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ABSTRACT

The present study is conducted to perform the comparative analysis of solar assisted
multi-effect absorption cooling systems. Absorption cooling cycles, from single to
quadruple effects are analyzed for their energy and exergy perspectives. In the first
half of the analysis, the solar collectors (parabolic trough and parabolic dish) are
modelled and analyzed using water based nanofluids of Al,O3 and Fe;Os. Secondly,
the absorption cooling cycles of single, double, triple and quadruple effects are
simulated and analyzed separately. Then finally, they are integrated with solar

collectors to produce power as well as to provide heating and cooling effect.

All the four absorption cycles are designed to work on LiBr-H2O working pair and are
analyzed for their coefficient of performance (COP) as well as exergetic performance
viewpoints. The absorption cycles are operated on a heat source of solar energy
collected through solar collectors. It is observed that the quadruple effect absorption
cycle (QEAC) has substantial performance enhancement over the double and triple
effect absorption cycles. The QEAC consists of four generators and four condensers
coupled together, making an extension of triple effect absorption cycle where there are
three condensers and three generators joined together to complete the cycle. The
system is designed to work on parallel flow system. All four absorption cycles are
designed to have the identical cooling output and same operating conditions.
Engineering Equation Solver (EES) software is used to simulate and study the effects
of various operational aspects on the COP and exergetic performance of the cycles.
The triple effect absorption cycle is observed to have COP of more than twice the

single effect and for quadruple it is 2.55 times higher than single effect absorption

il



cycle. The exergetic efficiency of the quadruple absorption effect cycle is 11.7%
higher than single effect and 6% higher than triple effect absorption cycle. It is found
that for a fixed evaporator temperature and for a fixed condenser load, there is an
optimal temperature of the generator, where the COP and exergy efficiency are found
to be maximum. A small modification of mass distribution among the generators
would help in higher COP without requiring any additional heat input. Quadruple
effect absorption cycle works on higher heat source temperatures in comparison to
single effect absorption cycle but requires less heat input to produce the same cooling

effect.

Keywords: solar collectors, absorption cooling, LiBr-H2O, quadruple effect, COP,

exergy efficiency.
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0z

Bu aragtirma, gilines destekli ¢oklu etki emme sogutma sistemlerinin kargilastirmali
analizini ger¢eklestirmek icin yapilmistir. Yapilan calismada sogutma, sogurma, enerji
ve kullanilabilir enerji bakis agilar1 bir den dortlii etkilere kadar var olan dongiiler
1s181inda analiz edilmistir. Analizin ilk boliimiinde, giines kolektdrleri (parabolik oluk
ve parabolik ¢anak) modellenmis ve Al,O3 ve Fe>O3 su bazli kiigiik sivilar kullanilarak
analiz edilmektedir. Ikinci olarak tek, cift, iiclii ve dortlii etkilerin dongiileri sogutma
emilimi tizerine uygulanip her biri ayr1 ayr1 analiz edilmekle beraber gii¢ iiretmek yani
sira 1s1itma ve sogutma etkisini saglamak i¢in giines kolektorleri ile entegre edilmistir.
Arastirmaya konu edilen dort emme dongiisii LiBr-H2O c¢alisma ¢ifti iizerinde
caligmak iizere tasarlanmis ve performans katsayisi (COP) kullanilabilir enerji
verimlilik bakis agilari i¢in analiz edilmigtir. Emme dongiileri gilines kolektorleri
tarafindan toplanan gilines enerjisinin bir 1s1 kaynagi lizerine isletilmektedir. Dortlii
Etki Emme DoOnglsu (QEAC), ¢ift ve Uclu etki donguleri Gzerinde 6nemli performans
ozelliklerine sahip oldugu goriilmektedir. Dortlii Etki Emme Dongiisti (QEAC) ‘niin
tamamlanabilmesi igin dort jeneratOr, dort kondansator ve ayrica {iglii etki dongiistiniin
genisletilmesi i¢in li¢ jenerator ve li¢ kondansatdr bir birine eklenerek olusturulmustur.
Sistem paralel akis sistemi {lizerinde g¢alismak {izere tasarlanmistir. Tiim emme
dongiileri ayn1 sogutma ¢ikisi ve ayni isletim kosullarina sahip sekilde tasarlanmustir.
Calisma sirasinda miihendislik Denklem Coziiciisii (EES) yazilimi simiile edilmis ve
performans katsayis1 (COP) ekserji performansina bagli olarak operasyonel etkileri
cesitli agilardan incelenmistir. Sonug olarak Ucll etki déngusunin performans kat
sayist (COP) tek dongiiniin iki katindan daha fazla etkili oldugu goriismiistiir. Ayrica

dortlii etkinin tek etkili dongiisiinden 2.55 kat daha fazla oldugu tespit edilmistir.



Dortlii etki dongiisiiniin ekserji verimi ag¢isindan tekli etkisine gore % 11,7 daha
yiiksek ve tiglii etki emme donglisiinden % 6 daha yiiksektir. Jeneratoriin uygun deger
sicakligia ulastig1 noktada sabit bir buharlastirma sicakligi ve sabit bir kondenser
yiikii i¢cin performans katsayist (COP) ve ekserji verimliliginin yiiksek oldugu
bulunmustur. Bununla beraber performans katsayis1 (COP) ilave 1s1 girisi olmaksizin
artmig olup, ancak pompalanan c¢ozelti akis oraninda kiigiik optimizasyonu ile
jenerator arasinda kiitle dagilimi olabilir. Dortlii etki dongiisti tek etkili donglye gore
daha yiiksek 1s1 kaynagi ile ¢alisir ama ayni sogutma etkisini iiretmek i¢in daha az 1s1

girisi gerekmektedir.

Anahtar Kelimeler: Giines kollektorleri, Emme sogutma, LiBr-H>O, Dortli etki,

performans katsayis1 (COP), Ekserji verimliligi.
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Chapter 1

INTRODUCTION

1.1 Background

The traditional energy resources such as fuel oil cause ecological complications, which
are considered as serious threats for the viability of energy systems. Owning to these
environmental issues and the high prices of fossil fuels, the use of solar energy or other
renewable energies for power production is growing gradually. Renewable energies,
such as solar energy, is considered the utmost favorable alternative to be used for
power generation purposes. The role of the solar energy is a key in providing pollution
free energy and fulfilling the desired energy demand. Solar energy collectors are being
used to produce electricity as well as to fulfil the cooling and heating demands. The
solar energy collectors for instance, flat plate, parabolic trough and parabolic dish, are
in use to harness solar energy. The solar collectors are assessed on the basis of their
performance. Better design parameters would affect the performance of solar
collectors Bellos et al. [1]. The application of heat transfer fluids (HTFs) would be a
factor to be considered to have positive impact on the performance of collectors. The
high HTFs such as nanofluids, would be employed to increase the efficiency of solar
collectors. Nanofluids are proved to have better thermal properties in comparison to
traditional base fluids, and can be used to play a pivotal role in augmenting heat

transfer properties of solar collectors Yamin and Li [2].



Nanofluids are the combination of nanoparticles and base fluids. These nano sized
particles can be of pure metals (aluminum, zinc, copper, silver, etc.) or of metal oxides
(aluminum oxide, ferric oxide (Iron (111) oxide), copper oxide, etc.). The fraternization
of nanoparticles in standard base fluids effects the properties of the conventional base
fluids. The application of nanofluids in solar collectors is more constructive as

nanofluids have better heat transfer properties than base fluids Li et al. [3].
1.2 Absorption Cooling

Absorption cooling systems also known as “absorption chillers” are devices, which
function similar to vapor compression refrigeration cycles. The compressor is replaced
by a generator, an absorber, a heat exchanger and a pump to compress the working
fluid. The COP of the absorption coolers is lower as compared to conventional
refrigeration systems, but they are required to work on less expensive heat source, such
as solar energy and geothermal energy. The basic absorption cooling system and its
working principle is displayed in Fig. 1. It comprises of an absorber, an evaporator, a
condenser, a generator, a pump and a heat exchanger. The heat from an outer source,
such as solar or geothermal energy drives the generator. The solution (LiBr-H20) is
being heated in the generator resulting in splitting the refrigerant (water vapor) from
the solution. The refrigerant goes to the condenser and exchanges heat in the
condenser. The refrigerant gets condensed in the condenser by an exchange of heat
with the cooling water and goes to the evaporator by flowing through the refrigerant
valve. In evaporator, it produces cooling affect by extracting heat from the outer
environment. The high concentration solution exiting the generator goes to the
absorber by flowing through the heat exchanger (HE), where it loses heat to the less
concentrated solution and enters into the absorber. The high concentrated solution

absorbs the refrigerant leaving the evaporator and enters into the pump as a weak



solution. The weak solution is pumped to the generator pressure with the help of a
pump. The pressurized solution flows through the heat exchanger and enters into the
generator, where it gets heated from an external heat source to separate the vapor from
the solution. The frequently used working pairs in absorption cycles are mixture of

LiBr-H>O and NH3-H-»0.
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Figure 1: The single effect absorption cooling cycle

1.3 Objectives of the present research

This PhD work is conducted to investigate the performance of a solar assisted reheat
Rankine cycle and multi-effect absorption cooling systems operated on a mixture of
LiBr-H20. The application of nanofluids in solar collectors to produce useful heat and
to drive steam turbine as well as to drive absorption cooling machines is unusual. The
solar energy has not been used before to drive the generators of the higher stages of

absorption cycles, especially the quadruple effect cycle. Therefore, this exclusive

3



research has been conducted to find out the possibility to drive the high temperature

generators of the multi-effect (single-quadruple effect) absorption cooling cycles using

solar heat. The aim of the present study is to examine the impact of nanofluids on the

efficiency of collectors. The higher efficiency of solar collectors would help in

increasing the performance of Rankine cycle in addition to absorption cycles. The

objective is to investigate the performance enhancement of absorption cooling cycles

using nanofluids as well as by increasing their stages. The outline to achieve the

objectives of this study is given as follows:

1.

