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Absorber plate area; (m?).

Specific heat; { kJ / kg .°C).

Hydrautic diameter; (m).

Collector efficiency factor.

The view factor,

Collector heat removal factor.

Gravitational constant; (m/s?)

Counective heat transfer coefficient for air flow rate inside the
collector; (W/m?>.°C).

Convective heat transfer coefficient between the cover and
absorber plate; (W/m?.°C).

Radiative heat transfer coefl. between the sky and the cover,
(W/m?°C).

Radiative heat transfer between the cover and the absorber
plate; ( W/m? °C).

Wind convective transfer coefTi cient; (W/m*.°C).

Insident solar radiation on tilted surfaces; { Wh/m®).

Thermal conductivity; (W/m.°C)

Air mass flow rate; (kg/s).

Nusselt number.

Useful heat gain from the collector (kD).

Rayleigh number .

Renold number .

Time in seconds of the time interval; (seconds).

Ambient temperature; (°C).

Cover temperature; (°C).

Time constant; (minute).

Inlet air temperature; (°C).

The averaged inlet air temperatures to the collector for time
interval; (°C).

Temperature of air at the middle of collector; (°C).

Outlet air temperature; (°C).

The averaged outlet air temperatures to the collector for time
interval; (°C).

Outlet air témperature from the collector, when the solar
radiation is interrupted; (°C).

Qutlet air temperature from the collector at time constant t;
°C).

Surface temperature of absorber plate; (°C).
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T Sky temperalure;' °O).
U, Effective overall heat loss coefficient; (W/m’.°C).
U Overall heat loss coefficient from the collector; (W/mz."C).
\Y Velocity of air inside the collector; (m/s) .
Vi Wind speed; (m/s).
Greek Symbols
o Absorptance or thermal diffusity.
M Collector efficiency.
Ni Collector instantaneous efficiency:
N4 Daily collector efficiency.
Pa Air density.
P Water density,
T Transmittance.
(t0)e Effective transmittance - absorbtance product.
B Collector tilt angle; (degree).
Y Azimuth angle; ( degree ).
¢ Latitude angle; (degree ).
€ Emisivity.
G Stefan - Boltzmann constant.
B Volumetric coeff. of expansion for fluid ( air ).
v Kinematics viscosity .
Q Parameter defined in equation (3.14).
Subscripts
a ambient.
av average.
b black.
C collector.
e effective.
1 inlet.
L loss or lower.
m mid.
) outlet.
S surface.
t top.
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ABSTRACT

Performance of Solar Air Heater that Utilizes Locally Available
Corrugated Galvanized Iron Sheets as an Absorber Plate.
by
Eyad M. Y. Aldeb’ie
Supervisor

prof. Mohammed Al-saad.

This thesis presents an experimental investigation of two solar air
heaters model, one of which uses locally available corrugated galvanized
iron sheets as an absorber plate and the other one uses locally available flat-
plate steel sheets as an absorber plate.

The collectors used in this study were tested in outdoor and open loop
circulated flows. Tests which were performed on both collectors are forced
circulation test with load conditions, stagnation test and time constant test.

Both collectors were tested under Jordan’s climatic conditions. The
tests were performed in August and September, 1995, where the working
fluid was air. The investigated flow rates were 0.0215, 0.0166, 0.0138, and
0.0098 kg/s. The period test was selected from 8:00 to 17:00.

The experimental tests for both collectors were performed by the aid

of an instrumentation system consisting of a pyranometer and solar
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xix

integrator,  eighteen copper-constantan thermocouple wires, digital
microprocessor, digital anemometer and pitot tube.

The results sliow that the efficiency of corrugated type is higher than
the efficiency of conventional désign at the same flow rates. The efficiency
of both collectors increases as the flow rate increases.

several conclusions and recommendations are suggested in order to

improve the system efficiency of both collectors are drawn.
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1.2 Types of sblar air cﬁllectors

Air collector designs may be classified according to the type of
absorbing surface. The air flow may be éither above or below or both above
and below the absorbing surface. The classification is as follows[2]:

1.2.1 Simple flat plate collector(Conventional type)

In this type, the area of the absorber plate is equal the area of the
glass cover. This type is considered simple and most commonly used. It has
no element that causes air turbulence, so heat transfer and efficiency are

low.

Flat-plate collectors are mechanically simpler than concentrating
collectors. The criteria used in their design are minimum cost, ease of
manufacture and maintenance free operation. The major application of these
units are in solar air’ heating, building heating and some industrial process
such as crop drying. The importance of flat plate collector in thermal

processes is such that their thermal performance is treated in considerable

detail.

1.2.2 Corrugated plate collector
The corrugation include increase the surface area facing the sun, this
increases the amount of solar radiation outward. In this research we are

utilized locally available corrugated galvanized iron sheets as an absorber
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plate. The criteria are used in their design are minimum cost, ease of
manufacturing. The major applications of these units are same applications

of the conventional type.

1.2.3 Finned plate collector
Same as conventional type , but rear fins are added to improve heat

transfer characteristics which increase the efficiency of the collector.

1.2.4 Overlapped transparent plate type collector

This type is composed of a staggered array of transparent plates
which are partially blackened. Air flows on both sides of each plate. In
addition, the clear portion of each plate captures solar radiation from the
plate below it, reducing héat loss.

1.2.5 Matrix type of collector

In this type, an absorbing matrix is placed in the air flow path

between the glazing and an absorbing back plate, providing large amount of
turbulence which improves heat transfer.

From the above mentioned types, the simple type and the corrugated

plate type are selected for the present study.
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1.3 Literature Survey

Performance of flat plate air solar collectors have received a lot of
investigations, while the performance of corrugated type has received a little
attention.

Research and development in solar air heaters commenced in the
1940s and have been subjected to many analytical and experimental studies.

Biondi, et al.[3] have theoretically analyzed the performance of solar
air heaters of conventional designs. They discussed a theoretical and
numerical analysis of the pe.rforma'nces of solar air heaters of the simplest

design and the easiest construction.

Oreszcyn and Jons [4] have showed that a transient test method can
be applied for air heating collectors. They have found that transient test
method yields an efficiency curve of air heater collectors.

Hamdan and Jub-ra‘n [5] obtained the performance of three types(bare-
plate, covered plate, and finned plate) of solar air collectors tested under
Jordanian climate, where three flat-plate collectors are evaluated for use in
air heating.

Parker [6] presented a theoretical expression for the efficiency and
loss factors of several solar air heaters. The main aim of this paper was to

discuss the efficiency factor which measures the effectiveness of a collector
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absorber plate in transferring heat to the fluid. The loss factor for air type
collectors, were mathematically derived.

Parker et al. [7] ilnvestigated the sensitivity of the thermal efficiency,
the collector efficiency factor, aﬁd the collector loss coefficient, to design
parameter changes(top loss, bottom loss, convective and radiative heat
transfer in the collector) and presented the results graphically.

Klien et al. [8] presented a simulation model for the estimation of the
long term performance of solar heating systems. They produced a simple
graphical method that requires monthly average meteorological data, which

can be used to design economical solar heating systems.

Zhao and leonard [9] presented a computer model derived from the
basic laws governing thermal energy exchanges between surfaces for the
transient simulation of flat-plate collectors. The model was validated with

measured data and a good agreement was found.

To reduce the cost of a solar system, Bansal and Unlemann [10]
developed and tested solar air heater utilizing plastic films for the absorber
and glazing. A comparison' of the developed collector with the available
conventional collectors shows that the present conventional type has better
economic potential even if one assigns a short life time for it.

Lee, et al. [11] presented an experimental and theoretical study on the

corrugated water- trickle collectors, which included detailed calculation of
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overall heat transfer coefficient from the corrugated surface to the ambient.

They performed analytical analysis ‘for corrugated geometry, then analytical
mathematical equations for corrugated collector were derived.

Bhargava et al. {12} compared the performance of two solar air
collectors of conventional design, where two metal plates and one glazing
are used. The first collector with forced flow in the lower channel and
stagnant  air between. the plate and glazing, and the second with
thermosyphon flow in the upper channel and. forced flow in the lower one.
The important conclusions of this paper, is the first type has a better
performance when compared tlo the second type.

Bernini and Gowan [13] extends the current techniques in the
prediction of flat plate solar collector performance for use in the analysis of
non metallic collectors. An analytical model was developed to study the
characteristics of thesg solar collectors which eliminate the need for metals,
glass, and special coat;’ngs. Usin‘g this model, plate efficiency factors are
presented for various common non-metallic absorber plate configurations.

