Liter capacity with water flow rates of 0.03, 0.02, 0.05 and 0.07Kg/s.

All calculated temperatures of this collector models, are presented in

Tables (A.1-A.8 ), and are plotted as a function of time as shown in Figures

(3.1-3.8).

By using the calculated data of temperatures as indicated in Tables
(A.1-A.8), the useful energy gain is calculated using Equation.(2-23). The
variation of the useful energy gains as well as the incident solar radiation
with time of day are shown in Figures (3 9. 3.16), for the serpentine solar

collectors. at different flow rates.
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The instantaneous efficiency is calculated using Equation.(2-25). This

Equation is applied assuming constant ambient temperature and radiation

during each time interval ( One hour ).

The varnations of the instantaneous efficiency with (T;-T, )/I at different
flow rates are shown in Figures (3.17-3.24). Linear regression fitting in
AXUM Graphics Package was used to express these variations linearly.
According to Equation.(2-26), the intercept with the Y-Axis represents

Fr.(to). and the slope of the equation represents -Fr.Uy.

The variation of the overall heat loss coefficient with the mass flow rate
is shown in Figures (3.25) and (3.26), for 50 Liter and 150 Liter storage

tanks, respectively.

On the other hand, the variation of the heat removal factor against
water mass flow rate is shown in Figures (3.27) and (3.28) for 50 Liter and

150 Liter storage tanks, respectively.

Table (3-1) lists the obtained instantaneous efficiency expressions for
storage tank capacities of 50 Liter and 150 Litters for the serpentine

metallic solar collectors. Each expression of these instantaneous efficiencies
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represents a separate day, where the wind velocity is different from day to

day.

Table (3.1) Instantaneous efficiency expressions for metallic serpentine

collector
m, Kg/s Vs= 50 Liter V=150 Liter
0.02 7.LY] - _asg(T-1e
7, = [052245 -4.5329( = ) m, —[050625 ,453[ = )]
0.03 T T\ _ T,T,
7= [05475—5.032( = ) m —[0541_89 —5.0175(—1—-)]
0.05 7= [0 57348 -5 605(7;-7;)] 7 = [0.56943 - 5546(-@)]
,=|0. . > =
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3.1.2 Results of the forced circulation with load condition for metallic

serpentine solar collector

The variations of all calculated temperatures for this collector model
with time of day as expressed in Tables ( A.9 -A.12 ) are plotted in Figures (
3.29-3.30). The useful energy gain for each time interval ( One hour)is
calculated using Equation.(2-23). The results of such calculations are shown
in Tables (A.33 -A.36), in Appendix (A). The useful energy gain as well as
the incident solar radiation are plotted versus time of day as shownin

Figures (3.31-3.32).

The daily efficiency is calculated using Equation. (2-28) for flow rates
of 0.02, 0.03, 0.04 and 0.05 Kg/s. Table (3-2) presents the daily efficiencies
for this collector at two different flow rates. Finally, Figure (3.33) shows the

variation of daily efficiency with mass flow rate.

Table (3.2) daily efficiency for the serpentine metallic solar collector.

Model m Kg/s n, Yo

Serpentine Metallic 0.02 49.3
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To illustrate the calculation procedure of the daily efficiency, the useful

energy gains, for the serpentine metallic type are considered. Referring to

Table (A.33-A.36) the daily useful energy gain for 0.02 Kg/s is 12127.11 KJ
and the total radiation incident on the collector area during the complete day

is 21240.15 KJ, so, using Equation.(2-28) the daily efficiency would be:

7, =2 % 100%

" c

12127.11

= x 100% = 49.3%
21240.15x 1.16

3.1.3 Results of the forced circulation with no load condition for non-

metallic serpentine solar collectors

As outlined earlier, the present study was performed using two
arrangements related to the storage tanks used. The first arrangement, when
a storage tank of 150 Liter capacity was used, the water flow rates used are,

0.02, 0.03, 0.04, and 0.06 Kgs.

In the second arrangement, when a common storage tank of 50 Liter
capacity was used, with the same mass flow rates at which 150 Liter

arrangement were used.
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All calculated temperatures, as presented in Tables (A.13-A.20) were
plotted against time of the day, as shown in Figures (3.34-3.37) and Figures

( 3.38-3.41 ) for the 50 Liter and 150 Liter respectively.

Again, the useful energy gain and the stored energy were calculated
according to Equations (2-29) and (2-32), respectively.

The variation of the useful energy gain, the stored energy and the
incident solar energy with time of the day are plotted in Figures (3.42-3.45),
and Figures (3.46-3.49), at different mass flow rates for 50 Liter and 150

Liter storage tanks, respectively.

The instantaneous efficiency is calculated using Equation. (2-35). The
variation of the instantaneous efficiency with (T;-T,)/1 at different mass flow
rates are shown in Figures (3.50-3.52). The linear regression fitting in the
AXUM Graphics Package was used in these figures.

The variation of the overall heat loss coefficient against the mass flow
rates is shown in Figures (3.53) and (3.54), for 50 Liter and 150 Liter

storage tanks, respectively.
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On the other hand, the varation of the heat removal factor against
water mass flow rate is shown in Figures (3.55) and (3.56) for 50 Liter and

150 Liter storage tanks, respectively.

3.1.4 Results of the forced circulation with load condition for non-

 metallic serpentine solar collectors

The variations of all calculated temperatures for this model, with time
of the day are plotted in Figures (3.57-3.60). The data are recorded in tables

(A.21-A.24). in Appendix A.

The useful energy gain for each time interval ( One hour ) is calculated
using Equation.(2-29) and the stored energy for the whole day was
calculated according to the Equation.(2-32). Also, the useful energy gain and
the incident solar radiation were plotted against time of day in Figures (3.61-

3.64).

Finally, Figure (3.65) shows the variation of daily efficiency with mass

flow rate
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The calculation of daily efficiency was based on Equation.(2-39), for

various mass flow rates, as shown in Table (3-4).

As a samples calculation, the 0.02 Kg/s mass flow rate for non-metallic
collector with galvanized steel serpentine tubes is selected. The daily
efficiency, 7,, is calculated from Equation.(2-39), the result is:

r]d=—Qi‘—x100% )

t- (4

109579

= x100% = 42.47%
24057.8x 1.0725

Table (3-3) Daily efficiency of the serpentine non-metallic solar collector

m, Kg/s
Model 0.01 0.02 0.04 0.06
Serpentine
non-metallic 30.5 42.47 54.23 59.18
solar collector
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3-2 Discussion of Results.

In the present study, the performance parameters are studied with all
design parameters kept constant, while the mass flow rates were varied over
a wide range. The discussion of the obtained performance parameters is
outlined for the metallic and non-metallic serpentine solar collector in the

following subsections.

3-2-1 Temperature Distributions

The calculated inlet, outlet and ambient temperatures are presented in
Tables (Al-A24). The variation of these temperatures with the time of day
are presented in Figures (3.1-3.8), and Figures (3.34-3.41), for forced
circulation, with no-load condition, for metallic and non-metallic serpentine
solar collector, respectively. For open loop, Figures (3.29-30), and Figures
(3.57-3.60) , shows the variation of these temperatures for metallic and non-

metallic serpentine solar collector, respectively.

When a small capacity storage tank (50 Liter) was used, it was noticed

that the temperature difference for both models increases gradually starting
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from the morning until it reaches a maximuym valyg at the mid of the day,

then, it begins to diminish gradually until it reaches a relatively small value
at the end of the day. The maximum outlet temperature for both models was
reached during the 15:00-16:00 and 16:00-17:00 hours intervals, ét a mass
flow rate of 0.07 Kg/s for metallic serpentine solar collector and a flow rate

of 0.06 Kg/s for non-metallic serpentine solar collector.

When a large capacity storage tank (150 Liter) was used, the
temperature difference followed the same behavior like that of the small

storage tank, (50 Liter) case.

The maximum outlet temperature in the present case occurred during
the 15:00-16:00 hours interval for both models and a mass flow rate of 0.05
Kg/s for metallic serpentine collector and 0.06 Kg/s for the non-metallic.

The maximum temperature difference for both models, was attained during

the 13:00 -14:00 hours interval.

On the other hand, Tables ( A13-A24 ), show that the maximum plate
temperature was reached during the time interval of 13:00-14:00 for the non-

metallic serpentine solar collector.
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3-2-2 Useful Heat Gain and Stored Energy.

The useful heat energy for each model was calculated using Equation

(2-23) and Equation (2-29) for serpentine metallic and non-metallic solar

collector, respectively.

For the non-metallic serpentine solar collector, the stored energy
calculated using equation (2-32). For no-load forced circulation case, the
variation of the useful heat gain and solar intensity with time of day are
shown in Figures (5 .9-3.16) for metallic serpentine solar collector. Also, the
variation of the useful heat gain and solar intensity and stored energy with
time of the day are shown in Figures (3.42-3.49) for the non-metallic

serpentine solar collector.

The results of the no-load, forced circulation case, shows that the
useful heat gain of both models, increases gradually from the start of the
day, till it attains a maximum value at the mid of the day, thereafter it drops

gradually. This is due to the decreasing value of the incident solar flux

during the afternoon hours.

When a (150 Liter) capacity storage tank was used for each model, the

maximum heat gain was attained at the time interval 11:00-12:00 hours for
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the metallic serpentine solar collector, and 13:00-14:00 hours for the non-

metallic serpentine solar collector.