To simulate and analyze the solar collector models of parabolic trough solar
collector (PTSC) and parabolic dish solar collector (PDSC) using nanofluids.
The solar collectors are evaluated for their energetic and exergetic performance
evaluation.
The simulation results are validated with the experimental results obtained for
PTSC working on Al>Os-water based nanofluids.
To simulate and analyze the model of reheat Rankine cycle for power
production. The reheat Rankine cycle is evaluated further for its energetic and
exergetic efficiency.
The solar collectors of parabolic trough and parabolic dish are integrated with
reheat Rankine cycle. The combined system is further evaluated to explore the
overall productivity of the incorporated system.
To model the absorption cooling systems for cooling production.
i.  Modelling and analysis of single effect absorption cycle (SEAC).
ii. Modelling and analysis of double effect absorption cycle (DEAC).
iii.  Modelling and analysis of triple effect absorption cycle (TEAC).

iv.  Modelling and analysis of quadruple effect absorption cycle (QEAC).



6. Integration of solar collectors with absorption cycles.
I.  The solar collectors of parabolic trough and parabolic dish are
integrated with the above mentioned absorption cycles.
Ii.  The thermodynamic analyses of the integrated system are carried out to

evaluate the COP as well as exergetic performance of the systems.
1.4 Thesis Organization

The composition of this PhD thesis consists of the succeeding chapters:

Chapter 1 provides the introductory information of the thesis. Chapter 2 provides a
detailed review of the literature results, including a detailed survey of nanofluids, the
solar collectors working on nanofluids. It includes a comprehensive appraisal of the
solar collectors to be employed for power generation purposes. It also discusses the
absorption cooling systems of single, double, triple and quadruple effects in detail. The
system description of parabolic trough and parabolic dish solar collectors is provided
in chapter 3. The description includes the integration of solar collectors with thermal
power plant (Rankine cycle). The system description of the absorption cycles of SE,
DE, TE and QE is described with the help of schematic diagrams. Finally, the solar
driven absorption cycles are discussed thoroughly. Chapter 4 describes the
methodology applied to model the solar collectors and the solar assisted thermal power
plants. It also explains in detail the methodology used to design and analyze absorption
cooling systems starting from single to quadruple effect cycles. Chapter 5 describes
the thermophysical properties and preparation of nanofluids. The equations used to
calculate those properties are discussed in detail. It also includes the illustration of the
experimental setup. Chapter 6 discusses the results and discussion of the analyzed
systems. The first part of chapter 6 provides the validation of simulations with

experimental results of PTSC using nanofluids as HTFs. The second part explains in



detail the simulation analysis solar collectors and their validation with literature
results. It also provides detailed analysis of solar integrated thermal power plants. The
last part of chapter 6 provides comprehensive analysis of multi-effect absorption
cooling systems along with their validation and comparison between multistage
absorption cycles. Chapter 7 summarizes the conclusions and provides

recommendations for future research.



Chapter 2

LITERATURE REVIEW

Advancement in renewable energy technologies, such as geothermal, wind and solar
for the replacement of those using fossil fuels is the need of the day. Scientists have
been putting remarkable efforts into this matter for some decades [4, 5]. Solar energy,
is a serene, free and easily obtainable energy source and could be a substitute to fossil
fuels [6]. The harnessing of solar energy through standard base fluids is a traditional
practice for many years, however; utilizing nanoparticles with regular base fluids as
solar absorbers is an unusual approach in solar applications. It has been proved
experimentally as well as theoretically that the nanofluids are better heat conductors
(higher thermal conductivity) and can be advantageous to be used as heat transfer
fluids [7]. The integration of solar energy with power production technologies play a
vital role to fulfill energy demand. Power production applications such as steam power
plants are currently integrated with parabolic trough solar collectors (PTSCs) to

produce electricity [8].
2.1 Nanofluids

Nanofluids are very tiny atoms mixed in conventional fluids. S.U. Choi [9] used the
colloidal particles of aluminum oxide in water and named them nanofluids. He
observed that the properties of the base fluids get affected upon adding a minute
fraction of nanoparticles in daily life fluids. Eastman et al. [10] presented their results
on thermal conductivity enhancement using nanofluids. The authors used Al.Os and

CuO nanoparticles mixed in distilled water and observed the thermal conductivity to



be increased by 29% and 60% respectively at 5% volume fraction of nanoparticles.
The thermal conductivity (k) of Cu/oil nanofluids was noticed to increase about 44%
by dispersing 0.052% volume fraction of Cu nanoparticles mixed in oil. Roetzel et al.
[11] carried out their analysis using ethylene glycol and H>O to prepare nanofluids of
Al;03 and CuO. They witnessed an increment of 20% in thermal conductivity at 4%

volume fraction of CuO nanoparticles.

Li et al. [12] reported in their review article that the researchers have tried different
methods, different preparation techniques and models to observe and analyze the
effects of nanofluids on thermophysical properties of traditional fluids. Wen and Ding
[13] conducted an empirical analysis using carbon nanotube-water nanofluids and
revealed that the thermal conductivity of nanofluids was higher in comparison with
daily use fluids. Natarajan and Sathish [14] revealed that the use of carbon nanotube
(CNT) improves the properties of the base fluids, and proposed that nanofluid
enhances the performance of solar collectors upon using them as heat transfer fluids
(HTFs). Masuda et al. [15] conducted their analysis using aluminum oxide and
titanium oxide nanoparticles and witnessed 32% and 11% growth in the thermal
efficiency of oxides in H20 at a weight fraction of 4.3%. Grimm [16] performed an
experimental analysis using Al.Oz nano powder of size (1-80nm) dispersed in water
and witnessed to achieve 100% improvement in thermal conductivity at 0.5-10%
weight fraction of nanoparticles. The effect of pH variations on the properties of
nanofluids is surveyed by many researchers [17-22]. The positive or negative deviation
in pH of nanofluids at equal electrical charge, enhances the revulsion force which
results in reduced clustering of particles. The reduction in clustering increases the
particles’ durability and therefore resulting in higher thermal conductivity of

nanofluids [23-25]. Thomas and Sobhan [26] carried out an experimental evaluation
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to measure the effective thermal conductivity using nanofluids, and observed in their
analysis that the use of nanoparticles does have an effect on the properties of the base

fluids.

Wang et al. [27] performed experimental studies to evaluate the viscosity effects of
nanofluids by three methods and did not observe any non-Newtonian effects. They
found a 30% increase in viscosity for the Al>Os-water nanofluid in comparison to pure
water at 3% volume fraction of the nanoparticles. On the other hand, the research
conducted by Pak and Cho [28] shows much higher viscosity in comparison to the
results presented by [27]. The studies conducted by Choi et al. [29] shows that the
discrepancy may be due to the technique used, which may not be suitable for fluids
that contains acids or bases. However, the studies performed by Das et al. [30] shows
that the viscosity was independent of shear rate. In another study conducted by Das et
al. [31] shows the viscosity effects at different particle concentrations that was
measured by a rotating-disc method. The results of their findings show that the
behavior of nanofluids is perfectly Newtonian. Heat transfer studies under convective
conditions are rather scarce. Choi [32] presented a theoretical studies for the
assessment of convection heat transfer enhancement, which essentially means a

dramatic decrease of pumping power for a given heat transfer.

Xuan and Roetzel [33] were the first to indicate a mechanism for heat transfer in
nanofluids. They projected thermal dispersion as a major mechanism of heat transfer
in flowing fluid, along with the enhancement of thermal conductivity of nanofluids.
However, they didn’t present any evidence to support their claims. Pak and Cho [28]
presented their results using nanofluids, even though the Nusselt number increases, the
heat transfer coefficient actually decreases by 3-12%. However, this may be due to

9



the large increase in viscosity they observed. In contrast, Eastman et al. [34] showed
that with less than 1% volume fraction of CuO, the convection heat transfer rate
increased by more than 15% in pure water. The work of Putra et al. [35] showed that
natural convection in nanofluids deteriorated with concentration of nanoparticles and

observed to be less than the base fluid.
2.2 Application of Nanofluids in Solar Collectors

Recently some studies have been reported about the use of nanofluids in solar
collectors. Yousefi et al. [36] evaluated experimentally the impact of aluminum oxide-
water nanofluids on the efficiency of FPSC. The weight fraction of 0.2% of
nanoparticles is used to mix in distilled water and perceived an increase of 28.3% in
efficiency through nanofluids. Otanicar et al. [37] carried out an experiential analysis
on prototype solar collector using nanofluids and found an enhancement of 5% in the
efficiency using nanofluids as HTFs. Enhancement in efficiency of solar collectors
was also observed even at very small percentage of nanoparticles of silver oxide,
graphite and carbon nanotubes (CNT’s) mixed in water. Tyagi et al. [38] executed a
theoretical investigation to observe the influence of Al,O3-H20 nanofluids on direct
absorption solar collectors (DASCs) and observed 9 times higher incident solar
radiation as compared to water. It was also witnessed that the DASC are about 10%
more efficient in comparison with FP solar collectors. The authors used 0.1 to 0.5
volume percentage of nanoparticles and an enhancement in efficiency was witnessed
at low percentage of nanoparticles, but it started to level off with increase in percentage
of nanoparticles. Otanicar and Golden [39] explored the effects of nanofluids on solar
collectors economically as well as environmentally, and compared their efficiency
with the conventional flat plate solar collectors. Saidur et al. [40] explored the possible

application of nanofluids in areas such as, cooling and heating industry, medicine, fuel
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cells, heat exchangers and solar water heaters. In another work conducted by Yousefi
et al. [41] using multiwall carbon nanotube and water nanofluids concluded to achieve
higher efficiency upon using nanofluids. It was also witnessed that the amount of
surfactant (TritonX-100) does effect the performance of solar collector. The authors
also reported that difference in pH values too affects the efficiency of the solar
collector. The research performed by Taylor et al. [42] displayed the possibility of
investigating two prototypes simultaneously to observe their effect on optical
properties of the nanofluids. The authors concluded that the sunlight can be captured
up to 95% by using nanofluids as the heat transfer fluids. The application of nanofluids
as base fluids in non-concentrating collectors have been explored by some researchers
[43-44]. The nanofluids are investigated to identify their effect on the heat flux of the
solar collectors [45-46]. The research conducted by Lenert and Wang [47]
demonstrates that the volumetric percentage of nanofluids increases the efficiency to
35% upon incorporating it with Rankine cycle. Saidur et al. [48] conducted a study for
the probable application of nanofluids in refrigeration systems to enhance the
thermophysical properties of the refrigerants. The researchers concluded that more
focused study needs to be performed in order to identify the reasons of heat transfer

improvement and irrelevant rise in pressure.

