A theoretical and experimental study including design, construction, and
test is achieved for a solar-powered continuous flow absorption
refrigeration system. The experimental system is tested under Iraqi weather
conditions at Babylon province at 32.39N latitudes and 44.39E longitudes.
The system consists of a compound parabolic concentrator (CPC),
generator, condenser, absorber and evaporator units, storage tank, and
set of pumps. The amount of beam solar radiation, diffuse solar radiation,
total solar radiation as well as direct solar radiation incident on a fixed, or
tilted the surface is calculated during the year and compared with the
pyranometer measurements.
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Abstract

A theoretical and experimental study including design, construction and
test is achieved for a solar-powered continuous flow absorption refrigeration
system. The experimental system is tested under Iraqi weather conditions at

Babylon province at 32.39° N latitudes and 44.39° E longitudes.

The system consists of a compound parabolic concentrator (CPC),
generator, condenser, absorber and evaporator units, storage tank, and set of
pumps. The amount of beam solar radiation, diffuse solar radiation, total
solar radiation as well as direct solar radiation incident on a fixed, or tilted
surface is calculated during the year and compared with the pyranometer

measurements.

The maximum computed value of normal direct solar radiation is 894-
944 W/m? in the summer season at time 12:00 pm and the solar global
pyranometer measurement is 1031 W/m? The solar angles are, also
calculated such as elevation angle (), sun azimuth angle (y) and zenith
angle(0,). The maximum elevation angle is 80.99 in 21* June month at 12:00
pm and 34.1°in 21" December at 12:00 pm. The value of Solar Azimuth
Angle (deg. CW from N) is the range between 76.285° at 7:00 am and 282.75
°at 17:00 pm on 21% June, while Azimuth angle in December starts at 117.5°
at 7:00 am and ends 242.3 ° at 17:00 pm.

The incident angle (0) must take the optimum value for maximum
irradiation that would be gained from the direct normal solar radiation. The
value of the solar incident angle is 24.1°- 32° on 21™ of April, May, June,
July, and August from 12:00 pm, while it is 42°-67.35° in 21" of September,
October November, December, January, February, and March. The
increasing in the solar incident angle led to an increasing in the solar
radiation losses due to the decreasing in cosine of the incident angle. The

(CPC) has an absorber plate with (0.2*2.5m) an aperture area of (0.9*2.5m).



The CPC (reflector) is made from stainless steel to reflect the solar
radiation on to absorber unit. A serpentine copper tube is fixed on the
absorber plate and coated with selective black paint. The maximum receiver
temperature is recorded in August which is 148°C and 120°C with and
without glazing. While the reflector temperature is 69°C, and aperture

glazing temperature is 43°C.

Experimental results showed that maximum thermal efficiency at 12:00
pm at 21 for each month from (0.48-0.67) when the flow rate is 0.0277 kg/s
while the thermal efficiency becomes (0.5-0.69) when the mass flow rate of
water is 0.0377 kg/s. The temperature of hot water at mass flow rate

0.0277kg/s is 98°C while at mass flow rate 0.0377kg/s is 94°C.

A theoretical model of the collector is developed and tested under the
same weather conditions. Thermal efficiency (0.67-0.73) at the total flow
rate (0.0277 kg /s) for a concentration ratio of 4.5 at 12:00 pm at 21% per
month. Two pairs of working fluid are tested namely, lithium bromide-water
and diethyl ether-ethanol. The system is charged with 16 L lithium bromide
solution with 50% concentration in first part of the experimental program. In
the second part of the program the system is charged with 16 L of diethyl
ether-ethanol with different concentrations (40%, 50%, and 60%). The
measured temperatures of the generator are 98°C, 70°C for lithium bromide-
water and diethyl ether-ethanol absorption systems respectively at summer

s€ason.

The measured (high and low) pressure of absorption system for (lithium
bromide-water and diethyl ether-ethanol) are (7 kPa and 1.45 kPa) and (300
kPa and 37.5 kPa) respectively. The predicted (high and low) pressure of
absorption system for (lithium bromide-water and diethyl ether-ethanol) are

(7.54 kPa and 0.72 kPa) and (347 kPa and 29.8 kPa) respectively.



The measured (high and low) temperature of absorption system for
(lithium bromide-water and diethyl ether-ethanol) are (92°C and 67°C),
respectively. The theoretical and experimental coefficient of performance of
the absorption system for two pairs and at different solution concentrations
are ((0.31-0.72) for lithium bromide/water while (0.6-.82) for Diethyl
Ether/Ethanol).

The steady-state model and dynamic model are analyzed by using linking
between Matlab software and EES program. Energy and mass balance
achieved on absorption system to predict some parameters such as
temperature, pressure, (ECOP) and (COP) to compare it with the measured
parameters. The results of the model satisfied the experimental results for
temperatures and pressure as well as the coefficient of

performance.



NOMENCLATURES

Latin Symbols
Symbol Description Units
A, Aperture area m’
Acon | Concentrator area m?
b Absorber width m
C Optical concentration ratio e
C, | Specific heat at constant pressure kJ/kg K
f | Focal length m
f Darcy friction factor
f Fouling factor m>.K/W
F Collector efficiency factor | ..
Fr | Removal efficiency factor | ...
H Height of concentrator m
h Convection heat transfer coefficient W/m2.K
hg, | Latent heat of evaporation kl/kg
Lyesm | Beam solar radiation W/m?
lymse | Diffuse solar radiation W/m?
Ipy | Direct normal beam radiation W/m?
It | Total solar radiation W/m?
k Thermal conductivity W/m.K
L Length m
L Reflector arc length m
m Mass kg
n | Number of reflection o
Qu | Useful heat W/m?
T Temperature °C,K
t time sec
u Velocity m/s
U | Overall heat loss coefficient W/m?. K
U, Overall heat transfer coefficient W/m?. K
W | Aperture width m
w | Hour angle Degree




Greek Symbols

Symbol Description Units
o} Elevation angle degree
o, | Absorptivity e
B Tilt angle degree
d Declination angle degree
€ Emissivity | L
n Efficiency
9. | Half acceptance angle degree
0 Incident angel degree
y Correction factor for diffuse
U Dynamic viscosity kg/m-s
p | Density kg/m’

Tpe | Effective transmissivity | L
W Solar azimuth angle Degree
r Mass flow rate of falling film per unit kg/s/m

perimeter
Dimensionless Group
Symbol Description Equation
Gr Grashof Number gBqwd¥/kv*
Nu Nusselt number h.D/k
Pr IPrandtle number pep/k
Ra Rayliegh number Gr*P,
Re Reynolds number uD/v
Subscripts
Symbol Description

a absorber

T receiver

C Condenser

Con. |concentrator

e [Evaporator

g igenerator

i Inlet

0 Outlet

sat saturated

HX  [Heat exchanger

Ss Strong solution

w water

ws 'Weak solution

DN  |Direct Normal irradiance




Abbreviations

CPC | Compound Parabolic Concentrator
AST |Apparent solar time

COP | Coefficient of performance

ECOP | Exergy Coefficient of performance

LMTD| Log mean temperature difference

LST | Local solar time

am ante meridiem (before midday)
pm post meridiem ( past midday)
HX Heat exchanger effectiveness
Sc Solar constant

EES | Engineering Equation Solver
PVC | Panel Photo voltage Cell

Vi
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Chapter One | Introduction

CHAPTER ONE
INTRODUCTION

1.1 Renewable Energy

The renewable energy refers to energy that is produced from a natural
resource having the characteristics of inexhaustibility over time and natural
renewability. The sources of renewable energy include hydropower, wind,
biomass, geothermal, tidal, wave and solar energy Hassan and Mohamad
[1]. The numerous efforts were undertaken by developed countries to
implement different renewable energy technologies. The use of wind
energy has dramatically increased over the last few years; for example, the
Netherlands and Germany are using wind turbines to the north and west for
producing electricity Lucas and Raoult [2], and some Asian countries,
such as India and Malaysia, have constructed wind turbine power plants to
generate electricity. In Mangal City, there are numerous wind turbines, and
in northwestern Iran, mineral materials are used for the production of
geothermal energy Balaras et al. [3]. In Iceland, seventy percent (70%) of
their factories utilize geothermal energy for industrial purposes, Abu
Hamdeh and Al-Muhtaseb. [4].The renewable energy is cost-effective
and pollution-free compared to fossil fuels Afshar et al. [5]. Figure. (1.1)
shows the energy of the renewable source all over the world. Among all
these environmentally friendly and naturally available sources, solar energy
stands out on the list of renewables Mirasgedis et al [6].
1.2 Solar Energy

Solar energy is the flow of energy from the sun. The main forms of solar
energy are heat and light. Sunlight and heat are converted and absorbed by
the environment in many ways. Some of these transformations lead to
renewables flows such as biomass, wind, and waves. Earth receives 174
PW of solar radiation in the upper atmosphere. While, traveling through

the atmosphere, 6% of incoming solar radiation (insolation) is reflected,

1



Chapter One | Introduction
and 16% is absorbed. Average atmospheric conditions (clouds, dust,
pollutants) reduce the insolation rate by 20% by reflection and 3% by
absorption.

Convection absorbs solar energy in the atmosphere, evaporation, and
condensation of water vapor (latent heat transfer) drive of the wind and the
water cycle. Weather conditions not only reduce the amount of solar
radiation that reaches the Earth's surface but also affects the quality of the
sun before diffusing approximately 20% of incoming light and changing its
spectrum. After passing through the Earth's atmosphere, nearly half the
insolation in the visible electromagnetic spectrum with other half is mostly
in the infrared and ultraviolet spectrum [7].

The radiation influx of solar energy, which is called “solar constant,
Sc.” Choudhury et al. [8] calculated a mean solar constant value, which
equals to 1368 W/m?. Most countries now accept that solar power has
enormous potential because of its cleanliness, low price, and natural
availability. For example, it is used commercially in solar energy plants.
Sweden has been operating a solar power plant since 2001. In addition,
Turanjanin et al. [9] described a solar powered solar plant located in the
rural areas of Iran. In their study, they also observed solar radiation in
Belgrade for a full year and concluded that the maximum radiation
occurred from May to September. In recent years, many countries have
faced difficulties with the issue of refrigeration systems; especially the
demand for air conditioning for both commercial and residential purposes
during the hot season is ever-increasing Kalkan et al. [10]. Three
technologies can be implemented to make use of solar energy
1-Converting solar energy into thermal energy for heating purposes.
2-Converting solar power into electrical energy by using (PVC).

3-Using solar absorption/adsorption system for cooling purposes.
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1.3 CPC Technology

The abbreviation CPC stands for "Compound Parabolic Concentrator"

and a CPC is a type of non-imaging concentrators. Imaging optics form an
image of the source on the receiver, a non-imaging concentrator does not
form an image of the source, but transfers the radiation from source to
receiver over a larger distance. Winston et al [11].
The three most important components in a CPC are the receiver, the
reflector and the cover. High absorptance of the receiver is very important
in order to absorb as much solar radiation as possible. As seen in Figure
(1.2), a CPC consists of two parabolic reflectors. Reflectors for solar
concentrators should have the highest reflectance as possible. Its function is
to focus beam-solar radiation onto the receiver Mansi et al [12].

The incident angle of the sun to the collector surface is constantly
changing through the motion of the earth. Therefore, the majority of the
suns rays fall obliquely on the collector. Collectors with CPC technology
have the great advantage that the rays above of the sun can be very well
utilized.

The main use of CPC’s in solar applications is for use in thermal
collectors or together with PV cells. In thermal collectors, the use of CPC
technology reduces the absorber area relative to the aperture area, and this
can reduce the overall heat loss coefficient since the absorber area is
reduced Winston et al. [11]. On the other hand, the use of CPC in thermal
collectors reduces the optical efficiency due to increased reflector losses,
and the optimal use of CPC reflectors in thermal collectors is the tradeoff
between these two parameters.

1.3.1 Collector Configurations

The concentrator uses to increase the flux of the radiation on the
receivers. The receivers much smaller than the aperture (the plane opening
of the concentrator through which the solar radiation passes) are effective

only on direct radiation. The angle of incidence of the beam radiation on
3
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the concentrator is important, and that sun tracking will be postulated for
these collectors. A variety of orienting mechanisms have been designed to
move focusing collectors so that the incident beam radiation will always be
reflected the receiver Winston et al. [11].
1.3.2 Classification of Optical Concentrators

There are different types of concentrator designs. They are classified
into two major optical categories: (I) Imaging optics concentrators. (II)
Non-imaging optic concentrators.
The imaging optic concentrators is concerned with the image formed by the
optical concentrator on the receiver, so that the receiver must be small
enough to attain some homogeneity in the distribution of the formed image
(focus). Thus, the imaging optic concentrators have their advantage that
they have a high value of concentration Abdulameer and Shahad [13]. On
the other hand, the non-imaging optics is not concerned with forming an
image, and thus the receiver may be large with the homogeneity of the
radiation on the receiver, but its concentration is smaller than that of
imaging optic concentrators. Auda and Shahad [14]
1.3.3 Applications of Concentrators

There are several potential fields of application of solar thermal energy
in the temperature range of 60°C to 180°C, like heat production for
industrial processes in the food, textile, wine and chemical industries, solar
cooling and air conditioning, solar drying and seawater desalination,
thermal detoxification of drinking water, and small power generation and
water pumping through medium temperature Rankine cycle systems.
An overview of the potential of solar industrial process heat in the food
industry is presented below Kalogirou Soteris [15].

Worldwide energy consumption for cooling and air-conditioning is
rising rapidly and the market potential for solar thermal cooling is very
large. Solar energy has the advantage that cooling is generally required

when solar radiation is available. This is the main reason for sustained
4
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research into solar cooling devices for at least three decades. These studies
include solar energy technologies operating with absorption, adsorption,
and desiccant cycles to produce cooling and refrigeration using medium to
high-temperature solar technologies (from 80°C to 250°C) However, the
market is still very much at an initial stage, with only around 500 solar
cooling systems installed globally, and has been largely dominated by
Europe so far David [16].
1.4 The Vapor Absorption Systems

Vapor absorption systems are in the technology class of heat pumps.
Heat pumps are machines used to transfer heat from a low-temperature
source to a high-temperature sink. This direction of heat flow requires a
significant amount of work input into the heat pump as per the second law
of thermodynamics. Whereas this work input is accomplished by the supply
of electricity to the compressor in the vapor compression heat pump, it is
by contrast achieved by the supply of heat in vapor-absorption heat pumps.
Figure (1.3) is a primary vapor absorption cycle using H,O-LiBr as the
working pair in which H,O is the refrigerant and LiBr the absorbent. The
cycle is a single-stage or single-effect type. It can be visualized as a
combination of two cycles, i.e., the work producing cycle (red dotted box)
and a refrigeration cycle (black dotted box). When the cycle is in operation,
a significant amount of heat Q, is supplied at a temperature T, whereby T,
>T>=T,>T.. The cycle is then able to cause a cooling effect at a
temperature T. by drawing heat Q. from the medium being cooled. This, in
addition to the heat of condensation of refrigerant and the heat of mixing of
refrigerant and absorbent, i.e. (Q.+ Q,) is rejected to the environment. The
work input WP into the pump is the only electrical supply to the cycle and
is very small compared to the heat input Muhumuza and Strachan [17].
The cycle in Figure (1.3) can be shown on a T-s diagram in which the
work producing cycle is combined with a refrigeration cycle as shown in

Figure (1.4). It is assumed that the processes in both cycles are reversible.
5
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1.5 Solar Absorption Cooling

Solar cooling engages a system where solar energy is used for cooling
purposes. Implement solar cooling system can save the Mediterranean
countries approximately 50% of their energy costs Balaras et al. [3]. Solar
cooling has become more important for cooling purposes today due to the
use of desiccant gases, such as (lithium chloride) and (lithium bromide), or
water instead of harmful Freon gas Thirugnanasambandam et al. [18].
Cooling can be achieved through two primary methods. The first is a PV
(Photovoltaic) based solar energy system, where solar energy is converted
into electrical power and used for cooling much like conventional methods.
The second one employs a solar thermal cooling system, where the solar
collector directly warms the chillers through assembly tubes instead of
using solar electrical energy Saidur et al. [19]. An absorption cooling
system is a heat-operated device based on two factors, which produce a
cooling effect; these are
One-A primary liquid that boils at low temperatures
Two-A secondary fluid absorbs the primary liquid that has been evaporated
in the evaporator

When the system uses a mechanical pump to circulate the absorbent-
cooling solution, a small amount of work input will be required. The heat
source may be steam or another hot fluid. There are two main types of
absorption systems: the aqueous lithium bromide system and the aqua
ammonia system. Other absorbent-refrigerant combinations have recently
been considered Dalichaouch [20]. Solar energy operates the majority of
modern absorption refrigeration units currently in use.
1.5.1 Cooling and Vapor Absorption

The purpose of cooling is to provide a cooling or chilling effect. This
cooling effect is realized through the introduction of an energy sink that is
at a temperature lower than the stream, object or space to be cooled.

However, a low-temperature energy sink is not always available due to the
6
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geographical limitations, seasonal variation or daily fluctuation in
temperature. The differences between refrigeration by vapor compression
and vapor absorption are briefly discussed in Appendix A

Vapor absorption systems require both thermal and electrical sources of
energy that are supplied to the vapor generation and electrical components
respectively. However, it is essential to see that thermal energy needs dwarf
the electric power requirements of a vapor absorption system. Due to this
significant discrepancy between the thermal and electrical requirements, it
is not uncommon for the coefficient of performance (COP) of a vapor
absorption system to be calculated without the inclusion of the electrical
power for pumping requirements and control related components.
Concerning the heating stream, the viable temperature ranges for this
stream that is fed to the vapor absorption system can, dependent on system
configuration, be between 70°C and 250°C. This entire temperature range
is not feasible for use in any single type of vapor absorption system but is
viable for some different physical configurations. Three of these
configurations are referred to as the single, double and triple effect vapor
absorption cycles, and the typical temperature of the heating stream as well
as the associated COP values for these system configurations can be seen in
Table (1.1), Srikhirin et al. [21] and Labus et al. [22].
1.6 The Aims of the Present Work

The immediate work goals to design, fabricate, and test of an
appropriate solar absorption cooling system. Also, model of a solar
powered absorption cooling system will be developed for validity and
feasibility of the unit in the weather of Iraq. Therefore, this work is an
attempt to test a compound parabolic concentrator solar collector (CPC) to
reach maximum temperature and pressure in collector loop. Continuous
absorption process principle will be used the running of the unit. The
generator, condenser, absorber and evaporator components will be

constructed. All parts of the fabricated test rig must resist high pressure and
7
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temperature and should be corrosion resistant. The design of solar collector
and absorption system has the following features different absorption pairs
will be tested to study the system performance namely LiBr-Water and
Ethanol-Diethyl ether
1. The water refrigerant fluid has high latent heat and zero or above zero
evaporation temperature.
2. The water fluid and diethyl ethers are zero ozone depletion and zero
global warming potential (GWP).
3. The location and orientation of any solar unit is an important parameter
to gain the maximum radiation and minimum losses.