Loveday [14] have studied thermal performance of air heating solar
collectors with thick, poorly conducting absorber plates. This work included
the derivation of useful energy equation and overall heat transfer coefficient
expressions. Expressions are derived for the efficiency and loss factors of

the coverless, air heating solar collector in which it is possible to assign
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finite values for the thickness and thermal conductivity of the absorber plate.
In the geometry treated air flow is beneath a flat absorber and heat transfer
is both steady state and one dimensional.

Choundhury et al. {15] theoretically analyzed the parameters of a one-
pass, corrugated, bare-plate solar air heater. In this research, the
performance of each system have discussed.

Francey and Papaioannou [16] have analyzed the performance of a
flat-plate collector. This study represents by wind related heat losses of flat
plate collector for free and forced convection. The heat loss from a flat-plate
solar collector is measured over a range of inlet temperatures , tilt angles and
wind velocities while operating in a wind tunnel. The measurements were
compared with recent émpirical relations for calculating top losses. while
there is good a agreement for zero or low wind velocities.

Maroulis and Sarvacos [17] had showed the solar heating of air for
drying a agricultural products. The capacity and the efficiency of the system
were analyzed using computer sixﬁulation method. The results obtained with
computer simulation of a solar air heating system are useful in evaluating the
feasibility of solar drymng.

Gama et al [18] have analyzed the theoretical study of an air heating
solar collector. Solar énergy is collected in an absorbing triangularly

corrugated plate with a selective surface. The collector also has a selective
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glass cover. Solar energy passing through the glass is incident on the
selectively absorbing surface of the v-groove plate. The absorbed energy
raises the temperature of the plate and heats air that is pumped through the
triangular passages of the collector. The efficiency that can be obtained with
the collector is determined as a function of a number of parameters of the
problem.

Cole-Apple and Haberstroh [19] theoretically examined the flow
paths for a single flat plate employing two glass covers. They used simple
linear model to compare the thermal performance of five flat plate solar air
heater designs.

From the previous presentation, it is obvious that the question of
relative thermal performance of the conventional and corrugated types is yet

open to question.
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1.4 Objectives of the present work

The objective of the presént work is to compare the performance of
two solar air collectors .representing the conventional (flat-plate)and
corrugated types. Boih types are constructed and tested under Jordan
climatic conditions. Both collectors have the séme Jength and size. All the
construction parameters are made for both types, then study and discuss the
analysis of these collector. Mathematical models are developed for
corrugated galvanized iron sheets. These model are capable of predicting its
performance. 455929

In this research the relative performance between the conventional

type and the corrugated type collectors are studied and analyzed

experimentally and theoretically urider the same experimental conditions.
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CHAPTER 2
MANUFACTURING AND

SPECIFICATIONS OF AIR HEATERS

2.1 Introduction

Many types of solar air heaters are commercially available. They
differ in design and performance and in price. They have to meet demands in
operation configuration and metelorgical conditions. In Jordan, no solar air
collectors are available in the commercial market. The different types of
solar air collectors have different designs, performance and cost. Any type
of solar air collector must be éfﬁcient, so the collector must absorb as much
of the incident radiation as possible, minimize heat loss to the environment
and transfer the heat collected to the heat transfer fluid flowing through it
effectively.

In this study, constmction of two solar air heater collectors, one of
which uses locally available corrugated galvanized iron sheets and the other
uses flat plate sheets (cdnventional type). Both collectors were built in the

workshops of Industrial Engineering Department at the University of Jordan.
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In this chapter, the different components that were selected to form
the body mass of both collectors will be described together with the

manufacturing process of them. The following sections describes the

individual components and considerations that together make up an efficient
solar air heating systemn.

2.2 Collector specifications

The two types of collector consist of: absorber plate, transparent

cover, insulation material and frame. The important components of the two

types collector are shown in figures(2.1) and(2.2); respectively.

absorber plate

All dimenslons In cm.

Llnsuiation

Figure(2.1) Flat plate collector(conventional type).

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



12

cover

All dimensions in cm.

Linsulotion

Figure (2.2) Corrugated plate collector.

2.2.1 Absorbef plz;te

Absorber plate is the main element for the collectors. It affects both
collector efficiency and total system efficiency. The radiation characteristics
of the absorber plate are of great importance to the efficiency with which the

light striking the collectors can be collected as usefut heat. So, the absorber

absorber plat

Deposit

e

esls
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plate should have maximum absorbtivity. Absorber plate must absorb
sunlight and transfers as much héat as possible to the heat transfer fluid (air).

Many materials can be used as absorber plates, such as copper,
aluminum, steel and selective surfaces. The use of these metals is limited by
cost and availability. But heat cond.uction is considered of great importance.

The absorber plates are used in this research are: one of that uses
locally available corrugated galvanized iron sheets painted with an ordinary
black paint and the other of conventional type( flat-plate collector) which
uses a black steel plate with an ordinary black paint.

The tlack steel and locally available corrugated galvanized iron
sheets are of 0.9 mm thickness. The sizes and materials of each collector are
shown in table (2.1)

Table (2.1) Sizes and materials for each absorbér plate collector

Collector type Dimension (mm) Material
corrugated type 2000x830x0.9 galvanized iron
Pitch= 60 mm

Amplitude= 25mm

plate type 2000x830x0.9 steel

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit
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2.2.2 Transparent cover

A material must have high transmissivity, low absorbtivity and low
reflectivity to be used as a cover, which can reduce convective and radiative
losses. Glass can be used for these purposes. Single, double, or multiple
covers may be used.

In the present work, single ordinary window glass of 4 mm thick with
830 x 2000 mm dimensions, of an average transmissivity 0.89 was used.
The top heat transfer coefficient of the collectors is dependent on the
spacing between the absorber plate and the transparent cover, where the top
heat transfer coefﬁcientr ‘is not substantially affected by spacing more than
25mm [20]. So, a single glass cover with 20 mm spacing was used for both

collectors.

.2.2.3 Insulation material

Insulation material was used to reduce heat losses of the collectors,
and thus increase the efﬁlciency of each collector. In selecting the insulation
material, many factors must be taken into consideration like cost, durability,
toxicity, fabrication, and frée of organic binder, because high collector
temperatures. The types of insulation material available for solar collectors
are fiber glass or rock wool. Rock wool insulation is locally available and

cheap, whose thermal conductivity is 0.036 W/m.°C. It is used for insulating
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=*-{—|——Cover

w

|
|

l,absor*ber‘ plate

~ipsulation

oucT

= The ducted fan

Figure (2.3) The ducted fan

2.4 Manufacturing process

The steps which were followed to build the two collectors are

summarized as follows:

1. Two plates, one of which uses locally available corrugated
galvanized iron sheet of dimensions 2000 mm long x 830 mm wide and

the other one uses steel sheets to manufacture the absorber plates. Five

——— s RghtsReserved - Library of University of Jordan - Center of Thesis Deposit



17

galvanized steel sheet of dimensions 2000 mm long x 1000 mm wide are
also used. Two of them were ﬁsed to reconstruct each collector frame, and
two of them were put over the material insulation to have a smooth of air
flow. The fifth sheet was used to manufacture the fan duct.

2. Eighteen thermocouple wires where used to measure the various

temperatures needed to study the thermal peyfdrmance of both collectors.
The location of these thermocouples are as shown in fi gure (2.4).

These thermocouple wires were installed as following:

a) Three thermocouple wires were installed at the inlet and three
thermocouple wires were installed at the outlet of each collector, as shown
in figure (2.4), where the wire numbers 1 and 3 measures the inlet air
temperatures, and the wire numbers 7 and 9 measures the outlet air
temperatures. The therrnocouple: wire numbers 2 and 8 used to measure
the surface collector temperatures of absorber plate at the inlet and outlet,
respectively.

b) Three thermocouples are installed at the center of each collector,
as shown in figure (2.4). The thermocouple wire number 5 is used to
measure the surface collector temperature and the wires number 4 and 6

are used to measure the temperature of air flow at the center of each

collector.
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CHAPTER 3

EXPERIMENTAL SET UP, PROCEDURE
AND ANALYSIS

3.1 Introduction
The two collectors of this experimental study were tested outdoor

under Jordan’s climatic conditions.

This chapter describes the experimental set up in section (3.2).
While section (3.3) is devoted to describe the measuring instruments. Then
the section (3.4) discusses the experimental test conditions. In section
(3.5) the experimental tests and procedures are introduced. The last

section is devoted to discuss the mathematical analysis of each collectors.