Alternatively, several studies have been performed on exergy analysis of PTSCs.
Conducting exergetic analysis of solar collectors is crucial to discover the optimal
working conditions and to analyze the real work potential of the energy systems.
Researchers such as, Kahrobaian and Malekmohammadi [49] conducted exergetic
analysis to explore the performance of linear PTSCs and suggested to conduct the
exergy analysis along with energy analysis to evaluate the real performance of PTSCs.

Ceylan and Ergun [50] performed experimental evaluation of temperature controlled
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PTSC. The authors performed a detailed exergy and energy analysis of PTSC.
Zamfirescu and Dincer [51] performed exergetic evaluation of solar collectors and
recommended to perform the exergy analysis of solar collectors because the exergetic
analysis measures the real performance of solar collectors. Dincer and Rosen [52]
explored the causes of lower collector performance and claimed that the performance
gets affected by the lost work potential in between the different parts of the solar
collector. Hou et al. [53] carried out a theoretical investigation of PTSC to evaluate the
energy and exergy efficiencies. Liang et al. [54] performed a comparative study for
one-dimensional PTSC models based on the experimental results taken from sandia
national laboratories (SNL). The authors concluded that the 1-D models have better
performance than 3-D models. Kalogirou S. A. [55] proposed a novel methodology to
carry out the exergetic analysis of concentrated solar collector (CSC) to evaluate the
real potential of CSCs. Al Suleiman et al. [56] performed a detailed exergetic analysis
of parabolic trough solar thermal power plant (PTSTPP). They produced power by
integrating PTSCs with Rankine cycle as well as with gas cycle. The exergy efficiency
was observed to be increased from 8% to 20% using multi-generation instead of power
generation only. Kaushik et al. [57] evaluated the energetic and exergetic aspects of
PTSTPP. It was witnessed that the energy loses were maximum at the condenser and
exergy loses were found to be higher in receiver-collector assembly. Gupta and
Kaushik [58] conducted a theoretical evaluation of direct steam generation power plant
(DSGPP). The authors carried out both first and second law analysis of the plant and
concluded to have observed higher exergy loses in solar collector field and the energy
loses were found to be higher in condenser assembly. Kullar et al. [59] have performed
theoretical evaluation to estimate the thermal efficiency of parabolic trough (PT) solar

collectors operated on nanofluids. It is perceived in their findings that the thermal
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efficiency is approximately 5-10% higher in comparison to traditional PT solar
collector. The literature shows that the behavior of nanofluids in flat plate and
parabolic trough collectors have been investigated numerically as well as

experimentally.

The parabolic dish solar collectors have been studied numerically [60-64] to evaluate
the performance of solar Stirling engines on the basis of geometry effects. The
geometry effects play an important role in heat transfer enhancement, because the heat
convection coefficient is a strong function of geometry. The experimental analysis of
parabolic dish solar collectors have also been conducted by some other researchers
[65-69] using Stirling engine to produce electricity. It is observed that most of the
literature studies were conducted to evaluate the performance of Stirling engines on
the basis of geometry effects using standard base fluids. The applications of nanofluids
in parabolic dish collectors is still limited and needs further investigation. Only few
researchers [70-74] carried out their studies on PD collectors using nanofluids as heat
transport medium. The authors concluded to achieve higher efficiency with nanofluids

in comparison to other base fluids.

It is difficult to understand the behavior of nanofluids, because of their nature and
dramatic changes in their properties at elevated temperatures. The literature results
show that the nanofluids has already been explored enough for their possible use in
heat transfer applications. However, the application of nanofluids in solar collectors is
limited and needs to be explored further in greater depth. Apart from the literature
studies, there are concerns need to be addressed and questions need to be answered.

Therefore, the idea of the present research is to explore the application of nanofluids
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further in detail to find the impetus behind the heat transfer enhancement through

nanofluids.
2.3 Absorption cooling

2.3.1 Single Effect Absorption Cycle (SEAC)

The vapor absorption cycle has attracted researchers as it does not discharge harmful
gasses such as, CO2, NO, CO etc., which damage the environment. Absorption cycles
use heat energy source such as solar or geothermal to produce the necessary heating
and cooling which also helps to reduce the peak load demand. Many studies have been
performed experimentally as well as theoretically to investigate the absorption cycles
driven by solar heat. A single effect (SE) solar absorption cooler of 7 kW cooling
ability and about 10% energy efficiency was designed in Singapore [75]. The research
conducted by Huang et al. [76] demonstrates that the temperature of generator was
reduced by using double effect (DE) absorption cycle (lithium bromide and water) as
compared to SE cycle. Studies performed by Li et al. [77] and He et al. [78] describe
a 100 kW absorption system which is designed to deliver heating as well as cooling
concurrently. The system was designed to save energy significantly as well as to be
environment friendly. A SE absorption cooling cycle operated on solar collectors was
designed and experimented in Malaysia by Assilzadeh et al. [79]. It was observed that
the higher solar irradiation results in producing higher useful energy as well as the
higher outlet temperature of the solar collector. On the other hand, increase in inlet
temperature of the solar collector decreases the useful energy production and increases
cooling load, the higher cooling will have higher COP of the system. Authors believed
that countries, such as Malaysia with higher solar radiations, are good for solar assisted
absorption cooling systems. lzquierdo et al. [80] performed comparative evaluation of

the SE absorption cycle to that of air-cooled cycle, and his findings showed that SE
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cycle are less economical than the compression air-cooled cycle in case of prime
energy and less satisfactory when conventional heat source is used to empower it. The
SE absorption chiller using lithium bromide water operated on solar collectors was
designed and evaluated by Syed et al. [81]. Their results reveled that system was more
consistent in hot and dry environment along with enormous diversity for relative
humidity. The comparison was done between SE absorption cycles with water-cooled
and DE air-cooled absorption cycle integrated with flat plate collectors by lzquierdo
et al. [82]. They witnessed to achieve the condenser temperature of almost 53°C for
the latter, however, condensation temperature was just 45 °C for the former one
because of the crystallization of the solution. An experimental study on solar assisted
SE absorption cycle was conducted by Asdrubali and Grignaffini [83]. Their research
showed that COP was maximum when temperature of hot water reached to 70 °C.
Performance comparison of different water-ammonia systems with various parameters
and conditions were assessed by Engler et al. [84]. Hamad and Audi [85] explored the
performance of a continuous, non-storage solar-assisted absorption refrigeration
system. The ideal COP of the system was observed to be 1.6, but the actual COP was
determined to be 0.55. Haim et al. [86] carried out a theoretical analysis of two
different absorption cycles. Both cycles include an evaporator and an absorber. The
solar energy concentrates directly on to the generator to concentrate the low
concentrated solution. The mathematical equations of the simulated model were
examined using computer based software specifically designed for absorption cycles.
The operating parameters were calculated using different design aspects. It was
concluded that the direct regeneration has higher performance over the indirect ones.
Hawlader et al. [87] performed experimental as well as numerical analysis of

absorption machine using LiBr-H2O. Their simulated results were validated with
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experimental data and they found to be in good agreement with the empirical data. It
IS witnessed that their experimental efficiency and cooling load was found to be in
between 38-67% and 31-72 kW. Ghaddar et al. [88] conducted simulation study of
solar operated absorption cycle for Beirut. The results revealed that it requires at least
23m? collector area for each ton of cooling and for a water storage of about 1000-1500
L per day upon operating the system solely on solar for 7 hours a day.

2.3.2 Double Effect Absorption Cycles (DEAC)

A comparative study performed between double effect (DE) parallel and series flow
lithium-bromide absorption system by Arun et al. [89], their results show that optimal
coefficient of performance (COP) attained for first system is greater than the second
one. In addition, rate of heat given to the low pressure generator has more effect on
parallel system rather than on the series flow system. Gomri [90] studied the capability
of three available absorption cooling systems (single, double and triple) to generate
chilled water by considering 300 kW cold output for all the systems. The outcome
showed that the COP of SE cycle was half as compared to the DE cycle and COP of
TE cycle was observed to be 3 times higher than SE absorption cycle. The exergetic
evaluation of the different parts of the DE series absorption cycle driven by solar
collectors is examined by Ravikumar et al. [91] with the influence of low and high
pressure generators. The past research [92] of Gomri was enhanced by him to triple
effect absorption cycle by considering the series flow and made the comparison of the
outcomes with the single and DE cycles. Integration of a vapor recompression absorber
(VRA) with DE absorption chiller, enhanced the flow rate of refrigerant in the circuit
to further improve the cooling capacity as demonstrated by Worek et al. [93]. The
authors concluded to have achieved higher COP. The exergo-economic assessment of

the three types of DE absorption cycles by considering the various parameters and their
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effects on the COP of the system were assessed by [94]. Results indicated that at
greater evaporator and high pressure generator temperatures, lower capital cost was
achieved but at a low condensation temperature. Grossman et al. [95] taken in to
account different variations to assess them using LiBr-H.O working pair as the
working fluid, he evaluated the different alternatives considering parallel and series

flow systems.