In the present work, the detailed calculations, and prediction for the
orientation direction and solar angles are investigated to optimize location
for manual seasonal adjustment during the year. The measurements include
the pressure and temperature at different locations of the unit to predict the
coefficient of the performance (COP) = cooling capacity obtained at
evaporator divided by heat input for the generator + work input for the
pump. The work input for the pump is negligible relative to the heat input
at the generator. Therefore, the pump work is often neglected for the
purposes of analysis. The theoretical is based on energy and mass balance
principle as a mathematical model and dynamic model. The validation of
the numerical model will be achieved by a comparison with the

experimental results.
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Heating Stream
Configuration Ccop
Temperature Range (°C)
Single Effect 70 - 150 0.5-0.75
Double Effect 120- 170 0.8-12
Triple Effect 200 -250 14-1.7

Table (1.1) Comparison of vapor absorption COP values Labus et al. [22].
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CHAPTER TWO
LITERATURES REVIEW

The goal for this chapter of the thesis is to review and discuss available
literatures related to vapor absorption and optical concentrators as well as
topics related to it in a manner that is accessible and informative. Other topics
will also be discussed in this section which includes the history of vapor
absorption, the possible working fluids, and the operation of a vapor
absorption cycle.

2.1 The Vapor Absorption Studies

The earliest reference to the principle of vapor absorption can be traced
to the 1750s when William Cullen used diethyl ether to produce a small
quantity of ice Labus et al. [22]. In 1810, Sir John Leslie made use of the
manner in which sulphuric acid absorbs water vapor to produce ice Gosney
[23]. Machines making use of Leslie's method were implemented to chill
wine but required periodic recharging of the sulphuric acid. In 1824, Michael
Faraday made use of a combination of silver chloride and ammonia to
produce a chilling effect Marsh and Olivo [24]. In Leslie's method,
sulphuric acid was the absorbent and water was the refrigerant while in
Faraday's apparatus silver /chloride was the absorbent and ammonia the
refrigerant. Although both of these methods successfully implemented the
principle of vapor absorption, more significant developments in vapor
absorption were still to come in decades to follow. In 1859, Ferdinand Carré
developed an absorption system that made use of a combination of ammonia
and water, where ammonia was the refrigerant and water was the absorbent
Gosney [23]. A significant advantage that this system had at the time of its
development is that it could operate continuously to produce refrigeration at
low temperatures. The ammonia/water system developed by Carré was used
for many years and formed the foundation for future progress in the field of
refrigeration Gosney [23]. In the early 1920s, Baltzar von Platen and Carl

11
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Munters invented what is referred to as the Platen-Munters absorption
system that makes use of water, ammonia, and hydrogen. The purpose
behind the inclusion of an additional substance, in this case, hydrogen, was
to operate the system at a single pressure and by operating at a single pressure
level, notwithstanding slight pressure differences due to changes in height,
the electrical pump and pressure reducing components were no longer
necessary for the operation of the system. Two attractive aspects of a Platen-
Munters system are that it operates silently and does not require an electrical
input for a pump. A company called AB Arctic manufactured these systems
and in 1925, Electrolux purchased this company [25]. By 1936 Electrolux
had manufactured its one-millionth absorption refrigerator Grant [26]. The
silent operation has made this type of refrigeration system attractive for use
as a hotel room refrigerator. Caravans, motor-homes, and recreational
vehicles typically have no access to electricity, making the utilization of a
Platen-Munters system attractive. Another single pressure absorption system
is the Einstein Cycle, invented by Einstein and Szilard in the 1920s and
patented in 1930 Einstein and Szilard [27]. This system made use of butane,
water, and ammonia to operate at only pressure. This type of single pressure
vapor absorption system was at times referred to as a diffusion absorption
system. An absorption system that made use of a solution of water and
lithium bromide was introduced in the 1930s Srikhirin et al. [21]. In this
type of system, water was used as the refrigerant and lithium bromide as the
absorbent. Like the ammonia/water system, the water/lithium-bromide
system can operate continuously. One disadvantage of a water/lithium-
bromide system in comparison with the ammonia/water system is that due to
water being the refrigerant, the system can only supply refrigeration at
temperatures above 0°C.While absorption refrigeration gained popularity in
the early 1900s, the technology was overshadowed by the successes and

subsequent popularity of vapor compression cycles. Due to the, absorption
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technologies were neglected in the west until the 1930s Jordan and Priester
[28], when large-scale absorption refrigeration plants were implemented.
However, the portion of global sales that originated in the United States (US)
decreased significantly from the1970s to 1990. This decline of interest in
vapor absorption resulted in the US vapor absorption industry falling behind
concerning the technological developments made by the Japanese vapor
absorption manufacturers Garland et al. [29].

Srikhirin et al. [21] discussed some improvements that have been made
in the field of vapor absorption. A few of these improvements include the
addition of heat exchangers to the ammonia/water system to improve the
performance, the introduction of various refrigeration cycle stages that
operate at multiple pressures and the replacement of hydrogen with helium
for safety in the Platen-Munters system.

2.2 The Fundamentals of a Vapor Absorption Cycle

This section gives the background literature related to the operating
principles upon which a vapor absorption refrigeration cycle works. It is
essentially a summary of the known information Srikhirin et al. [21],
Marsh and Olivo [24], and King [30]. Vapor absorption is a process by
which a solution can attract and absorb the vapor in its vicinity. Particular
solution compositions are required in vapor absorption applications where
the solution is composed of a refrigerant and absorbent.

This refrigerant/absorbent solution can be manipulated with a cooling or
heating effect to absorb or release refrigerant respectively. The principle of
vapor absorption can be applied in some applications, as discussed by
Ziegler [31]. Two examples will be used to explain the operation of a
primary vapor absorption refrigeration cycle. For the first example consider
a pair of vessels that are linked together, but initially separated, where the
first vessel contains a refrigerant and the second container contains a

refrigerant/absorbent solution. Once the vapor space became common
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between the two vessels and provided that the conditions be appropriate the
refrigerant vapor that is exposed to the liquid solution will be absorbed by it,
as seen in Figure (2.1).The effect of this absorption on the solution is that
the temperature of the solution will increase, due to the nature of the process,
and the mass fraction of the absorbent present in the solution will decrease

as the solution contains additional refrigerant.

Qrefrigeration Qeooling

Figure (2.1): Absorption principle, part one absorption of vapor Dawood [32]

For the second example consider once again a situation where two vessels
are linked together. As in the previous example, one container contains
refrigerant, in liquid and vapor form, and the other holds a two-part
refrigerant/absorbent solution. However, the difference is that for this
example the liquid in the solution vessel is heated and the vapor in the
refrigerant vessel is cooled. This configuration can be seen in Figure (2.2).
Heating the solution will promote the separation of refrigerant vapor from
the solution. While this is taking place, the cooling of the vapor in the
refrigerant vessel will be provided that the conditions are conducive, because

the refrigerant vapor to condense and drip into the refrigerant liquid pool.

refrigerant vapour ‘\

Qb euting

>

Figure (2.2): Absorption principle, part two generation of vapor Dawood [32]

Qeooling

refrigerant
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Figure (2.3) shows a component configuration that combines two
processes with the addition of a pump and two throttling devices, the two
previously discussed examples. This component configuration forms the first
continuous vapor absorption cycle. While this configuration will function, as
it contains the essential components that form a vapor absorption system,
there are typically many additional components that are included in an
economic vapor absorption cycle. In this configuration, the previously
discussed examples for the absorption of vapor and the generation of vapor
are operated at two different pressure levels. The high-pressure components
will be referred to as the condenser and the generator while the low-pressure
components will be referred to as the evaporator and the absorber. Starting
from the absorber, the solution is pumped to the generator where it is heated,

and a portion of the refrigerant is separated from the solution.

CIENERATOR

w

7 THROTTLE
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CONDENSER
refrigerant

=

THROTTLE %
Device

Qcooling

ABSORBER

\';’,,?
>

Punp

EvAPORATOR

Qrefrigeration

Figure (2.3): Absorption principle, part three absorption and generation of
vapor combined for a complete cycle Dawood [32]

Two streams leave the generator the first of which is the refrigerant vapor
going to the condenser and the second is the solution, now with a higher
concentration of absorbent that returns to the absorber. The refrigerant vapor

entering the condenser is cooled and condensed, this condensate then passes
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through throttling device before entering the evaporator as a stream of low-
temperature refrigerant liquid that contains a tiny percentage of vapor. The
liquid portion of this refrigerant entering the evaporator is used to provide a
refrigeration effect on an external space or stream. The solution leaving the
generator also passes through a throttling device before going into the
absorber. Once in the absorber, the solution has to be cooled to help facilitate
the absorption of the vapor leaving the evaporator and maintain a low
temperature. Once the refrigerant has been absorbed into the solution,
thereby decreasing the concentration of absorbent, it can once again be
pumped up to the generator which will complete the cycle.
2.3 Solar Absorption Cooling System

Nowadays, the need for thermal comfort in housing and office buildings
generate a sharp increase in energy demand, especially during summertime.
Air conditioning systems are mechanical vapor compression types, use high-
grade electric power generated in the authority stations using fossil fuels.
This situation presents a very serious handicap in isolated areas with the non-
interconnected electrical grid. For this reason, renewable energies are
excellent alternatives. The Absorption cooling systems are one of the ways
to produce air conditioning and refrigeration by using the solar thermal
source as driving energy. In the Water-Lithium bromide absorption systems,
the solution is first heated in the desorbed (generator), and the obtained
superheated water vapor (refrigerant) flows to the condenser where heat is
transferred to the environment. The liquid is moved through the expansion
valve and enters to the evaporator, where the liquid refrigerant evaporates by
absorbing the heat from the refrigerated space. The weak liquid in the
absorber absorbs the vapor leaving the evaporator and heat is transferred
from the mixture. The enriched refrigerant- the solution is pumped to the
pressure level in the generator, where the weak solution returns to the

absorber by transferring heat to the strong solution by way of the intercooler

16



Chapter Two | Literature Review

(heat exchanger). Many works were done to evaluate the performance of a
solar cooling system working on water-lithium bromide pair, Sury et al. [33]
and Darkwa et al. [34]. Darkwa et al. [34] evaluated the performance of a
solar-assisted 70 kW single effect LiBr-Water chiller located in Spain and
achieved a maximum COP of 0.6.

Florides et al. [35] described the performance of a 1.5-ton solar cooling
unit. The unit comprises a 14 m? flat plate solar collector system and five
shell and tube heat exchangers. The unit was tested in April and May in
Jordan. The maximum value obtained for the actual coefficient of
performance was 0.85. Gomri [36] studied the global modeling of an
absorption system working with LiBr/H,O powered by solar energy. It
satisfied the air-conditioning necessities of a classroom in an educational
center in Puerto Lumbreras, Murcia, Spain. The absorption system used a set
of solar collectors to meet the thermal needs of the vapor generator.

2.4 Design and Performance of Absorption Cooling Systems

The operating principles of absorption refrigeration have been described
[37- 43] in numerous publications.

Neely [44] reviewed the published thermodynamic properties of aqueous
solutions of lithium bromide and the data supplied by the major
manufacturers of lithium bromide absorption equipment. The data have been
reduced to equations for use in computer programs. New equilibrium chart,
diagrams and tables were presented.

Rozenfel'd, and Shmuilov [45] examined the design refinements of the
principal components of large capacity absorption chillers.

Little information was given on diffusivities of concentrated solutions. Most
of the data were related to very dilute solutions at about atmospheric
pressures.

The effect of pressure on liquid diffusivity has received little attention. If

low-pressure diffusion coefficient data can be used in conjunction with a
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correction factor to estimate high-pressure coefficients, no method has been
proposed to connect diffusion coefficients to vacuum pressures. The
conditions prevailing in the aqueous lithium bromide absorption
refrigeration system are such that the solution concentration is between 50%
and 60%, the operating pressures are relatively high vacuum pressures, and
the effect of latent heat is necessary.

Mass transfer in the absorption of water vapor by the aqueous lithium
bromide solution is accompanied by a significant release of heat. Mass
transfer coefficients are determined experimentally Gosh and Gupta [46].

Nakotyakov et al. [47, 48] obtained approximate solutions of the
problem of the non-isothermal absorption of water vapor by films of aqueous
lithium bromide. Dimensionless correlations were provided for heat and
mass transfer coefficients in simple models.

Chang [49] and Sheridan [50] using commercial machines without
modifications for the solar experiments performed the pioneer work on the
operation of the aqueous lithium bromide cycles with solar
energy.

A significant amount of work on research and development of solar-
operated chillers has been carried out. Discussion on this subject is available
in some publications Kettle borough [51], Dickinson and Cheremisinoff
[52], and Chinnappa [53]. The most common systems used for absorption
refrigeration are the solar supplemented systems in which solar energy
supplies part of the required thermal load, the rest being furnished by an
auxiliary source. However, an aqueous lithium bromide absorption
refrigeration system working with solar energy alone has been analyzed and
designed Gosh and Gupta [46]. The thermodynamic analysis of this system
has been made using the first law based-mass and energy balance equations.
Simulation methods of solar absorption cooling have been used extensively

in the study of performance and design of the components of the physical
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system, and several sophisticated programs were published Klein et al [54],
Winn et al. [55], Holm stead [56] and [57]. The TRNSYS and SIMSHAC
programs are more useful as analysis tools than design tools because they are
expensive to use and require expertise in programming. The transient system
simulation program or TRNSYS and the simulation program for solar
heating and cooling of buildings or SIMSHAC both consist of some
subroutines for modeling system components. The user can simulate the
performance of a particular system using an executive program that calls the
subroutines according to the description of the system. User-written
subroutines can be added to the programs. The main objective in the
development of the TRNSYS and SIMSHAC programs was to develop a
dynamic point design performance analysis of simple models as well as of
more complex models.

Winn et al [55] discussed and compared several computer simulation
programs. The f-chart programmer lein and Beckman [58], based on
correlations to the TRNSYS results, was developed and served as a design
tool that is easy and inexpensive to use. It consists primarily of a set of three
algebraic correlations that can be used to predict the monthly solar fraction
of standard system configurations for space and domestic hot water heating
with daily storage. The f-chart correlation for domestic hot-water systems is
applicable only when the inlet water temperature is between 5°C and 20°C,
and the upper hot water temperature is between 50°C and 70°C.

The phi bar-f chart method, a generalized version of the f-chart procedure,
presented by Duffie and Beckman [59] is typically applicable to solar
absorption systems. No restrictions are imposed on the temperature limits of
the heated fluid in the solar thermal system. The phi bar-f chart method was
developed for solar systems with the auxiliary heater in parallel.

A modified empirical correlation similar to that of the original phi bar-f chart

method was proposed for systems with the auxiliary heater in series.
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Both approaches assume a constant and uniform thermal load over each
day and for at least a month. The phi bar-f chart method also requires that
the thermal energy supplied to the load must be above a minimum
temperature. It yields values of monthly solar fractions for one set of variable
parameters specifying the size of the system components. The calculation
should be repeated for each of the twelve months and also for different sets
of parameters.

Comparisons with TRNSYS program Klein et al. [S4] have shown that
the prediction accuracy of the phi bar-f chart method is excellent on an
annual basis and is satisfactory for most months.

The phi bar-f chart procedure requires little climatic data. It is simple and
convenient to use but its application is limited to closed-loop system
configuration and to the range of parameters for which it has been
constructed.

El sayed et al. [60] proposed a simple technique to develop a simulation
program for a solar-operated lithium bromide-water cooling unit.

Anand et al. [61] investigated the modeling of the dynamic performance
and the transient behavior during start-up and shutdown of a water-cooled
aqueous lithium bromide chiller.

Wilbur and Mitchell [62] compared theoretically single-stage, lithium
bromide-water absorption cooling system heated from flat-plate solar
collector to an ammonia-water system, and the lithium bromide system was
preferred. It was shown that it required smaller cooling towers than the
conventional one. Li and Sumathy [63-64] experimentally studied a solar-
powered absorption air conditioning system of lithium bromide-water
solution as the refrigerant fluid. Their experimental results showed that using
a partitioned hot-water storage tank is necessary to enhance the reliability of
the system and achieve a continuous process operation. Florides et al. [65]

numerically studied a solar absorption cooling system with TRNSYS
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simulation program for the weather conditions of Nicosia, Cyprus. A system
optimization was carried out in order to select the appropriate type of
collector, the optimum size of the storage tank, collector slope and area under
the two most favorable thermostats setting of the auxiliary boiler. The final
optimized system consisted of a 15 m? trough parabolic solar collector tilted
by 30° from the horizontal and a 0.6m> hot water storage tank. Atmaca and
Yigit [66] developed a modular computer program for a solar-powered
single-stage absorption cooling system using the lithium bromide-water
solution as their working refrigerant. They examined various cycle
configurations and solar energy parameters at Antalya, Turkey. The effects
of hot water inlet temperatures on the coefficient of performance (COP) and
the surface area of the absorption cooling components were studied. The
minimum allowable hot water inlet temperatures or reference temperature
effects on the coefficient of performance were examined as part of their
research. Their results showed that the increment of reference temperature
decreases the absorber and solution heat exchanger surface area, and
increases the system COP, while the size of the other components remains
unchanged. Atmaca and Yigit [66] showed that evacuated, selective surface
solar collector is the best option for the effective operation of their solar-
power absorption cooling system. Their results showed that solar power
absorption cooling system requires a high performance collector. Florides
et al. [67] presented a method to evaluate the characteristics and performance
of a single stage LiBr-water absorption machine. The heat and mass transfer
equations including the appropriate equations of the working fluid properties
were employed in a computer program as part of their research. The
sensitivity analysis results showed that the greater difference between inlet
and outlet concentrations of the LiBr-water solution at the absorber will
reduce the mass flow rate. Florides et al. [67] determined the cost for a

domestic size absorber cooler, and concluded that despite the high price of
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the LiBr—water absorption cooling system in comparison with an electrical
chiller of similar capacity, the absorption system remained favorable due to
the use of renewable energy sources and waste heat, whereas the electric
chiller uses electrical power that is produced from fossil fuels and has
harmful effects on the environment. Assilzadeh et al. [68] studied a solar
absorption cooling system that has been designed for Malaysia climate and
similar tropical regions using TRNSYS numerical simulations. They used
evacuated tube solar collector for energy input to the absorption cooling
system and Lithium bromide-water mixture as the working fluid. They
proved that evacuated tube solar collector provides high cooling
performance at high temperature due to its high efficiency under this weather
condition. The results showed that the cooling capacity of the system is large
during periods of high solar radiation energy. The authors suggested a 0.8
m® hot water storage tank in order to increase the reliability of the system
and to achieve continuous operation for a 3.5 kW (1 refrigeration ton) system
consists of 35 m? evacuated tubes solar collector sloped by 20° as an
optimum system at Malaysia’s weather condition. Mittal et al. [69]
performed numerical simulations of a solar-powered single-stage absorption
cooling system using a flat-plate solar collector and LiBr-water solution. A
modular computer program was developed for the absorption system to
simulate various cycle configurations with the help of weather data of Bahal
village, district of Bhiwani on the western fringe of Haryana, India. The
authors studied the effects of hot-water inlet temperatures on the coefficient
of performance and the surface area of the absorption cooling component.
Their results showed that the increment of the hot-water inlet temperature
decreases the absorber and solution heat exchanger surface area, while the
sizes of the other components remain the same. Sayegh [70] investigated an
absorption cooling system powered with solar energy with the use of a

thermal storage tank, auxiliary heater and flat plate solar collector for the
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weather conditions of Aleppo, Syria. Lithium bromide-water is used as a
working fluid for the system. A computational program is prepared to
investigate the effect of varying the generator temperature between 80 to
100°C, and the evaporator temperature between 5-15°C on the coefficient of
performance (COP) and solar useful heat gain of the absorption cooling
system. Their results show that higher COP values are obtained by the
increment of the generator temperature and the temperature drop of the
evaporator. In addition, Sayegh [70] recommend the installation of seasonal
thermal storage tank to decrease the AC load differences, which must be
supplied by an auxiliary heater. Balghouthi et al. [71] assessed the
feasibility of solar-powered absorption cooling system under Tunisian
weather conditions. They used TRNSYS and EES software is including a
meteorological year data file containing the climatic condition of Tunis, the
capital of Tunisia, in order to select size of the different components of the
solar system to be installed. Their system was optimized for a typical
building of 150m? and water lithium bromide absorption chiller with a
capacity of 11 kW, and 30m? flat plate solar collector area tilted by 35° from
the horizontal and a 0.8m* hot-water storage tank. The simulation results
showed that solar-power absorption cooling system is suitable under
Tunisian conditions. The potential of integrated solar absorption cooling and
heating systems for building applications were evaluated by Mateus and
Oliveira [72].
2.4.1 Additives for Enhancing an Absorption System

The operation of an absorption system can be improved through the
inclusion of small quantities of additional chemicals or additives. Various
additives can be included in both water/lithium-bromide and ammonia/water
systems for corrosion mitigation as well as the improvement of the heat and
mass transfer characteristics. In addition to this, there are also additives that

can be included in water/lithium-bromide systems in order to reduce the
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likelihood of encountering crystallization of the solution. Herold et al. [73]
discussed the reduction of corrosion rates in water/lithium- bromide cycles
through the inclusion of some possible lithium salts such as lithium
chromate, lithium molybdate, and lithium nitrate and lithium hydroxide.