For the open locp arrangement with load, and forced circulation, the
variation of the useful heat gain and solar intensity with time of the day are
shown in Figures (3.31- 3.32) for the metallic serpentine solar collector, and
at a flow rates of 0.05 and 0.02 Kg/s. The maximum useful heat gain was
attained at 11:00-12:00 hOl'.ll'S interval. Also, for the non-metallic serpentine
solar collector, the variation of the useful heat gain, solar intensity, and
stored energy with time of the day are shown in Figures (3.61 - 3.64). The

maximum useful heat gain, was attained at the interval 14:00-15:00 hours.

It is also observed that, for the non-metallic model, the collector -

continued to deliver useful energy for a considerable time even at the end of
the day. This is due to the energy which has been stored in the collector

before noon. This energy besides the incident solar radiation becomes a

significant input source to the collector.
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represents an increase of 7.3 % for metallic serpentine solar collector. For
non-metallic collector, as the flow rate increases from 0.02 to 0.06 Kg/s, the

daily efficiency increases by 28.68 % the daily efficiencv clearly.

3-2-4 Heat Removal Factors And Overall Heat Loss Coefficients.

The va;iation of the heat removal factors with mass flow rate are
presented in Figures (3.27-3.28) and Figures (3.55-3.56) for metallic and

non-metallic serpentine solar collector respectively .

These Figures show that the heat removal factor of metallic serpentine
solar collector is higher than that of the non-metallic serpentine solar

collector for all flow rates investigated.

These Figures show that the heat removal factor, Fg is more sensitive to
flow rate variations when small storage tanks are used. When (150 Liter)
capacity storage tank was used for each model, as the flow rate was
increased from 0.02 to 0.07 Kg/s, the improvement for heat removal factor

for both models s very small.

Figures. (3.25 - 3.26) and Figures (3.53-3.54) show the variation of the

overall heat loss coefficients of both models with the mass flow rates. These

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



44

figures show that the dependence of the overall eat loss coefficient on the

flow rate is poor. Results show that the overall heat loss coefficient depends

mainly on the wind velocity.
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Chapter Fouy

COMPARISON BETWEEN THEORETICAL AND

EXPERIMENTAL WORK.

The purpose of this chapter is to compare the theoretical performance
of the preseﬁt work for metallic and non-metallic serpentine collectors, with
that of experimental worl‘c. The experimental parameters considered for
comparison are obtained from [21], for metallic serpentine collector, [23]

for non-metallic serpentine collector for the following test conditions.

4.1 Forced circulation test with no load conditions:

This test was performed by Abu- Yaha [21] and Adas [ 23]based on

two different storage tank volumes, which are 150 Liter and 50 Liter.

One of the tanks of mixed type, and has a capacity of 150 Liter as
shown in Figure (4.8a), while the other one has 50 Liter capacity and of

stratified type as shown in Figure (4.8b) .
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The experimental results for the metallic serpentine collector, for the
150 Liter tank, were obtained from [21]. These results were taken from
four tests, performed on August, 3.4, 4tn, S, 10w, with flow rates of 0.05,
0.03, 0.02 ,and 0.04 kg/s, respectively. The layout of this test is shown in
Figure (4.7), while the calculated data of these tests are shown in Tables

(A.1-A.4) of Appendix A.

For the 50 Liter storage tank, four tests were performed on September
25d, 3ma, 4m, and August 27y, with flow rates of 0.03, 0.02, 0.05 and 0.07
kg/s respectivelyf 21]. The calculated data of these tests are shown in Tables

(A.5-A.8) of Appendix A.:

On the other hand, the experimental results for the non- metallic
serpentiﬁe collector were obtained from [ 23]. When the 150 Liter storage
tank was used, four tests were performed on August 20, 244, 254, and
264, with flow rates 0.03, 0.06, 0.02, and 0.04 kg/s, respectively. The

calculated data of this test are shown in Tables (A.9-A.12) of Appendix A.

For the 50 Liter storage tank, four tests were performed on September

15, 16, 19, 20 with flow rates of 0.06, 0.02, 0.01 and 0.04 kg/s,
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respectively. The calculated data of these tests are shown in Tables (A.13-

A.16) of Appendix A

The values of the performance parameters obtained from the above
tests are used to compare the present theoretical performance parameters
such as the instantaneous efficiency, the heat removal factor and the overall

heat transfer coefficient for different mass flow rates.

4.2 Forced circulation test with load conditions:

This test was performed by [ 21] and [ 23] for metallic and non-
metallic collector, respectively. Aims of this test are to evaluate the daily
efficiency for each collector model at different mass flow rates. For this
case, no storage tanks are needed. Instead, a constant head tank of 1000
liter capacity is used to supply fresh water continuously at constant

temperature to feed the collectors.

The outlet hot water from the collector is used as a hot water load as
shown in Figure (4.6). For the metallic serpentine collector the experimental
data are based on tests performed on September 124, and 14y, with flow

rates of 0.02, and 0.05 kg/s respectively. The calculated data of this test are

shown mn Tables (A.17-A.18) of Appendix A.
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the weather conditions on that day. Note, that the ambient temperature
model of this work 1s for general conditions, and not for a specific day of a

specific year.

Figures (4.3 - 4.4), show the comparison for the Solar intensity for both
the experimental and theoretical models. It can be seen that both curves
have almost the same behavior. The useful energy also has the same
behavior but, for the met‘allic case there was a somehow high error at the
mid' of the day. The theoretical model gave higher energy values than the
measured data. But, for the non-metallic model the results were much closer,

as can be shown in the same figures.

From Figure (4.5), the efficiency can be shown to be almost the same at
the afternoon period but somehow it has different values at the moming
hours. This 1s due to the difference in the starting conditions between the
theoretical model and the experimental work. The present work model
assumes that the solar collector works from sunrise to sunset. On the other
hand, the experimental data of Ref. [23] assumes that the starting hour of

operating the collector is at 8:00. Thus the heat gain from sunrise to this

hour 1s not accounted for.
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Cold water
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Fig (4.6) Open Loop selup for load test
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Chapter Five

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The following conclusions are obtained from the present study :
1- For both collectors, ( metallic and non-metallic ), the heat removal factor

is more sensitive to the flow rate variations when small storage tanks are

used.

2- Under no load conditions, as the storage tank capacity is decreased, the

performance parameters of both collectors decreased.

3- The overall heat loss coefficients of both collectors show week

dependence on the flow rate variations.

4- Under forced flow circulation, the non-metallic collector (concrete) with
galvanized steel serpentine tubes has an inferior performance parameters
when compared to the metallic serpentine collector with galvanized steel

tubes.
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5- Under forced flow open loop circulation, the daily efficiency of the
metallic serpentine collector is higher than that of the non- metallic

serpentine collector for all water mass flow rates investigated.

6- The stored energy in non-metallic serpentine collector model behaves as
that of Ref. [23]. This energy constitutes a positive input for garly moming
where it reaches a ma:dx;lum value around 11:00 am. The stored energy
begins to constitute a negative input in the after noon hours.The stored

energy constitutes a significant energy for the collector, even after the

_ diminishing of the solar intensity.

7- As the solar intensity is increased, the ability of both, metallic and non-
metallic serpentine collector, in converting the solar irradiance into useful
heat gain becomes more significant.

8- comparison of performance parameters of the theoretical and
experimental studies showed good agreements except at the early hours and

late after noon.
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Table (A.1). Results for the forced circulation for metallic collector
with no load conditions (m=.05 Ka/s and Vs=150 ). All temperature.

in C° on the 3rd of August.

Time Int. Ta Ti To Tp I W.m?
8.0-9.0 20.00 28.50 30.60 48.00 655.08
9.0-10.0 21.90 30.60 33.20 47.50 817.50

10.0-11.0 23.50 33.20 36.20 85.10 915.89

11.0-12.0( 25.00 36.20 392.40 60.90 951.50

12.0-13.0| 26.90 39.40 42.40 64.70 926.44

13.0-14.0| 28.10 42.40 4510 €6.70 843.42

14.0-15.0| 27.70 "~ 4510 47.20 €66.30 705,92

15.0-16.0| 27.20 47.20 48.40 63.20 519.58

16.0-17.0] 26.90 48.40 48.80 58.10 295.53

Table (A.2). Results for the forced circulation for metallic collector
with no load conditions {m=.03 Kgfs and Vs=150 I). All temperature.

in C° on the 4th of August.
time int. Ta Ti To Tp I W.h/m*
8.0-9.0 20.00 29.00 30.90 45.00 654.08
9.0-10.0 21.90 30.90 33.40 £0.60 816.28
10.0-11.0| 23.50 33.40 36.30 59.00 914.50
11.0-12.0] 25.00 36.30 39.30 65.20 950.00
12.0-13.0| 26.90 39.30 42,20 69.20 924 92
13.0-140| 28.10 42.20 44.80 70.90 841.97
14.0-15.0] 27.70 44 .80 46.80 70.00 704.61
15.0-16.0| 27.20 46.80 48.10 66.00 518.47
16.0-17.0| 26.90 48.10 48.40 59.70 29464
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Table (A.3). Results for the forced circulation for metallic collector

with no load conditions (m=,02 Kg/s and V=150 ). All temperature.

in C° on the 5th of August.