3.2 Experimental set up

The experimental set up for each collector consists of the solar
collector and ducted fan. The two solar air heater collectors were mounted
on a metal frame with tilt angle of 30°. Each collector was oriented to face
south. Ducted fan was uséd to supply air flow, where the air flow rate was
controlled by adjustablé power supply that is fixed on the frame of the fan.

Figure (3.1) shows schematic diagram of the experimental set up.
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Figure (3.1) Photographs for the experimental set up.
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3.3 Measuring instruments

The following measﬁring instruments were used during the test of
the two air heater collectors:

1. Incident Solar Radiation Measurement

Incident solar radiation was measured by using pyranometer (Kipp
and Zonen Pyranometer, type CM5) and a solar integrator (type CC11) to
record the incident radiation in Wh/m?. The intensity of the incident solar
radiation was measured at regular intervals each of 30 minutes.

2. Temperature Measurements

Copper constantan thermocouple wires were used to measure the
temperature at different locations in the collectors. The thermocouple
wires were connected to two multi-point digital thermometer
(microprocessor thermoﬁleter 6200). Eighteen thermocouple wires were
used to measure the terﬁperatures of the two air heaters collector, nine of
which were used for conventionél type model and the remaining nine for
the corrugated model.

3. Flow Rate Measurements

Air mass flow rates was calculated from the air velocity measured
by means of a pitot tube. The difference in the stagnation pressure and
static pressure was read out from the manometer (/1), The air velocity, V,

is calculated by using the following relation:
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V= ng[f’—w— )h G3.1)
P

where:
g : gravitational constant

P, water density

P, air density

enter of Thesis Deposit

h: pressure head in mm water.

Then, the mass flow rate, »r', is given by:

n =p VA | (3.2)

Where A is the cross sectional area. -

4. Wind Velocity Measurement

Digital anemometer (type Edra 5) was used to measure the wind
velocity. The velocity range that can be measured by this device is from 0
to 30m/s. The wind velocity was recorded every 30 minutes over two
selected locations around the collectors. These readings were used to
estimate the average wind velocities, which were used to estimate the
daily wind velocity, V..

3.4 Experimental test conditions

The collectors of this study were mounted on the roof of the

Mechanical Engineering Laboratories Department, University of Jordan,
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Amman (latitude =32°, longitude =36° and hight =980 m above sea level),

Jordan.

The relative performance comparison of the two collectors were

studied under the following experimental test conditions :

1.

2.

Same collector size.

Same transparent cover material and thickness.

. Same insulation material and thickness (thickness=30.0 mm)
. Same collector ti_lt angle ( = 30°‘)

. Same surface azmith angle (y = 0°)

. Same working fluid flow ( Air).

. Same coating material { ordinary black paint)

3.5 Experimental tests and procedures

The two collectors were tested outdoors with open loop circulated

flow. The tests were carried out during the months of July, August and

September, 1995. Each collector was allowed to operate at various mass

flow rates. All tests were carried out between 8.00 Am. and 5.0 P.m,

where the reading recorded every 30 minutes. In each experimental day,

the plass cover of both collectors were cleaned before starting the test,

then the pyranometer was properly installed on the collectors plane at

same tilt angle ( B = 30°). Both collectors must be brought to the same
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identical conditions, but in the present work, the test for each collector
was performed on differént days, because We have only one ducted fan
which was use for the two collectors. The recorded measurements are:

1. Inlet (Tj), Ti;) and outlet (Toy,T,;) air temperatures.

2. The temperatures of air on the middle for each collector ( Ty,
Tm2).

3. The surface temperatures for absorber plate for each collector: at
the inlet (Ty,), at the middle (Ts2) and at the outlet (Ts;3).

4. Ambient temperature (Ta).. |

5. Solar incident radiation on the collector plane (I).

6. Air mass flow rates (»7).

7. Wind speed ( V).

The following tests were conducted for both collectors:

3.5.1 Forced circulation test with load conditions

The objectives of this test is to calculate the efficiency of both
collectors at different mass flow rates.

This test was performed in August and September, The test was
carried out for 4 days during the month of August at two air mass flow

rates of 0.0215 kg/s and 0.0166 kg/s. Also the test was carried out for 4

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



25

days during the September at mass flow rates of 0.0138 and 0.0098 kg/s
for both collectors.

The measured data are tabulated in tables (A.1 to A.16) in appendix

3.5.2 Stagnation test
The stagnation conditions occur when the heat loss from the
absorber plate 1s equal to the absorbed solar irradiance. This condition

occurs when the useful heat gain from the collector equals to zero. So,
AT 1(ra), U (T - 1,)]| = 00 (3.3)
Where:
F, : heat removal factor
Ac : The collector area
I : The incident sqlar radiation on the collector plane.
(ra), : The effective transmittance-absorbtance product of the cover
system.
U, : Over all heat transfer coefficient.
7. : Inlet fluid temperature
T, : The ambient temperature

Equation(3.3) yields:
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I(ra)
U, =——2& . 34
TT (3.4)
from which Uy, can be determined.
The objective of this test is to evaluate the collector overall heat loss

coefficient (U, ).

Experimentally, it is difficult to reach the stagnation conditions,
especially, during hot summer days. Many experimental tests were
performed until the stagnation conditions are attained on September 24th,
1995, where the flow rate was 0.0098 kg/s for corrugated collector and on
September 25th, 1995, at the same flow rate for plate collector.

The measured data are tabulated in tables (A.19 and A.22) in

appendix A.

3.5.3 Time constant test

Time constant test is used to measure the rapidity of a collectors
response to transient solar conditions. It is defined as the time required for
the fluid leaving a collector to attain change through 0.632 of the total
change from its initiai to its ultimate steady value after a step change in

incident radiation or inlet fluid temperature [1]. 7
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The corrugated type collector was operated on September 10th,
1995, to evaluate its time constgnt. This test was performed with an inlet
air temperature of 32.4°C at 12:15 . The time constant test for the flat
plate type was conducted on September 11th, 1995 . This test was
performed with an inlet air temperature of 31.75°C at 12:15. The solar
radiation for both colléctofs is abruptly shut off by shading the tested

collectors, then the outlet temperature of each collector is recorded every

minute until the equality of the following equation is attained [1]:

T .. -T.
_ocfe i€ _ 368 (3.5)
7oc,t'— ];'c
where:

Ty : The air outlet temperature at time constant (c).
T,-, : The outlet temperature when solar radiation is interrupted.

7. . The inlet air temperature during the test.

The measured data for this test are shown in tables (A.17) and

(A.18) in appendix A.
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(ra), =1027a | | 3.7)

The useful heat gai11 is also given by {1} :

Q=i Cp (To-Ti)t (3.8)
where: T,, is the colle-ctor' outlet fluid temperature, T;, is the collector inlet
fluid temperature, and t is time in seconds of the test interval.

3.6.2 Heat removal factor

The heat removal factor (F, ) is given by [1]

mcy | (AU, F
Fr== (f ]—exp[ C L%CJ (3.9)
cYr, p

where:

ni - Mass flow rate of air (kg/s.)
c, : Specific heat of air (kJ/kg.°C)
I’ : The collector efficiency factor.

The collector efficiency factor for the two collectors is given by[1]:

1 l '
F = / (3.10)
1+ h + 1,/ —L+Al—
Lyta ™7 \n n
/ a ‘rc
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Where h, : Convecctive heat transfer coefficient for air flow rate

inside the collector, it is given by:

— NuKa-

Dy

ha (3.11)

where N, is the Nusselt number whose value depend on the flow
characteristics (laminar or turbulent), the Nusselt number is equal
0.0158(Renold number)®® since the flow incide each collector is turblent
(Renold number>2100) at each mass flow rate and at each time
intervals. X,, is the thermal conductivity of air flow. D,, hydraulic
diameter is given by:

_ 4t (Flow Area) (3.12)

" Wetted Perimeter

Fi

The basic equation for the radiative heat transfer between the cover
and the absorber plate A,.,

a) for the corrugated type is given by [11}:

(524151

h = : (3.13)
rc
l-¢ l—-¢,]A4
1, 1 +( 2) 1
£1+1 F12 £2A2

Where o, is the Stefan-Boltzmann constant (5.67 x10 W/m? K%, €, is
the transparent cover emisivity, €, is the absorber plate emissivity, A; and

A, are the surface area of collector and absorber plate respectively, Ty is
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the temperature of the glass cover, T, is the temperature of the surface of
absorber plate and Fu_ is t.he view factor which can be expressed as [11]
Fip=sin (Q2) (3.14)
where QQ, is the parameter defined by figure (3.2).
b) The radiation heat transfer, h,, for the conventional type (flat-

plate) is given by [1]:

N B, MY SN
T~ +7 - +17
_on? 1?5+ )
h., = T (3.15)
—+—-=1
0 )
Ac N\ GLASS
|
I L

/
)
W/2 ——l ArzAs.