Agrawal, Hindin [74], Mansfeld, and Sun [75] discussed the use of
some possible additives for corrosion mitigation in ammonia/water vapor
absorption cycles including sodium silicate, sodium chromate, sodium
dichromate and cerium chloride. Kulankara and Herold [76] presented a
paper on the manner in which additives can reduce the surface tension of
water/lithium-bromide solutions. This reduction in surface tension improves
the vapor absorption process and is referred to as the vapor surfactant theory.

Moller and Knoche [77] investigated the effect of the inclusion of a
surfactant on surface tension and mass transfer of ammonia/water.
The likelihood of crystallization can be reduced by the inclusion of heat and
mass transfer additives as these additives will improve system performance
thereby avoiding undesired operating conditions.

Wang and Chua [78] discussed the use of cesium chloride as a means
through which the crystallization characteristics can be improved.

Wang et al. [79] discussed the research and development of chemical
additives, such as pyro phosphoric acid, as well as absorbent combinations
such as lithium bromide and potassium format

2.5 Absorption System Studies
A vast amount of research has been performed towards the goal of

understanding and improving the operation of wvapor absorption
technologies. This section discusses a selection of research from the field of
vapor absorption that is of relevance to the project at hand.
2.5.1 Simulation Focused Studies

The simulation of vapor absorption systems has been approached through
steady state solutions, transient solutions as well as dynamic responses.

These various approaches for simulations can provide insight into different
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aspects of a vapor absorption system. In the case of a steady state simulation
the resulting effect of altering operating conditions can be assessed.
Transient simulations can be used to investigate the startup behavior and
control of a vapor absorption system. Lastly, dynamic simulations can be
used to examine the response that the simulation would have to an external
disturbance. In addition to the different types of simulations, the literature
that was found regarding the simulation of a vapor absorption system showed
that a number of different software packages could be used for the steady
state simulations. This section will continue to present a number of articles
that document the simulation of vapor absorption systems. Herold et al. [73]
showed how the Engineering Equation Solver (EES) could be used to
simultaneously solve the heat transfer rates, heat transfer surface areas and
cycle temperatures from supplied external cycle temperature in combination
with the values for the overall heat transfer coefficient values in a steady
state scenario. EES is also used in an extension of this example to maximize
the refrigeration potential that can be obtained from the cycle specifications.
Grossman and Zaltash [80] discussed the development and usage of the
ABsorption SIMulation program (ABSIM).

This simulation program was made for the sole purpose of steady state
simulation of vapor absorption cycles and makes use of a graphical user
interface that allows a user to configure the cycle components that are to be
simulated. ABSIM is capable of simulating expansive vapor absorption
cycles and includes the property functions for a number of vapor absorption
working pairs. Somers et al. [81] made use of ASPEN Plus (Automatic
System for Performance Evaluation of the Network) a chemical process
package, to simulate both a single effect and a double effect vapor absorption
cycle.

The results of this simulation compared well with the results obtained

from a similar simulation that was performed with EES. Bakhtiari et al. [82]
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developed a model to assess the steady state behavior of a single effect
water/lithium-bromide cycle. The external streams were used as the user
specifications for this steady state simulation. Results from an experimental
apparatus were used for verification of the model and the results were
favorable. Kohlenbach and Ziegler [83] combined the use of a steady state
solution with a transient model in order to examine the dynamic response of
a water/lithium-bromide cycle. A finite difference Jacobian method was used
to solve the equations via MATLAB.

Kim and Park [84] implemented differential equations in order to
describe the transient behavior and dynamic response of a single effect
ammonia/water absorption chiller. A Runge-Kutta Merson technique was
used to simultaneously solve the equations. The behavior of the simulated
cycle during transient start-up as well as during a dynamic response to a
change in the fuel supply of the cycle was discussed.

2.5.2 Experimental Investigations

The majority of articles that were found during the literature survey that
referred to experimental investigations regarding the operation of a vapor
absorption system. A further distinction could be made in order to categorize
these articles according to similar directions of investigation. The
investigation of the steady state performance of a vapor absorption system
when the operating conditions were altered and the performance of a solar-
driven absorption system.

Asdrubali and Grignaffini [85] made use of a Yazaki water/lithium
bromide absorption chiller as part of an experimental plant. This
experimental plant was used to assess the steady state performance of the
absorption chiller at various operating conditions. Agyenim et al. [86]
discussed the use of a small capacity commercial absorption system as the
cooling apparatus for a solar powered refrigeration installation. This

installation made use of a solar collector to indirectly fuel the absorption
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chiller. A cold water tank was used as a buffer between the chiller outlet
stream and the fan coil unit that was used for the space cooling. The operation
and performance of the installation was further discussed with the conclusion
being made that as far as electrical consumption is concerned the system as
a whole compare well with mechanical air conditioning systems. Kalogirou
et al. [87] discussed the design and construction of a 1 kW water/lithium-
bromide vapor absorption chiller. The desired cycle output was used as the
design point around which the heat exchangers of the apparatus were sized
according to the heat exchanger requirements and the available theory for
the heat transfer coefficients. Heat exchangers for the generator, absorber
and evaporator were submerged in their respective liquid sections. In
addition to this, the length of the generator heat exchanger was varied in
order to determine viable lengths of piping for different inlet temperatures.
2.6 Contribution of the Present Work

It is clear from the previews cited survey that the most researcher focused
on design and fabrication of solar absorption system. They used the
evacuated tube and flat plate receiver. Also, the most researchers used LiBr-
H,0 and NH;-H,O as working pairs.

In the present study, a serpentine copper tube fixed on a flat plate will be
used on the solar receiver, which is not adapted perversely.

New working fluid pair will be used which Diethyl ether-ethanol
(C,Hs),0-C,Hs0H. The performance of the absorption system will be studied

using the two modification and compared with previews studies.
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CHAPTER THREE

EXPERIMENTAL WORK

The design and fabrication of a Compound Parabolic Concentrator (CPC)
cooling system to convert incoming solar radiation into thermal energy is
illustrated in this chapter. It consists of (CPC) a detailed explanation of how
the individual components of the system work. The design, working, and
testing of the system is carried out at Babylon University, Babylon province,
Iraq. Lithium bromide-water and ethanol-diethyl ether are chosen and tested
as working pairs.

3.1 Solar Absorption Cooling System Components

The size and dimension of the different components of the system
depends on the cooling capacity required (cooling load) and the
thermodynamics properties of the working fluid pair. Components of the

solar absorption cooling system are:

[

. Compound Parabolic Concentrator (CPC)
. Generator

. Condenser

. Evaporator

. Absorber

. Heat Exchanger

. Capillary Tube

. Storage Tank

O 0 9 N L A~ WL

. Pumps

The goal of this work is to obtain a cooling effect by using the solar
absorption system. A continuous solar absorption cooling system is designed
and fabricated to achieve this purpose. The operation and performance of the
system is tested using two pairs of working fluid, namely Water-LiBr and

Diethyl ether-ethanol. Water and Diethyl ether are the refrigerant and LiBr
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and ethanol are the sorbent. The solar absorption cooling system consists of
many components, which are explained in the following subsection. The
components of a solar absorption cooling system are shown schematically in

Fig. (3.1)

3.1.1 Compound Parabolic Concentrator (CPC)

A CPC receives solar radiation during a during day hours without the
need for tracking the sun, besides, it is capable to collect some diffuse
radiation. The basic design concept of the Compound Parabolic
Concentrator (CPC) is shown in Fig. (3.2). It has a large acceptance angle
and requires only intermittent tracking. [88] Noted the usefulness of the
geometry of the CPC for solar energy collection.
3.1.1.1 CPC Geometry

The design procedures and the calculation of the features of the inverter
segments are explained below. The two dimensional compound, parabolic

collector consists of the main three parts

1- Reflector: Two reflectors in the shape of parabolas are made of stainless
steel mirror image sheets.

2-Reciever: It is the component of the compound parabolic collector, which
receives the reflected radiation from the reflectors and absorbs the heat. It is
made of the serpentine copper tube fixed on a flat plat MS (16 gauge). The
copper tube and the flat plate are black coated (selective surface).

3- Aperture cover: The aperture and the side openings of the collector are
closed with a toughened glass of 4 mm thickness. A two dimensional CPC
as shown in Fig. (3.2) consist of two distinct parabolic segments placed in
such a manner that the focus of one parabola fells on the profile of the other.
The slope of the parabolic reflector surface at the entrance aperture is parallel
to the CPC optical axis. Thus, the solar rays entering the concentrator at the

maximum acceptance angle are reflected tangentially to the surface of the
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absorber. For the simple geometry, it can be shown in Fig. (3.2)
[89]:

W+b
2H

tan B¢ =

3.1

Where W is the aperture width, b is the receiver width and H the height of

concentrator of CPC:

W—CR— ! 3.2
b sinfc (3.2)

Using above equations

_ W(1+sin6¢)

2tan B¢ (33)

The area of the concentrator or reflector, Acon, is related to the area of the

apertures Aa, as [89]

cos ¢ (1 +sinB:)(1 + cosB¢)

Acon = A,(1 +sinB¢) Sin? 6,

1
sin B¢ {cos Oc + (2 + 2sin ec)i}

B V2 cos B (3.4)

3
(1+sinBc)2

The average number of reflection, n, passing through a CPC inside is

acceptance angle is given a [89]

_ 1 (Acon) _ (1+2sinB6¢)(1-sinB¢) (3.5)

n=
2sinB¢c \ A, 2sinZ 0¢

The effective transmissivity of CPC (Tepe), accounting for the reflection
loss inside the CPC depends on the specular reflectivity, (p), of CPC wall

and the average number of reflections, n, and is given as [89]:
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(3.6)

Tepe = P
The XY coordinate system is shown in Fig. (3.2), at the vertex of parabola

right, it is easy to show that the equation for parabola right is

XZ
_ 7
Y 2b(1 + sin6¢) G7)

The focal length is shown below

focal length = g(l + sin6¢) (3.8)
The coordinates of the endpoints of the part CD are as follows:
Point C:
x =bcos0O¢ (3.9)
b .
y = E(l —sinB¢) (3.10)
Point D
x = (b+ W) cos6. (3.11)
b 2
y= 5(1 —sinB¢) (1 + i ec) (3.12)
The ratio of height to the aperture of (CPC) is given by:
1
(3.13)

H—1(1+ 1) 6 —1(1+C)(1 1)2
w2\ Tsine./ VT2 cz

The surface area of the concentration is obtained by integrating parabolic
arc. The ratio of the surface area of the concentrator to the area of the aperture

is calculated using the following reflector arc length (L) expression: [89]

31



Chapter Three | Experimental Work

cos B¢ (1 +sinBc)(1 + cosB¢)
- +1In
sin? O

L =Db(1+sin6¢) I
sin 6¢ {cos Oc + (2 + 2sin GC)E}

V2 cos B
- (3.14)

(1 +sinB¢)2

Aperture Area = W* L 4l
Absorber Area =b * L ial

The reflector is constructed for half an acceptance angle of (6c=11.55°).
This angle covers the declination of the sun from summer to winter solstices
[89]. The distance between AB and CD is the full height of the CPC, as in
Fig (3.2). The receiver BC is flat plate type. Part of the solar radiation falls
on the receiver directly while the other reaches the receiver via the reflector.
The second law of thermodynamics implies that for maximum possible
concentration the concentration ratio should be given regarding half

acceptance angle [89].

1 . . . .
It can be set %= (W) and that this concentration ratio is the maximum
C

possible for the acceptance angle 26 [89].

The coordinates of points C and D are used to draw a curve, which
represents the right hand parabola. The mirror image gives the left hand
parabola, those results in two-dimensional compound parabolic
concentrator. The upper part of the CPC can be removed (truncated) with

little loss in performance see Fig. (3.3) and Fig. (3.4).

The CPC is usually truncated by about G) of its height to prevent
interception of solar radiation in the upper part of the reflector. The cost of
the truncated CPC is reduced without affecting its performance, with only a
little loss in CR (Concentration Ratio). Also, truncation reduces the
shadowing effect. The modified CR is given by:
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Aperture width after truncation
CR = 22 (3.15)
Width of the absorber

Truncation is finished by drawing a flat line over the reflector at chose
stature (—; of as curtained tallness). The truncation does not affect the

acceptance angle. The benefit of this sort of CPC is that it does not require a
consistent following when installed in the east-west direction. When
concentration ratio is (2 to 10) small tilt adjustment times is required
throughout the year. From the above equations the dimensions of the CPC
before and after truncation as given below.

The focal length of the CPC is 12 c¢m; also, the Arc length of the reflector
is 105 cm. The number of reflection is 0.86.The reflectivity of the reflector
is 0.92 and tcpc = 0.93. The collector capacity is equal the average of
minimum heat collection in the winter season at 21 December from 9:00
am to 15:00 pm is equal 8.38 MJ/m? per day. The required energy for heating
15 kg of water at 25°C to 100°C

Qfor heating water = 1 * cp * AT (3.16)
k]

cp =4.2 kg °C
AT =75°C

M]J
Q for heating water — 4.725 Tw
Receiver area = 4725 = 0.56m?

8.38

Therefore, the receiver area for the CPC assumed to be the width of
(0.2m) and length (2.5m). From the above information, the length of the
serpentine copper tube is 10 m. The required area of the serpentine copper
tube fixed on the flat plate absorber is 0.8977m? . The diameter of the tube is
28.575 mm and the number of passes equals four. The aperture glass cover
has high transitivity (0.92) so it transmits most radiation on to the reflector

and the absorber plate surface. Both the reflector surfaces reflect the
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radiation to the receiver surface, which has an absorptivity of (0.92) as
indicated by the manufacturer. The flat plate and the serpentine tube are
coated black color to increase the absorptivity as shown in Fig. (3.5) and Fig.

(3.6). the figures also, show the serpentine tube is fixed on flat plate with

positions of thermocouples.

Table (3.1) Dimensions of CPC

Dimensions of CPC | Before Truncated | After Truncated
Height of CPC 294cm 98 cm

Receiver width 20 cm is selected 20 cm

Aperture width 100 cm 90 cm

Axial length 250 cm 250 cm
Concentration Ratio | 5 is selected 4.5

3.1.1.2 CPC Construction

The reflector shape is drawn on a large size paper for full scale. Two
stainless steel sheets of the specified dimensions are used. The reflector
according to the calculated dimension in section (3.1.1.1) surfaces. Welding
technique is used to fix the absorber plate with reflector.

The aperture area keeps constant, the top distance between the two
reflectors is held constant by riveting these mirrors to an individual frame.
A serpentine copper tube of 28.575 mm diameter is fixed on the mild steel
flat plate receiver. A 4 mm glass sheet closes the aperture opening. The
collector is constructed so that it can be tilted by the required angle in
opposite directions see Figs. (3.7, 3.8, 3.9, 3.10).

3.2 Absorption System Design

The thermodynamic design of water-lithium bromide absorption cooling
system assumes the steady-state operating conditions based on the first law.
System cooling capacity is assumed (0.526 kW). Rates of heat added to or

rejected from the system are found from equations of mass and energy
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balances; Heat transfer areas are determined from appropriate correlations of

heat transfer coefficients.

The lower condenser and absorber temperatures increase cycle
efficiency; they should be chosen as low as possible However, in practice,
they are more or less fixed by the cooling water available. In this study, a
condenser temperature of 40°C and an absorber temperature of 34°C are
selected.

The low temperature in the evaporator is designed at 4°C to satisfy both
practical requirements and needs of higher second law efficiency
Nevertheless, in this design of a laboratory model, an evaporator temperature
of 4°C is selected.

This is due to two reasons. The first is that operation at very low
evaporator temperatures implies relatively high vacuum working pressures
that need rigid standards of vacuum integrity to be maintained. The second
reason is that for an evaporator temperature of 4°C and for an absorber
temperature of 34°C, the weak solution concentration in the absorber will be
typical of concentrations used in small lithium bromide-water cooling units.