Time Int. Ta Ti To Tem | IW./m?
8.0-9.0 | 20.00 28.00 | 29.80 40.00 | 653.06
9.0-10.0 | 21.90 29.80 32.20 52.80 | 815.00
10.0-11.0 | 2350 3220 | 34.90 62.00 | 913.03
11.0-12.0 | 25.00 34,90 37.70 68.70 | 948.44
12.0-13.0 | 26.90 37.70 | 40.50 7280 | 923.36
13.0-14.0 [ 28.10 4050 | 43.00 7430 | 840.44
14.0-15.0 | 27.70 43.00 | 45.00 72.70 | 703.25
16.0-16.0 | 27.20 4500 | 46.20 67.70 | 517.33
16.0-17.0 | 26.90 4620 | 46.60 6030 | 293.75

Table (A.4). Results for the forced circulation for metallic collector
with no load conditions (m=.04 Kg/s and Vs=150 1). All temperature.

in C° on the 10th of August,

Time Int. Ta Ti To Tp I W.h/m?
8.0-9.0 [ 23.30 28.00 30.20 45.00 647.47
9.0-10.0 | 26.20 30.20 33.00 49.80 808.08

10.0-11.0] 27.10 33.00 36.10 58.30 905.06

11.0-12.0[ 28.20 36.10 39.30 63.80 939.86

12.0-13.0| 29.90 39.30 42.40 67.50 914.69

13.0-14.0{ 30.50 42.40 4510 69.30 832.17

14.0-15.0 30.40 45.10 47.20 68.50 695.81

15.0-16.0| 29.60 47.20 48.50 65.20 511.14

16.0-17.0] 29.10 48.50 48.90 59.60 288.92
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Table (A,5). Results for the forced circulation for metallic collector
with no load conditions (m=.07 Kg/s and Vs=50 I). All temperature.

in € on the 27th of August.

Time int. Ta Ti To Tp I W./m*
8.0-9.0 [ 20.00 24.00 30.60 4000 | 623.19
9.0-10.0 [ 21.90 30.60 38.60 4740 | 777.42

10.0-11.0 23.50 38.60 47.10 58.30 | 869.36

11.0-12.0[ 25.00 47.10 55.40 67.50 | 901.25

12.0-13.0{ 26.90 55.40 62.80 74.80 | 875.42

13.0-14.0{ 28.10 62.80 68.80 80.00 | 794.58

14.0-15.0( 27.70 68.80 72.40 82.30 | 662.31

15.0-16.0] 27.20 72.40 73.40 80.70 | 483.78

16.0-17.0] 26.90 73.40 71.50 75.60 | 268.64

Table (A.6). Results for the forced circulation for metallic collector
with no load conditions (m=.03 Kg/s and Vs=50 I). All temperature.

in C° on the 2nd September.

Time Int. Ta Ti To Tp I W.h/m?
80-9.0 | 2000 | 21.00 | 27.10 | 4000 | 612.86
9.0-10.0| 21.90 | 2710 | 3450 | 4920 | 764.14

10.0-11.0] 23.50 | 3450 | 42.50 | 60.20 | 853.83

11.0-12.0( 2500 | 4250 | 5040 | 69.20 | 884.33

120-13.0| 26,90 | 5040 | 57.70 | 7580 | 85817

13.0-14.0| 28.10 | 57.70 | 6360 | 8020 | 778.08

14.0-15.0( 27.70 | 6360 | 67.40 | 81.40 | 647.61

150160 2720 | 6740 | 6870 | 7870 | 47197

16.0-17.0| 2690 | 6870 | 6740 | 7260 | 26037
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Table (A.7). Results for the forced circulation for metallic collector
with no load conditions (m=.02 Kg/s and Vs=50 I). All temperature.

in C° on the 3rd of September.

Time Int. Ta Ti To Tp | IW.hm?
8.0-90] 2060 | 2200 | 2760 | 40.00 | 611.08
9.0-10.0| 21.90 | 2760 | 234.50 5250 | 761.83

10.0-11.0{ 2350 | 3450 | 4210 | 64.00 | 851.11

11.0-12.0[ 2500 | 4210 | 4970 | 7320 | 881.36

12.0-13.0| 2690 | 49.70 | 56.80 | 79.80 | 855.14

13.0-140| 2810 | 56.80 | 6270 | 83.70 | 775.17

14.0-15.0 27.70 2 6270 | 66.70 | 84.30 | 645.03

15.0-16.0| 27.20 | 66,70 | 68.20 | 80.80 | 469.89

16.0-17.0{ 26.90 | 6820 | 67.20 | 73.70 | 258.69

Table (A.8). Results for the forced circulation for metallic collector
with no load conditions (m=.05 Kg/s and Vs=50 [}. All temperature.

in C° on the 4th of September.

Time Int. Ta Ti To Tp 1 W.l/m?
8.0-9.0 20.00 21.00 27.50 40.00 609.25
8.0-10.0 21.90 27.50 35.30 46.20 759.47

10.0-11.0| 23.50 35.30 43.50 56.80 848.33

11.0-12.0| 25.00 43.50 51.50 65.60 878.36

12.0-13.0| 26.90 51.50 58.70 72.30 852.06

13.0-14.0| 28.10 58.70 64.40 76.90 772.22

14.0-15.0| 27.70 64.40 67.90 78.60 642.42

15.0-16.0| 27.20 67.90 68.90 76.60 467.78

16.0-17.0| 26.90 68.90 67.20 71.30 257.22
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Table (A.9). Results for the forced circulation for metallic collector

with load conditions { m=.02 Kg/s ). All temperature. in C° on the
12th of September.

Time Int. Ta Ti To Tp I W.h/m?

8.0-9.0 [ 20.00 24.00 27.60 35.00 594.00

9.0-10.0 21.90 24.00 28.70 47.00 739.67

10.0-11.0f 23.80 24.00 29.50 54.00 825.03

11.0-12.0} 25.00 24.00 29.80 58.60 852.92

12.0-13.0| 26.90 24.00 29.80 60.80 826.03

13.0-14.0| 2810 24.00 29.30 60.70 747.28

14,0-15.0| 27.70 |- 24.00 28.40 57.90 620.25

15.0-16.0| 27.20 24.00 27.20 52.20 450.06

16.0-17.0| 26,90 24.00 25.80 44.60 244.81

Table (A.10). Results for the forced circulation for metallic collector
with load conditions { m=.02 Kg/s ). All temperature. in C° on 14th of
September.

Time Int. Ta Ti To Tp I W.h/m*

8.0- 9.0 20.00 25.00 26.70 35.00 590.03

9.0-10.0| 21.80 25.00 27.20 42.00 734.47

10.0-11.0| 23.50 25.00 27.50 47.20 818.89

11.0-12.0} 25.00 25.00 27.70 50.60 846.19

¥

12.0-13.0| 26.90 25.00 27.60 52.20 819.17

13.0-14.0) 28.10 25.00 27.40 52.10 740.67

14.0-15.0| 27.70 25.00 27.00 50.10 614.39

15.0-16.0| 27.20 25.00 26.50 45.80 445.39

16.0-17.0 26.90 25.00 25,80 40.20 241.58
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Table (A.11). Results for the forced circulation for metallic collector
with load conditions ( m=.03 Kg/s ). All temperature. in C° on the 6th

of September.,

Time Int. Ta Ti To Tp I W.h/m?
8.0-9.0 23.30 27.00 29.70 40.00 605.56
9.0-10.0 26.20 27.00 30.60 47.50 754.69

10.0-11.0| 27.10 27.00 31.10 54.10 842.72

11.0-12.0| 28.20 27.00 31.30 57.70 872.22

12.0-13.01 29.90 27.00 31.20 §9.30 845.78

13.0-14.0| 30.50 27.00 30.90 §9.20 766.22

14.0-15.0] 30.40 27.00 30.30 56.50 637.08

15.0-16.0| 29.60 27.00 29.40 51.70 463.50

16.0-17.0| 29.10 27.00 28.30 45.00 25419

Table (A.12). Results for the forced circulation for metallic collector
with load conditions ( m=.04 Kg/s ). All temperature. in C° on 20th of

September.

Time Int. Ta Ti To Tp I W.h/m®
8.0-9.0 23.30 30.00 31.90 45.00 577.83
8.0-10.0 | 26.20 30.00 32.60 46.60 718.39

10.0-11.01 27.10 30.00 32.90 52.50 799.86

11.0-12.0| 28.20 30.00 33.10 55.50 825.36

12.0-13.0| 29.80 30.00 33.00 56.80 797.78

13.0-14.0| 30.50 30.00 32.80 £6.70 720.14

14.0-15.01 30.40 30.00 32.30 54,30 586.17

15.0-16.0| 29.60 30.00 31.60 50.10 430.89

16.0-17.0| 28.10 30.00 30.90 4430 231.64
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Table (A.13). Results for the forced circulation nonmetallic collector
with no load conditions {(m=.03 Kg/s and Vs=150 I). All temperature

in C° on the 20th of August.

Time Int. Ta Ti To Tp 1W./m*
9.0-10.0| 26.20 29.70 31.20 48.70 702.06
10.0-11.0| 27.10 31.20 32.80 52.80 855.08
11.0-12.0] 28.20 32.80 34.80 57.80 1000.08
12.0-13.0] 29.90 34,80 37.00 61.00 936.11
13.0-14.01 30.50 37.00 38.30 83.50 914.11
14.0-15.0] 3040 39.30 41.60 64.20 786.14
15.0-16.0| 29.60 41.60 43.70 62.90 595.17
16.0-17.0| 29.10 43.70 45.50 60.80 45717

Tahle (A.14). Results for the forced circulation nonmetallic collector
with no load conditions (m=.06 Kg/s and Vs=150 I). All temperature

in C° on the 24th of August.