Lee and Sheriff [96] performed second law analysis of DE absorption cycles with
LiBr-H20. The temperature of the cooling production was required to be 7.22 °C and
cold water temperature of 29.4-35 °C. Gommed and Grossman [97] performed
thermodynamic analysis of single effect as well as of different designs of DE cycles
for LiBr-H>O working pair for various working conditions. Arun et al. [98] evaluated
the performance of DE cycle operated on LiBr-H.O pair, and concluded to have
achieved higher COP for the parallel flow in comparison to series flow. Oh et al. [99]
performed their analysis on air cooled DE parallel flow absorption heat pump and
recommended the optimal range of solution distribution ratio (SDR) to be in between
0.35-0.4 for concentration difference of 4% between inlet and exit of the absorber.
2.3.3 Triple Effect Absorption Cycles (TEAC)

Oouchi et al. [100] performed analysis of three condenser-three desorbers (3C3D) TE
cycles, which is an extended form of traditional DE cycle with an evaporator and an
absorber to absorb the refrigerant, 3C3Ds recover heat for the lower temperature
desorber from the condenser of high temperature. The application of water and
ammonia pair to the several versions of three stage system was examined and
presented by De Vault and Marsala [101]. They explained that the feasibility of three-
condenser system was not justifiable as the ammonia critical point was lower than the

condensation temperature. De Vault and Biermann [102] presented analysis of triple
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cycles similar to 3C3D cycle with double condenser coupling (DCC), where heat is
recovered from the hot solution leaving the high temperature condensers (HTCs) and
added to the low temperature desorbers (LTDs). The generator with the higher
temperature is connected to medium and low temperature side generators, transfers the
refrigerant to high temperature condenser (HTC). This arrangement increased heat
recovery which in turn enhanced the thermal efficiency of the system. Gomri [103]
assessed the exergetic losses which occurs in triple effect cycle. He also evaluated the
COP along with exergetic performance of the triple effect cycle. The exergetic
performance and the COP was observed to be maximum at higher temperature of low
and medium pressure generators. Solar thermal integrated absorption cycle applied for
space cooling as well as hydrogen generation was analyzed by Ratlamwala et al. [104]
for United Arab Emirates (UAE) conditions. They focused their research on exergetic
and energetic efficiencies, hydrogen production rate, COP, influence of photovoltaic
collector on electricity generation and average beam radiation of different months.
They found that both exergy and energy efficiencies were maximum in March but

optimal hydrogen production was achieved in August.

Grossman et al. [105] performed in details, the analysis of triple effect (parallel, series,
reverse) cycles using LiBr-H2O. It is observed in their study that the parallel flow
double-condenser coupled alternate (DCCA) cycle has the highest COP of 1.729 at
63% solution concentration and at a high temperature generator (HTG) temperature of
218 °C. The COP can be increased further up to 1.825 upon changing the mass
distribution for the generators at the same inlet conditions. Kaita [106] carried out the
simulation analysis of triple effect cycles with heat recovery from the high heat

refrigerant vapor exiting the LTG. The COP increased further with this new design by
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0.03-0.05 at a solution concentration of 59.5%. Sedigh and safari [107] conducted
thermodynamic analysis of DCCA and achieved a COP of 1.7 for an absorber and
condenser temperature of 35 °C, and at an evaporator temperature of 8 °C and at a
generator temperature of 180 °C. The triple effect absorption systems are analyzed
extensively by Ratlamwala et al. [108-113] for cooling and heating proposes as well
as for hydrogen production using different design parameters. Gomri [114] carried out
simulation analysis for single and multistage absorption cooling systems and
concluded to achieve the COP of around 1.62-1.9 for series flow TE cycles. The exergy
efficiency was also observed to be higher for triple effect cycles in comparison to
single and double effect cycles. Some other researchers [115-119] performed
thermodynamic analysis of triple effect cycles. It is observed in their analysis that these
multistage systems can be compared not only for energy efficiency but also for
practicality, economics and environmental aspects. The quadruple effect cycles, which
are the extended versions of the triple effect cycles are relatively new and not fully
explored. There is not much literature available on quadruple effect cycles.
Ratlamwala et al. [120-121] carried out their research on quadruple effect absorption
cycles to evaluate their COP along with their exergetic efficiency. The authors used
ammonia-water mixture as the working pair and performed energetic and exergetic
analysis of the QE cycles. As mentioned earlier that quadruple effect cycle working
on LiBr-H>O has not been studied in earlier research works. Therefore, the present
research focuses on to evaluate the performance of quadruple effect cycle using LiBr-
H20 working pair. The quadruple effect cycle along with other cycles will be modelled
and analyzed for their energetic and exergetic performance perspective. The

mathematical models of the absorptions cycles will be simulated to operate on solar
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heat. In order to compare the COP of the absorption cycles, the other three (single,

double and triple effect) absorption cycles will also be analyzed in the present research.
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Chapter 3

DESCRIPTION OF THE SYSTEMS

In this chapter, the description of the systems is described in detail. The structure of
the proposed systems is designed to produce useful heat. The useful heat is further
used to drive the steam turbines to produce electricity as well as to drive the absorption
cooling cycles to provide the cooling effect. The input parameters of the simulated
models are varied to fulfil the energy requirements (electricity and cooling production)
simultaneously. The system components are simulated using EES software, therefore,
the dimensions and sizing of the components are not considered in the analysis. The
explanation of the systems will be as follows:

1. The parabolic trough solar collector (PTSC) will be described with the help of
schematic diagrams, then it will be integrated with reheat Rankine cycle for
power production.

2. The parabolic dish solar collector (PDSC) will be explained in details with the
help of schematic diagrams, then it will be integrated with reheat Rankine cycle
for power production.

3. The absorption cycles of single, double, triple and quadruple effect assisted on
solar collectors will be described comprehensively with the aid of schematic
diagrams.

3.1 Parabolic Trough Solar Collector (PTSC)

The PT solar collector shown in Fig. 2 is employed to heat the working fluid flowing

inside the receiver tube. Three different heat transfer fluids (HTFs) are used to absorb
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heat collected by PT solar collector. The HTFs are aluminum oxide (Al203), ferric
oxide (Fe203) and water. The first two are water based nanofluids. The nanofluids are
prepared by mixing different percentages of nanoparticles of Al.Oz and Fe.Oz in water.
Before entering into the solar collector, a pressure pump is used to pressurize the HTFs.
The pressurized HTFs would help them stay in liquid form even at higher
temperatures. The HTFs enter into the collector at a relatively medium temperature,
but attains higher temperature by interacting with the absorber tube. The absorber tube
is at the focal line of the parabola of the PT solar collector. The PT solar collector
concentrate solar rays on to the receiver tube. The collected energy is being transferred
to the heat transfer fluid flowing through the receiver tube. The temperature of the
HTF increases and the high temperature HTF exchanges heat with the fluid of the

steam cycle (in the boiler) and goes back to the collector to reheat.
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Figure 2: The schematic of the PT solar collector with receiver tube

3.1.1 Integration of parabolic trough collector with reheat Rankine cycle

The parabolic trough (PT) solar collector incorporated with reheat Rankine cycle is
described in Fig. 3. The parabolic trough collector reflects the solar rays onto the solar
receiver. The receiver then transfers the collected energy to the HTF flowing through
it. The HTFs used are Aluminum Oxide (Al.Oz), Ferric/lron 111 Oxide (Fe.O3) and
water. Aluminum Oxide and Ferric Oxide are nanoparticles mixed in pure/distilled

water. At state 16, the high temperature HTF leaves for the boiler of the steam cycle.
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Figure 3: The schematic of the PT solar collector integrated with Rankine cycle

In the boiler, it exchanges heat with the high pressure fluid coming from state 8, and
goes back to the solar collector at relatively low temperature at state 15 to get reheated.
The superheated vapor generated in the boiler is directed for the main steam turbine at
state 9. The steam expands and provides mechanical work at the expense of losing
pressure and temperature. A stream of intermediate temperature and pressure taken
from the turbine is directed towards the closed feed-water heater (CFWH) at state 10
as well as for the boiler to be reheated at state 11. Steam at state 12 gets reheated at
the same temperature as it was on state 9 and heads for the low pressure turbine. It
produces power yet again and leaves for the condenser as low grade mixture at state
14. Moderately low grade pressure and lower temperature mixture enters further into
the condenser to get cooled. The mixture turns into the saturated liquid and directed
towards the pump at state 1. The saturated liquid turns into the compressed liquid by
passing through the pump at state 2 and enters into the open feed-water (OFWH).

Some relatively medium pressure steam is extracted to feed the open feed-water heater
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(OFWH) at state 13. Both streams from state 2 and state 13 get mixed in OFWH, the
mixture becomes saturated liquid and enters into the pump 2 at state 3. It turns into the
compressed liquid again by pump work and enters into the CFWH at state 4. The feed-
water exchanges heat with the steam coming from state 10 and leaves the CFWH at a
relatively high temperature at state 7. Steam coming from high pressure turbine at state
10 loses its energy in CFWH and leaves as saturated liquid and enters into the pump 3
at state 5. The saturated liquid gets compressed by pump work at state 6 and mixes
with feed-water coming from state 7. Both streams from state 6 and 7 mix together and
enter into the boiler of the steam cycle as high pressure fluid at state 8. The compressed
liquid gets heated in the boiler with an exchange of heat from solar collectors. The
high temperature and high pressure steam then directed towards the turbine to produce
power yet again by completing the cycle. The produced power is further connected to

the grid to be used for domestic proposes.
3.2 Parabolic dish solar collector

The PD solar collector shown in Fig. 4 is used to generate heat from the solar energy.
The heat transfer fluids (HTFs) used are of Al>Os and Fe.O3z water based nanofluids
and water for the comparison with nanofluids. The nanofluids are prepared by mixing
different percentages of nanoparticles of Al>Os and Fe>Os3 in water. Before entering
into the solar collector, the HTFs are compressed with the help of a pump to increase
their pressure. The pressurized HTFs would help them stay in liquid form even at
greater temperatures. The HTFs enter into the collector at a relatively medium
temperature, but temperature of the HTF increases by interacting with the absorber
tube. The absorber tube is at the focal point of the parabola of the PD solar collector.
The PD collector concentrates the solar rays on to the receiver pipe. The temperature

of the receiver pipe gets increased with the help of solar energy. The absorber pipe
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passes the collected energy in the form of heat to the HTF flowing through it. The
temperature of HTF increases and the high temperature HTF heads for the steam cycle
boiler to exchange heat with the steam cycle fluid and goes back to the collector to

reheat.
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Figure 4: The schematic of the parabolic dish solar collector

3.2.1 Integration of parabolic dish collector with reheat Rankine cycle

The system description of the parabolic dish solar thermal power plant (PDSTPP) is
shown in Fig. 5. As a replacement for PT, it is now PD, which is being integrated with
steam cycle to produce power. The working principle, heat transfer fluids (HTFs) and

state points are kept same for both systems.