The saturation pressure of refrigerant, water vapor at 4°C is equal to 0.81
kPa. Assuming a small pressure difference of 0.133 kPa between evaporator
and absorber, the pressure in the absorber will be 0.676 kPa. The saturation
pressure of water vapor at 40°C in the condenser is 7.346 kPa. Assuming a
small pressure difference of 3% between condenser and generator the
pressure in the generator becomes equal to 7.567 kPa. The generator
temperature is selected, a value of the solution heat exchanger effectiveness
HX is necessary.

By definition of HX, higher values mean lower exit temperatures have
cooled strong solution in the heat exchanger. However, under some
conditions of operation the solution is so strong, leaving the generator that it

would crystallize if cooled below a certain temperature. Besides, assumed

35



Chapter Three | Experimental Work

values of heat, exchanger effectiveness should result in acceptable
temperature approaches for the cold-end of the solution heat exchanger.
Assume a heat exchanger effectiveness of 36% in this design. A generator
temperature of 80°C can be selected to give higher values of efficiency and
to be sufficiently higher than the minimum generator temperature of 74.9°C
for better operation. By using the mass and energy balance, principle the

rates of heat transfer have been evaluated as in Fig. (3.1)

Qg = myh, + 1y h; — mghg (3.17)
n; = m, = m; = mgg (3.18)
M, = Mg = Mg = Mys (3.19)
M, = Mg = My = my (3.20)
Q¢ = m,(h; — hg) (3.21)
Qa = mgh; + 1hyghyy — myh, (3.22)
Where

h;=h (T}, Xss) strong solution
he=h (Ts, Xys) weak solution
h7=h (T7) superheated vapor
To-T=T

hg=h (Ts) Saturated water liquid
Te-Ts

hg=hy throttling process

ho=h (T9) Saturated water liquid
hip=h (T;o) Saturated vapor
Te-Tio

hs=h, throttling process

ho=h (T2, Xs)

hs=h (T3, Xy)

hs=h (T4, Xys) saturated weak solution

To=Ts
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Thus

Qg = 0.932kW
Q, = 0.902 kW
Q¢ = 0.555 kW

With mass flow rate of refrigerant m,=0.0002kg/s, mass flow rate of
strong solution mg=0.0052kg/s and mass flow rate of weak solution
m,,s=0.00541kg/s. The exit temperature of the weak solution in heat
exchanger is found equal to 49.4°C.The heat transfer rate in the heat
exchanger is 0.17kWatt”. The work input to the system in the pump is small
and neglected in the calculation of COP and efficiency. However, in practice,
it is usually estimated to size the driving motor
_ AP0

Wp Watt (3.23)
Np

Where
v is the volume rate of flow in m? /s,
AP the pump pressures difference in Pascal.
1, the pump efficiency
The work input calculated by EES software is (Wp=0.000022kW)
3.2.1 Design of Generator

The generator unit of absorption cooling system is usually of the
submerged type where the tubes carrying the hot water fluid are immersed
in the cycle working solution. A generator of shell and coiled is designed in
which hot water flows inside the tubes and solution is distributed over the

tubes is shown in Figs. (3.11, 3.12)
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Hot water in
Hot water out

from CPC
To storage tank

collector

Vapor release to I

— -G
condenser -

I
Weak solution
1

from absorber €

Strong solution

to absorber
Input and output data to the generator
Qg Tigs Tiys Thot,i Thot,o Tss Tws Xss Xws TH T
kW kg/s kg/s fC &C &C &C % % °c | °C
0.932 0.0052 | 0.00541 90 85 80 49.4 58 55.8 80 |g75
Properties of hot water at 87.5°C [90]

Properties of Libr-Water solution at 80°C and
58.2% [38]

Pw Hw ky Cpw hf g Pss Hss kss Cpss
kg/m’ kg/ms | WmK | kIkgK |kikg| kg/m® | kg/ms | WmK Kkl/kg K
[91]
963.614 | 0.0003238 | 0.669 4201 | 2289 1649.911 | 0.0024 | 0.4866 1.9728
HwCPw
Pr, = —%% = 2,03 (3.24)
Ky

The inner heat transfer coefficient (h;) for the hot water flow on the

inside of the tubes is evaluated first. The hot water mass flow rate inside

tubes is

m, = AT\Sﬁ = 0.0443% (3.25)
So Reynolds number is evaluated as
Re = — 0 _ 19841542 (3.26)
HwTD;
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Where D; the inside diameter of tubes. 15 mm nominal diameter tubes are
used with following dimensions inside diameter Di=13.562 mm, outside
diameter D,=14.962 mm and thickness 0.7 mm. Since the flow is turbulent,

the Nusselt number for fluids flowing inside tubes is [91]

Nu = 0.023Re%8Pr™ (3.27)
Where n=0.4 for heating and n=0.3 for cooling .
N=0.4
Nu = 55.064
And
Nu = Dl—hl (3.28)

W
hi = 271963m

The outside heat transfer coefficient h, is calculated from a correlation
[92] developed for predicting heat transfer by combined boiling and
evaporation of falling liquid films on horizontal tubes. The average heat
transfer  coefficient over the tube circumferential length L
is

L L
h, = hy, + thd +h, (1 - Td) (3.29)

Where
hy is the nucleate boiling heat transfer,
hq the average heat transfer coefficient in the thermal developing region
where the fluid is being superheated
hc the convective heat transfer coefficient due to evaporation of liquid
films at the vapor-liquid interface

Lg the thermal developing length .

hq is given by
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hy = : CP d 3.30
a=5CP (330)
Where
= rh (331
2Ltube .
4 1
L (3“)7 3.32
d — 4'1Tp(X gpz ( . )
a is the thermal diffusivity
h¢ is foundas follows
1-Laminer flow
b = 0.821 (-2 oAy 3.33
=oen(im) () (:33)
2-Turbulent flow
b = 00038 (22 (4”)0'4 (U)o'65 3.34
c— Y k3g H. a ( . )
v is the kinematic viscosity. Therefore, equation (3.29) is rewritten
as
Ly Ly
ho = ha =%+ he (1 - T) (3.35)
Tube length of 0.30 m.
m ki
[= % — 86671073 —2
ZLtube ms
Kss 1.495 % 1077 m’ (3.36)
(04 = —= . * _— .
* PssCPss s

L4=9.43*10° m
h4=679879.1816 W/m?°C
The point of transition from equation (3.33) to (3.34) in calculating h, [92]

(£> = 5800 (2)_1'06 = 520.034

tr
In this design,
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4r
(—) = 14.445
u
So the correlation for the laminar case equation (3.33), may be used to
give
h, =3669.848 W/m? °C

The external heat transfer coefficient can be evaluated from equation
(3.35).

hy=3691.103 W/m?*.°C

The overall heat transfer coefficient U, depend on the outside area of the
tubes is [38]

)+ ()0 (1) + (2o (2)
Where

fis the fouling factor for the hot water side at 52°C equal 0.0002 m**K/W
[93]

-1

U, = (3.37)

k the thermal conductivity of copper tubes. For copper tubes k=390 W/m°C
(93]

U, = 1112.267 T

The logarithmic mean temperature difference LMTD is

e lTh‘”i )—_T(:i: Troti) _ 7513 (3.38)
(=)

Qg =U,A LMTD (3.39)

A=0.116m>

A=mnD,L

Number of turns=6

L=29m

3.2.2 Design of Condenser

The design of condenser unit is shell and coil, where water vapor is
condensing inside the coil tube and cooling water at the outside
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Cooling Water out

Cooling Water in

A4
A
P 7
/‘ "g* \‘\ ‘ Vapor release
from generator
Liquid from
Condenser s
Input And Output In Condenser Properties Of Cooling Water At 32.5°[90]
Qc mr Tcw,i Tcw,o Tc T Pw Hw kw pr
kg/m? kg/m.s W/mK | klJkgK
kW kg/s «© “C °C || *C
0.555 | 0.0002 | 30 35 399325 995.024 | 0.7566E-03 | 0.6205 4.183

_ MwCpw

Pr,, K
W

=51

Outside heat transfer coefficient is calculated in the case of natural

convection on the cylindrical surface [94]

h,d
( °k °) = 0.6 + 0.387

N

— gB(Tw B Too)dg
11\2
5
Assume the T,, =38°C and T, = 32.5°C

Ty +Ts
=7

Gr

= 35.25°C
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B =3.2441 %1073 K™?

T T+ 273
Gr = 1014596.148
Ra = GrPr = 5174440.353

w
ho = 11742056m

The Inside heat transfer coefficient is

1
3 1
b = 0.725 pighegk” (p1 — pu)|*
! ' }ldlAT
Table (3.2) properties of water at 39.9°C
P 1 k tp Py
kg/m?
kg/m? kg/m.s W/m.K kJ/kg.K
992.063 0.654E-03 0.629 4.181 0.05124

AT =T —T,, =40—-38 =2°C

h; = 3082.443 W
= 3082443 e

w
U, = 698.297 ————

m? * °C
LMTD = 7.213
Q. = U, ALMTD

Number of turns=5

L=2.76 m
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3.2.3 Design of Evaporator

A shell and coil evaporator is used

Liquid from 9
Condenser Y
™ LY ol LS 4 1 "
L E B 5 —_’_ 10
Vapor release in

evaporator

The cooling load Q=0.526kW
Refrigerant mass flow rate =0.0002 kg/s
Inner diameter=0.01356 m
Outer diameter=0.01496 m
Temperature of evaporator=4°C at 0.81kPa evaporator pressure
Water temperature=45°C
The properties of saturated water at film temperature
The temperature inters to the evaporator =4°C
The temperature leaves the evaporator =30°C
The properties at film temperature
Dynamic viscosity u=1.003E-03 kg/m.s
Vapor density p,=0.0173 kg/m’
Liquid density pp=998 kg/m’
Latent heat of vaporization hg=2454 kl/kg
Acceleration g=9.81 m/s?
Prandtl number Pr=7.0
Thermal conductivity k=0.598 W/m?* K

From the above information the inner heat transfer coefficient

1
heo k3 (pp — 4 1429.046W
pighegk® (py pv)] _ (3.44)
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For outer heat transfer coefficient

)
=

N =
[op)
=
o
~

h, * d,
(T) = 0.6 + 0.387 T

ATd}
o — 8PATd;

Assume the  Tjptia = 45°C and T = 5°C
The properties at the film temperature
Dynamic viscosity y=0.891E-03 kg/m. s
Vapor density p,=0.0231 kg/m’
Liquid density pp=997 kg/m’
Latent heat of vaporization hg=2442 kl/kg
Acceleration g=9.81 m/s?
Prandtl number Pr=6.14
Thermal conductivity k=0.607 W/m*K

Gr = 333000.56
Rayleigh Number Ra=Pr*Gr=2044623.43

h,=946.21 W/m? K

U, = 488m
LMTD = 9.1

Qe =U, A LMTD
Number of turns=6

L=3m
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3.2.4 Design of Absorber
The absorber unit is shell and coil. The falling film type is used the
solution flows through the tubes and the cooling water inside pipes

Weak solution 4 3 Strong Solution
from Absorber ' from Generator

from evaporator

Vapor release [
e 0w—p— A\\’I

Cooling Water In Cooling Water Out
Input And Output In Absorber
Qa Tigs Tys Tcw,i Tcw,a Tss Tws Xss Xws T, T
% ke/s kg/s °c °c °C °C % % °c | °C
0.902 0.0052 0.00541 30 32 63.4 34 58.2 55.8 34 31
Properties of Cooling Water At T =31°C Properties of Solution At T =48.7°C And X =57%
Pw Hy Ky Cpw B Pss Hss kess Cpss
kg/m® kg/m.s W/mK | klkgK kg/m* | kg/ms | W/mK kl/kg.K
[125]
996.015 | 0.0007806 | 0.61858 | 4.183 5.278 | 1648.31 | 0.0035 | 0.4619 2.0043

The mass flow rate of cooling water is

. Qa 902 kg
=2 —_ "% _01078—
Mew = COAT ~ 2+ 4183 s

Across—section = 1.44 * 10~* m?
m

V=0.75—
S
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Re = 12964.1

Nu = 0.023Re%8Pro#
Nu = 87.27

m?K
The outside heat transfer coefficient is evaluated from the following
conditions [38]

4T
for T < 2100

W=

2

k2 3C 3

hy = 0.5 [—° plg [ [ ] (3.46)
w3 Hwall

With all properties evaluated at mean bulk temperature except pw,n at the

wall temperature

4T
for I > 2100

1
k?p? g] uepys [4173
h, = 0.01 [ ] 3.47
[ % [k] , (347)
In this design
kg
r= =8. 3=
T 8.666 1073 =
And

4T
I =9.904 < 2100

Assume Ty =32°C

kg
Hwall = 00048&

m? K

m2 K
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LMTD = 13.29
Q, =U, ALMTD
Number of turns=4.5

L=2m

3.2.5 Solution Heat Exchanger Design

For small capacity lithium bromide-water cooling units, solution heat
exchanger is usually formed of strictly double pipe of copper. Such a heat
exchanger is designed in this section with a hot strong solution in inner space

and cold, weak solution in outer space.

Weak solution to Strong Solution
generator 5 1 from Generator
v
HX
Weak solution L Strong Solution
from Absorber 4 3 to Absorber
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Input And Output In Heat Exchanger

QHX mss mws Tss,i Tss,e TWs,i Tws.o X, sS X ws Tss Tws

KW | kegis | kel °C oC °C °C | % | % | °C| o

0.17 | 0.0052 | 0.00541 80 63.4 34 49.9 | 582 | 558 | T1.7 | 417

Properties Of Strong Solution At Properties at Tyys = 41.7°C And Xy, =55.8%
71.7°C [38]
Pss HUss kss Cpss Pws Hws kws prs
kg/m® | kg/ms | WmK | klkgK | kgm® | kg/ms | W/mK kl/kg.K
[125] [125]
1655.4 | 0.0027 | 0.4784 | 1.9728 | 1630.8 | 0.0036 | 0.4595 2.0361

The inside and outside heat transfer coefficients are evaluated. The outer
and inner diameter are (28.575, 15.875) mm respectively.

Re = 154.467

For laminar flow Nu=3.66

w
m?2 K

h;=110.295

Re = 150.66
For laminar flow Nu=3.66 and h,=132.42 W/m? *°C

Uo = 66.815 ——

(Tss,i - Tws,e) - (Tss,e - Tws,i)

LMTD = - <@) = 29.99
Tsse — Tws,i

Q=U,ALMTD

A=0.0848 m?

L=0.944m
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3.2.6. The Storage Tank

The storage tank is used to store the hot water in the collector loop. The
diameter and length of the storage tank are 35 cm, 50 cm respectively. The
capacity of the storage tank is 48 liters. Hot water exits from CPC collector
loop and enters to the generator and return to the storage tank. The container
is sealed. The tank is fabricated from steel, which can withstand a pressure

up to (4 bar) and corrosion resistance.

3.2.7. Capillary Tube

A capillary tube is used between the condenser outlet and evaporator inlet
of'a domestic refrigerator working as a simple expansion device in the vapor
compression cooling system (VCRS) to reduce the pressure and the
corresponding saturation temperature of refrigerant from condenser
condition to the evaporator condition. The liquid refrigerant from the
condenser flows through the capillary tube, causes an expansion following
the flash vaporization due to the drop of internal energy and hence enthalpy,
also with the change of other state properties [94]. The basic theory of
capillary design depends on fluid friction Darcy pressure drop relationship.
Higher-pressure drop can be achieved with decreasing diameter and
increasing length of the capillary tube. Since the capillary tube is available
in only specified diameters, so their actual design emphasizes on the
determination of lengths for a given cooling effect see in Fig. (3.13).
3.2.7.1. Calculations Procedure

The capillary tube length design calculations
Follows the following steps [94]. See Fig (3.14).
1-The expansion of the liquid refrigerant is assumed to be isenthalpic along
the line ks- k’-1-2-3 on P-h- chart and the momentum gain is due to the
pressure drop of the enthalpy. Here ks is the point of sub cooling of
condensate from the outlet point k of the condenser. So at any i node
enthalpy = hi = hk. (Neglect sub cooled).
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2-Atnodes (1, 2, and 3) quality of the refrigerant is wet vapor, hence: -

- (hk'h;g_hﬁ) (3.48)
Where hs = saturated liquid enthalpy, hs; = Enthalpy of vaporization.
3-Specific volume of the refrigerant at these nodes is
v = vpi + x; (Vg — vpi) (3.49)
4-Mass flow rate of refrigerant in the capillary is
m = ﬁ (3.50)
Where Q. = cooling effect in kW
5-Mass flow flux: -
_4m
d?
6- Flow velocity of the refrigerant
u; = Gu;
3.2.7.2. Design Procedures
One important parameter of the capillary design is the determination of
mass flow rate through a suitable available diameter of the capillary tube for
some specific cooling effect as determined by using equation (3.52). Here

using water as refrigerant in 1 mm diameter capillary tube for 0.526 kW

cooling capacity and is explained below.

1. The whole temperature and pressure drops from the capillary tube inlet to
the outlet is divided into suitable elementary steps of intermediate nodes,
such as 40°C, 30°C, 20°C, 10°C, 6°C at their corresponding saturation

pressures as shown in Table (3.3).

2. First the expansion is assumed isenthalpic with simultaneous frictional
pressure drop, flash vaporization, change of refrigerant properties and

momentum gain without considering the internal mechanism. The expansion
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is shown by process line ks-k’-1-2-3 on P-h plot Fig. (3.14) and the
saturation pressure, refrigerant properties like liquid enthalpy, phase change
enthalpy and specific volume are noted from the property table

corresponding to the nodal saturation temperatures.

3. Some parameters will be determined first on the isenthalpic line using

above relations.

At Tc=40°C
Saturated pressure=7.3851 kPa
h3=hn=167.53 kl/kg
hg =2512 kl/kg at T3=6°C
Qr=0.526 kW
d=1mm
h = 2.0117 * 10—4%
G=254.647 kg/ (m*s)
3.2.7.3. Friction Factor

The analysis of frictional pressure drop of the refrigerant as it flows
through the pipe or capillary tube incorporates friction factor “f” that can be
determined on several theoretical and experimental relations. For capillary
tube design of refrigerators, a standard relation frequently used is the Blasius

(1911) relation as following.
_ 032

F =" (3.51)
Re#
Where
d
Re = % (3.52)

At different nodes the refrigerant properties vary in the vapor-liquid
mixture and the coefficient of dynamic viscosity is determined according to

the relation:
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i = pgi + xi (g — te) (3.53)
3.2.7.4. Capillary Tube Length

Actually, the wall friction of the capillary tube causes the gradual pressure
drop of the refrigerant flow, which results in the drop of corresponding
saturation temperature, internal energy and enthalpy but increase of specific
volume and kinetic energy with adiabatic flash vaporization using its own
enthalpy. The pressure drop and its corresponding increase in specific
volume keep the term (PV) nearly constant [94]. In addition, the actual
pressure drop has no share contribution towards the gain of kinetic energy
through phase change and hence the momentum gains pressure drop share
(APm) is zero. Therefore, the actual total pressure drop (AP) is nearly equals
to the frictional pressure drop, APr. Now taking APr=AP;, as actual drop for
every elementary length of the capillary tube between two adjacent
temperature nodes, the following relations (Darcy—Weisbach equation
1845) are used to determine the required length of capillary tube:
pFALu?