Figure (3.2) Calculation of view factor.
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3.6.3 Overall héat transfer coefficient
The overall heat transfer coefficient, Uy, is given by[11]:
U=U+ Up | (3.16)
Where Uy, 1s thé top heat tra_msfer coefficient, and is given by:
1

Uy =— 1 (3.17)

+h h +h
rc con r,skow

Where h.qp, is the convective heat transfer coefficient between the
cover and the absorber plate, h, y, is the radiative heat transfer coefficient
between the sky and the cover, h,, is the wind convective transfer

“coefficient and Usg, is the back loss coefficient, given by:

K
Up =—d—ﬂ (3.18)
B

Where Kg, is the cdnductivity of the insulation material, and dg back
side insulation depth.
The convective heat transfer coefficient between the cover and

absorber plate, heon (flat-plate or corrugated plate) can be expressed as:

Nu k
hcon = - L, (3.19)

Where Ny, isthe Nusselt Number and L is the distance between the

cover and the absorber plate.
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The Nusselt number, Ny, can be expressed as reported by hollands et

al. [21]

+
. 16 1/3
1708(sin 1.8B)™ R cosP
N, =1+1441- 1708 1- (sin18p) +{ a J -1
u, R, cosp R, cosp 5830

+

(3.20)
The (+) exponent means that the positive values of the terms in the
square brackets are to be used (i.e, use zero if the term is negative). The

Rayleigh number, R, , is defined as :

_gpATL?
a Vo

R (3.21)

Where g; gravitational constant, ]3' ; volumetrtric coefficient of
expansion for fluid (air), AT; temperature difference between plates, L;
mean distance between absorber plate, v; kinematics viscosity, and «;
thermal diffusely.

The wind convection transfer coefficient hy, can be expressed as [1]:
h. =57+38V_ (3.22)
w W
or h. =28+30V (3.23)
w w
where V., is the wind velocity
In this research , h, was computed from the modern equation (3.23).

The radiative heat transfer coefficient between the sky and the cover,

h, g is expressed as [11]:
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he g = 9% (Ty, 1 2eT 2)( ] (3.24)

Where the sky temperature Ty is given by

T, =00552T 13 (3.25)
Where T,, is the ambient temperature.

In the present work the over all heat loss coefficient is given

Up =Ug + U +U, (3.26)
Where U,, is the effective overall heat loss coefficient.

3.6.4 The instantaneous and daily efficiencies

The Instantaneous efficiency, n; is given by :

o
= 1100% (3.27)

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

collector during that day. It is expressed as:

Qu (total)

= 100% 3.28
Ud ACZI ° ( )
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

The perfoxmancé comparison between the corrugated and‘ the
conventional types of solar air. heaters is carried out by performing three
tests, as outlined in chapter three. The systems performance is studied with
detailed analysis. This study is based on experimental results obtained from
the performed tests.

This chapter is divided into three sections: introduction, performance

calculations and results. The last section deals with the discussion and

analysis of the results obtained.

4.2 Calculatiohs and results

Most of the calculations of this study were performed by using the
cquations introduced in section (3.6) of the previous chapter. The data
collected during all tests are tabulated in Appendix A. For all tests, all

measured temperatures during a given interval were averaged by using the
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values at the beginning and at the end of each time period. The results of
these calculations are tabulated in Appendix B. Figures of this study are
prepared by using the AXUM computer program.

Theoretical calculations of this study were performed by usinga
FORTRAN computer program as presented in Appendix C.

The results and the sample calculations of all tests are presented in

the following sub-sections:

4.2.1 Results of forced circulation test with load_

conditions

This test was performed at the following mass flow rates: 0.0215,
0.0166, 0.0138 and 0.0098 Kg/s. The datal collected during the test are
tabulated in Appendix A. The results of testing are included here to find
out the amount of useful energy collected by each collector and to calculate
the efficiency of each collector . These results are tabulated in tables (B.1 -
B.16) in Appendix B for both collectors .

The averaged inlet, outlet and the ambient temperatures at different
mass flow rates are plotted against time_of day for two types of collectors
as shown in figures (4.1- 4.10).

The useful heat gain and the incident radiation are plotted against

time of day as shown in figures (4.13-4.16). The useful heat gain at
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different mass flow rates is plotted against incident solar radiation for each
collector as shown in figures (4.17) and (4.18). Then the useful heat gain is
plotted against incident solar radiation for both collectors as shown in
figures (4.19-4.22).

The instantancous efficiency was calculated using equation (3.27)
and plotted against [( T;-T,)/1] as shown in figures (4.23 - 4.26). From the
coefficient | of the linear fit we obtained the parameters Fgr(to). which is the
intercept with the y—gxis and -FrUp which is the slope. The obtained
efficiency equations fér each collector at different mass flow rates are given
in table(B.17). Heat removal factor and overall heat loss coefficient are
plotted against mass flow rate for both collectors as shown in figures (4.30)
and (4.31) respectively. The daily efficiency are plotted against mass flow
rates as shown in figure (4.27). The average air temperature at the mid of
each collector (Ty,) are plétted against time of day for different mass flow

rates as shown in figures (4.11) and (4.12).

Sample calculations

To illustrate the calculation procedure followed, the calculation will be
carried out for the test day of August, 15th, 1995 (for corrugated collector
type) at a mass flow rate 0.0215 Kg/sec and at time interval 10:00-10:30.

Referring to table (A.1), the measured data for the selected interval are :
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Time Tu Tiz 'Tol Toz Tamb
10:00 27.1 285 51.9 524 22.0
10:30 22 | 296 54.5 55.1 225

And from table (A.2) the measured data for this time interval are :

Time (hr) Vi (m/s)

I(Wh/m?)

10:00-10:30 436 .4 1.6

The averaged inlet and outlet temperatures calculation are tabulated in

table (B.1), the calculated data at time 10:00 and 10:30 are :

Time(hr) Tiav 7 Toav
10:00 27.8 52.15
10:30 28.9 54.80
where:
1., +T, T7.+T _
Ty = Al "2 and  Tpy = 01—29—2— then, the averaged inlet and outlet

temperatures calculations at this time inlerval are:
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2 - Jiaviar 10:00 * Tiaviar 10:30

ic 7

_ 2784289 _ ,0as O

Also

7 = Loaviar 10:00 * Toaviar 10:30
oc — 2

=5348 C°

The averaged ambient temperature, T, ,,=22.25 c’

3.8)
Oue =mCp(Type —Ti o)t
= (0.0215)(10065)(53.48 — 28.35)1800

=97885 KJ

The intensity of solar radiation I in I(J/m2 is calculated as follows :

[ = (43640B600) _ 157104 Ky /m?
71000

The instantaneous efficiency of the collector during this interval is

evaluated using equation (3.27): -

1; =—QLIOO%
Al

where A is the absorber plate area which is equal to :
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- For corrugated type A, =1.0x1.9=1.9 m2

- For convent type A, =0.79x1.9=1.5 m2

Then:

97885

7 = 100% = 32.79%
I (19)(157104)

The term (T - T, )/I for the same time interval is obtained as follows :

To=T, 4 gy 2835-2225,

I 4364
20
—140|"C
_ . Wh

The values of the above parameters for all time intervals are obtained

following similar procedure for both collectors. The results of these

calculations for all tests are shown in tables (B.1-B.16) in Appendix B.
The daily eﬁiciency,. N4 , is calculated using equation 3.28 for each mass

flow rate (0.0215, 0.0166, 0.0138 and 0.0098 Kg/sec). Table (4.2) presents

the daily efficiencies for both collectors at each mass flow rate.