Parabolic dish solar collector incorporated with reheat Rankine cycle is described in
Fig. 5. The parabolic dish collector reflects solar rays onto the solar receiver. The

receiver transfers the collected energy to the HTF flowing through it. The HTFs used
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are Aluminum Oxide (Al203), Ferric Oxide (Fe203) and water. Aluminum Oxide and
Ferric Oxide are nanoparticles mixed in pure water. The solar collectors collects the
solar energy and transfer it to the HTFs. The high temperature HTF leaves the collector

and enters into the boiler of the steam cycle at state 16.

In the boiler, it exchanges heat with the high pressure fluid coming from state 8, and
goes back to the solar collector at relatively low temperature at state 15 to get reheated.
The superheated vapor generated in boiler is directed for the main steam turbine at
state 9. It vapor expands and provides mechanical work at the expense of losing
pressure and temperature. A stream of intermediate temperature and pressure taken
from the turbine is directed towards the closed feed-water heater (CFWH) at state 10
as well as for the boiler to be reheated at state 11. Steam at state 12 gets reheated at
the same temperature as it was on state 9 and heads for the low pressure turbine. It
produces power yet again and leaves for the condenser as saturated liquid vapor
mixture at state 14. Moderately low pressure and low temperature mixture then enters
into the condenser to get cooled. The mixture turns into the saturated liquid and
directed towards the pump at state 1. The saturated liquid turns into the compressed
liquid by passing through the pump at state 2 and enters into the open feed-water
(OFWH). Some relatively medium pressure steam is taken from low pressure turbine
to feed the open feed-water heater (OFWH) at state 13. Both streams from state 2 and
state 13 get mixed in OFWH and enter into the pump 2 as saturated liquid at state 3. It
turns into the compressed liquid again by pump work and enters into the CFWH at
state 4. The feed-water exchanges heat with the steam coming from state 10 and leaves
the CFWH at a relatively high temperature at state 7. Steam coming from high pressure

turbine at state 10 loses its energy in CFWH and leaves as saturated liquid and enters
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into the pump 3 at state 5. The saturated liquid gets compressed by pump work at state
6 and mixes with feed-water coming from state 7. Both streams from state 6 and 7 mix
together and enter into the boiler of the steam cycle as high pressure fluid at state 8.
The compressed liquid gets heated in the boiler with an exchange of heat from solar
collectors. The high temperature and high pressure steam then directed towards the
turbine to produce power yet again by completing the cycle. The produced power is

further connected to the grid to be used for domestic proposes.
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Figure 5: Parabolic dish collector incorporated with steam cycle

3.3 Solar assisted absorption cycles

3.3.1 Single Effect Absorption Cycle (SEAC)

The single effect (SE) cycle shown in Fig. 6, is modelled with a simulation program
called EES developed by S.A Klein [122]. In SE cycle, the refrigerant (water) vapour
gets separated from the solution (LiBr-H-O) at a single stage. The vapour refrigerant

condenses in the condenser and goes to the evaporator to produce cooling effect.
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Figure 6: The diagram of the SE absorption cooling cycle

The solution is considered as a weak solution (low percentage of LiBr in water) at
states 1, 2, 3 and strong solution (high percentage of LiBr in water) at states 4, 5, 6. At
states 7, 8, 9 and 10 there exists only the refrigerant vapour, which is water in this case.
The solution having less concentration of LiBr-HO at state 1 enters into the pump and
gets compressed to the generator pressure at state 2. It gets heated by passing through
the heat exchanger at state 3 and enters into the generator. The solution is being heated
in the generator, splitting out the vapour from the solution. The vapour at state 7 goes
to the condenser and exchanges heat with cooling water and enters into the refrigerant
valve as saturated liquid at state 8. The saturated liquid turns into the saturated liquid

vapour mixture by flowing through the refrigerant valve at state 9. The mixture enters
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into the evaporator and exchanges heat with the outer environment, providing the
cooling effect at state 10, and goes to the absorber. The strong solution of LiBr-H2O
from the generator at state 4 leaves for the heat exchanger, it delivers heat to the weak
solution entering the heat exchanger and enters into the solution valve at 5. The high
concentration solution leaves for the absorber as low grade solution. In the absorber,
it absorbs the low grade vapour and cools it down by exchanging heat with the
environment. The mixture at state 1 is weak in concentration (LiBr-H20) and ready to
enter into pump at state 2.

3.3.2 Double Effect Absorption Cycle (DEAC)

The double effect (DE) absorption cycle is analogous to SE cycle. The DE cycle
produces vapour in two stages which makes it different from the single effect
absorption cycle (SEAC) where the vapour produced at a single stage. The higher
vapour production will produce more cooling effect and consequently will have higher
coefficient of performance (COP) as compared to SEAC. The working mechanism of
DE cycle is displayed in Fig. 7. The distribution of the mass concentration and
functioning of the DE cycle is very similar to SE. The assumptions made in modelling
the DE cycle are similar to the ones used to design SE cycle. The assumptions made

are provided in chapter 4.

The weak solution of LiBr-H,O at state 1 enters into the pump and gets compressed
to the generator pressure at state 2. It gets heated by passing from the low temperature
generator (LHE) at state 3. The part of the solution goes to the medium temperature
generator (MTG) at state 11 and remaining goes to the high heat exchanger (HHE) at
state 12. It gets heated again and goes to the HTG at state 13. The solution boils off in
the HTG, splitting the refrigerant from the solution. The refrigerant vapour at state 16

goes to the MTG and exchanges heat with the solution coming from state 11 and enters
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into the condenser at state 17, where it loses heat to the environment. Another stream
of refrigerant from state 7 enters into the condenser. Both streams from state 7 and 18
get mixed and enter into the refrigerant valve as saturated liquid at state 8. The
saturated liquid turns into the saturated liquid vapour mixture by passing through the
refrigerant valve at state 9. The mixture enters into the evaporator and exchanges heat
with the outer environment, providing the cooling effect at state 10, and the low grade
vapour forwards to the absorber. The rich concentration solution of LiBr-H.O leaves
for the HHE at state 14. It delivers heat to the weak solution entering the HHE and
gets mixed with the rich concentration solution at state 18. Both streams of state 15
and 18 enter into the low heat exchanger (LHE) at state 4. The solution exchanges heat
further at the low temperature generator (LTG) and goes to the solution valve at state
5. The low grade solution enters into the absorber at state 6 by passing from the
solution valve. In the absorber, it mixes with the low grade vapour. The mixture rejects

heat to the outside environment and fully ready to enter into the pump at state 1.
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Figure 7: The representation of the double effect absorption cooling cycle

3.3.3 Triple Effect Absorption Cycle (TEAC)
The triple effect (TE) absorption cycle is the extension of the conventional DE cycle.
The TE cycle has three generators to produce vapour from the solution. The TE cycle

needs higher generator temperature to operate and produces higher cooling effect as
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compared to DE. The higher the cooling effect, the higher will be the COP. The TE
cycle requires less heat input to drive the generator in comparison to SE and DE cycles,
but has higher cooling production. The Fig. 8 given below describes the working

principle of the TE cycle.

The weak solution of LiBr-H»O at state 1 enters into the pump and gets compressed to
the high temperature generator (HTG) pressure at state 2. It gets heated as it passes
over the LHE at state 3. The part of the mixture goes to the LTG at state 4 and
remaining goes to the medium heat exchanger (MHE) at state 5. It gets heated in an
exchange of heat in MHE at state 6. The part of the solution goes for the MTG at 7 and
the remaining heads for the HHE at point 8, where it passes through the HHE at state
9 and into the HTG at state 9. The solution boils off in the HTG with an exchange of
heat from the solar energy, which separates the vapour refrigerant out of the solution.
The high heat refrigerant vapour at state 19 goes to the MTG, where it exchanges heat
with the solution and enters into the LTG at state 20. It gets mixed with the stream of
hot refrigerant coming from state 21. Both streams mix together in LTG and provides
additional heating to the low temperature solution entering at state 4, and finally enter
into the condenser at state 22. Another stream of refrigerant from state 23 enters into
the condenser. Both streams from state 22 and 23 get mixed and enter into the
refrigerant valve as saturated liquid at state 24. The saturated liquid turns into the
saturated liquid vapour mixture by passing through the refrigerant valve at state 25.
The mixture enters into the evaporator and exchanges heat with the outer environment,
providing the cooling effect at state 26, and leaves for the absorber as low grade
refrigerant. It gets absorbed with rich concentration solution. The rich concentration
solution of LiBr-H>O leaves the HTG at state 10 and enters into the HHE. It delivers

heat to the less concentration solution entering the HHE and gets mixed with the rich
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solution coming from state 12. Both streams of state 11 and 12 enter into the MHE at
state 13. In the MHE, the rich solution provides extra heating to the poor concentration
solution and gets mixed with the high concentration solution coming from state 15.
Both streams from state 14 and 15 get mixed together and enter into the LHE at state
16. In the LHE, it transfers heat from strong solution to weak solution and enters into
the solution valve at state 5. The low grade solution enters into the absorber by passes
over the solution valve at 18. In the absorber, it absorbs the low grade refrigerant and

turns into the less concentrated solution at state 1.
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Figure 8: The representation diagram of the triple effect absorption cooling cycle

35



3.3.4 Quadruple Effect Absorption Cycle (QEAC)

The quadruple effect (QE) absorption cycle along with other cycles is modelled and
simulated using the EES software proposed by S. A. Klein [122]. The simulated model
of the QE cycle is the extension of the triple effect cycle studied in detail by [105,
106]. The Fig. 9 displays the operational functioning of the QE cycle. The QE cycle
requires higher heat source temperatures to work. But requires less heat input as
compared to TE cycle. The QE cycle produces vapour in four stages and have the
highest cooling effect, consequently, have the highest COP among all the cycles under

identical operating conditions.