2d
The total length is about 1.257 m made of copper material. Table (3.3) shows

AP, = (3.54)

all values for capillary tube calculations.

Table (3.3). Values of different parameters for capillary tube design

Node | T4C) | P(pa) | hdk/kg) | htkifkg) | x | vim?/kg) | uim/s) | Bpipa) "“;"“’ Re | f A

ks | 40 (7400 | 167.53 | subcooled| O |0.001008| 0.258 | —— | 065°107  — | — s

K 30 | 4300 | 125.74 2430 0 |0001004 | 0.257 | 3100 (0.798*10° | 320.8 | 0.075 1256

1 20 (2330 | 839 2454 1 0017| 0.982 2511 | 1970 | 0.985*10% | 259.6 | 0.079 | 0.776*10°

2z 10 |1230| 42 2477 | 0.033| 35 8956 | 1100 | 1.26"10° | 203.1(0.084 | 0.114°10*

3 6 | 930 25 2486 0.04 52 133057 | 300 | 1.45*10% |175.5 | 0.087 | 0.02027*10%

Total length of capillary tube -
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3.3. Pumps

In the solar absorption, cooling system divided into two loops. The first
loop is called collector loop while the second is absorption-cooling loop. A
hot water pump is used to circulate hot water in the collector loop. The hot
water pump is set up on the storage tank. The flow meter is linked to the hot
water pump. The second loop used a chemical pump. The chemical pump is
used to circulate the weak solution and pumped to the generator passing
through the heat exchanger . The cooling water is circulated between
condenser and absorber unit by another water pump (25 W, 1000L/h, and

maximum suction 1.8m)

3.4 Temperature Instrument

Temperature is the most important property in this experimental work.
The measured temperatures at different locations are used to determine the
state of refrigerant at any point in the cycle along with the corresponding
pressure. Thermocouples are used to measure the temperature of receiver
surface, the solution water vapor outlet, condenser outlet, environment, and
evaporator. The thermocouples are of k type. The diameter of the wires is
0.4mm, with rubber insulation them . Each wire is skinned from both ends,
and one end was spot-welded to form a 0.6mm diameter round head while
the other end is connected to the recording device. A data logger is used to
record the temperatures measured by the thermocouples. The data logger is
programmed to record the temperature every 10 minutes. The type of the
used data logger is (BTM-4208SD card-12 channels) as shown in Fig.
(3.15) . A small hole is drilled at each location, and the thermocouple
junction is inserted through this hole. These holes are then covered by a

thermal silicon rubber to prevent any movement.

3.5. Pressure Measurements
Two pressure transducer sensors are used to measure the pressure inside

generator and absorber.
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3.5.1 Pressure Interface

An interface is used to connect the pressure sensor and the personal
computer. The interface transforms the voltage (analog) signal from the
sensors into a digital signal that can be read by a software program (DaLi08).
A universal data logger (UDL100) is used. It has high accuracy and
resolution, sampling period (750ms) and channels isolation voltage (400
volts). The pressure measurement is also essential for safety. Analogue
pressure gauges and pressure transmitter (QP-83A) are used for this purpose.
The purpose of the analogue indicator is for calibration and easy monitoring.
The pressure transmitter transfers the reading to pressure data logger. The
pressure is measured at two locations, the generator, and absorber. The range
of pressure transmitter reading is (0-10) bar. This transmitter is high
temperature and corrosion resistant.
3.6. Experimental Procedures for Absorption Test

The detailed steps of test procedures are as follows:

1. All the 10 points thermocouples, as well as 3 points for water coolant
and environment temperature (Type K), are connected by plugs and

connectors to the data logger.

2. All the two pressure transmitter (model: QP-83A) are connected to the

data logger (as well as pressure gauges).

3. The whole system is evacuated (generator, absorber, condenser,
evaporator, heat exchanger and piping system) by a vacuum pump to the

minimum possible vacuum pressure (0.75-0.82 bar).

4. The lithium bromide-water solution (16 liters) for the experiment is
charged to the unit by the charging valve. The solution concentration is 50%
lithium bromide the concentration of the other pair, diethyl ether-ethanol, is

varied in steps as (60%- 40%, 50%, 40%-60%) see Fig. (3.16)
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5. The experiment starts at morning at a sunshine time. The axis of the
orientation is into horizontal, and the angles of tracking are setting (tilt angle
B, module azimuth angle y). The tilt angle is measured in summer and winter
season (43°in winter and 21°in summer). The module azimuth angle also
measured in winter and summer season (90° in winter and 75° in summer)

measured from North.

6- During the day, the water-lithium bromide solution in the generator is
heated by the hot water from the collector until reach is saturation
temperature when water starts evaporate. Due to the increase of the
temperature and consequently of the pressure of the solution in the generator,
the water vapor flows to the condenser, where cooling water condenses it,
and then it is passed to the evaporator through the capillary tube where the
cooling effect occurs . To know the amount of mass of evaporated water
(refrigerant) two-sight glass are used, one the generator unit and the other on
absorber unit, see Fig. (3.17). the mean mass flow rate of refrigerant from
the generator is calculated by measuring the drop of solution level in the
sight glass of the generator during a specified period of the generator
diameter . The mean flow rate is also regulated by using ultrasonic sensor
type PT878, shown in Fig. (3.18). Distilled water is produced by (GFL)
Mono Water Stills model 2001/4. The Mono water still produces (2-4)

liter/hour.

7. After the saturated water vaporized in the evaporator, the vapor went to
the absorber when it is absorbed by the strong solution and pumped to the
generator. The chemical pump is linked to the electrical control system
(Twin Timer). The electrical system provides the power to the chemical

pump at the specific time see Fig. (3.19).
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3.7 Instruments Calibration

A- Flowmeter

The flowmeter is setup at the exit port of the storage tank to measure
the flow rate of hot water in the collector loop . The operating range of the
flow meter between (0.06-0.6) m*h at 120°C. The calibration of the
flowmeter is illustrated in Fig (3.20)
B-Temperature Instrument

The calibration of the thermocouple is done in the heat transfer
laboratory by comparing its readings with an already calibrated
thermocouple of the same type (K) as shown in Fig. (3.21). The figure shows
that the error value is less than (0.25°C).
C-Pressure Instrument

The pressure sensor and interface and data logger are used to measure in

the absorption cooling system. The pressure gauge is set up to a location
(generator and absorber). Manometer model calibrates the sensor device:
PM-9107 with accuracy 2% FS, so the pressure gauges are calibrated with
pressure sensor as shown in Figs (3.22, 3.23, and 3.24). The rig design is
shown in Fig. (3.25)
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CPC Collector

Point 1=Strong Solution

Point 2= Strong Solution

Point 3= Strong Solution

Point 4=Weak Solution

Point 5=Weak Solution

Point 6=Weak Solution

Point 7=Superheated Vapor

Point 8=Saturated Liguid

Point 9= Saturated Liguid

Point 10= Saturated Vapor

TC1—TC13=Position of thermocouple

Two gauge pressure (High and Low JPressure

Condenser

TC4

TCB

Storage Tank

-
<

Absorber TC11

/

Pamp

Evaporator

Cooling Water Tank with Pump

Figure (3.1) Schematic Diagram of Solar Absorption Cooling System
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Figure (3.2). Full Compound Parabolic Concentrator [94]

Figure (3.4). Truncated Compound
Figure (3.3). Full Compound Parabolic Parabolic Concentrator Dimension (cm)
Concentrator Dimension (cm)
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Tc7 TCA

Figure (3.6). Schematic Serpentine tube
fixed on flat plate with thermocouple

Figure (3.5). Serpentine copper tube

Figure (3.7). Frame of collector Figure (3.8). Compound Parabolic
and reflector shape Collector (CPC)
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Figure (3.9). Frame of collector Figure (3.10). Flat plate receiver

Figure (3.12). Coil setup in
generator, absorber, evaporator
and condenser

Figure (3.11). Coil of copper

Figure (3.13). Capillary tube
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Figure (3.14). P-h diagram of elementary length a long Isenthalpic Line.

Figure (3.15). The Temperature Recording Data
Logger
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e
DI ETHYL ETHER LR

(CH) =742

Figure (3.16). Lithium bromide salt, diethyl
ether and ethanol

Figure (3.17). Sight glass
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G-9030
SILICONE GREASE
NET. 25.0GM
LOT: 52258

00306000010

m SILICONE
TECHNOLOGY

Figure (3.18). A-Transport PT878 flowmeter indicator
B-Silicone grease
C-Transducer
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Figure (3.19). Electrical control system (Twin Timer)
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Figure (3.20). Calibration of flowmeter
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432 53.4 63.6 73.8 84
Calibration System Reading (°C)

Figure (3.21). Calibration of the Thermocouple
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Sensor pressure(Kpa)

Figure (3.22). Pressure calibration
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Figure (3.23). Pressure sensor

Figure (3.24). Interface and data logger
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Figure (3.25). Solar absorption cooling system
A- Solar Collector CPC
B- Condenser
C- Absorber
D- Evaporator
E-Chemical Pump
F- Storage Tank
G- Hot water pump
H-Generator
I-Capillary tube
J-Heat exchanger

K- Pressure sensor
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CHAPTER FOUR
THEORETICAL ANALYSIS

Theoretical design of compound parabolic solar collector (CPC) without
tracking is presented in this chapter. The thermal efficiency of the collector
is obtained. The total and diffused solar radiation are calculated for Babylon
province by using theoretical equations.

The analysis and synthesis of absorption refrigeration systems require the
application of principles of engineering thermodynamics and heat transfer.
A parametric study of the steady state model and dynamic model of the cycle
are undertaken for which two computer programs are implemented. As a
result, considerable insight may be gained into the cycle performance. It is
based on the conventional heat balance method derived from the first and
second laws of thermodynamics.

4.1 Assumptions

1- The concentration ratio of (CPC) is (5) without need to tracking system

2- The amount of heat diffusion in the flow direction is negligible.

3- Neither the generator releases any heat to the surroundings nor does the
evaporator receive any heat from the surroundings.

4- The refrigerant at the exit of the evaporator is assumed to be at the state
of saturated vapor.

5- The refrigerant at the exit of the generator is assumed to be at the state of
superheated vapor.

6- The concentration of solution leaving the generator and absorber is
different from the concentration inside the generator and absorber
respectively.

7- The input work of the pump is negligible.

8-There is no pressure loss in the pipes.

9- The fluid temperature at the exit of each component is the same as the

temperature inside that component.
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4.2 Compound Parabolic Collectors (CPC) Calculations

The CPC has the capability of reflecting nearly all of the incident
radiation to the absorber. The necessity of moving the collector to
accommodate the changing solar orientation is reduced by using a trough
with two sections of parabolic sides facing each other, as shown in Figure
(4.1). [95]
4.2.1 Calculation of Thermal Efficiency

The useful energy Q, can be calculated if we know the absorbed energy
I, and Uy. The insolation, Icpc within the acceptance angle of CPC with

concentration ratio, CR, is given as [96]:

1
ICPC = IT - (1 — C_R) * Id (41)

Where It and 14 are the total and diffuse radiation respectively on the

aperture plane. Now the absorbed radiation I, in terms of Icpc is [96]

la = lepcTeoverTepcy

la = I1TeoverTepcteY (4.2)
1\ Iy
=1—-|1—=)— 4.3
v ( c) It (43)

Where Teover = transmissivity of glass cover

tcpc =effective transmissivity of CPC

o = absorbtivity of receiver

v = correction factor for diffuse radiation.

The empirical expression of Ur for a CPC with tubular absorber coated
with selective coating and the entire collector covered with a transparent

cover is given as [97]:

Uy, = (0.18 + 16.95¢,)[0.212 + 0.00255T, + (0.00186 + 0.000012T,)(T, = T.)]  (4.4)
Where

U= collector heat loss coefficient, W/m? K of receiver area.
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T,= ambient temperature, °C
T,= absorber temperature, °C
er = emissivity of absorber surface

A compound parabolic concentrating (CPC) collector is covered with a
transparent cover and is tilted towards the south with the long axis in the
East-West direction. CPC has tilted in such a fashion that it receives both
beam radiations within the acceptance angle. Since in a CPC, the acceptance
angle (Bmay) 1s large it receives both beam and diffuse radiation. The receiver
can be of any shape, but generally, tubes are used which are selectively
coated and attached to the bottom The expression for the rate of useful energy

collection is given as [96]:

Uy
Quen = AaFr [l = () (Ta = T2)| (45)
Where, A, =D *L

The heat removal efficiency factor is given as [96]:

[ (Cy) (A.ULF)
Fr = ((ArUL)> [1 — exp (— —(rth) >] (4.6)

The collector efficiency factor is given as [96]:

(@)

F= (4.7)

(@ ()

Where, h=heat transfer coefficient inside the tube which can be calculated

from Nu [96].

Nu = 0.023Re®®Pro+ (4.8)
heiDy
Nu = —— (4.9)

The outlet fluid temperature is calculated from equation as:
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~ Qu
Teo = Tei + e, (4.10)
Te + T
tm = % (4.11)
mCe(Tro — Tr;)
T. =T, T ——— 4.12
r fm + hcinDr,extL ( )
Finally, the efficiency of the collector can be calculated from equation as:
Qu th
Ny = ——— 4.13
o Arlbeam ( )

Aperture (a)

\
v Acceptance
\\ half-angle |

\ Bc
\“/'i
Aperture (ar)

Figure (4.1): Schematic diagram of compound parabolic collector [95]

4.3 The Absorption Cycle

The absorption refrigeration cycle shown in Figure (4.2) is a closed cycle
where the working fluid remains within the closed system, and the interface
with the surroundings is at boundaries through which heat and work are
transferred.

The working fluid for the absorption system is a solution of refrigerant
and absorbent, which have a strong chemical affinity for each other. Heat

from a high-temperature source is added to the solution in the generator; as

72



Chapter Four | Theoretical Analysis

a result, a part of the refrigerant evaporates from the boiling solution (Point
7) which becomes stronger in absorbent concentration. Heat is removed from
the refrigerant vapor as it is condensed in the condenser. The liquid
refrigerant goes then to the evaporator via an expansion valve or a pressure

restrictor in the feeding pipes (Points 8, 9).

Qinvut Qremoue
l 7 I
Generator > Condenser
A
1
6 8
v
Heat Exchanger | Vi
/]
5 2
7 9
Pl |
4 g 3
v v
Absorber < Evaporator
l ) I
Qabsarher Qevaporator

Fig. (4.2) Schematic of an absorption refrigeration process

In the cycle of absorption cooling system is using a pressure transducer to
measure the small pressure difference between the high-pressure side of the
system (generator and condenser) and the low-pressure side (evaporator and
absorber).

Evaporation of the refrigerant liquid takes place in the evaporator. The
solution draws vapor away from the refrigerant surface and causes the

refrigerant temperature to fall until it can perform some useful refrigeration.
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The vapor leaving the evaporator (Point 10) is mixed with a strong
solution (Points 1, 2, 3) in the absorber, which comes from the generator
through the heat exchanger and expansion valves. Since this process is
exothermic, heat must be removed from the absorber to maintain its
temperature at a sufficiently low value to assure a high chemical affinity
between the refrigerant and the solution. The liquid solution, weak in its
affinity for refrigerant, is now pumped to the generator through the heat
exchanger so that the cycle can be continuous (Points 4, 5, 6). The heat
exchanger placed in the solution circuit between the generator and absorber
is used to minimize the sensible heat losses.

4.4 First Law Analysis

Figure (4.3) shows the energy transfers to and from the fluids of an
absorption system. The rate of heat transfers to the refrigerant in the
evaporator, denoted by Q., is the refrigerating capacity. The system rejects
heat Q, to the environment cooling water or atmospheric air from the
absorber and condenser. Heat Qg is added in the generator and work W, in

the pump.

Heating medium

Tu Pump
Wi
Qg P
Absorption
system
Qe @
T To
Refrigeration space Environment

Fig. (4.3) External energy transfers for an absorption refrigeration system
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The heat rejected to the environment is equal to the heat transfer Q, from
the absorber plus the heat Q. from the condenser. Under steady conditions,
the rate equation form of the first law for the whole system is :( Neglect K.E
and P.E)

Qa+Qc=0Q¢+ Qg +Wp (4.14)
The closed system is formed of a series of individual processes. Each

process can be analyzed separately from the system by applying the first law

to the component involved in the process. The steady state, steady flow

energy equation is

. . V2, . V2,

Q+W=m(he+7+gZe>—m<hi+7+gZi> (4.15)

Where Q and W are the rates of heat and work transfer across the boundary

of component.

m- is the steady flow of mass in and out of the control volume

h- is the specific enthalpy

V -the velocity

Z- Elevation

g- The acceleration due to gravity.

The subscripts i and e denote the states of inlet and exit of the component.
In refrigeration, the terms representing the kinetic and gravitational energy
changes are usually neglected when considering a particular component.
Equation (4.15) reduces to
Q + W = m(h,) — r(h;) (4.16)

Energy losses of real absorption cooling cycles are observed in:

(1) Heat transfer through a finite temperature difference.
(i1) Mixing in the absorption process and throttling through the valves.
(iii) Boiling in the evaporator and generator.

(iv) Heat losses to the environment.
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Neglecting the small work input to the solution pump, the coefficient of

performance of absorption cycles is

cop = & (4.17)
G

The system performance is improved if the absorber and condenser are
cooled in parallel streams instead of cooled in series. The parallel is better
because of the more temperature difference and more heat exchange. The
series is not as much temperature difference and hence less efficiency.

4.5 Second Law Analysis
The approach of lost work (or entropy production or irreversibility) is

selected to analyze absorption refrigeration cycles mainly because it focuses
more on thermodynamic systems and seems simpler to apply. Consider a
closed system performing a thermodynamic cycle and in thermal contact

with 7 heat reservoirs as shown in Figure (4.4).