Time Int. Ta Ti To Tp I W.vm?
9.0-10.0] 26.20 28.40 30.40 45.20 702.06
10.0-11.0 27.10 30.40 32.40 48.60 855.08
11.0-12.0( 28.20 32.40 34.70 53.00 | 1000.08
12.0-13.0( 29.90 34,70 37.20 55.90 936.11
13.0-14.0| 30.50 37.20 39.80 58.20 914.11
14.0-15.0 3040 39.80 42.30 58.90 786.14
15.0-16.0| 2960 42.30 44.40 58.00 595.17
16.0-17.0] 29.10 44 .40 46.10 56.50 457.17
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Table (A.15). Results for the forced circulation nonmetallic collector

with no load conditions (m=.02 Kg/s and Vs=150 |). All temperature
in C° on 25th of August.

Time Int. Ta Ti To Tp I W.nm?
9.0-10.0 | 26.20 27.40 28.80 49.80 702.06
10.6-11.0] 27.10 28.80 30.20 54.30 855.08
11.0-12.0 28.20 30.20 32.00 59.80 | 1000.08
12.0-13.0] 29.80 32.00 34.00 63.50 936.11
13.0-14.0| 30.50 34.00 36.10 66.20 914,11
14.0-15.0| 30.40 36.10 38,30 67.00 786.14
15.0-16.0 29.60 | -38.30 40.50 65.50 595.17
16.0-17.0 20.10 40.50 42.30 63.10 457.17

Table (A.16). Results for the forced circulation nonmetallic collector
with no load conditions (m=.04 Kg/s and Vs=150 [}. All temperature.

in C° on the 26th of August.

Time Int. Ta Ti To Tp I W.h/m?
9.0-10.0| 26.20 32.00 33.80 49.70 702.06
10.0-11.0| 27.10 33.80 35.60 53.30 855.08
11.0-12.0| 28.20 35.60 37.60 57.80 1000.08
12.0-13.0| 29.90 37.60 39.90 60.70 936.11
13.0-14.0| 30.50 39.90 42.30 63.00 814,11
14.0-15.0| 30.40 42.30 4470 63.70 786.14
15.0-16.0| 29.60 44.70 46.70 62.50 595.17
186.0-17.0] 29.10 46.70 48,40 60.60 457.17
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Table (A.17). Results for the forced circulation nonmetallic collector

with no load conditions {m=.06 Ka/s and Vs=50 I). All temperature in
C° on the 15th of September.

Time Int. Ta Ti To Tp I W.h/m?
9.0-10.0 [ 30.20 37.00 | 42.10 5130 | 702.06
10.0-11.0[ 32.00 42.10 46.60 56.10 | 855.08
11.0-12.0{ 33.20 46.60 5140 | 62.00 | 1000.08
12.0-13.0 34.00 51.40 56.50 | 66.40 | 936.11
13.0-14.0 34.20 56.50 61.20 7040 | 914.11
14.0-15.0] 33.90 61.20 6530 | 73.00 | 786.14
16.0-16.0 33.20 65.30 68.30 73.80 | 595.17
16.0-17.0[ 32.00 68.30 7010 | 73.70 | 45717

Table (A.18). Results for the forced circulation nonmetallic coliector
with no load conditions (m=.02 Kgfs and Vs=150 ). All temperature
in C° on the 16th of September.

Time Int. Ta Ti To Tp I W.h/m*
9.0-10.0 | 30.20 35.90 39.10 5410 702.06
10.0-11.0| 32.00 39.10 42.60 59.60 855.08
11.0-12.0| 33.20 42,60 46.70 66.00 1000.08
12.0-13.0] 34.00 46.70 51.40 70.60 936.11
13.0-14.01 34.20 51.40 56.10 74.50 914.11
14.0-15.0] 33.90 56.10 60.60 76.60 786.14
15.0-16.0] 33.20 60.60 64.40 76.60 595.17
16.0-17.01 32.00 64.40 67.10 75.60 45717
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Table (A.19). Results for the forced circulation nonmetallic collector
with no load conditions (m=.01 Kg/s and Vs=350 [}, All temperature in

C° on the 19th of September.

Time Int. Ta Ti To Tp I W.h/m?
9.0-10.0 [ 30.20 32.60 34.90 56.10 | 702.06
10.0-11.0{ 32.00 3490 | 3760 | 62.30 | 855.08
11.0-12.0( 33.20 3760 | 40.80 | 69.50 [ 1000.08
12.0-13.0| 34.00 40.80 | 44.70 7470 | 936.11
13.0-14.0] 3420 | 4470 | 48.90 7890 | 914.11
14.0-15.0] 3390 | 4890 | 53.30 | 8090 | 786.14
15.0-16.0 3320 |- 53.30 57.40 80,50 | 595.17
16.0-17.0 32.00 57.40 | 60.80 7870 | 457.17

Table (A.20). Results for the forced circulation nonmetallic collector
with no load conditions (m=.04 Kg/s and Vs=50 I). All temperature in

C° on the 20th of September.

Time Int. Ta Ti ) Tp I W.h/m?
9.0-10.0 30,20 36.30 40.50 51.50 702.06
10.0-11.0} 32.00 40.50 44.70 56.60 855.08
11.0-12.0] 33.20 4470 49.40 62.60 1000.08
12.0-13.0 34.00 49.40 54.50 67.00 936.11
13.0-14.07 34.20 54.50 58.30 71.00 914.11
14.0-15.0 33.90 59.30 63.60 73.40 786.14
15.0-16,0| 33.20 63.60 66.90 74.00 583.17
16.0-17.0 32.00 66.90 68.90 73.70 45717
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Table (A.21). Results for the forced circulation nonmetallic collector

with load conditions { m=.02 Kg/s ). All temperature in C° on the 3rd

of August.
Time Int. Ta Ti To Tp I W.Vm*
9.0-10.0 26.20 27.00 29.30 _ 46.60 702.06
10.0-11.0| 27.10 27.00 29.90 §1.80 855.08
11.0-12.0| 28.20 27.00 30.70 57.50 1000.08
12.0-13.0| 29.%0 27.00 31.50 61.20 936.11
13.0-14.0| 30.50 27.00 32.00 63.70 914.11
14.0-15.0| 30.40 27.00 32.40 64.00 786.14
15.0-16.0| 29.60 - 27.00 32.40 61.80 58517
16.0-17.0| 29.10 27.00 32.10 58.50 457147

Table (A.22). Results for the forced circulation nonmetallic collector
with load conditions { m=.04 Kg/s ). All temperature in C° on 4th of

August.
Time Int. Ta Ti To Tp I W.hm?
9.0-10.0 26.20 26.00 27.60 43.50 702.06
10.0-11.0] 27.1C 26.00 28.00 47.50 855.08
11.0-12.0| 28.20 26.00 28.50 52.00 1000.08
12.0-13.0| 29.90 26.00 28.90 54.60 936.11
13.0-14.01 30.50 26.00 29.20 56.20 914 11
14.0-15.0| 30.4¢0 26.00 29.30 55.80 786.14
15.0-16.0| 29.60 26.00 28.20 53.30 595.17
16.0-17.0| 29.10 26.00 28.90 50.00 45717
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Table (A.23). Results for the forced circulation nonmetallic collector

Wilh- load conditions  m=.06 Ko/s ). All emperatura in C° on the Sth

of August.
Time Int. Ta Ti To Tp I W.im?
9.0-10.0 26.20 26.00 27.30 42.20 702.06
10.0-11.0| 27.10 26.00 27.60 45.70 855.08
11.0-12.0] 28.20 26.00 27.90 49.60 1000.08
12.0-13.0| 29.90 26.00 28.20 51.60 936.11
13.0-14.0} 30.50 26.00 28.30 §2.80 914.11
14.0-15.0| 30.40 26.00 28.40 52.20 786.14
15.0-16.0| 29.60 26.00 28.20 49.60 §95.17
16.0-17.0| 29.10 26.00 28.00 46.50 45717

Table (A.24). Results for the forced circulation nonmetallic collector
with load conditions ( m=.01 Kg/s ). All temperature in C° on the 8th

of August.
Timé Int. Ta Ti To Tp I W.hvm?
9.0-10.0 [ 26.20 28.00 30.90 50.90 702.06
10.0-11.0| 27.10 28.00 31.80 57.10 855.08
11.0-12.0 28.20 28.00 32.90 63.90 1000.08
12.0-13.0{ 29.90 28.00 34.30 68.80 936.11
13.0-14.0| 30.50 28.00 35.20 72.50 914.11
14,0-15.0| 30.40 28.00 36.00 73.80 786.14
15.0-16.0| 29.60 28.00 36.30 72.30 595.17
16.0-17.0| 29.10 28.00 36.10 69.20 457.17
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Table {A.29). Caloutated parameters for the foroed circulation for

metallic collector with no load conditions (m=.05 Ka/s and Vs=150 [)
on the 3rd of August.

Timeint. | Tkl | Quikd) | 1% | (Ti-Ta)I%
8.0-9.0 | 2358.30 | 1289.50 | 47.10 1.30
9.0-10.0 | 2943.00 | 1674.90 | 49.00 1.06
10.0-11.0| 3287.20 | 1900.20 | 49.60 1.06
11.0-12.0| 3425.40 | 1973.90 | 49.60 1.18
12.0-13.0| 333520 | 1910.10 | 49.30 135
13.0-14.0| 3036.30 | 1687.30 | 47.90 1.70
14.0-15.0| 2541.30 | 1292.50 | 43.80 247
15.0-16.0| 187050 | 785.80 | 36.20 3.85
16.0-17.0] 1063.90 | 212.70 | 17.20 7.29

Table (A.26). Calculated parameters for the forced circulation for
metallic collector with no load conditions (m=.03 Kg/s and Vs=150 )

on the 4th of August.