The weak solution of LiBr-H»O at state 1 enters into the pump and gets compressed to
the very high temperature generator (VHTG) pressure at state 2. It gets heated as it
passes over LHE at state 3. The part of the solution goes to the LTG at state 4 and
remaining goes to the MHE at state 5. It gets heated in an exchange of heat in MHE at
state 6. The part of the solution goes for the MTG at 7 and the remaining heads for the
HHE at state 8, where it passes through the HHE at state 9. The part of the solution is
fed to the HTG and remaining enters into the very high heat exchanger (VHHE) at
state 11. The solution gets heated in an exchange of heat in the VHHE and enters into
the VHTG at state 12. The solution boils off in the VHTG with an exchange of heat
from the solar energy, extracting the vapour out from the fluid. The vapour at state 25
goes to the HTG and provides additional heating to help the solution to evaporate and
produce more vapour at state 10 and leaves for the MTG at state 26, where it gets
mixed with the stream of refrigerant coming from state 27. In MTG, both streams offer
heating aid again to produce more vapour at state 7 and enter into the LTG at state 28.
It gets mixed with the refrigerant stream coming from state 29 and enters into the LTG

to help produce vapour yet again at state 4. After an exchange of heat in the LTG the
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refrigerant inters into the condenser at state 30. Another stream of refrigerant from
state 31 enters into the condenser, where it gets cooled by losing heat to the
environment. Then finally, the refrigerant enters into the refrigerant valve as saturated
liquid at state 32. The saturated liquid turns into the saturated liquid vapour mixture
by passing through the refrigerant valve at state 33. The mixture enters into the
evaporator and exchanges heat with the outer environment, providing the cooling
effect at state 34, and low grade refrigerant enters into the absorber. The rich
concentrating solution of LiBr-H20 leaves the VHTG at state 13 and enters into the
VHHE, where it delivers heat to the less concentrated solution entering the VHHE and
at state 14 gets mixed with the rich concentration solution coming from state 15. Both
streams of state 14 and 15 enter into the HHE at state 16. The solution exchanges heat
in the HHE and gets mixed with the rich solution of state 18. Both streams from state
17 and 18 get mixed together and enter into the MHE at state 19. It loses heat to the
low concentration solution entering the MHE and gets mixed with the rich solution
coming from 21. Both streams of state 20 and 21 get mixed together and enter into the
LHE, where it exchanges heat yet again and enters into the solution valve at state 23.
The low grade rich solution finally enters into the absorber by passing from the
solution valve at state 24. In the absorber, it absorbs the low grade refrigerant and turns

into the less concentrated solution at state 1.
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Chapter 4

ANALYSIS OF SOLAR ASSISTED POWER
GENERATION AND MULTI-EFFECT ABSORPTION

COOLING SYSTEMS

This chapter explains in detail the methodology applied to carry out the research of the
proposed study. The mathematical models of solar collectors and the integrated
systems are explained as follow.
1. Parabolic trough solar collectors
1. Energy analysis of PTSC
2. Exergy analysis of PTSC
3. Entropy analysis of PTSC
2. Parabolic dish solar collectors
1. Energy analysis of PDSC
2. Exergy analysis of PDSC
3. Entropy Analysis of PDSC
3. Reheat Rankine cycle
1. Energy balance
2. Entropy balance
3. Exergy balance
4. Absorption cooling systems

1. Single effect absorption cycle
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I. Energy and mass balance
Ii. Exergy balance
2. Double effect absorption cycle
I. Energy and mass balance
Ii. Exergy balance
3. Triple effect absorption cycle
I. Energy balance
Ii. Exergy balance
4. Quadruple effect absorption cycle
I. Energy and mass balance
Ii. Exergy balance
5. Entropy balance of Absorption cycles
5. Assumptions and design parameters
1. Design parameters and assumption made in analyzing the solar collectors

2. Design conditions and assumption made in analyzing the absorption cycles

4.1 The parabolic trough solar collector

The model of the parabolic trough (PT) solar collector is examined using the relevant
mathematical equations. The PT solar collector is adopted from the model presented
by Kalogirou [123] and F.A. Suleiman [56]. The parameters of the reference model
are altered according to the design conditions (to fulfil the useful energy requirements).
The heat transfer fluids (HTFs) used in the present work are Al.Oz and Fe>Os water
based nanofluids. The equations used to solve the PT solar collector model are

presented in this section.
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4.1.1 Energy Analysis

The collector receiver and aperture area is defined as

Aye =m.Dyo. L (4.1)

The aperture area of the collector is calculated as

Agp = (W = D). L (4.2)
where Dy, is receiver outer diameter W is width and L is length of the collector. To
find out the wind flow outside the solar receiver, and to find the wind convection
coefficient, it is necessary to first determine the Reynolds number which is calculated

as proposed by Kalogirou S. A. [123]

R, = % (4.3)

where D¢y, V, 1 and p represent outer diameter of glass cover of the evacuated tube,

velocity, dynamic viscosity and density of air outside the collector.

The Reynolds number provides an idea of the flow regime, according to the results,
the Reynolds number is found to be 25347 which is in the turbulent region and the Ny
is determined by applying the relevant turbulent flow formula proposed by Kalogirou
S.A. [123].

N, = 0.3.R,%® (4.4)

To find out the overall heat transfer coefficient (Uo) and the collector losses (UL), it is
necessary to first calculate the heat transfer coefficients inside and outside the solar
collector. The heat convection coefficient from the glass cover to the outer
environment, also known as wind convection coefficient is determined as proposed by

Kalogirou S. A. [123].

hecq = N, .20z (4.5)

u-
DC,D
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The radiation heat transfer coefficient from the glass cover to the ambient is to be
calculated as

hca = €0 (T.+T,).(T.. T, +T,.T,) (4.6)
where &, represents glass cover emissivity.

The radiation heat transfer coefficient from the glass to the receiver is estimated as
proposed by Kalogirou S. A. [123]

hT,CT‘ — U'(Tc"‘Tr alv) A,STC Tc_"‘fzav - Tr.av) (47)

Ecv

where o, Tc and Trav represent Boltzmann’s constant, glass cover temperature and
average temperature respectively. The collector loss coefficient is determined using

the approach proposed by [101] as

U, = [ o R ]_1 (4.8)

AC -(hc,ca+hr,ca) hT,CT
The heat removal factor is calculated as proposed by [123]

my . Cp

R = |1 —exp(- 2zl (4.9)

where m,. is collector flow rate, C, represents heat capacity of the HTF. The glass
cover temperature which was assumed earlier, can be rechecked using the following
equation

hr CcTr - TT av + +(h’C Ca+hr Ca) TO
Teavg = (4.10)

hT CT+ (hC ca+hr CCI.)

where To represents the environmental temperature.

Useful energy can be calculated as proposed by Duffie and Beckman [124]
Qy=F.[S. Ao — A, . Uy .(Tri — Tp)] (4.11a)
where S, Aap, represents absorbed solar radiation.

The rate of heat transfer is determined as
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. Q
Qprod = Tﬁo (4-11b)

To convert the units from W to kW the equation is divided by 1000.

The available rate of solar heat is determined as

Fr.Agp. S
1000

Qsolar - (4-12)
The collector’s overall heat transfer coefficient is estimated using the formula

proposed by Kalogirou S.A. [123], is given as

-1
Uy = [ 4D 4 Pro .1n(@)] (4.13)

UL hc,r,in : Dr,i 2.ky Dr,i

where ki represents thermal conductivity of the receiver tube.

The energetic efficiency of PT solar collector is determined from the equations

proposed by Duffie and Beckman [124], is given as

Tr,i_ T
Nenprsc = Fr [0 = Uy (20| (4.14)

4.1.2 Exergy Analysis

The exergetic analysis is executed to estimate the real potential of the PT solar
collector. The exergy of the solar collector and solar rays is calculated using the energy
produced by solar collector and the available solar energy. The thermal heat exergy of

the collector is defined as

. T .
B, = (1 _ T >.med (4.15a)

Tavg

The available solar exergy is calculated as

By = (1= 2. Oser (4.15b)

Tsun

The exergetic efficiency of PT collector is to be determined as proposed by

Ratlamwala et al. [125]

E co
Nex,pTsc = —eol. (4.16)

EXsolar
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where 7r, Gy and C, represent receiver efficiency, solar irradiation and concentration
ratio respectively.

4.1.3 Entropy Analysis

To maximize the output of the solar collector, it is necessary to minimize the entropy
generation in the system. The entropy generation is linked to the exergy flow through
the collector. The entropy generation is the product of exergy destroyed of the collector
and the ambient temperature. The exergy destroyed is the difference of the exergy

coming and going out of the collector.

Exdes = Exsol - Excol (4'17)
The entropy generation in PTSC is described as
Sgen = Zdes (4.18)

To

4.2 Parabolic dish solar collector

The equations used to model the PT collector are very similar to the PT collector. The
parabolic dish collector model studied in our analysis is derived from the model
presented by Lloyd C. Ngo, [67].