T T2 |...|Tn

o1 Q2 On ¢

cycles

Fig. (4.4) Closed system in contact with » heat reservoirs [20]

W is the work done by the system, Q; the heat transfers across a portion i of
the system boundary and 7;is the corresponding temperature of that part of

the boundary.
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By the first law,

n

W= Z Q; (4.18)
i=1

By the second law,

ASsystem + ASpeat recerviors = 0 (4-19)
For steady state operation of the closed system executing a cycle,
ASsystem =0

For the surroundings;

n

Q.
ASyeat recerviors = Z <_ Tl
i

i=1
If equation (4.19) is written as an equality by introducing the term Sproq for

the irreversible entropy increase (or entropy production), then

n

Q.
ASsystem = Z (Tl) + Sprod
i

i=1
Or
Sprod = ~ 2L () 2 0 (4.20)
Lost work LW is related to entropy production S,rq by the expression
LW= T, Sprod
Where T, is the absolute temperature of the infinite surroundings. The lost

work of the considered closed system is

LW = —TOZ (%) 4.21)

Adding equations (4.31) and (4.34) produces
n
Te
LW+ W = ZQi (1 _F) (4.22)
i=1 i

The sum of the lost work and the useful work done by the system is the
work of a totally reversible system with heat exchange at the same

temperature levels other than T,.
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Wiey = LW+ W
Equation (4.22) may be obtained directly by using the general expression of

the reversible work for open systems [69],

LW+ W = Z(mb)j - Z (1 - ;) Qi — Alm(b — pv)]syst
i . i

j

Where m is the mass flow across portions of the system boundary and b the
availability function,b=h — T, S.

Application to a steady-state cycle exchanging heat with more than one
reservoir gives the same result as by Equation (4.22).
The irreversibility concept has also been used [61] to develop the second law
for the uniform state, uniform flow process. Appropriate simplifications
yield the equation for the thermodynamic cycle exchanging heat with n

reservoirs,

I=ZQ1(1—%>—W

Where 1, the irreversibility of the process, is defined as the difference
between the reversible work that could theoretically be produced and the
work that is actually produced.

For the absorption refrigeration process shown in Figure (4.5), the cycle

exchanges heat with four reservoirs as well as the surroundings.

From Equation (4.22),
5
To
(IW)eyee = D Qi (1= 5) = We
i=1 !
Or
(LW)eyete = Q (1 T°>+Q <1 ki >+Q (1 = >
cycle G TH C ch,l a ch’2
To
+ Qg (1 - —) - Wp (4.23)
T:

Where Qg, Qr are positive and Qc, Q., W, are negative
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7
> Condenser
ﬁ 8 ﬂ
] chl
I
9
\4
Absorber < Evaporator
ﬂ ; 10 :
chz T,

Fig. (4.5) Schematic of an absorption refrigeration process
The term for the heat transfer to the surroundings does not appear in
Equation (4.23) because Ti= T,. Similarly, if the temperatures of the cooling
mediums are equal to 7, (case of absorber and condenser cooled by
atmospheric air), then

(UWhyete = Qa (1) + Qe (1= ) - We (429)

r

Small capacity absorption refrigeration systems can operate without
mechanical pumps when the solution is circulated by use of vapor-lift pump.
For such systems there is no work input or output (W=0). When a mechanical
liquid pump is used, the work input is usually small.

There is however lost work in each individual component of the
absorption cooling cycle, which must be taken into consideration. The

overall cycle lost work is equal to the sum of the lost work of the individual
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processes. Consider the steady-state operation of the open system of Figure
4.6).

From the first law,

W=ZQj+Q°+Zmihi_Zmehe
j

From the second law,

Q Q
Sprodz_ . T;_T°+Zmese_zmisi
)

And

To
LW ==Q: = > Q-+ ) meTSe = ) mTS, (4.25)
: )
)

Applying equation (4.25) to each component of the absorption

refrigeration system gives the expression of the lost work in each individual
segment of the process. Referring to Figures (4.2) and (4.5) and taking the

external fluids at the boundary of, but outside of, the system,

Fig. (4.6) Open system in thermal contact with » heat reservoirs [20]
Te
LVVin generator — _QG T_ + rr17T°S7 + m1T°Sl - m6T°56 - Qlosses,gen (4-26)
H

Te
LWin condenser — _QCT_ + sz"(SS - S7) - Qlosses,cnnd (4'27)

cf,1
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Te
LWin evaporator — _QE ? + m10T°(510 - 59) - Qlosses,evap (4’-28)
r
Te
LWij absorber = —Qa Ty + m, TS, — myTeS;0 — m3TeS3 — Quossesabs (4:29)
cf,2
LWin pump — m5T°(SS - 54) - Qlosses,pump (430)

LWin heatex = M TeS; + mgTeSg — my ToS; — ms TS5 — Qjosses heat exch. (4-31)
LW yaives = MoTe(Sg — Sg)  and m3Te(S; — S,) (4.32)
The sum of the lost work for each individual segment should be equal to

the overall cycle lost work as given by equation (4.23). The principal sources
of lost work or irreversibility for the absorption refrigeration cycle are:

(i) Heat transfer through a finite temperature difference in the heat
exchanging components.
(i1) Mixing in the absorber. The refrigerant vapor and the solution, that are
mixed, differ with regard to temperature and to concentration.

(iii) Free expansion during the throttling process in the valves.

4.6 Thermodynamic Efficiency

One procedure of defining a second law-based thermodynamic efficiency
of absorption refrigeration processes is to devise an ideal system that
performs the same task as the actual system but in a reversible way and to
form the ratio of the coefficient of performance of the two systems.
Consider an ideal absorption system (Figure 4.8) operating among a heat
source temperature of Ty, a heat sink temperature of T, for heat rejection and
a refrigerated medium temperature of T,.

The ideal cycle operating with thermodynamically reversible processes
between two temperatures is the Carnot cycle. From Figure (4.7) the ideal
absorption cycle is a combination of a Carnot engine working between Ty
and T, and a Carnot refrigeration cycle operating between T;, and T..

For the Carnot engine,
Qe Ty

W Ty—T,
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For the refrigeration cycle,

%_ T
W T,—-T,
The COP of the ideal cycle is

Qe Ti(Ty—To)
(Cop)ideal - QG - TH(TO — Tr)

The maximum coefficient of performance for an absorption system is
equal to the coefficient for a Carnot refrigeration cycle working between T
and T, multiplied by the thermal efficiency of a Carnot engine working
between Ty and T,. In Figure (4.8), the COP of this ideal system is varied
over ranges of operating Parameters. It can be seen that a higher COP can be
obtained at lower heat source temperatures if the refrigerated medium is
maintained at higher temperatures and the heat sink is maintained at lower

temperatures.

Qo =Qc+ Qg +Wp

For the closed system performing cycles in steady state,

TH To

G ¢ . QC
W

0A QE

To Tr

Fig. (4.7) Ideal absorption cycle [20]
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Fig. (4.8) System COP of an ideal absorption cycle [20]

(As)system =0

Q.
(As)heat recerviors — Z (_ %)
i i

Qo
(As)surroundings = +T_
0

By the second law,

AS =—— ——4+—>0
( )total TH Tr + TO =

Rearranging the last equation,

Qc(Ty — To) - Qe(T =T, _
TH - Tr

Wp

or if we assume that Wp is negligible,
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cop= L LT T)
Qe ~ Tu(To—Ty)
And for an ideal system,
T.(Ty — T-)
COPgear = Ty(h —T)
The main task of an absorption cooling cycle is the removal of heat
from the refrigerated medium. If the work input is small, the second law
efficiency is

_ (QG)ideal

B (QG)actual

Qe
— (COP)ideal _ cop

Qg COPigea
(Cop)actual

And
(Y e(-p
w(Pn) (-

Consider now the absorption cycle shown in Figure (4.6) where the

(4.33)

(4.34)

system rejects heat to two reservoirs at Te; and Tef 2. By equation (4.22),

- ) +Qg(1- %) (4.35)

cf,2

Wiy = Qg (1-12) + Qe (1-72) + 0, (1 -

Tega

For the absorption cycle whose task is neither to produce work nor to
consume work, it can be observed that the terms on the right side of equation
(4.35) represent the possible accomplishments of the process plus the inputs
necessary to perform them. A general definition of second law efficiency has
been formulated as the ratio of the desired result to the inputs necessary to

accomplish that result [97].

_ ~e:(1-1)
n= T.

0 (1-15) + Qe (1~ 1) + Qa (1 - 75
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The minus sign appears because the two terms in the efficiency definition
will have opposite algebraic signs due to thermodynamic conventions. If the
temperatures Tecg; and Ter, of the cooling mediums are equal to the ambient
temperature T, then the efficiency expression reduces to the efficiency
formulation of equation (4.34).

4.7 Steady State Model

The governing equations used to evaluate the irreversibility in each
component follow.

Mmy,s = Mg + My, (4.37)
LiBr, balance
MyysXws = MggXgg (4.38)
Where mg, mys, m, are the mass flow of the strong solution, weak
solution, and water refrigerant, and X, Xy are the concentrations of LiBr,
in the strong and weak solutions.
The concentration is defined as the ratio of the mass fraction of LiBr in a
solution to the total mass of LiBr, and water contained in the solution.

P mass of (L;B;)
" mass of (L;B,) + mass (H,0)

From equations (4.37) and (4.38)

rrlWS XSS

= 4.39
myy Xss - st ( )
m X
—= = (4.40)

my  Xss — Xws
To perform thermal calculations on the absorption refrigeration cycle,
enthalpy data for the aqueous LiBr solution are needed. Enthalpy values are
dependent upon the choice of standard state of the constituents. The enthalpy
data that will be used for calculations in these investigations are based on a
reference state of zero enthalpy at 0°C for each of the two constituents, water

and lithium bromide.
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The conventional steam tables can be used in conjunction with the
enthalpy data of solutions since the reference state is also 0°C.
Using the notation of Figure 4.2, the steady state steady flow energy equation
(4.16) will be applied to each component assuming equilibrium states and
uniform temperatures.
(1) Generator: The rate of heat transfer to the solution is
QG = 17h; + My hy —mghg
But
m; =1, = m; = Mg
m, = ms = Mg = Mys

Ih7=l’h8=rhg=mw

Or
Qg = myh; + rgshy — myshe (4.41)
Where

h;=enthalpy of saturated strong solution at T; and X

he =enthalpy of weak solution at T and Xy

h; =enthalpy of saturated water vapor at T,

Generator temperature= T, = T7=Tg

(2) Condenser: The rate of heat transfer from the condenser is

Q¢ = tw(h; —hg) (4.42)
hg =enthalpy of saturated water liquid at Tg

Condenser temperature=Ts=T,

(3) Water pressure restrictor:

ho= enthalpy of water liquid at T

(4) Evaporator: The rate of heat transfers to the evaporator i.e. the

refrigerating capacity is
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QE = my(hyo — hy)
Qg = my(hyo — hg) (4.43)
hip=enthalpy of water vapor at T
Evaporator temperature=T;;=Tg
(5) Solution pressure restrictor:
h; =h,
h, =enthalpy of solution at T, and Xgs
h; =enthalpy of solution at T3 and X
(6) Absorber: The rate of heat transfer from the absorber is
Qa = mzh; + myohyo — myh,
Qg = tgsh, + mhywhy — Myshy (4.44)
hs=enthalpy of saturated weak solution at T4 and X

hip=enthalpy of saturated water vapor at Tg

T,=T,=Absorber temperature

(7) Heat exchanger: Assuming that heat losses to the surroundings are

negligible, the rate of heat transfer between the strong and weak solutions is
Qux = mss(hy —hy) = myys(hg — hs) (4.45)
(8) Solution pump: The power input to the pump is

Wp = iy (hs —hy) (4.46)

hs =enthalpy of weak solution at Tsand Xis.
The difference between h 4 and hsis not distinguished on the charts of specific
enthalpy of LiBr-water solutions as the temperature is approximately the

same.The coefficient of performance of the cycle is

COP = % — I'hW(th - h8)
QG rhwh7 + I:nsshl - IhWShG

87



Chapter Four | Theoretical Analysis

The second law efficiency of the cycle, given by equation 4.36, is
To
— 1 —_
_ Qs ( Tr)
N T

Te To
Qe (1-1) + Qe (1) + (1 -15)
Where

T,= average temperature of cold and hot space

Tuw,i+Thw,
Ty= average temperature of hot water= ————=

. TewitTcw
Ten,i= average temperature of cooling water= ——<W1e

T.p, .= average temperature of cooling water = TowzitTewze

T,= ambient temperature

Computer programs to be prepared, will examine the performance of LiBr,
absorption cycles through the model. Suitable analytical expressions for the
enthalpy of lithium bromide solutions and water refrigerant are needed.

The enthalpy of the binary solution is given [43] as a function of the solution
temperature and concentration.

h = 2.326(a+ b(1.8T + 32) + c(1.8T + 32)?) (4.47)
Where

h is solution enthalpy in kJ/kg, T in °C,

a=-1015.07+ (79.5387) X-(2.358016) X+ (0.03031583) X3-(1.400261E-4) X*
b=4.68108-(3.037676E-1) X+ (8.44845E-3) X?-(1.047721E-4) X3 + (4.80097E- 7) X*
c=-4.9107E-3+ (3.83184E-4) X- (1.078963E-5) X* + (1.3152E-7) X* -(5.897E- 10) X*

The equilibrium solution temperature is [39]

T= (a0 + a1 X + a: X2 + a3 X3) T+ (be + by X + by X2 + b3 X°) (4.48)
Where, T is the saturation temperature of water (°C)

ao= - 2.00755 b, =124.937

a=0.16976 b=-7.7165

a=- 3.13336E-5 b,=0.152286

a3 = 1.97668E-5 bs=-7.9509E-4

Range: -20-< T< 110°C

5-<T< 180°C
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45% <X <70%

Where X is concentration

The enthalpy of water refrigerant is given [23] in simplified form. For

water liquid

hy = 4.19(T — T,) 11:—; (4.49)

T is the temperature and T, the datum temperature, 0°C.
For water vapor at low pressure
K]
h, = 2501 + 1.88(T — T,) k_g (4.50)

The absorber and evaporator are assumed at the same pressure at
equilibrium though in actual processes a small pressure is necessary.
Therefore, the evaporator pressure or temperature and the absorber
temperature define the concentration, Xys of the weak solution in the
absorber.

Concentrations Xys at the absorber and evaporator temperatures of
interest are taken from the available charts [43] and used as input for running
performance tests.

The condenser and generator are assumed to work at the same pressure at
equilibrium. The condenser temperature and concentration of the strong
solution in the generator, X, can determine the generator temperature using
equation (4.48). The generator temperature may vary from a minimum to a
maximum. The minimum is because the solution starts to boil and vapor is
produced only above the saturation temperature of the solution.

The maximum value is due to crystallization of the solution. Different
crystallization lines are given in the literature. For the purpose of this study
the exact value of the strong solution concentration, Xss, at which the

maximum generator temperature is calculated, is not critical. A maximum
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concentration of 64.9% was taken using charts of equilibrium vapor pressure
of aqueous solutions of lithium bromide [43].

The evaporator temperature varies from the theoretical value of 0°C
(water solidifies at this temperature) to the highest practical limit of 10°C for
a useful refrigeration effect.

The absorber and condenser temperatures depend on the cooling water
conditions and are within the reasonable range of 20°C to 40°C.

While, the ambient temperature is taken as 25°C or 40°C, the heat
exchanger is included in the study through its effectiveness. The heat
exchanger effectiveness, HX, is defined as the ratio of the temperature drop
of strong solution to the temperature difference of the strong and weak

solutions entering the heat exchanger.

m:E:E

But

Ts =T, =T,

So that

T, = (HX.T,) + (1 — HX)Tg (4.51)

4.8 Dynamic Model

Lumped-parameter dynamic simulation of a single-effect LiBr-H,O
absorption chiller. The model is used to solve simultaneous differential
equations involving the continuity of species constituting the LiBr-H,O
solution, momentum equations, and energy balances. This study deals with
the dynamic analysis of a single-effect absorption chiller by considering the
effect of quality on the solution concentration. Dynamic approach can be
applied for controlling purposes. The fourth order Range-Kutta method is
selected to solve the simultaneous equations deduced from continuity,
momentum, and energy balances. The results inferred from the dynamic

analysis are compared with the data from the steady-state condition.
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Obtaining major parameters such as coefficient of performance, second law
efficiency as a function of time.
4.8.1. Governing Equations

The schematic diagram of a single-effect LiBr-H,O absorption chiller
is illustrated in Fig. (4.5). Each main component is characterized by a single
pressure, temperature, and concentration. The governing equations for the
dynamic analysis are:

Mass continuity:

d(M;)

T = My, — Mgyt (4.52)

Continuity of LiBr and water species:

d(MaZy) . )

T - m3X1 - m4X4 (4.53)
d(MgZg) . )

T = m6X4 - m1X1 (4‘.54)
Momentum:

diy | 1pmiliul _ A p 455

dt 2 ipiAiDi - Ll( ) ( ’ )
Energy balance:

d(Mh;) h T 5
T = My Njp — MeoyNoyt + Qi (4' 6)

The concentration of solution at the exit of the absorber and generator is
a function of the quality and solution concentration in the generator and

absorber respectively:

X, = 26 457
LA quy (437)
X = Aoy (4.58)

Now, Equations (4.59) and (4.60) lead to
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Z

d(MaZy) Zg . A

& Mo Que M- Qu (459)
d(MgZg) | Za . Zg

@ Mo quy M- qQug) (4.60)

Z stands for the concentration of solution at the generator and absorber. X
is the concentration of solution at the exit of the absorber and generator. As
the quality approach zero, the amount of Z will become equal to X. The

following equations can be applied for the expansion valve and the pump.

1 1 .

Eimmdmﬂ =R - RO (4.61)
v

AP = ao + almi + azmi 2 (4‘.62)

Where & is the expansion valve friction factor, which is assumed
constant. Ay is the smallest cross-sectional area of the expansion valve. ag,
a; and a, can be obtained from the characteristic curve of the pump. To solve
the simultaneous differential equations, a trial and error process is needed to
calculate the pressure, temperature, and quality of the main components. In
the second stage, the properties at other state points of the cycle can be
obtained from the initial conditions. These amounts are used to solve the
simultaneous differential equations and the amounts of parameters at the next
step can be calculated. This process is repeated until the convergence
criterion is satisfied.

The exergic efficiency represents the reversible performance of the cycle
and is defined as the ratio of total exergy taken from the system to the total
exergy given in the system [98].

n — AEtaken —1_ Z AEloss
second AEgiven Z AEgiven

(4.63)
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CHAPTER FIVE
RESULTS AND DISCUSSIONS

The results are divided into two parts for ease of presentation and
discussion.

A-The Experimental Study Results

It is grouped into two parts
1-Solar radiation parameters, which includes incident radiation intensity
and air temperature.
2-Solar absorption cooling system parameters which includes compound
parabolic concentrator(CPC) with collector parameters, generator and
evaporator pressure, the temperature at a different location in the cooling
cycle, system coefficient of performance and effect of operating parameters
on COP.
B-The Theoretical Study Results

A mathematical algorithm and a computer program are developed to
solve the governing equations to predict all the above-mentioned
parameters. The predicted results are compared with measured results to
validate its correctness.
5.1 Experimental Results.
5.1.1 Total Solar Radiation

In this study, a WATCHDOG 2000 series weather station is used. The
station is installed at Babylon University site on the roof of a two-story
building so that no high structure or other possible obstacles affect the data
accuracy especially wind speed and direction. The station collects the
following metrological parameters (Solar radiation, Air temperature, wind
speed, wind direction, wind gust, rain quantity and relative humidity). All of
these data are collected immediately at the end of a pre-set period. The data
are fed to a PC through an interface cable. In the present study, the data are

collected at each 10 min period. The minimum instantaneous total solar
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radiation is recorded in 21% December which is (572) W/m? and maximum
recorded instantaneous total solar radiation are in 21% June which is (927)
W/m? for year 2016 at 12:30pm. The maximum weather temperature is
(50°C) on 29/6/2016 at 14:52.