Time Int. | 1 (kJ) Qu (kJ) n% (Ti-Ta)1%
8.0- 8.0 | 2354.70 { 1205.00 44.10 1.37
9.0-10.0 | 2938.60 | 1577.40 46.20 1.1

10.0-11.01 3292.20 | 1804.60 47.20 1.09

11.0-12.0| 3420.00 | 1887.90 47.50 1.19

12.0-13.0( 3329.70 | 1837.10 | 47.50 1.34

13.0-14.0| 3031.10 | 1631.80 456.40 1.68

14.0-15.0| 2535.60 | 1259.60 42.80 243

15.0-16.0| 1866.50 | 7786.20 35.80 3.79

16.0-17.0| 1060.70 | 226.80 18.40 719
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Table (A.27). Calculated parameters for the forced circulation for
metallic collector with no load conditions (m=.02 Kg/s and Vs=150 I}
on the 5th of August.

Timeint. | | (kJ) Qu (kJ) n% (Ti-Ta)/i%

8.0-9.0 | 2351.00 | 1130.70 | 41.40 1.22

9.0-10.0 | 2934.00 | 1483.50 43.60 0.87

10.0-11.0| 3286.90 | 1705.30 | 44.70 0.95

11.0-12.0 | 3414.40 | 179350 | 45.20 1.04

12.0-13.0| 3324.10 | 1754.20 | 45.50 1.18

13.0-14.0{ 3025.60 | 1567.20 | 44.60 1.48

14.0-15.0| 2531.70 | 1220.90 | 41.50 2.18

15.0-16.0| 1862.40 | 767.40 35.50 3.44

16.0-17.0| 1057.50 | 251.20 20.50 6.57

Table (A.28). Calculated parameters for the forced circulation for
metallic collector with no load conditions (m=.04 Kg/s and Vs=150 )]
on the 10th of August.

Time Int, I (kJ) Qu (kJ) n% (Ti-Ta)i%
8.0- 9.0 | 2330.90 | 1352.70 §0.00 0.72
9.0-10.0 | 2909.10 | 1756.50 52.00 0.49

10.0-11.0 | 3258.20 | 1951.00 51.60 0.65

11.0-12.0 | 3383.50 | 2010.80 51.20 0.83

12.0-13.01 3292.90 | 1943.60 50.80 1.02

13.0-14.0 | 2995.80 | 1709.00 49.10 1.42

14.0-15.0 | 2504.90 | 1330.80 45.80 2.1

15.0-16.0 | 1840.10 | 828.90 38.80 3.44

16.0-17.01 1040.10 | 259.00 21.40 6.73
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Table (A.29). Calculated parameters for the forced circulation for

metallic collector with no load conditions (m=.07 Kg/s and Vs=501I)

on the 27th of August.

Time {nt. | (kJ) Qu (kJ) n% (Ti-Ta)1%
8.0-9.0 | 2243.50 | 1391.00 | 53.40 0.64
9.0-10.0 | 2798.70 | 1670.90 51.40 1.13

10.0-11.0| 3129.70 | 1777.40 48.90 1.74

11.0-12.0 | 3244.50 | 1732.50 46.00 2.45

12.0-13.0| 3151.50 | 1558.00 42.60 3.28

13.0-14.0| 2860.50 | 1238.00 37.30 4.38

14.0-15.0( 2384.30 | 765.10 27.60 6.20

15.0-16.0( 1741.60 | 206.00 10.20 9.35

16.0-17.0| 967.10 | -389.40 b 17.31

Table (A.30). Calculated parameters for the forced circulation for
metallic collector with no load conditions {m=.03 Kg/s and Vs=501[)

on the 2nd of September.

TimeInt. | (k) | Qu(kd) | n% | (TiTayl%
8.0-9.0 | 2206.30 | 1281.80 | 50.00 0.16
9.0-10.0 | 2750.80 | 1550.90 | 48.60 0.69
10.0-11.0| 3073.80 | 1673.60 | 46.90 1.30
11.0-12.0 | 3183.60 | 1657.50 | 44.80 1.08
12.0-13.0| 3089.40 | 1516.10 | 42.30 2.75
13.0-14.0| 2801.10 | 1232.60 | 37.90 3.81
14.0-15.0 | 233140 | 799.80 | 29.50 5.54
15.0-16.0 | 1699.10 | 280.10 | 14.20 8.52
16.0-17.0( 936.60 | -277.10 | == 16.09
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Table (A.31). Calculated parameters for the forced circulation for
metallic collector with no load conditions (m=.02 Kg/s and Vs=50 1)

on the 3rd of September.

TimeInt. | 1() | Qu(k)| n% | (T-Tal%

8.0-9.0 | 2199.80 | 1168.60 | 45.80 0.33

9.0-10.0 } 274260 | 1442.90 | 45.30 0.75

10.0-11.0| 3064.00 | 1587.70 44,60 1.29

11.0-12.0| 3172.90 | 1600.80 | 43.50 1.93

12.0-13.0| 3078.50 | 1488.90 | 41.70 2.67

13.0-14.0| 2790.60 | 1233.90 | 38.10 3.7

14.0-15.0| 232210 | 827.70 30.70 5.43

15.0-16.0| 1691.60 | 327.00 16.70 8.41

16.0-17.0| 931.30 | -216.90 e 15.98

Table (A,.32). Calculated paramneters forthe forced circutation for
metallic collector with no foad conditions {m=.05 Kg/s and Vs=50 |)
on the 4th of Seplember.

Time Int. | (kJ) Qu (kJ) n% (Ti-Ta)1%

8.0-9.0 | 2193.30 | 1383.70 53.60 0.16

9.0-10.0 | 2734.10 | 1625.20 51.20 0.74

10.0-11.0| 3054.00 | 1720.80 48.50 1.38
11.0-12.0| 3162.10 | 1672.90 45.60 2.10
12.0-13.0| 3067.40 { 1502.60 42.20 2.89
13.0-14.0| 2780.00 | 1193.50 37.00 3.96
14.0-15.0| 2312.70 { 738.80 27.50 5.7
15.0-16.0| 1684.00 | 207.10 10.60 8.71

16.0-17.0| 926.00 | -353.80 ol 16.33
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Table (A.33). Calculated parameters for the forced circulation for

metallic collector with load conditions ( m=.02 Kg/s } on the 12th of

September.

Time Int. | (kJ) Qu (kJ)
8.0-9.0 | 2138.40 | 1096.10
9.0-10.0 | 2662.80 | 1423.70

10.0-11.0} 2970.10 | 1645.60

11.0-12.0} 3070.50 | 1745.50

12.0-13.0| 2973.70 | 1738.40

13.0-14.0| 2690.20 | 1605.70

14.0-15.0| 2232.90 | 1336.00

15.0-16.0| 1620.20 | 976.50

16.0-17.0 881.30 | 554.60

Table (A.34). Calculated parameters for the forced circulation for
metallic collector with load conditions ( m=.05 Kg/s ) on the 14th of

September.

Time Int. | 1 (kJ) Qu(kJ)
8.0-9.0 | 2124.10 | 1257.00
9.0-10.0 | 2644.10 | 1644.20

10.0-11.0 | 2948.00 | 1888.30

11.0-12.0| 3046.30 | 1997.50

12.0-13.0| 2949.00 | 1985.30

13.0-14.0| 2666.40 { 1830.70

14.0-15.0| 2211.80 | 1520.80

15.0-16.0| 1603.40 | 1107.50

16.0-17.0| 869.70 618.80
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Table (A.35). Calculated parameters for the forced circulation for

metallic collector with load conditions ( m=.03 Kg/s ) on the 6th of

September.

Timeint. | 1(kJ) | Qukd)
8.0-9.0 | 2180.00 | 1229.90
8.0-10.0 | 2716.90 | 1625.50

10.0-11.0( 3033.80 | 1837.30

11.0-12.0| 23140.00 | 1933.10

12.0-13.0| 3044.80 | 1919.90

13.0-14.0 | 2758.40 | 1759.10

14.0-15.0 | 2293.50 | 1472.10

15.0-16.0 1668.60 | 1073.40

16.0-17.0| 915.10 603.30

Table (A.36). Calculated parameters for the forced circulation for
metallic collector with load conditions ( m=.04 Kag/s ) on the 20th of

September.

Time Int. | 1 (kJ) Qu(kJ)
8.0-9.0 | 2080.20 | 1156.10
9.0-10.0 | 2586.20 | 1557.60

10.0-11.0 | 2879.50 | 1763.70

11.0-12.0 | 2971.30 | 1853.90

12.0-13.0] 2872.00 | 1836.90

13.0-14.0] 2592.50 | 1673.00

14.0-15.0] 2146.20 | 1384.80

15.0-16.0| 1551.20 | 986.80

16.0-17.0] 833.90 517.50
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Table (A.37).

Calculated parameters for the forced circulation

non_metallic collector with no load conditions (m=.03 Kg/s and

Vs=150 L) on the 20th of August.

Time Int. I (kJ) Qu{kJ Qs(kJ) n% (Tin-Ta)/1%
9.0-10.0 | 2527.40 | 94250 | 681,97 46.50 0.49
10.0-11.0| 3078.30 | 1045.30 | 975.68 44,90 0.48
11.0-12.0| 3600.30 | 121010 | 1173.33 | 45.00 0.46
12.0-13.0| 3370.00 | 1383.50 | 774.89 48.70 0.51
13.0-14.0| 3290.80 | 145430 | 589.36 49.50 0.71
14.0-15.0| 2830.10 | 1456.80 | 163.48 50.70 1.13
15.0-16.0| 2142.60 | 1340.10 | -313.50 $1.30 2.01
16.0-17.0| 1645.80 | 1119.50 | -498.66 49.50 3.21

Table (A.38). Calculated parameters for the forced circulation
non_metallic collector with no load conditions (m=.06 Kg/s and
Vs=1501) on the 24th of August.