Table (4.1) Daily efficiency of the tested solar collectors.

m (Kg/sec) N4 (%) for corrugated type 14 (%)for conventional type
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To illustrate the calculation procedure of the daily efficiency, the useful
energy gain for cormgafed type are considered at mass flow rate 0.0125
Kg/s. The values of the useful heat gain and incident solar radiation are

obtained from table (B.2) as :

> 0 =161096 KJ

> I =2584543 (ﬁz)
m

The collector daily efficiency is calculated using equation (3.28) :

16109.6

= 100% = 32.81%
(19)(25845.43)

4.2.2 Results of stagnation test
The data collected during this test are tabulated in tables (A.19-A.22)
in Appendix A. The overall heat loss coefficients for both collectors were
determined as follows :
As presented in Table A.iO the stagnation conditions are attained during
the time interval 15:50-16:00 for the conventional type the averaged

measured data during this interval are as follows :

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



+

T, = Tpe = 4690 °C
T, =245 °C

I =3084 W/ m?
Then, the overall heat loss coefficient for the conventional type can be

calculated by using eqhation (3.4) which yields :

_ (3084)(081)

20
—1L15 W
L= 2650-243 ~ 1S W/m® C

U

Similarly for the corrugated type : as presented in table (A.22) the
stagnation conditions are attained during the time interval 15:30-15:40. The
averaged measured data during this interval are as follows :

7.=T, =5018°C
T, =2475°C

I =3786W [ m®

Then, the over all heat loss coefficient for corrugated type is:

_ (3786)(081)
L 5018-2475

= 1206 W/m*C

4.2.3 Results of time constant test

The averaged measured data during the test are tabulated in tables
A.17 and A.18 in Appendix A. The outlet temperature for each model is

plotted against time of day as shown in figures (4.28) and (4.29). Using

these figures and equation (3.5) the time constant is calculated as follows:
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A) For corrugated type:

From the table (A.i?), the averaged inlet air temperature, T;=30.17°C,
the outlet air temperature when the solar radiation is suddenly interrupted,
Toc=49.20 °C and the ambient temperature, T,=29.0 °C. From equation

(3.5) the average outlet air temperature, T« at the time constant , tc, is:

T o =0368T T )+T
oc,lc oc,l ic ic
=0.368(49.20-30.17) +30.17
=37.17°C .

B) For conventional type:

From the table (A.18), the averaged inlet air temperature, T;=30.44°C,
the outlet air temperature when the solar radiation is suddenly interrupted
To=47.8°C and the ambient temperature T,=29.5°C. From equation (3.5)
(simillary as corrugated type):

T . =0368(47.80—3044)+3044
oc,lc

=3683"C

Referring to tables (A.17) and (A.18) or figures (4.26) and (4.27),
correspond to time constant of 7.26 minute and 8.31 minute for corrugated
type and conventional type respectively. Table (4.3) summarizes the results

of the time constant test for both collectors.
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Table 4.2: Results and conditions of the time coﬁstant test,

Collector | T(°C) | Ta(°C) | Tew(°C) | oo (°C) | to (min)

corrugated 30.17 29.0 49.20 37.17 7.26

conventional 30.44 29.5 47.80 36.83 8.31

4.2.4 Theoretical results

The theoretical calculation presented in this study were performed by
using the FORTRAN computer program in Appendix C.(i.e program 1 for
the corrugated type and program 2 for the conventional type). The results
collected during the two programs presented in tables (C.1) and (C.2). The
theoretical calculation results are presented at mass flowrate 0.0215 kg/s.
Figures (4.32-4.41) show that the comparison between theoretical and
experimental results for each model. All equations are used in computer

programs for performance calculations of conventional and corrugated type

are shown in section (3.6). While, the equations of the incident solar -

radiation calculations (IT) are expressed as in computer programs.
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4.3 Discussion of results:

The Performance of both collectors are studied at various flow rates,
while all other design parameters are kept fixed. The discussion of the

performance parameters is outlined in the following subsections:

4.3.1 Temperature distribution of air inside collectors

The measured temperature for all tests are presented in tables (A.1,
A3, A5, A7, A9, A.11, A.13, and A.15). The averaged inlet, outlet, and
ambient temperatures are shown in figure (4.1-4.10). These figures show
that the temperatures difference across the corrugated collector is higher
than that across the COn\}entional collector for all tests because the
corrugated type has better performance when compared to the conventional
type. The maximum temperature was attained during the time interval 12:00-
13:00 for both collectors. For the time interval 16:00-17:00 both collectors
have nearly the same outlet temperatures, so the shading effect of the
corrugated type is higher than of the conventional type. The difference
between outlet temperatures of both collectors is increased gradually from
the early morning till it reaches a maximum value at the mid of day. Then the
difference drops gradually till it reaches a minimum value at the end of the
test day, because the solar incident radiation reaches a maximum value at the

mid of day. The maximum outlet temperature of corrugated type was
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69.95°C and it is higher than that of maximum temperature for the
conventional type by about 8.0°C. The performance temperatures of air at
the middle of both collectors for different mass flow rate as shown in figures
(4.11) and (4.12). These figures show that the comparison of performance

temperatures between the two solar collectors.

4.3.2 Useful heat gain

The useful heat gain for each type was calculated using equation (3.8).
The variation of the useful heat gain and solar radiation are plotted against
time of day as shown in figures (4.13-4.16). The useful heat gain increases
as the intensity of solar radiation increases. Also, the useful heat gain
increases as the mass flow rate increases as shown in figures (4.17) and
(4.18) for both collectors.

All tests show that the useful heat gain of the corrugated type is
lgher than that of the conventional type for all time intervals and flow rates
investigated, so the surface area facing to the sun and heat removal factor of
the corrugated type is higher than that of the conventional type. The useful
heat gain of both collectors, increases gradually from the beginning of the
test, .tilI it attains a maximum value at the mid of the day, there after, it drops
gradually. This is due to the decreasing rate of the incident solar flux during

the aftermoon hours.
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The difference between the useful heat gain of both collectors
increases gradually from the beginning of the day test, till it reachesa
maximum value of the time interval 12:00-13:30, then the difference drof)s
gradually till it reaches a minimﬁm value at the end of the test day, due to
shading effect, so the heat losses of the corrugated type was increased.
When both collectors were operated under forced circulation mode, the inlet
air was provided for each model near the ambient temperature to minimize
the heat losses from the collectors. For this test and under low flow rate
0.0098 kg/s the maximum heat gain was attained at the time interval 12:00-
13:00 for both models. For this time interval the useful heat gain of the
corrugated type is greater b); about 24.4% than that of the conventional type.
As the flow rate is increase& (0.0215 kg/s), the maximum useful heat gain of
the corrugated type is higher by about 34.3% than that of the conventional
type, so the increased of mass flow rate improvement the heat gain of

corrugated type higher than that of the conventional type.

4.3.3 Instantaneous aﬂd daily efficiencies

The instantaneous efficiency; n;, for each type was calculated using
equation (3.27). The variation of the instantaneous efficiency with ( Tt - Ta )
{ 1 for both collectors are presented in figures (4.23-4.26) for the forced flow

tests. The instantaneous efficiency of the corrugated type is higher than that
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of the conventional type for all the time intervals and flow rates investigated
because the heat gain of the corrugated type is higher than that of the
conventional type. As the flow rate is increased the difference between the
instantaneous efficiency of both collectors is increased, so the difference
between the heat gain of two collectors is increased. At the last two hours of
the test day, the decreasing rate of the instantaneous efficiency of the
corrugated type is higher than that of the conventional type due to the
shading effect. For each model, the efficiency is higher for lower values of
the parameter (Tic-Ta)/I, since .under such conditions the inlet air
temperature value is near that of ambient, hence the minimum heat loss to
the environment is occurred.

The daily efficiency of each collector model at each flow rate was
evaluated from equation (3.28)using the corresponding averaged measured
data. The daily efficiency was based on the summation of the incident solar
energy ;and the useful heat gain for all time intervals during the test day. The
daily efficiencies are shown in table (4.2) for each collector at each mass
flow rate. This table showé that the increase in the daily efficiency is due to
the increase in the air flow rate. For example, as the air flow rate is
increased from 0.0166 to 0.0215 kg/s, the improvement in daily efficiency of
the corrugated type is.9.8%. The corresponding improvement for the

conventional type is 9.1%.
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4.3.4 Heat removal factors and overall heat loss coefficients

Based on figures (4.23 - 4.26), Table (4.1) presents the instantaneous
efficiency expressions -for the forced test with load conditions. These
expressions show that the heat removal factor of the corrugated type, Fre, is
higher than that of the conventional type for all the investigated flow rates.
The variation of the these heat removal factors with mass flow rate are
presented in figure (4}.30)‘. The maximum value of the Fr was attained at the
mass flow rate of 0:021-5 kg/s equals to 0.451. 1t is also clear from the
results that the overall heat loss coeflicient of both collectors is higher at
lower air mass flow rate, as shown in figure (4.31).

Results show that the overall heat loss coefficient of the corrugated
type is higher than that of the conventional type for all the investigated air
flow rate. For example, for air flow rate of 0.0215 kg/sec, the overall heat
loss coeficient of the corrugated type is higher than that of the conventional
type by about 13%. The maximum value of the U, is 11.89 W/m?.°C, at air

flow rate 0.0098 kg/s for the corrugated collector type.