Figs. (5.1-5.4) show the measured instantaneous total daily solar radiation
and air temperature for the selected days during, June 21, September 21,
December 21 and March 21, for the year 2016 as a sample of measured data.
The maximum instantaneous total solar radiation is on June 21
corresponding 927 W/m?. The maximum air temperature at this day is 43°C.
The data of the incident radiation shows that at Hillah city in Iraq (32.4°
latitude, 44.4° longitudinal) the climate features that the highest air
temperature, and solar radiation occur during summer months, especially in
May, June, July, and August. The results of March 21 and September 21 refer
to the spring and fall equinox where the sunrays are perpendicular to the axis
of daily rotation and the length of the days and nights everywhere are equal.
Also, the Solstice occurs twice each year (June 21 and December 21). The
figures show the maximum total solar radiation and air temperature are (927
W/m?) for June 21 at 12:04 pm, (300W/m?) for September 21 at 11:55 am.
The maximum temperature of June 21 and September 21 are (43°C, 34°C)
respectively. The figures also show the maximum instantaneous total solar
radiation occur for 21-March,21-June,21-September, and 21-December are
(12:09 pm,12:04 pm,11:55 am and 12:00 pm) respectively. The temperature
of the air continues increasing even after the solar radiation reached its
maximum value and starts decreasing temperatures. The rises gradually after
sunrise, heating the surface of the earth and the amount of heat gained is
higher than the amount of heat loss. Which is responsible for raising earth
environment temperature and air temperature.

This situation continues until the balance is achieved at 2:00 pm, where

the maximum temperatures are usually recorded. This balance occurs at
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midday, i.e., at noon when the sun is in the sky, because the sun is close until
2:00 pm to the vertical state and still. The amount of heat gained by the earth
is higher than the amount of heat loss.

After this time, the solar radiation energy is repduced by the deviation of
the sun from the meridian line, and the radiation becomes very gradual and
gradual. The amount of solar radiation gained by the earth increases as a
result.

These Figs. show the maximum daily solar radiation occurs after mid-
day in winter season, while in summer season occurs around noontime due
to a long summer day. The figs. also show that the air temperature
continues to increase even after the maximum daily solar radiation is
reached.

Fig. (5.5) shows a comparison between measured instantaneous total
solar radiation on 21-June and 21-December 2016.The total solar radiation
on 21-June is higher than 21-December because the declination angle is
(23.28° and 0.637°) respectively. The day length on 21-June and 21-
December are (14.14 and 9.58) Hours respectively.

Fig. (5.6) shows measured instantaneous total solar radiation and air
temperature during the 21" for (March, June, September and December),
2016. The figure shows the maximum instantaneous total solar radiation,
and air temperature occur at 21% June (927W/m? and 43°C), and minimum
occur at 218 December (572 W/m? and 11.5°C). Also, the figure shows the
time at which the maximum instantaneous solar radiation and maximum
temperature of the air, which usually happens between 11:55 am and

12:15pm.
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5.1.2 Collector Loop Performance (CPC)

The collector loop consists of the CPC, the flat plate receiver with the
serpentine water pipes, the pump and the storage tank. The studied
performance parameters include, receiver surface temperature, efficiency
curve, exit water temperature and collector efficiency, the test are done with
and without water circulation.

Fig. (5.7) shows the variation of receiver surface temperature from
mooring to evening i.e. (8:00 am to 15:00 pm) at 21" for (March, June,
September and December). The temperature in the morning increases
gradually because of the increasing in the intensity of the radiation until the
sun reaches its maximum peak at noon and the temperature is slowly
decreasing after the back because of the lack of solar radiation throughout
the day. The figure shows that the maximum collector receiver temperature
occurs at 21-June at 13.17 pm after maximum solar radiation, which is
(148°C). The higher temperature at this time is due to higher instantaneous
solar radiation. Also, the minimum collector receiver temperature at 21-
December at (13.12pm), after maximum solar radiation, which is (91°C)

Fig. (5.8) shows that the receiver temperature reaches its maximum value
at about 13:00 pm. The receiver temperature peaks after the maximum solar
radiation. It is obvious from a recorded temperature that there is a good
feasibility of using solar energy in absorption cooling systems. The figure
shows a comparison of the temperature of the receiver during the year 2016
with or without the circulation of hot water. Without the flow of hot water,
the temperature of the solar receiver collector is about 148° C in 21-June.The
temperature increase from (21-January to 21-July) because of increasing
solar intensity. With the flow of hot water, the maximum receiver
temperature about is 98° C.

Fig. (5.9) shows the collector performance curve which is the relation

between experimental efficiency and operating point or efficiency function,
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where the (y= -3.1667*X+0.67 with corresponding determination R?
=0.9998), (UL = 3.25 W/m’. k) and optical efficiency is 0.67. The overall
loss coefficient (UL) is an indication of heat loss from the collector. The
overall loss coefficient for the flat plate collector [59] is higher than CPC
that refers to less heat loss from receiver plate and edges.

Fig. (5.10) illustrates the calculated efficiency of the solar collector in
summer and winter seasons at a different mass flow rate (0.0277 kg/s and
0.0377 kg/s) and measured total solar radiation. The figure shows that the
measured efficiency increase when increasing mass flow rate. The figure
shows the increasing measured total solar radiation refer to increase the
efficiency of collector. The efficiency increase from (0.48-0.63) at mass
flow rate 0.0277kg/s and from (0.49-0.66) at 0.0377 kg/s.The maximum
efficiency is during summer season.

Fig (5.11) demonstrates that it is possible to get hot water during winter
season at a temperature of about 80°C, and during summer season, the water
temperature could reach as high as 98°C, while the air temperature varies
from about 20°C to 50°C. The figure illustrates that the increasing in
instantaneous total solar radiation lead to increase the air temperature. The
increasing in the instantaneous total solar radiation leads to increase
absorption of radiation on the receiving surface refer to raises the

temperature of the water in the loop of the solar collector.
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5.1.3 Absorption Cooling System Loop

In this section the results of solar absorption cooling system tests are
presented and discussed including both LiBr-water pairs and the diethyl
ether-ethanol pairs
5.1.3.1 Lithium Bromide-Water Solution Performance

The LiBr-water solution results are presented and discussed in this
section. Water acts as the refrigerant and LiBr acts as the absorbent. The
solution consists of 50% water and 50% LiBr by volume which means that
the solution concentration is 50%. The Lithium bromide-water solution is
prepared in the laboratory. The quantity required to be charged in the
generator and part of the absorber unit and part of the heat exchanger is 16
liters. The solution concentration by weight is 12.8 kg, and the density of the
solution is approximately 1600 kg/m?®. The concentration by volume is about
8 liters. The mixing process is done by mixing the lithium bromide in the
distilled water with the continuous stirring during the preparation process.
The lithium bromide dissolved instantaneously with slight stirring at normal

condition. The process is accompanied by increase the solution temperature
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is about 30 °C (exothermic reaction). The solution has been cooling to the
lab temperature before charging to the generator.

5.1.3.1.1 Variation of Temperatures and Pressures

To evaluate the experimental solar cooling system performance with the
amount of solution (lithium bromide-water) 16 liters with solution
concentration 50%. During the experiments, the pressure and temperature
are the main parameters, the pressure is logged every 60 seconds, and the
temperature is recorded every 300 seconds. The temperatures, mass in
(generator and condenser) and the pressure are measured.

Figs. (5.12-5.14) show that the water vapor temperature, pressure and
mass within generator and condenser. The pressure and temperature of
generator increase until reach the steady—state because continuous type
system. The maximum pressure and temperature reach to over 7 kpa and
92°C respectively during the 21-June. Also, the maximum pressure and
temperature reach to 6.6 kpa and 88°C respectively. The difference between
the results of 21-June and 21-October due to the lower of solar radiation as
well as the temperature of the air where the angle of declination on 21 -June
is 23.45°, while on 21-October is -11.087°. The mass of the generator
gradually decreases due to the process of evaporation within the generator
while the mass within the condenser incrementally increases because of a
condensation process. The evaporated mass is equal to the condensed mass
of the condenser.

The condenser is cooled by water to increase the rate of condensation,
the volumetric flow rate of cooling water (1000 L/h). The water cooling
loop begins from absorber unit to the condenser unite to increase the rate
of absorption in the absorber unit and the rate of condensation in a
condenser unit to reach high coefficient of performance. The ambient
temperature is measured at the site during the test hours. For the summer

test days of the experimental part, higher temperatures are observed during
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the daytime occurs between 10:30 am and 13:30 pm, since the higher
measured solar radiation during the test period exhibited between 11:30 am
and 13:30 pm with a peak occurring at about 11:00-12:00 o'clock. An
increasing in outlet vapor temperature is noticed during early hours of the
day until it reaches maximum values around solar noon when total solar
radiation values are the highest. The temperature of the generator reaches
95°C in June, July, August day, where the maximum recorded ambient
temperature is 50°C during the test. The evaporator temperature reaches
16°C. It is noticed that the temperature inside the receiver increases as

ambient temperature increases or when the solar intensity is abundant.

During the cold months as for December, January, February, the
maximum pressure of released water vapor reaches to 6.5 kpa, and this
value is good enough for the unit operation. Also, the temperature of the
generator is more than the vapor solution temperature, since the generator

represents the source of heating to the solution

Fig. (5.15) shows the variation of temperature difference across
evaporator with daytime for the 21-June note that the process of
evaporation gradually increases until it reaches its highest value at noon
when the intensity of solar radiation increases and lead to raising the
temperature of hot water into the generator, which leads to an increasing in

cooling rate

Fig. (5.16) shows the increasing in generator temperature refers to the
increasing the generator pressure, thus increasing the cooling rate in
evaporator unit (decrease in the temperature of the evaporator). When
increasing the generator temperature refers to increase the amount of water
vapor release. The air temperature depends on the intensity of solar
radiation, so the more solar radiation increased the temperature of the air

and kept the temperature of the air high after the peak of solar radiation.
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The pressure of generator, generator temperature and the evaporator

temperature are (7.7 kpa, 96°C, and 16°C) respectively.
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Fig. (5.12). Measured variation of temperature of generator and condenser with
time at 21'" of June and October 2016
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Fig. (5.13). Measured variation of pressure of generator and evaporator with time
at 21'" of June and October 2016
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Fig. (5.14). Measured variation of mass in generator and condenser with time at
21" of June and October 2016
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Fig. (5.15). Measured variation of evaporator temperature with time at 21" of June
2016
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Fig. (5.16). Measured variation of generator, evaporator and ambient temperature
with generator pressure at June month, 2016

5.1.3.1.2 Coefficient of Performance (COP)

The coefficient of performance of solar-powered absorption cooling
system (COP) depends on the amount and the state of refrigerant (water)
collected. The range of COP is (0.31-0.72) for concentration 50% (water-
lithium bromide). The high concentration releases more water vapor as well
as the high pressure difference between evaporator and condenser since at
any refrigeration system the coefficient of performance increases with
increasing the pressure difference between evaporator and condenser (or
generator).

Figures (5.17& 5.18) show the relationship between the coefficient of
performance and the temperature of the generator on 21%June and
21%'October. These figures show the coefficient of performance increases
by increasing the temperature in the generator. Note that the performance
coefficient reaches its maximum value at 0.72 a temperature of 90°C on
21%June and the performance coefficient is slightly lower than that on
21%'October 0.68. This is because of the intensity of solar radiation in

October month lower than June month. The temperature must be
108



Chapter Five | Results And Discussions

maintained in condenser and absorber the index to reach a high
performance coefficient. Also, discussed the overall performance
coefficient with the temperature of the generator and note that the overall
coefficient of performance at a temperature of 90°C on 21-June is 0.42
while, on 21-October is 0.41.

The reason for increasing the coefficient of performance with high
temperature of generator is to increase the evaporation rate of water vapor
in generator unit.
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Fig. (5.17). Experimental COP with generator temperature at 21" of June and
October 2016
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Fig. (5.18). Experimental overall COP with generator temperature at 21" of June
and October 2016
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5.1.3.2 Diethyl Ether-Ethanol Solution Performance

The second part of the solar absorption cooling system test is the results
of the Diethyl Ether-Ethanol pair test result. The same system is cleaned and
flashed by clean water from the LiBr-water solution and recharged with the
new solution. The diethyl ether acts as the refrigerant, while ethanol acts as
absorbent. Three mixture concentration are tested, namely 40%, 50%, 60%
by volume, which means 40%, 50%, 60% of the mixture is diethyl ether.
The physical properties of diethyl ether and ethanol are shown in the table

below
Table (5.1) Physical properties of diethyl ether and ethanol
Diethyl Ether Ethanol
Formula (C2Hs)20 C2HsO
Molar mass 74.12 g/mole 46.06844 g/mole
Density 713 kg/m® 789 kg/m?
Normal boiling point 34.6°C 78.37°C
Normal melting point -116.3°C -114.1°C
Enthalpy change 27.530 kJ/mol at 11.85°C
of vaporization 27.247 kJ/mol at 22.48°C 3856 kl/mol

The diethyl ether-ethanol is prepared in the laboratory. The boiling
temperature of diethyl ether is 34 °C.to prevent evaporation the diethyl ether
in lab temperature put the diethyl ether bottles in ice box to drop the
temperature. Also, drop the temperature the unit of absorption system. After
the temperature is lowered mixing with ethanol according to concentration
is selected. The quantity of solution required in absorption cooling system is
16 liters.

After reach the cooling temperature of diethyl ether to 14°C mixing with
ethanol and continuous stirring in order to give homogenous solution
according to concentration is selected. The quantity of solution required in

absorption cooling system is 16 liters.
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5.1.3.2.1 Variation of Temperatures, Pressures and Coefficient of
Performance (COP)
Figs. (5.19-5.20) show diethyl ether vapor temperature and pressure

increases with increment of the solar radiation during 21-July. The maximum

pressure and temperature reaches to over 3.1 bar and 71°C respectively
during summer season. For the summer test days of the experimental part,
higher temperatures are observed during the daytime occurs between 10:30
am and 12:30 pm. An increasing in outlet vapor temperature is noticed during
early hours of the day until it reaches maximum values around solar noon
when total solar radiation values are the highest. After that at the afternoon,
outlet vapor temperature decreases due to the increase in the incident

angle which causes a decreasing in solar incident on the module. The
temperature of the generator reaches 71°C in June, July, August day, where

the maximum registered ambient temperature is 43°C during the test.

Fig (5.21) shows the generation temperature of released diethyl ether
vapor is low due to the high amount of the diethyl ether vapor released at
high concentration, while the low concentration needs more temperature to
begin releasing diethyl ether vapor due to the high amount of ethanol in the
low concentration solution. The increase of ethanol concentration in the
solution leads to high boiling temperature for the solution.

Fig (5.22) shows that high pressure at high concentration and vice versa,
since the high amount of diethyl ether vapor released at high concentration.
The different in pressure and temperature for the same concentration

depends on weather conditions due to the different days in July for tests.

Fig (5.23) shows the (COP) for the solar continuous absorption system
operating with diethyl ether-ethanol solution for different solution
concentrations (40%, 50%, and 60%). It can be observed that high

performance is obtained at high concentration due to large amount of
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diethyl ether vapor produced. The range of COP is 0.57-0.81. The high
concentration gives more released diethyl ether as well as large pressure
difference between evaporator and condenser, since at any refrigeration
system the coefficient of performance increases with increasing the
pressure difference between evaporator and condenser (or generator). The
evaporator pressure from (0.37-0.7) bar, the evaporator temperate range (20
-9)°C

Fig (5.24) shows the variation of evaporator temperature with daytime
for the 21-July note that the process of evaporation gradually increases until
it reaches its highest value at afternoon when the intensity of solar radiation
increases and lead to raising the temperature of hot water into the generator,

which leads to an increase in cooling rate.
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.Fig. (5.19). Experimental generator temperature with time at 21" of July 2016
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Fig. (5.20). Experimental generator pressure with time at 21" of July 2016
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Fig. (5.24). Measured variation of evaporator temperature with time
at 21" of July 2016
5.2 Theoretical Results.

The theoretical results include the prediction of total incident solar
radiation, the solar angle, the collector loop performance and the solar
absorption cooling system performance. The prediction of performance
involved the solution of the governing equation (mass and energy
conservation) for each system component. The results are validated and
compared with corresponding measured results.

5.2.1. Total Solar Radiation

Fig. (5.25) shows the predicted annual maximum daily solar radiation.
Fig. shows that the maximum annual daily solar radiation is obtained during
summer months since solar radiation is incident at month normally on earth
surface. The fig. also shows comparison between measured and predicted
annual maximum daily solar radiation. The comparison indicates good
agreement which also proves the validation of the predicated results. The
maximum solar radiation occurs in 21-June is (983.182W/m?) and minimum
solar radiation in 21-December is (370.057 W/m?). The predicted and

measured total solar radiation for the 21* day of June month are (983.182
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W/m? and 927 W/m?) respectively. The calculated solar radiation value is
slightly higher than the radiation measured by 5.7%.

Fig (5.26) presents the daily variation of direct normal solar radiation for
the 21*'day of each month during year 2016. The figure shows that June, July
has the highest value of direct normal solar radiation which reaches 950
W/m?. These results indicate that solar radiation may satisfy the power
demands of the following applications: -solar heating, solar refrigeration,
and conditioning, solar desalination, solar photovoltaic, etc.