Time Int. | (kJ) Qu(kJ) Qs(kd) n% (Ti-Ta)/%
9.0-10.0 | 2527.40 | 1238.,70 | 464.67 55.20 0.31
10.0-11.0 ) 3078.30 | 129220 | 815.54 52.00 0.39
11.0-12.0| 3600.30 | 1445.60 | 1031.41 51.10 0.42
12.0-13.0| 3370.00 | 1582.50 | 680.89 53.90 0.51
13.0-14.0| 3290.80 | 1608.30 | 543.49 53.90 0.74
14.0-15.0| 2830.10 | 1548.30 | 181.38 54.30 1.20
15.0-16.0 | 214260 | 1352.70 | -220.48 53.70 212
16.0-17.0 | 1645.80 | 1067.60 | -352.63 50.40 3.36
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Table (A.39). Calculated parameters for the forced circulation

non_metallic collector with no load conditions (m=.02 Kg/s and
Vs=150 l)on the 25th of August,

Time Int. | (kJ) Qu(kJ) Qs(kJ) n% (Ti-Ta)/1%
9.0-10.0 | 2527.40 | 830.90 | 792,20 43.30 0.17
10.0-11.0| 3078.30 | 930.90 | 1083.51 | 42.00 0.20
11.0-12.0{ 3600.30 | 1081.90 | 1288.43 | 42.00 0.20
12.0-13.0| 3370.00 | 1261.00 | 869.94 46.00 0.22
13.0-14.0| 3290.80 | 1352.20 | 656.37 47.10 0.28
14.0-15.0| 2830.10 | 1392.30 | 185.49 48.90 0.73
15.0-16.0| 2142.60 | 1331.20 | -350.46 | 50.30 1.46
16.0-17.0| 1645.80 | 1164.90 | -585.23 4960 249

Table (A.40). Calculated parameters for the forced circulation
non_metallic collector with no load conditions (m=.04 Kg/s and
Vs=150 L) on the 26th of August.

Time Iat. 1 (kJ) Qu(kJ) Qs(kd) n% (Ti-Ta)/i%
9.0-10.0 | 2527.40 | 1080.30 | 499.70 48.90 0.83
10.0-11.0| 3078.30 | 1144.90 | 842.19 46.60 0.78
11.0-12.0 [ 3600.30 | 1295.10 | 1063.54 46.30 0.74
12.0-13.0| 3370.00 | 1446.50 | 698.45 49.60 0.82
13.0-14.0| 3290.80 | 1492.50 | 543.13 50.00 1.03
14.0-15.0 2830.10 | 1462.80 | 153.37 50.80 1.52
15.0-16.01 2142.60 | 1306.40 | -283.29 50.60 2.52
16.0-17.0| 1645.80 | 1052.80 | -439.69 47.70 .86

149

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



Table (A.41). Calculated parameters for the forced circulation

non_malallic collector with no load conditions (m=.06 Kgfs and
Vs=50 L) on the 15th of September.

Timelnt. | 1) | Qukd) | Qskd) | n% (Ti-Ta)'%
9.0-10.0 | 2527.40 | 1058.60 | 616.73 | 50.60 0.98
10.0-11.0 | 3078.30 | 939.10 | 1132.61 | 43.30 1.18
11.0-12.0] 3600.30 | 1017.60 | 1387.49 | 41.10 1.33
12.0-13.0| 3370.00 | 1060.30 | 105050 | 41.40 1.87
13.0-14.0| 3290.80 | 989.20 | 950.00 | 38.40 2.44
14.0-15.0| 2830.10 | 857.80 | 60444 | 35.30 348
15.0-16.0 | 2142.60 | 626.20 | 190.66 | 29.70 5.40
16.0-17.0| 1645.80 | 364.20 | -23.33 | 20.40 7.94

Table (A.42). Calculated parameters for the forced circulation
non_metallic collector with no load conditions (m=.02 Kg/s and
Vs=150 L) on the 16th of September.

Time Int. I (kJ) Quikd) Qs(kJ) n% {Ti-Ta)1%
9.0-10.0 | 2527.40 | 672.20 968.39 38.60 0.82
10.0-11.0| 3078.30 | 736.80 | 1303.26 36.90 0.83
11.0-12.0| 3600.30 | 857.10 | 1516.41 36.60 0.94
12.0-13.0| 3370.00 | 979.70 | 1092.40 38.80 1.36
13.0-14.0§ 3290.80 | 989.00 917.46 37.90 1.88
14.0-15.0| 2830.10 | 940.10 494 .40 37.00 2.82
15.0-16.0| 214260 | 791.50 570 34.50 4.61
16.0-17.0] 164580 | 564.50 | -230.75 28.30 7.08
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Table (A.43).

Calculated parameters for the forced circulation

non_metallic collector with no load conditions (m=.01 Kg/s and

Vs=50 L) on the 19th of September.

Time Int. b {kJ) Qu(kJ) Qs(kJd) n% {Tin-Ta)/1%
2.0-10.0 | 2527.40 | 488.10 | 1159.46 31.50 0.34
10.0-11.0( 3078.30 | 563.10 | 1480.17 30.90 0.34
11.0-12.0| 3600.30 | 673.80 | 1697.69 31.10 0.44
12.0-13.0| 3370.00 | 818.30 | 1231.00 34.30 0.73
13.0-14.0{ 3290.80 | 881.90 994.64 34.80 1.15
14.0-15.0| 2830.10 | 910.10 486.57 35.70 1.91
15.0-16.0| 214260 | 860.30 | -103.87 35.80 3.38
16.0-17.0| 1645.80 | 718.30 | -415.82 32.90 5.55

Table (A.44), Calculated parameters for the forced circulation
non_metallic collector with no load conditions (m=.04 Kg/s and

Vs=50 L) on the 20th of September.

Time Int. | (kJ) Qu(kd) Qs(kd) n% (Tin-Ta)/1%
9.0-10.0 | 252740 | 891.90 789.10 46.40 0.87
10.0-11.04 3078.30 | 882.00 | 1196.82 41.90 1.00
11.0-12.0| 3600.30 | 984.30 1427.24 40.40 1.15
12.0-13.0| 3370.00 | 1057.50 | 1057.87 41.40 1.65
13.0-14.0| 3290.80 | 1009.30 | 936.24 38.90 222
14.0-15.0 2830.10 | 898.80 570.90 36.50 3.23
15.0-16.0| 2142.60 | 686.90 139.31 31.80 5.1
16.0-17.0| 1645.80 | 428.10 -75.27 23.30 7.63
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Table (A45). Calculted parameters for the forced circulation
non_metallic collector with load conditions { m=.02 Kg/s ) on 3rd of

August.
Time Int. | Qu
9.0-10.0 | 2527.40 | ©681.50
10.0-11.0| 3078.30 | 883.10
11.0-12.0| 3600.30 | 1116.40
12.0-13.0| 3370.00 { 1363.00
13.0-14.0 | 3290.80 | 1520.80
14.0-15.0 | 2830.10 | 1624.10
15.0-16.0 | 2142.60 | 1628.70
16.0-17.0| 1645.80 { 1528.70

Table (A.46). Calculated parameters for the forced circulation
non_metallic collector with load conditions ( m=.04 Kg/s ) on the 4th

of August.
Time Int. | Qu
9.0-10.0 | 2527.40 | 993.30
10.0-11.0| 3078.30 | 1233.40
11.0-12.0| 3600.30 | 1513.00
12.0-13.0 3370.00 | 1771.80
13.0-14.0| 3290.80 | 1920.60
14.0-15.0] 2830.10 | 1985.90
15.0-16.0| 2142.60 | 1920.20
16.0-17.0| 1645.80 | 1740.40
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Table (A47) Calculated parameters for the forced cireulation

nen_metallic collector with load conditions { m=.06 Kg/s ) on the 5th

of August.
Time Int. I Qu
9.0-10.0 | 2527.40 | 115830
10.0-11.0| 3078.30 | 1407.40
11.0-12.0| 3600.30 | 1703.20
12.0-13.0| 3370.00 | 1957.10
13.0-14.0{ 3290.80 | 2093.10
14.0-15.0| 2830.10 | 2130.90
15.0-16.0 | 214260 | 202220
16.0-17.0| 1645.80 | 1798.90

Table (A.48). Calculated
non_metallic collector with 1o

parameters for the forced circulation
ad conditions ( m=.01 Ka/s ) on the 8th

of August,
Time Int, | Qu
9.0-10.0 | 2527.40 | 442.90
10.0-11.0| 3078.30 | 578.70
11.0-12.0| 3600.30 | 742.00
12.0-13.0{ 3370.00 | 943.00
13.0-14.0 | 3290.80 | 1083.00
14.0-15.0 | 2830.10 | 1198.60
15.0-16.0| 214260 | 1251.50
16.0-17.0| 1645.80 | 1220.10
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C
C

193

PROGRAM 1
THIS PROGRAM IS DESIGNED TO OBTAINING THE

THIRETICAL RESULTS

C

aQ O

a O o a o o O

OF METALIC SERPENTINE SOLAR COLLECTOR.