4.2.1 Energy analysis

The aperture area of the solar collector and solar receiver (cylindrical receiver) area is
described as

Agp = . R? (4.19)

2
4, =55 (4.20)
where, R represents the radius of the aperture and d represents the diameter of the
receiver. The concentration ratio between aperture and the receiver areas of the

collector and is calculated as
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C = Zar (4.21)

Ay
The heat loss through the collector is calculated in the rate form as proposed by [67]
Q,=U,.A(T, —T,) (4.22)
where UL represent the collector loss coefficient, which is calculated from equation
(4.8).
The useful heat delivered by solar collector is defined as
Qu = M€y (Tout — Tin) (4.23)

The famous Hottel-Whillier [67] relation is applied to calculate heat gain as

Ar
Qu = Fy Agp. S =22 Uy . (Tyn = To) (424

Aap
Where S is the absorbed radiation, and it calculated as (S = n,.G}), no is the optical
efficiency of the PD collector, which is supposed as 0.85 [20]. To is the environmental

temperature and F is the factor of heat removal of the collector which is calculated as

_ ey ApULF

b=, 1 —exp(S o] (4.25)

where, F is the ratio between Up and UL.

The energetic efficiency of the PD collector is computed using the relation proposed

by [124].

Ty i— T
Nenppsc = Fr . [77r - Up. (—0)] (4.26)

Gp.C
4.2.2 Exergy Analysis

The exergetic analysis of PD collector is performed to find out the maximum possible
work potential, the PD solar collector can generate. The exergy is calculated at the
collector as well as the available exergy of solar heat. To find out the total exergetic
content (exergy destroyed) of the collector, we need to first estimate the exergy coming

and exergy going out of the collector.
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Ey,. =m.Cp(Tin — To — To.In(Tin, — Tp)) (4.27a)
Ey ., = M.Cp(Tour — To — To. In(Toue — To)) (4.27b)
Extotal = Exout o Exin (4.28)

The total exergetic content of the solar is calculated as
Ex.y; = Gb-Aap-Npe (4.29)

where 7, the Patella’s efficiency is calculated as proposed by [126]

Mpe=1— 22+ (5)4 (4.30)

3Ty 3 \Ts
The exergetic efficiency of the PD collector is the ratio of the total exergy output of

the system to the total exergy available of the solar, it is calculated as

Ex,total

Nex,pDsc = & (4-31)

Ex,sol

where Ex;,, represents the available rate of solar exergy.

4.2.3 Entropy Analysis

The entropy balance for PDSC is similar to the PTSC. The exergy destroyed of PDSC
is described in equation 4.28 and the product of equation 4.28 and ambient temperature

results in defining the entropy generation in the system.

S Ex ota
$yon = “xiotal (4.32)

Ty
4.3 Reheat Rankine cycle

The reheat Rankine cycle employed in the present research is the revised version of
the model proposed by [127]. The steam cycle is evaluated for its energetic and
exergetic viewpoints, and to find the net total work produced by the steam cycle. The
Rankine cycle is further combined with solar collectors to supply the required heat to
the boiler of the steam cycle (Rankine cycle). The energy equations used to solve the

thermodynamic model of the steam cycle are given below.
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4.3.1 Energy Equations
First of all the enthalpies values are calculated at each stage of the cycle. The turbines
used in the analysis are considered to be adiabatic. Based on enthalpies, the efficiency

of both turbines is calculated as.

hg—hio

Mot = 3 (4.33)
hi,—h
T]lpt = h1122—h57133 (434)

where h12 and hiz represent enthalpy values at state 12 and 13.

There are four pumps used to circulate and pressurize the working fluid. All the pumps

are considered to be adiabatic. The work input and the rate of work input estimated as

below

PO w _PCOn
Wpiin = Vi [#] (4.35)
Wpl,in =My . Wp1in (4.36)

where V, pofwh, Peond, p and m, represent specific volume, open feed water heater
pressure, condenser pressure pump efficiency and flow rate of the collector. The power

produced and the work produced rate of turbines is calculated as

WT outhigh = X- (hg — hqo) + 2. (hg — hyq) (4.37)
Wr outiow = M. (R1z — hyz) + 1. (hyy — hyy) (4.38)
WT,out,high = 1y . (hg — hyp) + 1141 (hg — hqq) (4.39)
Wr outiow = Mz - (hiz = hyz) + 1gg. (hyp — hyy) (4.40)

where m,, is flow rate at state 14 and h,, represent enthalpy of the fluid at state 14,
and x, y, z, m, n are fractions of steam respectively. The heat input is the heat provided
to the boiler can be determined as

Qin = hg — hg + z.(hy2 — hqq) (4.41)
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Heat rejected of the condenser is calculated as

Qoutr =N - (hya — hy) (4.42)
The heat rate of the boiler and the condenser is defined as

Qb = Mg .(hg — hg) + mMqq . (h12 — hyq) (4.43)
Qc = 1My4 . (hya — hy) (4.44)
The total work output of the Rankine cycle is determined to be

Whet = Wr out nigh + Wroutiow — Wpr,im + Wpain + Wpzim) (4.45)

The productivity of the steam generation is calculated as

— Vet (4.46)

nen,st Q'b

where Q,, represents the boiler heat rate.

The global energetic efficiency of the integrated system is calculated as

Wne
Nen,ov = - (4-47)

Qsolar

where Q.4 represents heat rate of the solar.

4.3.2 Entropy Balance

Molecular disorder of the thermodynamic systems is called entropy. The entropy
cannot be destroyed, but only be transferred to or from the system. The entropy at each
state point of the system is calculated to estimate the total entropy of the combined
cycle. The entropy balance of a thermodynamic system is defined as proposed by [128]
Sin = Sout + Sgen = ASsys (4.48)
The AS,,,¢ of the overall system is then determined as

ASgys =S, — Sy (4.49)
The entropy in the rate form is defined as

5"in - 5"oul: + 5"gen = dS/dt (4.50)
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4.3.3 Exergy analysis

The exergy analysis are performed by calculating exergy values at every individual
point of the integrated system. The exergy input, exergy output and exergy destroyed
are calculated using the exergies found at every point and the exergy is defined as

Ey = (h—ho) — To(s — o) (4.51)
where ho, To and so represent the reference values of the environment. The general rate

form of exergy is calculated as

. . . dXsys
Xin — Xour — Xdes = dt

(4.52)

The exergetic performance of the Rankine cycle is estimated by calculating the
incoming, outgoing and exergetic contents destroyed at each point of the cycle. Exergy
values are calculated at all points to compute the exergy destroyed by each component

of the system. Exergy destruction of the pumps used in the cycle is expressed as

Exl + Wpl,in = Exz + Exdest'pl (453)
EX3 + sz'in = Ex4 + Exdest,pz (454)
EXS + WpS,in = Ex6 + Exdest’pg (455)

where Ex; and Exdest,p1 represent exergy destroyed by state 1 and exergy destroyed

by pump 1 respectively. The exergy destroyed by pump 3 and pump 4 can be calculated

the same way. The exergy destruction of high and low pressure turbines is determined

as
EX9 = Exlo + Exll + E"xdest'hpt (456)
Exlz = Ex13 + Ex14_ + Exdest,lpt (457)

where Exgesenpe @nd EXgerpe Tepresent exergy destroyed by HPT and exergy
destroyed by LPT respectively. The lost work potential of boiler and condenser can be

computed the same way as turbines, and it is calculated as
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Exg + Exyq + Exth,b = Exg + Ex;y + Exdest,b (4.58)
Exyy = Exy + Expn e + EXgestc (4.59)
where Exdest’b and Exdest,c represent exergy destroyed by boiler and condenser. The
exergy destruction of open and closed feed water heaters is computed as

EXgestofwn = Exy + Exy3 — Ex3 (4.60a)
E‘xdest,cfwh =Ex, + Exyo — Exs — Ex, (4.60Db)
The rate of heat exergy of the boiler is calculated as

Exth,b = [1 - ;—2] Qb (4.61)
where Ty represents the temperature of boiler, the rate at which exergy transfer of the

condenser is calculated the same way. The accessible rate of solar exergy is expressed

as

To

Exsolar = [ - F] -Qsolar (4.62)
N
where Ts represents the temperature of the sun.

The exergy efficiency of steam cycle is calculated as

r]ex,st - M (463)

EXthp
Where Ex,, , represents the heat exergy provided to the boiler. The overall exergy

efficiency of the system is calculated as

Wne
Nex,ov = — (4-64)

EXsolar
4.4 Absorption Cycles
4.4.1 Single Effect Absorption Cycle
4.4.1.1 Energy and mass conversion
The constituents of the single effect (SE) cycle are modelled individually, and are

explained with the help of equations.
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Absorber:

The mass and energy balance around the absorber is defined as
my = Mg + My

and

Qabs = Mmghe + Myohyo — M1hy

Condenser:

Mass and energy conversion for the condenser is calculated as
m; = mg

and

Qcon = my(h; — hg)

Evaporator:

The mass and energy balance of the evaporator is determined as
Mg = My,

and

Qevp = Mgy(hyo — ho)

Generator:

The mass balance on the generator is

My = My + m,

The energy balance on the generator is

Qgen = myhy + Mmzh; — mshs

Heat Exchanger:

The mass and energy balance around the heat exchanger is determined as

mz + m4_ == Th3 + Ths
and

Que = Mahy + Myhy — izhs — Mghg
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The COP of the SE cycle is calculated as

COP,, = Q.g‘iew : (4.75)
4.4.1.2 Exergy balance

The exergy vales are calculated at each state point of the SE cycle. The heat exergy
and exergy destroyed are computed using exergy found at every individual point and
the exergy is defined as

E, =(h—hy) —To(s — sg0) (4.76)
where ho, To and so represent the reference values of the environment. The general rate

form of exergy is calculated as

. . . dXsys
Xin — Xour — Xdes = dt

(4.77)

Thermal exergy and the exergy destroyed by every constituent of the SE cycle is found

as given below

Absorber:

. T .

Eeppe=(1-7)Ca (4.78)
Exdes,a = EX[lO] + Ex[6] - Exth,a - Ex[l] (4.79)
Condenser:

) ™\

Eepe=(1-7)-Qc (4.80)
Exdes,c = Ex[7] - Exth_c - Ex [8] (4.81)
Evaporator:

. T .