Fig. (5.27) shows the variation total solar radiation, beam solar radiation,
diffuse solar radiation and elevation angle during year for 21% for each
month at 12:00pm. The total solar radiation increases when increasing the
elevation angle. Also, the diffuse radiation and beam solar radiation
increased. The maximum value of elevation angle at 21-June (80.99°) and
total solar radiation, beam solar radiation and diffuse solar radiation
(983.182 W/m%861.912 W/m? and 127.27 W/m?) respectively. The
minimum values of elevation angle, total solar radiation, beam solar
radiation and diffuse solar radiation occur on 21-December (34.146°,

370.057 W/m?, 307.78 W/m?and 62.277 W/m?) respectively.
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Fig. (5.27) Total solar radiation, beam solar radiation, diffuse solar radiation and
elevation angle for the 21" day of each month at 12:00pm, year 2016

5.2.2. Solar Angles

The sun location varies in the sky from day to day and from hour to
another. The earth rotates every 24 hours about its axis, which is tilted at an
angle various from (-23.45 to +23.45) degree to the plane of the ecliptic. The
earth moves around the sun in the elliptical shape, and the earth makes a
revolution around the sun yearly. It is well known that the sun is at its high
position in summer than in winter. All the above facts make the relative
motions of the sun and earth are not simple, but predictable. The solar
azimuth angle is the compass direction from which the sunlight is coming or
is the angle of the sun rays measured in the horizontal plane from the south
for the Northern Hemisphere or from the north for the Southern Hemisphere
(Negative in the morning and positive afternoon). The daily variation of
azimuth angle is shown in Figs (5.28-5.31). The value of solar azimuth angle
varies from 76.285° to 282° (deg. CW from N) during 21-June month, while
the values of 21-December are from 117.51° to 242.31° (deg. CW from N)
depends on the length of the day and local time. Also, the figs show the
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elevation angle and the zenith angle Also, the figures show the sunrise,
sunset and solar noon (5.45 am, 11.54 am and 5.51 pm) for 21/9/2016 as a
sample.
Another important angle in the design of a solar system is the maximum
elevation angle (), which is, the maximum height of the sun in the sky at a
particular time of the year. The maximum elevation angle occurs at solar
noon and depends on the latitude angle (®) and declination angle (3), as
shown in the Fig. (5.32). The figure indicates that the maximum elevation
angle varies from 34.146° in 21-December to 80.99° in 21-June. The
elevation angle increases directly with declination angle.
The zenith angle (0,) is the angle between the solar ray and the vertical
normal to the horizontal plane. The zenith angle is related to the elevation
angle, but it is measured from the vertical rather than from the horizontal,
thus making the zenith angle = 90° - elevation.
Also, the fig. (5.32) shows that as the season changes from Winter to Spring
and then to Summer, the sunrise and sunset points move gradually northward
along the horizon. In summer season especially May, June, July, August, the
day gets longer as the sun rises earlier and sets later. The solar azimuth angle,
elevation angle, and zenith angle describe the sun position in the sky fully.
Figs (5.32, 5.33) show the maximum elevation angles at June and July
with minimum zenith angle for the same months. Also, the above figures
show that December and February have the minimum elevation angle. So, it
is essential for any solar study to know the location of peak solar radiation

and time during the day.
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5.2.3 Collector Loop Performance

The performance of the solar collector is analyzed theoretically. Fig.
(5.34) shows the total solar radiation, useful heat and absorbed radiation
during the year 2016 at 21%.The absorptivity of receiver, effective
transmissivity and transmissivity of the cover are effected parameters on the
absorbed radiation. At 21-June the total solar radiation is (983.182W/m?) and
absorbed radiation (694.14W/m?). Fig. (5.35) shows the fraction of useful
heat from total solar radiation. The higher fraction at noon (0.642). Fig.
(5.36) illustrates the variation of mean temperature with useful heat at a
different mass flow rate. The figure shows increasing mass flow rate refers
to increasing useful heat and decreasing mean temperature. Fig. (5.37) shows
comparison between theoretical and experimental efficiency of the collector
at mass flow rate 0.0277 kg/s. The figure shows the theoretical efficiency
range from (0.68 to .72) and experimental efficiency form (0.48 to 0.68). Fig
(5.38) shows the predicted and measured with useful heat at different mass
flow rate at 21* of each month year 2016. Fig (5.39) shows the predicted
solar radiation with hot water temperature with time at 21-July, the year
2016.The fig. shows when increasing total solar radiation increase hot water
temperature refers to increasing absorbed solar radiation. Also, the figure
shows the hot water temperature variation for the solar-powered absorption
cooling system for the day 21" of June. It can be observed that the maximum
temperature of hot water reaches to (371 K)). The figure also shows that the
maximum total solar radiation and absorbed radiation at 11:00 A.M are
983.182W/m? and 694.14W/m?, respectively. The predicted and measured
total solar radiation are 983.18 W/m? and 927W/m? respectively at the same
day (21™ June) with error percentage 4.6%. The reason for the difference in
early hours of the day, since the solar refrigeration system works under real
conditions such as wind, dust, variation in solar radiation as well as a change

in environment temperature.
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5.2.4 Absorption cooling system performance

Fig. (5.40) shows the COP and circulation ratio (mass flow rate of
refrigerant/mass flow rate of strong solution) with absorber temperature. The
figure shows that as the absorber temperature increases the COP decreasing
which the circulation ratio increases because when the temperature of
absorber increases the absorption process in absorber unit is incomplete
(small heat rejected from absorber unit). In the absorber, the concentrated
solution is brought into contact with the vapor supplied by the absorption

process occurs if the absorber is cooled by an external sink.

Fig. (5.41) shows the effect of absorber temperature on heat rejected from
absorber and lithium bromide concentration in the absorber. When the
absorber temperature increases the concentration of lithium bromide
increases because incomplete absorption process occurs in absorber while
the heat rejected is decreased. When the absorber temperature increases, the
generator thermal load increase with a constant evaporator thermal load,
therefore the COP decreases. It is shown that the decreasing of the absorber

temperature causes significant increasing in COP.

Fig. (5.42) shows the effect absorber temperature on the heat amount
from generator, condenser, evaporator and heat exchanger. When the
temperature of absorber increases the absorption process inside absorber is
incomplete. The increasing in the temperature of the absorber unit refers to
increase the temperature of the solution lithium bromide- water inside the
absorption unit and thus affects the absorption process between the
evaporator unit and the absorber unit. The amount of solution that goes into
the generator has a strong solution, and thus the amount of transfer heat to
the solution is small, which affects the process of evaporation.

Fig. (5.43) shows the effect of the temperature condenser on the

coefficient of performance and circulation ratio. The high temperature of
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condenser lead to the exchange of heat between the cooled water and steam
is a little, and thus the process of condensation is incomplete. Which leads
to a low coefficient of performance. Fig. (5.44) shows the relationship
between the pressure and the temperature in the generator for the diethyl
ether. The high temperature in the generator leads to the generation of steam,
and the temperature of the boiling point of Diethyl ether is low, so the steam
pressure is high by evaporating a high quantity of steam inside the generator
unit.

Fig. (5.45) shows the variation of the exergy loss rate of the different
components. As shown in the figure, the absorber has highest exergy loss
rate among the different components. The worst component from the
viewpoint of the exergy loss rate in the single- effect system is the absorber
followed by the condenser, evaporator, solution heat exchanger and the
generator. That shows the absorber is the component needs the maximum
improvement in design to reduce the exergy loss rate and so reduces the
irreversibility.

Fig. (5.46) shows generator temperature effects the ECOP. It can be seen
that the trend of the ECOP is not similar to that of the COP. The ECOP
increases first and then decreases with a further increasing in the generator
temperature. By expanding the generator temperature, the amount of exergy
entering the system is increased. This causes more steam to separate from
the LiBr-water solution. This increases the refrigerant flowrate, and exergy
leaves the system. Although this has a positive effect on the system, the
temperatures of the condenser and absorber are increased with this effect.
The results of this effect cause the destruction of exergy in the cycle and
decrease the ECOP. Therefore, at the beginning of the cycle, ECOP
increases with the increasing in generator temperature, but gradual

destruction of exergy causes the ECOP to decrease.
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Fig. (5.47) shows the difference of lower temperature in evaporator unit
with time during June 2016.Also, the figure explains different working fluid
pairs, i.e. (Diethyl ether—ethanol and lithium bromide-water). The difference
of lower temperature in Diethyl ether-water is higher than lithium bromide-
water at the same concentration 50%. The duration of evaporation of diethyl-
ether is less than the period of evaporation of pure water because the degree
of boiling diethyl- ether is 34 while the boiling water level is less than 100.
The system in the case of lithium-bromide-water operating under vacuum
pressure so that the amount of steam released in case diethyl-ether is higher
than water and therefore the cooling rate is higher, also higher the coefficient
of performance is shown in fig. (5.48)

Fig. (5.49-5.50) show the comparison between theoretical and
experimental the coefficient of performance for solar powered absorption
cooling system. The comparison is achieved for different days of June with
16 liters of lithium bromide-water. The experimental COP is between "0.35
to 0.72" while the theoretical COP is between "0.39 to 0.76". The
experimental performance for the present study satisfies the results of
another researcher such as [20] and [73] who built and tested a purpose
designed solar diffusion absorption refrigerator. The COP of [13] is lower
than another researcher because the system is intermittent solar absorption

system and a small quantity of ammonia.
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CHAPTER SIX
CONCLUSIONS AND SUGGESTIONS FOR FUTURE
WORK

6.1 Conclusions

The solar energy uses for cooling purposes is an attractive prospect;
the key factor for this application is the availability of solar energy for a
specific location and climate and suitable cooling technology. Currently,
flat plate or compound parabolic concentrator collectors with absorption
cooling technology could be used for solar cooling systems, as an
alternative to fossil fuel-based conventional electrical powered cooling
systems. For hot climates like Iraq, a solar cooling system could be a
sustainable, clean, and viable system to meet cooling energy demand. The
following conclusions have been drawn from the results of the present
study:
1. The compound parabolic concentrator (CPC) is efficient for solar
powered absorption cooling system working in conditions as Iraq

weather during summer and winter seasons.

2. The continues absorption cooling system using two pairs as a working
fluid (lithium bromide —water and diethyl ether-ethanol) with the high,
released amount of (water or diethyl ether) vapor is possible to satisfy

the home requirement in the rural area.

3. The increasing in the amount of (water and diethyl ether) vapor released
for the new amount of working pair fluids is possible at current weather

conditions due to high temperature and pressure.

4. The increasing in the refrigerant concentration in solution leads to
release more (water and diethyl ether) vapor at the generator supports
refer to the increasing in the coefficient of performance by increasing

the pressure difference between condenser and evaporator.
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5. The absorption cooling system work at the range of temperature (65-95)

°C is suitable in the hot area

6. The proposed working pair (Diethyl ether —Ethanol) can act as a working

pair for absorption refrigerator.

7. When employing the recommended pair, an absorption refrigeration
system has the requirements of mild pressure and a low-temperature

heat source

8. The new couple (Diethyl Ether —Ethanol) can provide cooling at
temperatures lower than that be supplied by LiBr-H,O, i.e. (9°C for
Diethyl ether-ethanol and 16°C for LiBr-H,O)

9. (Diethyl Ether —Ethanol) No vacuum is needed as in the case of water-

lithium bromide

10. The low pressure is 1 atm, and the high pressure is 5 atm (moderate

pressure) for (Diethyl Ether —Ethanol).

11. The cooling of condenser can be carried out using ambient air, as with

water (Diethyl Ether —Ethanol) pair.

12. The COP is found (0.31-0.72) for absorption refrigeration system using
lithium bromide-water while (0.6-0.82) for (Diethyl Ether —Ethanol).

13. For generator temperature from 65°C to 80°C, the absorption system

work efficiently.
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6.2 Suggestions for Future Work

The following recommendations are suggested for future works:

1-Using new working fluid pair (n-butane—ethanol) and study the
performance of the system experimentally.

2-Design and fabrication absorption cooling system uses the bubble pump
to circulate the solution from the absorber to the generator.

3-Setup tracking system on the Compound Parabolic Concentrator to
increase the range for capture the solar radiation for a long period.

4- Using helical coil as absorber unite in solar collector

5- Studying the use of automatic devices for throttling process, opening
and closing process.

6. Studying to improve the performance of solar absorption cooling

system by using Nano refrigerant.
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Appendix (A)

Vapor Compression Vs Vapor Absorption

Introducing the concept of refrigeration through vapor absorption can be
approached by examining a basic representation of a generalized
refrigeration cycle as shown in Figure A.1. This refrigeration cycle provides
for refrigeration through the evaporation of a low temperature liquid
refrigerant. The condition of the evaporated refrigerant has to be elevated in
pressure and temperature to the high pressure portion of the cycle. Once at a
higher pressure it is now possible to condense the refrigerant by exposing it
to a temperature that is lower than the high pressure vapor, but higher than
the evaporator temperature. The liquid refrigerant can then return to the
evaporator through a throttling device and the cycle can repeat itself. The
relevance of this example is that the encompassing principles of the more
commonly known vapor compression cycle and the vapor absorption cycle
both make use of this generalized component configuration. However, what
defines the difference between these two technologies is the manner in which
the condition of the refrigerant vapor is raised from the low pressure
evaporator section to the high pressure condenser section. Figure A.2 shows
the fundamental components that these two different methods require to
facilitate the process that will raise the pressure and temperature of a stream
of refrigerant vapor. In the case of the vapor compression process, Figure
A.2a, an electrical motor is used to drive a compressor. This compressor
mechanically raises the pressure and temperature of the evaporated

refrigerant to a higher state where it is suitable for condensation. In contrast



to this, the driving energy that powers the vapor absorption components,

Figure A.2b, is a source of heat and while this thermal energy can be
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Figure A.2: Comparison of components used for the conditioning of refrigerant vapor
through a compression and absorption process

supplied through electrical heaters there is a wide variety of possible sources
for heat that can used to fuel the vapor absorption components. Emphasis has
been placed on the thermal energy used to drive the vapor absorption
components, but the vapor absorption components require additional
external interfaces in order to operate. These two external interfaces are the
cooling required in the absorber component, at a similar temperature to that
used in the condenser component, and the electrical energy requirement of a

small pump.



This pump is referred to as being small due to the relative energy
requirements of the generator and condenser when compared with the
pumping requirements. A more detailed explanation into the operation of a

vapor absorption cycle will be discussed in the remainder of this chapter.

A-3



Appendix (B)
The Published Papers
The paper entitled” Characteristics Review of Optical

concentrators “published in International Journal of Current

Engineering and Technology

| Journal of Current il ingand T E-ISSN 2277 - 4106, P-ISSN 2347 - 5161 i
©2017 INFRESSCO®, All Rights Reserved Available at https/ /inpressco.com;/category fijcet

| Research Article

Characteristics Review of Optical Concentrators
Sabah Auda Abdul Ameer* and Haroun A K Shahad
Mechanical Engineering Department, University of Babylon, Babel-Irag

Accepted 02 Feb 2017, Available online 11 Feb 2017, VoL7, No.1 (Feb 2017)

Abstract

This study includes a comprehensive review of researchers related to optical concentrators. Parameters which affect

their concentration levels are likewise talked about. Their properties, designations and mathematical formula are
mentioned. Many designs have been set forth for concentrating collectors. Concentrators can be classified the
reflectors or refractors, eylindrical or surfaces of and or Receivers can be convex,
flat, or concave and can be covered or uncovered. Many modes of tracking are possible. Concentration ratio (the ratio
of the collector aperture area of absorber area, which is approximately the factors by which radiation flux on the
energy-absorbing surfuce is increased) can vary over several orders of magnitude. With this wide range of inventions,
it is difficult to develop general analyses applicable to all concentrators. Thus coneentrators are treated in two
groups: Non-imaging collectors with low concentration ratio and linear imaging collectors with intermediate
concentration ratio. Some basic considerations of three-dimensional concentrators that can operate at the high end
of the concentration ratio scale are also noted.
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State of the Art of Solar Absorption Cooling
Technologies

Sabah Auda Abdul Ameer’, Haroun A. K Shahad®
“Mechanical Engineering Department University of Babylon Babylon-Iraq

Abstract: This study includes a comprehensive review of researches related to solar absorplion caoling technology. Parameters
that affect their performance are likewise talked about. Their properties, designs and al ion are

Many designs have been set for absorption chiller. Absarption chillers can be classified to single effect cycle, double effect cycle,
half effect cycle and Gax cycle. The solar collector is the main component of energy collection in absorption cooling technolo-

gies.
Eeywords: Absorption system; solar cooling; solar absorption chiller.
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2Mechanical Engmeering Deparmment, University of Babylon, Babylon-Irag

Abstract: The collectors are loyed, when the prerequisite is more than 100°C. In this werk a two-dimension
compound parabolic concentrator solar collector constructed of mild steel sheet with serpentine copper tube fixed on a flat plate
absorber, has been designed for Iragi climate. This compound parabolic concenirator consists of two siainless-steel parabolas.
The concentrator is closed from the top and sides with dmm glass sheets. The two parabolas are truncated at the top to reduce
ilve apparatus height and the effect of shading. This two dimensional componnd parabolic conceniraier is designed io have a
concentration ratio of 5. The serpentine copper tnbe is fived on flat mild steel absorber plate. The copper tube and flat plate are
black coaied. The collector is fested in Iragi weather during the months of Augusi, September and Ociober. Initial results show
that the maximum absorber temperature is recorded in August which 120 °C with a reflector temperatire of 69 °Cand aperture
caver glass temperature 43°C.

Keywords: Two Dimension, Compound Parabolic Concentrator, Non-Imaging Collector, Serpentine Absorber.

L INTRODUCTION

The collectors are classified as either reflectors or refractors. In the present work the reflector type is used which 1s a compound
- oo
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Analysis of the Experimental and Theoretical
Performance of the Two-dimension Concentrating
Solar Collector

Sabah Auda Abdul Ameer* and Haroun A. K. Shahad

Department of Mechanical Engineering, Babylon University, Babylon, Iraq;
sabahauda79@gmail.com, hakshahad@yahoo.com

Abstract

Objective: Due to the problems of environmental pollution and near future depletion of crude oil which the main source
of energy solar energy becomes an important alternative energy source. Therefore, this work focuses on the potential
use of solar energy in driving cooling and refrigeration systems. Meth ical Analysis: For this purpose, a two-

glazed parabolic solar system is designed and fabricated to operate in Iraq, (Hilla
city 32.40 latitude and 44.40 longitude), weather conditions. The absorber consists of a flat plate with serpentine cop-
per tube with 28.575 mm diametez The CPC has the following dimensions (250 cm length, 92 cm aperture width, 20 cm
absorber width and 90 cm height). The solar radiation intensity is measured by Watchdog 2000 Series weather Station.
Water is used as the circulating fluid where two mass flow low rates are tested. Findings: The results show that the
minimum and maximum measured solar intensity during 2016 in Iraq is 399 W/m2 and 1039 W/m2 respectively while
the maximum summer temperature is 500C. The maximum glazed and unglazed absorber temperatures are recorded
in August, which are 1480C and 1200 respectively while the reflector and aperture glazing temperatures are 630C and
430C The measure hot water is 90C ar a flow rate of 0.0277 ke/s and 940C and a flow
rate of 0.0377 kg/s. It is also found that the a maximum thermal efficiency of 679 is obtained at a flow rate of 0.0277
kg/s while it increases to 693 at a flow rate of 0.0377 kg/s. The maximum theoretical thermal efficiency obtained is
739 at a flow rate of 0.0277 kg/s and 75% at a flow rate of 0.0377 kg/s. Application,/Improvements: The results of
this study show that there is a good potential for using solar energy as an alternative energy source in different applica-
tions such to generate electrical energy: to produce hot water and steam and in absorption adserption cooling systems.

Keywords: Performance of Solar Collector; Solarwater Heater, 2D CPC
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