IMPLICIT REAL*8 (A-Z)

DIMENSION 10(20),IH(20),IB(20),ID(20),IT(20), MO(12)

= ,W1(20),W2(20), WW(20),H(20),RB(20),KT(20),UL(20),FR(20)
~ ,QU(20),EFF(20),IBN(20),CCOS(20),DBF(20),QUU(20),IT1(20)
= ,QU1(20),CSIN(20)

CHARACTER*5 QASSIM(18)
OPEN(1,FILE='50L.OUT',STATUS=NEW")
OPEN(2,FILE=RESS.DAT',STATUS='OLD')

CP:SPESIFIC HEAT OF WATER (KJ/KG.C).

M:MASS FLOW RATE OF WATER (KG/S).

TAF:EFFECTIVE TRANSMITIVE-ABSORBTANCE PRODUCT.
T:THICKNESS OF ABSORBER PLATE (M).

KN:THERMAL CONDUCTIVITY OF INSULATION MATERIAL.
LN:THICKNESS OF INSULATION MATERIAL(M).
AC:COLLECTOR AREA (M).

EG:TRANSPARANT COVER EMISSIVITY .

EP:ABSORBER PLATE EMISSIVITY.
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VW:WIND VELOCITY.
TG:GLASS COVER TEMPERATURE (C).
BC: STEFAN BOLTZMAN CONSTANT.
HW:WIND CONVECTIVE HEAT TRANSFER COEFFICIENT.
GAMA:SURFACE AZMITH ANGLE.
GCS:SOLAR CONSTANT.
ROG:REFLECTANCE SOLAR OF THE GROUND.
N:THE DAY NUMBER OF YEAR.
B:TILT ANGLE OF THE MODEL.

FL.LATITUDE, THE ANGULAR LOCATION NORTH OR SOUTH

OF THE EQUATOR.

READ(2,*)L,EP,NG,BC,EG,LN, KN K, W ,DOT,T MU
=DIN,ACNS,CP,KW,LY LCP,CONS,TAF,AA
B=22

F1=32

ROG=.25

GSC=1367

MO(1)=0

MO(2)=31
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MO(3)=59
MO(4)=90
MO(5)=120
MO(6)=151
MO(7)=181
MO(8)=212
MO(9)=243
MO(10)=273
MO(11)=304
MO(12)=334
WRITE(*,*)MONTH="
READ(* ¥)MON
WRITE(* *YDAY="
READ(*,*) DAY
N=(MOMMON)+DAY)
WRITE(* *)N="N
WRITE(*,*) TIN="
READ(*,*)TIN
WRITE(*,*) TPM="
READ(* *)TPM

WRITE(* *yM="

157
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READ(*,*)M

GA=0.00

WRITE(1,*)M

WRITE(*, *YSG=

READ(*,*)SG

WRITE(*,¥)'V="

READ(* ¥)V

WRITE(1,*)DATE : ,DAY,”,MON

H(1)=3

W1(1)=-60

W2(1)=-45

Z0=3.14159/180

FDE=(360*(284+N))/365

DELTA=23.45*SIN(ZO*FDE)

WRITE(1,*)TIME INT.| TA | TIN | TOUT| TPM |IT | QU | EFF

+| UL | FR | (TIN-TA/L)

WRITE( L, )
BB

R B

00=8.

OP=9.
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R T R R R R R R B
DO 10 IP=1,9
O R R R R R B B

X=T7+IP |
T1=15.0045+0.24348*X+0.00609613*X**2.0.00123364*X**3
A0=1.45449

Al=13.32247

A2=0.880859

T2=A0*EXP(-0.5*((X-A1)/A2)**2)

A0=13.6507

Al=15.8189

A2=6.24817

T3=A0*EXP(-0.5%((X-A1)/A2)**2)

A0=1.64694

Al=11.642

A2=.763324

T4=A0*EXP(-0.5*((X-A1)/A2)**2)

A0=2.06127

A1=9.29022

A2=.6993

TS=A0*EXP(-0.5%((X-A1)/A2)**2)
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TA=T1+T2+T3+T4+T5

C TA=-5.19651+4.29576*(IP+7)-0.143173*(IP+7)**2+
C = 1.86203*10%*(-5)*(IP+7)**3+1.6373 1 *EXP(-0.5*((IP+7)-
12.8344)/
C = .980885)**2)
C TA=7.17872-388107*(IP+7)+0.316504*(IP+7)**2
C = -.0136785*(IP+7)**3
IF(IP.GT.1)THEN
TIN=EXCH]
TPM=TIN+(QU(IP-1)/AA/FR(IP-1)/UL(IP-1))*(1-FR(IP-1))
WRITE(*,*)TPM
W1(IP)=W1(IP-1)+15
W2(IP)=W2(IP-1)+15
H(IP)=H(IP-1)+1
ENDIF
e B R B B
C INCIDENT SOLAR RADIATION
o e S B R B B
I0(IP)=12*GSC/3.14159*(1+0.033*COS(0.986 N* ZO))*
= (COS(FI*ZO)*COS(DELTA*ZO)*(SIN(W2(IP)*ZO)-

SIN(W1(IP)*ZO))+
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= 3.14159*(W2(IP)-W1(IP))*(SIN(FI*ZO)*SIN(DELTA*Z0))/180)

AH=191.3343*%(-1)+322.8383*H(IP)-32.8510*(H(IP))**2+0.6137
= *(HIP)**3
BH=142.1121+31.9338*H(IP)+0.4338*(H(IP))**2-0.2908*

= (H(IP))**3
FH=75.1929+2.1360*H(IP)+0.0779*(H(IP))**2-0.0194

= *HIP)**3

TH(IP)=AH-+BH*SIN((360*N/365-FH)*ZO)
KT(IP)=IH(IP)/10(IP)

IF(KT(IP).GE.0.0.AND KT(IP).LT.0.137)THEN
ID(IP)=TH(IP)*(0.344+1 45*KT(IP))

ENDIF

IF(KT(IP).GE.0.137.AND.KT(IP). LT.0.785)THEN
ID(IP)=IH(IP)*(0.636-0.670*KT(IP))

ENDIF

IF(KT(IP).GE.0.785)THEN

ID(IP)=0.11*IH(IP)

ENDIF

WW(IP)=(W1(IP)+W2(IP))/2
CCOS(IP)=COS(FI*ZO)*COS(DELTA*ZO)*COS(WW(IP)*ZO)+

= SIN(FI*ZO)*SIN(DELTA*ZQ)
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IB(IP)=TH(IP)*(0.145+1.032*KT(IP))
IBN(IP)=(IH(IP)-ID(IP))/CCOS(IP)
DBF(IP)=COS(B*ZO0)*(SIN(FI*ZO)*SIN(DELTA*ZO)+COS(FI*Z

0)
+ *COS(DELTA*ZO)*COS(WW(IP)*Z0))
+  +SIN(B*ZO)*(COS(GA*ZO)*(TAN(FI*ZO)*(SIN(FI*ZO)
L

*SIN(DELTA*ZO)+COS('FI*ZO)*COS(DELTA*ZO)*COS(WW(IP)*ZO))
+ -SIN(DELTA*ZO)*1/(COS(FI*ZO)))
+  +SIN(GA*ZO)*COS(DELTA*ZO)*SIN(WW(IP)*Z0))
[T1(IP)=IBN(IP)*DBF(IP)+(COS(.5*B*Z0))**2.*ID(IP)
+ +(SIN(.5*B*ZO))**2 *[H(IP)*ROG
IT(IP)=IT1(IP)*3.6

O FFERRRE KRR AR R R AR R R R R ARk A
C OVER ALL HEAT COEFF.

HW=8.6*(V)** 6/(L)**0.4
TSE=0.0552*TA**(1.5)
C=1-EXP(-0.01%(TPM-TA))ATA-TSE+1)
TG=(C*HW**0.38/430)*(240*EP-170+TPM)*(TPM-TA)+TA
UT1=12.75%((TPM-

TG)*COS(B*Z0))**(0.264)/(TPM+TG)**(0.46)
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= *LCP**(0.21))
UT2=BCHTPM**2+TG**2) TPM+TG)/(1/EP+1/EG-1)
UT3=(HW-+(EG*(TG**4-TSE**4)/(TG-TA)))**(-1)
UT=((UT1+UT2)**(-1)+UT3)**(-1)
UB=KN/LN

UL(IP)=(UT+UB+0.1)*3.6

C#########################################################
HtiH

C HEAT REMOVAL FACTOR
N2=((W-DOT)**2*(UL(IP)/K/T))**0.5
K1=K*T*N2/(W-DOT)/SINH(N2)

G R B R R
Hitti

C HEAT TRANSFER COEFF, INSIDE TUBES
RE=4*M/3.14159/DOT/MU
F22=(0.79*LOG(RE)-1.64)**(-2)
PR=12.48-0.27955*TIN+0.00252*TIN**2-0. 00001 *TIN**3
NU=(F22/8)*RE*PR/(1.07+12.7+(F22/8)** 5*(PR**2/3-1))
HI=NU*KW/DOT

R=1/3.14159/DIN/HI
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GAMA=COSH(N2)*(-2)-DOT*UL(IPYK 1
C=(KI*R*(1+GAMA)-1)**2-(K1*R)**2
F2=1/(KI*R*(1+GAMA)**2-1-GAMA-K1*R)
F1=NS*K1*LY/F2/AC/UL(IP)/C
B1=M*CP/FI/AC/UL(IP)
FR(IP)=F1*B1*(1-EXP((F2-1)B1))
QU(IP)=AA*FR(IP)*(IT1(IP)*TAF*3.6-UL(IP)*(TIN-TA))
QU(IP)=AA*FR(IP)*(IT1(IP)*TAF*3.6-UL(IP)*(TIN-TA))/
+ (1+FRQP)*UL(P)/SG/4.186/2.))
TOUT=TIN+QU(IP)/SG/4.186
EXCHI=TOUT
EFF(IP)=QU(IP)/TT(IP)/AA*100
PER=(TIN-TA)IT1(IP)*100
WRITE(1,23)00,0P, TA, TIN,TOUT,TPM, IT(IP), QU(IP),EFF(IP) U
L(IP)
+FR(IP),PER
23 FORMAT(F4.1,- F4.1,' [.F4.1, [,F4.1, [ F4.1 [ F4.1,
#F6.1, [ F6.1, [ F4.1, [ F4.1, [ F4.3, [F5.2)
00=00+1 -
OP=0P+1

ITOT=ITOT+IT(IP)
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QUTOT=QUTOT-+QU(IP)

R B S B B B
BB

10 CONTINUE

DEFF=QUTOT/TOT

WRITE(1,*)TOTAL I='ITOT

WRITE(1,*) TOTAL QU=",QUTOT

WRITE(1,*YDAYLY EFF.=,DEFF
B

R R R R R R R
STOP

END
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C

107

TG:GLASS COVER TEMPERATURE (C)

BC: STEFAN BOLTZMAN CONSTANT.