4.3.5 Stagnation test
From the stagnaticjn test results, the overall heat loss coefficient for
both collectors were found to be 12.06, and 11.15 w/m?.°C for corrugated

and conventional type respectively.
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Stagnation test show that the overall heat loss coefficient of the
conventional type is less than that of the corrugated type by 7.5 % . The
overall heat loss coefﬁéient of the corrugated type is higher than that of the
conventional type, so the absorﬁer plate area for the corrugated type is
higher than that of the conventional type.

4.3.6 Time constant fes?

The time constant for each mode! is evaluated according to equation
(3.5). Tables (A.17) and (A.18) present the results of this test. The variation
of the outlet temperatures of both collectors with time , after the sudden
interruption of the solar radiation on the collectors is shown in figures (4.28)
and (4.29).

Results of this-test‘show that the time constant of the corrugated type
1s 7.26 minute, and 8.31 minute for the conv;entional type. The reason for
this time constant variation between both collectors is that air temperature
rise in the corrugated type collector is higher than that in the conventional

collector.

4.3.7 Theoretical results
Most of theoretical calculations of this study were performed by using
a FORTRAN computer programs as presented in Appendix (C) . The results

of these calculations are tabulated in tables (C.1) and (C.2) or figures (4.32 -
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4.41) show that the differences between the theoretical results and
experimental results came from: the equations used in the programs to give
the theoretical results have depended on some approximations and
assumptions, uncertainty of the measuring instruments and personal errors of
experimental tests.

For example, tile overall heat loss coefficient at air flow rate of
0.0215 kg/s for the corrugated type is about 9.34 W/m”.°C, but from
experimental test the overall heat loss coefficient is about 8.75. The error is

about 6.6%.

4.4 Error analysis

We have already noted that is in somewhat more explicit to speak of
experimental uncertainty rather than experimental error. We shall be
interested in knowing the uncéertainty' in the final result due to the
uncertainties in the primary measurements. This may be done by a
commonsense analysis of the data which may be take many forms. The
analysis would combine éll the errors in the most detrimental way in order to
determine the maximufn error in the final results[22]. The maximum
associated error in calculating Q, was 5.7%, while the maximum error in
calculating of instantancous efficiency and daily efficiency are 0.3% and

1.4%, respectively, as shown in appendix D.
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CHAPTER 5

‘CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, two collectors were tested under nearly the same
experimental conditions. From the results of this study, the following
conclusions may be stated : .

1. Under forced circulation test, the corrugated type has better
performance when compared to the conventional type, especially during the
time interval 9:30-15:30. |

2. As the solar iﬁtensity is increased, the ability of the corrugated type
in converting the solar irradiance into useful heat gain becomes more
significant than that of the conventional type.

3. After the time_ interval 15:00-15:30, as the time passes then the
performance of both collectors comes near to each other. By the end of the
test day both collectors have, nearly, the same performance. This behavior
becomes more and more evident under low flow rates.

4. As the flow rate is increased, then the performance of the

corrugated type is better than that of the conventional type.
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5. Results of the stagnation test show that the overall heat loss
coefficients of the corrugated types is higher than that of the conventional by
0.91 W/m*.°C. |

6. The influence of the shading effect of the corrugated type is higher
than that on the conventional type. This effect is decreased as the flow is
increased.

7. The time constant of the corrugated type is lower than that of the
conventional type by about 12.5 % . The time constant of the corrugated
and the conventional typés are 7.26 and 8.31 minutes, respectively.

8. The daily efficiency of each collector under forced test with load

conditions increases with the increase of the mass flow rate.
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5.2 Recommendations

The following recommendation came oﬁt from the study :

The effect of using varies sizes of the collectors, different depth
spacing, different tilt e_mgles, and_different types of absorber plate, on the
performance of both collectors can be investigated and studied

experimentally and theoretically.
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APPENDIX C.

THE COMPUTER PROGRAMS

1S00e SISy L JO BaD - Ueplor JOo AYISeAIUN JO Akelq!T - PaAIRSaY SIYDIY ||V



1M

PROGRAME (1] |
THIS PROGRAME IS USED FOR OBTAINING THE
THEORETICAL RESULTS OF CORRUGATED TYPE.

IMPLICIT REAL*8 (A-Z)

DIMENSION 10(20),IH(20),1B(20),ID(20),IT(20),fdp(20),5e(20)
+ W1(20),W2(20), WW(20),H(20),RB(20),KT(20),ul(20),c1(20)
+,IBN(20),CC0OS8(20),DBF(20),IT1(20),hrc(20),ha(20),quu(20)
+,ra(20),nu(20),r1(20),r2(20),r3(20),hcon(20) x(20), To(20)
+,hk(20),Fp(20),Fr(20j,qu(20),eff(20),ut(20),y(20),nu1(20)

OPEN(1,FILE='S3.QUT',STATUS='NEW")
open(2,file="s3.dat',status="old")

Cp:specific heat of air(J/kg. C)

m: mass flow rate of air (kg/s.)

tae:effective transmitive-absorbtance product.
Lt Thickness of absorber plate.

KB:Thermal conductivity of insulation material,
dB:Thickness of insﬁlation material(m). |
Al:Area of cover(glass).

A2:Area of absorber plate.

epl:transparent cover emisivit.

ep2:the absorber plate emissivity.
Vw:Average wind velocity

Tc:Cover Temperature(K).

S:Stefan Boltzman constant.

F12:the vew factor.
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hw:wind convective transfer coefficient.
GA:surface azmith angle.

Gsc:solar constant.

ROG:reflectance so-lar of the ground.

N:the day number of year.

B:tilt angle of the model.

FI:latitude, the angular location north or south of

the equator.

omega:the angle, which is shown in figure(3.2 ) page( 31).

Cp=1006.5
m=0.0215
tae=0.81
1t=0.9¢-3
kB=.04
dB=3.e-2
Al=15
A2=19
epl=.87
ep2=0.1
vw=] 4
Tc=303.
S=5.67¢-8
omega=103.
F12=SIN(omega/2.)
hw=2.8+(3.*vw)
GA=0.0
H(1)=3
W1(1)=-60

123
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W2(1)=-45
C -CALCULATED.SOLAR INCIDANT [*]
c IT:Incident Solar Radiation
Write(1,11)
11 format(1x,Time (hr)',2x,'Ta { C),2x,'Ti( C),2x, Ti-Ta/T',2x,
+ 'ul(W/m .C)',2x,' Qu(KJ),2x, To( C),1x,Tt(KI/m)',1x,'eff(%)")

write(1,*)’ '

00=8

op=9

do 10 IP=1,9

70=3.14159/180
Gsc=1367.

ROG=0.6

=227.

B=30.

FI=32.0

If (IP.gt.1)then

WI1(IP)=WI(IP-1)+15

W2(IP)=W2(IP-1)+15
H(IP)=H(IP-1)+1

endif _

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

DELTA=23.45*SIN(ZO*FDE)

To(Ip)=(12.*Gsc/3.14159)*(1+0.033*cos(0.986*N*z0))*
(cos(FI*zo)*cos(DELTA*zo)*(SIN(W2(IP)*ZO)-SIN(W1(IP)*Z0))+

3.1459*%(W2(IP)-W1(IP))*(SIN(FI*ZO)*SIN(DELTA*Z0))/180)

AH=191.3343*(-1)+322.8383*H(IP)-32.85 1 *(H(IP))**2+0.6137
= *(H(P))**3

1
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BH=142.1121+31.9338*H(IP)+0.4338*(H(IP))**2-0.2908*

(H(IP))**3 o
FH=75.1929+2.136*H(IP)+0.0779*(H(IP))**2-0.0194

*(H(IP))**3 .
TH(IP)=AH+BH*SIN((360*N/365-FH)*ZO)

KT(IP)=IH(IPYIO(IP)

IF(KT(IP).GE.0.0.AND.KT(IP).LT.0.137)THEN

ID(IP)=IH(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*K T(IP))

ENDIF

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

ID(IP)=0.11*IH(IP)

ENDIF -

WW(IP)=(W 1 (IP)+W2(IP))/2

CCOS(IP)=COS(FI*ZO)*COS(DELTA*ZO)*COS(WW(IP)*ZO)+

~ SIN(FI*ZO)*SIN(DELTA*ZO)
IB(IP)=TH(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*Z

0)
= *COS(DELTA*ZOY*COS(WW(IP)*ZO))
= +SIN(B*ZO)*COS(GA*ZO)*(TAN(FI*ZO)*(SIN(FI*ZO)