HW:WIND CONVECTIVE HEAT TRANSFER COEFFICIENT.,
GAMA:SURFACE AZMITH ANGLE.

GCS:SOLAR CONSTANT.

ROG:REFLECTANCE SOLAR OF THE GROUND.

N:THE DAY NUMBER OF YEAR.

B:TILT ANGLE OF THE MODEL.

FILATITUDE, THE ANGULAR LOCATION NORTH OR SOUTH

OF THE EQUATOR.

READ(2,%)L,EP,NG,BC,EG,LN,KN,K,W.DOT,T,MU
= DIN,AC,NS,CP KW,LY,LCP,CONS,TAF AA
B=30

FI=32

ROG=25

GSC=1367

GA=0.00

MO(1)=0

MO(2)=31

MO(3)=59

MO(4)=90

MO(5)=120

MO(6)=151

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



MO(7)=181

MO(8)=212
MO(9)=243
MO(10)=273
MO(11)=304
MO(12)=334
WRITE(*,*)MONTH='
READ(*, ¥)MON
WRITE(*,*)DAY='
READ(*,*) DAY
N=(MO(MON)+DAY)
WRITE(*, *)N='N
WRITE(*,*)TIN="
READ(*,*)TIN
WRITE(*,*) TPM='
READ(**)TPM
TP(0)=TPM
WRITE(*,*)M="
READ(*,*)M
GA=0.00
WRITE(1,5)M
WRITE(*,*)'SG="
READ(*,*)SG
WRITE(1,*)SG="SG
WRITE(*,*)'V="
READ(*,*)V

(1,*YDATE : ' DAY,/ MON
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T3=A0*EXP(-0.5*((X-A1)/A2)**2)

Al=164694
Al=11.642
A2=763324 -
T4=A0*EXP(-0.5*((X-A1)/A2)**2)
A0=2.06127
A1=6.29022
A2=6993
T5=A0*EXP(-0.5%((X-A1)/A2)**2)
TA=TI1+T2+T3+T4+T5
C AMBIANT TEMPERATURE AT SEPTEMBER
C TA=-15.10131+8.28251*X-.397318*X**2+.0039851*X**3
WI(IP+1)=WI1([P)+15
W2(IP+1)=W2(IP)+15
H(IP+1)=H(IP)+1
G R S S R R R R R
C INCIDENT SOLAR RADIATION
CHH R R R i
I0(IP)=12*GSC/3.14159%(1+0.033*COS(0.986*N*Z0))*
= (COS(FT*ZOY*COS(DELTA*ZO)*(SIN(W2(IP)*Z0)-
SIN(W1(IP)*ZO))+
= 3.14159%(W2(IP)-W I(IP))*(SIN(FI*ZO)*SIN(DELTA*Z0))/180)
AH=191.3343*(-1)+322.8383*H(IP)-32.8510*(H(IP))**2+0.6137
= *(H(IP))**3
BH=142.1121+31.9338*H(IP)+0.4338*(H(IP))**2-0.2908*
= (H{P))**3
FH=75.1929+2.1360*H(IP)+0.0779*(H(IP))**2-0.0194
= *(H({IP))**3
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[H(IP)=AH+BH*SIN((360*N/365-FH)*Z0)
KT(IP)=IH(IP)/I0(IP)
IF(KT(IP).GE.0.0.AND.KT(IP).LT.0.137)THEN
ID(IP)=TH(IP)*(0.344-+1 45*KT(IP))

ENDIF

IF(KT(IP).GE.0.137.AND KT(IP).LT.0.785)THEN
ID(IP)=IH(IP)*(0.636-0.670*KT(IP))

ENDIF

IF(KT(IP).GE.0.785)THEN

ID(IP)=0.11*[H(IP) -

ENDIF

ID(IP)=TH(IP)*(1.189-3.05*KT(IP)+3.875*K T(IP)**2

= -2.386*KT(IP)**3)

WW(IP)=(W1(IP)+W2(IP))/2
CCOS(IP)=COS(FI*ZO)*COS(DELTA*ZO)*COS(WW(IP)*ZO)+
= SIN(FI*ZO)*SIN(DELTA*ZO)
IB(IP)=IH(IP)*(0.145+1.032*KT(IP))
IBN(IP)=(IH(IP)-ID(IP))/CCOS(IP)
DBF(IP)=COS(B*ZO)*(SIN(FI*ZO)*SIN(DELTA*ZO)+COS(FI*ZO)
+ *COS(DELTA*ZO)*COS(WW(IP)*ZO))
++SIN(B*ZO)*(COS(GA*ZO)*(TAN(FI*ZO)*(SIN(FI*ZO)
+*SIN(DELTA*ZO)+COS(FI*ZO)*COS(DELTA*ZO)*COS(WW(IP)

*20))

+-SIN(DELTA*ZO)*(1/(COS(FI*ZO))))
++SIN(GA*ZO)*COS(DELTA*ZO)*SIN(WW(IP)*Z0))
WRITE(*,*)CCOS(IP),DBF(IP),IBN( IP)
IT1(IP)=IBN(IP)*DBF(IP)+(COS(.5*B*Z0))**2 *ID(IP)
++(SIN(.5*B*Z0))**2 *IH(IP)*ROG
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IT(IP)=IT1(IP)*3.6
IPT=IP+7
IT1(IP)=-7968.7+1972.69*IPT-140.12*IPT**2+3.10874 *[PT**3
ITI(IP)=IT1(IP)+128.665*EXP(-0.5*((IPT-11.3222)/.356403)**2)
ITI(IP)=IT1(IP)+101.06 I*EXP(-0.5*((TPT-13.3796)/.728347)**2)
IT(IP)=IT1(IP)*3.6
CALCULATION OF OVER ALL HEAT COEFF.
HW=8.6%(V)**.6/(L)**0.4
TSE=0.0552*TA**(1.5)
C=1-EXP(-0.01*(TPM-TA))/(TA-TSE+1) |
TG=(C*HW**0.38/430)*(240*EP-170+ TPM)*(TPM-TA)}+TA
UT1=12.75*(TPM-TG)*COS(B*Z0))**(0.264)/((TPM+TG)**(0.46)
= *LCP**(0.21))
UT2=BCHTPM**2+TG**2) TPM+TG)/(1/EP+1/EG-1)
UT3=(HW-+EGH*TG**4-TSE**4)/(TG-TA)))**(-1)
UT=((UT1+UT2)**(-1)+UT3)**(-1)
UB=KN/LN
UL(IP)=(UT+UB+0.1)*3.6

Gl R A R R R R S R R

C HEAT REMOVAL FACTOR

N2=((W-DOT)**2*(UL(IP)/K/T))}**0.5
K1=K*T*N2/(W-DOT)/SINH(N2)

HEAT TRANSFER COEFF, INSIDE TUBES
RE=4*M/3.14159/DOT/MU
F22=(0.79*LOG(RE)-1.64)**(-2)
PR=12.48-0.27955*TIN+0.00252 *TIN**2-0 00001 *TIN**3
NU=(F22/8)*RE*PR/(1.07+12.7*(F22/8)** S*(PR**2/3-1))

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



175
A

, 456094 ‘
T O isall o g Lodall fenatl Olastt o13] 38712

et

shis)

sl Lot Mo quildl) g
-

et df da s

2t g igadl ¢ et el il Geod ped A b5 R, Ll M eds o 4z
A B Jalye , 3, aE lae Jte Olaadtl odb gl oMaban cuad W5y 25U
RAEPSURPRS W R AP LU RIS P L R 4 - L
PEEPIENRCH VPO - JV:9E WRNAE XM UEY PRC I & W 1 DN PRSI T gV
o o Ll du ol eda s 5 4 sl DU Oy b e | Liaall gé Bratd] Claad
O SIS 3 Vs 3 aadl e Widb | a5 gdis e d padll ST 2 JST1 551 A i e
Ot szl Ao o3 godd IS 3 Jan Lo 587 3 ey dazag 5504 G e
Lgon slizny Of o KoL aduall b laast! (3,250 Bl Of L ond S 23 i dae 2l
et dnsl OLE g o S 2 - B3UaST
e FULEON TR PRI DU WRNTIPE EVE Y EH I SRRV PR A PR C o IR

bt el y ST -luall Sleler 3 Ll J gl @ ol ptladt Sl e b ey

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