= -SIN(DELTA*ZO)*1/(COS(FI*Z0))

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



126

+SIN(GA*Z0)*COS(DELTA*ZO)*SIN(W W(IP)*Z0))
ITI(IP)=IBN(IP)*DBF(IP)}+(COS(.5*B*Z0))**2 *ID(IP)
+(SIN(.5*B*Z0))**2 *IH(IP)*ROG

IT(IP)=IT1(IP)*3.6

calculated Ul(Over all heat loss coefficient)

ta:Ambient temperature(K).
ti:Inlet temperature of air (K). |
ts:Surface Temperature of absorber plate(K).
UB:the back loss coefficient.
read(2,*)ta tits
se(ip)=(Ti-Ta)*100/IT1(ip) -

UB=KB/dB
fi=(1-epl)/(epl+1)
f2=1/f12
f3=(1-ep2)Y*Al/(ep2*A2)
hrc:radiative heat transfer between the cover and the

absorber plate. |
Tsk:sky temperature (kelvin).
hrsk:radiative heat transfer coefficient between the sky

and the cover. '

‘Bp:volumetric coefficient of expansion for fluid (air).
length:mean distance between the absorber plate.
g-gravitational constant.
nuu:kinematic Viscbsity.

Ka:thermal conductivity of air flow,

Alph:thermal diffusity.

Ra:Reyleih number.
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Nul :Nusselt number for nutural air flow.
mu:dynamic viscosity.
p:wetted perimeter.
Dh:hydraulic diameter.
Re:Renold number.
Hcon:the conveétive heat transfer between the cover and
absorber plate. |
Ut:top heat transfer coeflicient.
Ha:convective heat transfer coefﬁci_ent for air flow rate
inside the collector.
hre(ip)=(s*(Tc**2+Ts* *2)*(Te+Ts))/(f1+£2+F3)
TSK=0.0552*(TA**1.5)
HRSK=S*EP2*(TSK**2+TC**2)*(TSK+TC)
Bp=3.16e-3
Iength=2.0e-2
g=9.81
nuu=1.7e-5
ka=0.028
ALPH=2.55E-5
Ra(ip)=Bp*g*(length**3)*(ts—tc)/(nuu*alph)
rl(ip)=1708./(Ra(ip)*cos(B*z0))
r2(ip)=((sin(1.8 *20*B))**1.6)*1 708/(Ra(ip)*cos(B*zo))
13 (ip)=(Ra(ip)*cqs(B *20)/5830)**(1./3.)
x(ip)=1-rl(ip)
y(ip)=r3(ip)-1
if(x(ip).1t.0)THen
x(ip)=0.0
endif

127
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efI{IP)=Quu(IP)*100/(IT(IP)*A2)
To(ip)=Ti-273.1 5+(Quu(ipj* 1000/(m*cp*time))
Tac=Ta-273
Tic=Ti-273
Tsc=Ts-273
write(1,12)o00,0p,tac,tic,se(ip),ul(ip),quu(ip),to(IP},
+it(ip),efl(ip)
12 format(1x,f4.1,-' f4.1,2x,£6.2,2x,16.2,2x,16.2,2x,£7.3 4x,
-+ 16.1,2x,16.2,2x,{7.2,3x,5.2,/)
oo=00+1
op=op+1
10 continue
STOP
END

129

* . Privet contact Abu Al-Qasem.
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INPUT FILE FOR PROGRAM # 1

Ta (k)
292.28
294.28
295.65
297.28
299.28
299.15
298.03
297.03
295.65

(FILE : S3.DAT)

Ti (k)
297.69
300.14
300.90
303.19
303.34
303.63
303.22
302.33
300.28

T, (K)
316.2
327.7
3364
341.9
343.7
341.2
335.3
326.9
316.6

130
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TABLE C.1: THEORETICAL RESULTS OF CORRUGATED TYPE
(PROGRAM 1)

Time (hr) Ta (C) Ti('C) Ti-Ta/l UI(W/ni C) Qu(KJ) To('C) W(KI/d) eff%)

8.0-9.0 1928 2469 085 9334 18904 48.81 2292.39 43.40
-9.0-10.0 21.28 27.14 073 9447 2404.1 57.85 288838 43.81
10.0-11.0 2265 2790 058 9486 27497 63.05 3248.18 44.55
11.0-12.0 2428 30.19 0.63_ 9.508 28393 6649 3377.62 4424
12,0-13.0 2628 3092 0.5'1 9.519 2802.6 6675 3285.29 4490
13.0-140 26.15 3063 0.54 9.513 25339 63.01 2981.56 44.73
14.0-15.0 2503 3022 075 9491 2053.8 56.43 248032 43.58
150-16.0 2403 2933 106 9452 14383 47.64 1803.89 41.96

16.0-170 2265 2728 167 9332 734.8 36.56 99691  38.79
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c PROGRAME [2]
¢ THIS PROGRAME IS USED FOR OBTAINING THE
¢ THEORETICAL RESULTS OF CONVENTIONAL TYPE.

C

IMPLICIT REAL*8 (A-Z) |
DIMENSION 10(20),111(20),IB(20),ID(20),1T(20),fdp(20),5¢(20)
+,W1(20), W2(20), WW(20),H(20),RB(20) KT(20),ul(20),c1(20)
+,IBN(20),CCOS(20),DBF(20),1T1(20),hrc(20),ha(20),quu(20)
+,ra(20),11u(20),r1(20),12(20),r3(20),hcon(20),x(20), To(20)
+,hk(20),Fp(20),Fr(20),qu(20),eff(20),ut(20),y(20),nu1(20)
OPEN(1,FILE='S5.OUT',STATUS=NEW')
open(2,file="s5.dat',status="old’)
c Cp:specific heat of air(J/kg. C)
c m: mass flow rate of air (kg/s.)
c tae:effective transmitive-absorbtance product.
c Lt:Thickness of absorber pfate.
c KB:Thermal conductivity of insulation material.
C dB:Thickness of insulation material(m).
C Al:Area of cover(glass).
c A2:Area of absorber plate.

c epl:transparent cover emisivity.
C ep2:the absorber plate emissivity.
c Vw:Average wind velocity

c Tc:Cover Temperature(K). |
c S:Stefan Boltzman constant.

C F12:the vew factor._

132
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hw:wind convective transfer coefficient.
GA:surface azmith angle.
Gsc:solar constant. |
ROG:reflectance solar Qf the ground.
N:the day number of year.
B:tilt angle of the model.
FI:latitude, the angular locatidn north or south of
the equator.
Cp=1006.5
m=0.0215
tac=0.81
1t=0.%e-3
kB=.04
dB=3.e-2
Al=15
A2=1.5
epl=.87
ep2=0.074
vw=0.94
Te=303.
S=5.67¢e-8
hw=2.8+(3.*vw)
GA=0.0
H(1)=3
W1(1)=-60
W2(1)=-45
CALCULATED SOLAR INCIDANT [*}.
Write(1,11)

133
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= *HIP)**3
TH(IP)=AH+BH*SIN((360*N/365-FH)*Z0)
KT(IP)=IH(IPYIO(IP)
IF(KT(IP).GE.0.0.AND XT(IP).LT.0.137)THEN
ID(IP)=IH(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*ZOy*COS(DELTA*Z0O)*COS(WW(IP)*ZO)+
= SIN(FI*ZO)*SIN(DELTA*ZO)
IB(IP)=TH(IP)*(0.145+1.032*KT(IP))
TBN(IP)=(IH(IP)-ID(IP))/CCOS(IP)
DBF(IP)=COS(B*ZO)*(SIN(FI*ZO)*SIN(DELTA*ZO)+COS(FI*Z
0)
= *COS(DELTA*Z0)*COS(WW(IP)*Z0))
= +SIN(B*ZO)*COS(GA*ZO)*(TAN(FI*ZO)*(SIN(FI*ZO)

*SIN(DELTA*Z0)+COS(FI*ZO)*COS(DELTA*Z0)*COS(WW(IP)*Z0))
= .SIN(DELTA*ZO)*1/(COS(FI*ZO))
= +SIN(GA*ZO)*COS(DELTA*ZO)*SIN(WW(IP)*Z0))
IT1(IP)=IBN(IP)*DBE(IP)+(COS(.5*B*Z0))**2.*ID(IP)
= +(SIN(.5*B*ZO))**2 *[H(IP)*ROG
ITIP)=ITI(IP)*3.6
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calculate of Overall heat loss coefficient [Ul].

(o]

[¢]

ta:Ambient temperature(K).

ti:Inlet temperature of air (K).

ts:Surface Temperature of absorber plate(K).

UB:the back loss coefficient. |

read(2,*)ta,ti,ts

se(ip)=(Ti-Ta)*100/IT1(ip) .
UB=KB/dB -

hrc:radiative heaf transfer between the cover and the
absorber plate.

Tsk:sky temperature (kelvin).

hrsk:radiative heat transfer coefficient between the sky
and the cover. |

Bp:volumetric coefficient of expanston for fluid (air).

length:mean distance between the absorber plate.

g:gravitational cbnstant.

nuu:kinematic viscosity.

Ka:thermal conducﬁvﬁy,o’f air flow,

Alph:thermal diffusity. |

Ra:Reyleih number. |

Nul:Nusselt number at nutural air flow.

mu:dynamic viscosity.

p:wetted perimeter.

Dh:hydraulic diameter.

Re:Renold numbér;

Hcon:the convective heat transfer between the cover and

absorber plate.

136
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c Ut:top heat transfer coefficient.
c Ha:convective heat transfer coefficient for air flow rate
¢ inside the collectdf. |
TSK=0.0552*(TA**1.5)
HRSK=S*EP2*(TSK**2+TC**2)*(TSK+TC)
Bp=3.16e-3
length=2.0e-2
g=9.81
nuu=1.7e-5
ka=0.028
ALPH=2.55E-5
Ra(ip)=Bp*g*(length**3)*(ts-tc)/(nuu*alph)
r1(ip)=1708./(Ra(ip)*cos(B*zo))
12(ip)=((sin(1.8*zo*B))**1.6)*17 08/(Ra(ip)*cos(B*zo))
r3(ip)=(Ra(ip)*cos(B*z0)/5830)**(1./3.)
x(ip)=1-r1(ip)
y(ip)=r3(ip)-1
if(x(ip). 1t 0)THen
x(1p)=0.0
endif
if (y(ip).1t.0.0)then
y(ip)=0.0
endif
nul(ip)=1+1.44*x(ip)*(1-r2(ip))+y(ip)
Af=0.79%0.02
mu-=1.38e-5
p=0.79*2+0.04
Dh=4*Af/p
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c

C
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Re=m*Dh/(Af*mu)
By test: the flow is turb.
nu(ip)=0.0158*(Re** 8)
HCON(Ip)=NU1(IP)/Length
Tpav.: average temperature of the plate, (k).

Tpav=340 |
hr= 4 *S*(Tpav**3)/((1/ep1)+(1/ep2)-1.)
Ut(IP)=1./((1/(hr+hcon(IP))}+(1/(hrsk+hw)))
UI(IP)=Ut(IP)+UB+1.
Ha(ip)=(nu(ip)*ka)/Dh

CALCULATE HEAT REMOVAL FACTOR(Fr):

o

@)

hk(IP)=1./((1./ha(ip))+(1./hr))
Fp(IP)=1./(1.+Ul(ip)/(ha(ip) +hk(ip)))
c1(ip)=m*cp/(A1*ul(ip)*fp(ip))
fdp(ip)=c1(ip)*(1-exp(-1./c1(ip)))
fr(ip)=fp(ip)*fdp(ip)
Useful energy (quu:k]), efficiency(eff:%)and outlet
temperature (To:K) Calculations

Qu(IP)=A2*Fr(IP)*(tae*IT1(IP)-UI(IP)*(Ti-Ta))
Quu(ip)=Qu(ip)*3.6

time=3600 |
eff(IP)=Quu(IP)*100/(AT(IP)*A2) |
To(ip)=Ti-273+(Quu(ip)*1000/(m*cp*time))

Tac=Ta-273

Tic=Ti-273

Tsc=Ts-273
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INPUT FILE FOR PROGRAM # 2 (FILE : S5.DAT)

Ta (k)
295.90
297.28

299.15.

301.53
302.23
301.23
300.23
298 48
29773

Ti (k)
300.04
303.57
305.90
307.04
307.88
307.44

306.11

305.04
303.44

T (k)
321.22
335.18
344 35
351.62
352.85
351.22
345.88
336.82
323.25

140

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



141

TABLE C.2: THEORETICAL RESULTS OF COVENTIONAL
TYPE(PROGRAM 2)

Time (hr) Ta (C) Ti(C) Ti-Ta/l Ul(W/ni °C) Qu(KJ) To(C)

Tt(KY/h) ef(%)

8.0-9.0 2290 27.04 065

9.0-10.0 2428

10.0-11.0

11.0-12.0

12.0-13.0

13.0-14.0

14.0-15.0

15.0-16.0

16.0-17.0

26.15

28.53

29.23

28.23

27.23

25.48

2473

3057

32.90

34.04

34.88

34.44

33.11

32.04

30.44

0.78

0.75

0.59

0.62.

0.75
0.85
1.30

2.05

8.055
8.107
8.159
8.145
8.149
8.144
78.134
8114

8.071

1192.0
1475.3
1663.4
1758.2
11704.2
1525.9
1256.3
870.0

4419

42.34

49.51

54.25

56.61

56.76

54.03

49.24

4321

36.11

2297.15 34.59
2895.75 33.96
3257.68 34.04
3388.43 34.59
3296.49 34.47

299223 34.00

2489.61 33.64

1811.19 32.02

1002.35 29.39
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UNCERTAINITY ANALYSIS.

APPEDIX D
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Uncertainty Analysis

D.1 Introduction

The errors occurring in the calculation of useful heat gain,
instantaneous efﬁciency. and daily efficiency, can be attributed to the
following [23]:

1. Uncertainties in the température measurements.

2. Inaccuracies in the recording of the flow rate.

3. Inaccuracies in the recording of the solar intensity.

D.2 Combination of Component Errors in Overall System

Accuracy Calculations

Computing a quantity M, which is a known function of n independent
variables uy,up,us, ..., Un. That is

M =f(ll],l]2,ll3; veey Up) D.1)

The u's are thé measured quantities (instrument or component out-
puts) and are in error by +Au;, *Au, +Au;, -..., +Au, respectively. These
errors will cause an error AM_in the computed result M. That is
M+ AM = flu; + Auy, uy £ Auy, u3 £ A us, ..., Un &+ Autp) (D.2)

Expanding the function f in Taylor series, to get

g+ Aug, up + Ay, .t £ Ay = (g, U, . Un)

+Au,—5L+Au2 o s +hu %—+%(Az:,)2§—{—+..+.... (D.3)
u u’

LN u, n
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the Au’s are small quantities (estimated errors), and thus terms such as (Au)?
will be negligible and dropped from the equation. Then equation (D.3) may

be given approximately as

S, £ Ay £ Auy, L, + A, ) = Sy, 1y,.,1,) + Ax ar

ou,
9L+ st 2L
o u, du, '

(D.4)

+Au,

So that the absolute error E, is given by

of

Ay, ——+..+
1,

A.un of _ (D.5)

+
Ju

E,= AM-—-‘Au, o7

i,

n

So the computed result is expressed as

M # E,. - (D.6)

D.3 The Error in Calculating the Useful Heat Gain
The useful heat gain was evaluated from
Q. =m Cy(To - Tilt (D.7)
To find the error associated in calculating Q,, one must find the error
in measuring m, T,, and Tj, slincg 9? is g‘:onstant. It is fecommended that the
error in T (thatis ATj is taken io s_E:)e :tOldSC, and in m (that is Am) is taken

to be £0.0005, thus

9% _c (1,-1) | D8)

All RightsReserved - Library of University of Jordan - Center of Thesis Deposit



14

: i%‘ =-mC, _ (D.9)
i
‘2 % = niC, (D.10)

Substituting equatfon (D.8) to (D. 10) into (D.5)

E, = Cy(To-TDAr + C,AT; + mC,AT, (D.11)

Now, substituting equations (D.7) and (D.11) into {(D.6) we get
Cp(To-T3) + [Cy(To-TAM + MC,AT; + mCpAT,]  (D.12)

Thus, by substituting numerical values, the maximum associated error

in calculating Qu was 5,7%.

D.4 The Error in Evaluating the Instantaneous Efficiency

The instantaneous efficiency was calculated from the equation

O s ione
== 100% ~ (D.13)

-]

When the values of the useful heat gain is substituted in equation

(D.13), it becomes

_ nicp(]; "7;)1
- Al

<

7, *100% (D.14)

When substituting numerical values, and following the same
procedure utilized in the previously mentioned quantities, the maximum

error was 0.3%.
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