B = (1- ;"0) 0, (4.82)
Exdes,e = Ex[9] + Exth,e - Ex[lo] (483)
Generator:

i _

Exing = ( - T—°) Qg (4.84)
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Exdes,g = Ex[3] + Ex[7] + Exth’g - Ex[4] (4.85)
Heat Exchanger:

Exdes,HE = (Ex [2] + Ex[4]) - (Ex [5] + Ex[g]) (486)
Pump:

E'xdes’p = E,[1] + W, — E,[2] (4.87)

The Exergetic performance of the SE cycle is evaluated as

Exene
Nex = ——the (4-88)

T B g Wy
4.4.2 Double Effect Absorption Cycle
4.4.2.1 Energy and mass balance
The energy equations used to model the double effect (DE) absorption cycle are
presented in this section. The general energy equations are similar to the ones used in

SE, but with different state points.

Absorber:

The mass and energy balance around the absorber is defined as

my = 1he + My (4.89)
and

Qups = Mehe + Myohy — My hy (4.90)
Condenser:

Mass and energy conversion for the condenser is calculated as

m8 - Th7 + Th17 (491)
and
Qcon = M7y + My7hy; — Mghg (5.92)

Medium Temperature Generator (MTG):
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Mass and energy balance for MTG is calculated as
My = My + Myg

Mye = My7

and

QMTG = Th7h7 + m18h18 - mllhll

QMTG = 1My6(hye — h17)

Evaporator:

The mass and energy balance for the evaporator is determined as

Mg = My

and

Qevp = Mg (hyo — ho)

Generator:

The mass balance on the generator is

My3 = My, + Myg

The energy balance on the generator is

Qgen = Myahis + Myghie — Myshys

High Heat Exchanger (HHE):

The mass and energy balance around HHE is determined as
Myy + Mgy = Myz + My

and

Quue = Myzhiy + Myghyy — Myzhys — Myshys

Low Heat Exchanger (LHE):

The mass and energy balance around LHE is calculated as
m, + 1, = my + Mg

and
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QLHE = mzhz + m4h4 - m3h3 - Thﬁhﬁ (4104)

Finally, the COP of the DE cycle is calculated as

_ Qe
COP,, = T (4.105)
4.4.2.2 Exergy balance
To find the exergetic performance of the DE cycle, we need to find the exergy at each

state point. The heat exergy and exergetic content destroyed of the DE cycle is

estimated using exergy values found at every individual point.

Absorber:

Eeppe=(1-7)Ca (4.106)
Exgesa = Ex[10] + E[6] — Ey,,, , — Ex[1] (4.107)
Condenser:

Eyppe = ( - ;—Z) oy (4.108)
Exgese = Exl7] + Ex[17] = Ex,p, . — E,[8] (4.109)
Evaporator:

Eepe = (1-72)- 0 (4.110)
Exgese = Ex[9] + Exyp, , — Ex[10] (4.111)
Generator:

By =(1- %) 0, (4.112)
Exdes,g = E,[13] — E,[16] + Exth‘g — E,[14] (4.113)
Medium Temperature Generator:

Evpmeg = (1— ?) Queq (4.114)
Exgesmeg = Ex[11] = Ex[18] + Ex,p ), ) — Exl7] (4.115)
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High Heat Exchanger:

E, E,[12] + E,[14] — E,[5] — E,[13] (4.116)

des,HHE

Low Heat Exchanger:

Exgesinp = (Ex[2] + Ex[4]) — (Ex[5] + E.[3]) (4.117)
Pump:
E'xdes’p = E,[1] + W, — E,[2] (4.118)

The Exergetic performance of the DE cycle is estimated as

Mo = r—ihe_ (4.119)

T B g Wy
4.4.3 Triple Effect Absorption Cycle
4.4.3.1 Energy and mass balance
The analytical model the triple effect (TE) absorption cycle is solved using energy
equations presented in this section. The mathematical equations are similar to the ones
used in DE, but with different state points. The mathematical model of TE cycle is

solved using the equations given below.

Absorber:

my = Mg + Mg (4.120)
Qabs = Maghyg + Miyehye — 1 hy (4.121)
Condenser:

My = Mpp + Miy3 (4.122)
Qcon = Mazhys + Mazhys — Maghy, (4.123)
LTG:

My = Myg + My3 (4.124)
Myy = My + Myy (4.125)
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QLTG = Myshys + Myzhys — Myhy (4-126)

Qurc = Maoha + My1hyy — Mgahy, (4.127)
MTG:

m; = My, + My, (4.128)
Myg = My (4.129)
Qurc = Mizhiy + Moy hyy — sk, (4.130)
Qurc = Mig9(hyg — hag) (4.131)
HTG:

Mg = Myg + Myg (4.132)
Qure = Myohyo + Myohyg — Mohg (4.133)
Evaporator:

Mys = Mye (4.134)
Qevp = Mys5(hae — hys) (4.135)
LHE:

m, + My = M3 + My5 (4.136)
Quup = Mahy + Myghyg — M3hs — 1iy7hyy (4.137)
MHE:

Mg + My3 = Mg + Myy (4.138)
Quup = Mshs +1My3hy3 — Mghg — Miyahyy (4.139)
HHE:

Mg + Myg = Mg + 1My, (4.140)
Quue = Mghg + Myghyo — Mghg — iy hyy (4.141)

Finally, the COP of the TE cycle is calculated as

COP,, = ~% (4.142)

Qg+Wp
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4.4.3.2 Exergy balance
The heat exergy and the exergy destroyed by each component of the TE cycle is

presented below

Absorber:

Evipa = (1 - %) 0, (4.143)
Ergesa = Ex[18] + E[26] — Ey,,, , — Ex[1] (4.144)
Condenser:

Erne = (1- %) oy (4.145)
Exgesc = Ex[22] + Ex[23] = Ey,,  — Ex[24] (4.146)
Evaporator:

B = (1- %) 0, (4.147)
Exgese = Ex[25] + Ex,, , — Ex[26] (4.148)
High Temperature Generator:

B = (1- %) Oneg (4.149)
Exgesntg = Ex[9] = Ex[10] + Ex,, oy — Ex[19] (4.150)
Medium Temperature Generator:

Exth’mtg = E,[19] — E,[20] (4.151)
E, desmtg = E.[7] — E,[12] + Exth'mtg — E,[21] (4.152)
Low Temperature Generator:

Exth'ltg = E,[20] + E,[21] — E,[22] (4.153)
Erdesieg = Ex[5] = Ex[15] + By — Ex[23] (4.154)

High Heat Exchanger:
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E, E,[10] + E,[8] — E,[9] — E,[11] (4.155)

des,HHE =
Medium Heat Exchanger:
E, E.[5] + E,[13] — E[6] — E,[14] (4.156)

des,MHE

Low Heat Exchanger:

Exdes,LHE = Ex[2] + Ex[16] — Ex[3] — E[17] (4.157)
Pump:
Ergesp = Ex[1] + W, — Ex[2] (4.158)

The Exergetic efficiency of the TE cycle is defined as

Moy = it _ (4.159)

T B gt Wy
4.4.4 Quadruple Effect Absorption Cycle
The mathematical model of the quadruple effect (QE) is solved using the equations
presented in this section.
4.4.4.1 Mass and energy balance
The law of conservation of mass includes the mass conversion of the total mass as well
as the concentration of the material used in the solution. The mass and concentration
equations for steady state system are given as,
Ym; —ym, =0 (4.160)
Ymx; — Y my.x, =0 (4.161)
Where m is the mass at each state point and x is the solution concentration. The mass
distribution among the components of the system is provided in schematic diagrams
in chapter 3. The concentration of the low and high solution is calculated at each state
point using the above equation. Energy balance at every part of the QE cycle is found

out by applying the first law of thermodynamics.

Xy by —mg.ho) + (X Qi —X Q) + W =0 (4.162)
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The energy analysis is performed for every part of the QE cycle. They are described

as follow.

Absorber:

Qups = Mag- Moy + M3y hay — My Ry (4.163)
Condenser:

Qcon = M31. h3y + TMigg. hgg — Mzy. higy (4.164)
Evaporator:

Qevp = Mz3(h3s — h33) (4-165)
VHTG:

QVHTG = m13' h13 + m25' h25 - le' h12 (4166)
HTG:

Qure = Mys. his + Mg, hyy — Mg, hyg (4.167)
QHTG = 1My5(has — hae) (4.168)
MTG:

Qure = Myg. hig + Mgy hyg — M. hy (4.170)
Qure = Mag- hae + Ma7. hyy — Tyg. hog (4.171)
LTG:

Qi1 = Mpq. hyq + 1igq. hyy — 1. hy (4.172)
Qurg = Mag. has + Mag. hyg — M. hag (4.173)
LHE:

Mg = e (4.174)
MHE:

NMHE = ((7;1;39—:7;1(3) (4.175)
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HHE:

_ (Tie=T1y)
MHHE = "7 7y (4.176)
VHHE:
_ (T13-T1a)
VHHE = (7 1.5 (4.177)

The COP, is the ratio of the chilled water production, to that of the solar heat supplied

to the VHTG of the QEAC and the pumping power required

cop = 2o __ (4.178)

QvHr+Wp
The energy equations of the SE, DE and TE cycles are solved in a similar way as of
quadruple effect cycle to calculate the COP.
4.4.4.2 Exergy balance
The exergetic evaluation of the absorption cycles is performed by calculating the
exergy at every individual part of the system. The total exergy change which occurs

between the systems components is determined as
. T
Edes = Zj <1 - T_j) . Qj + (Zimi -exi)in - (Zimi -exi)out -w (4-179)

where, E4.5, TO, Tj and ex represent the exergy destruction between the system
components, ambient temperature, heat source temperature and specific exergy
respectively. The exergy at any specific point of the system is estimated as,

ex = (h — ho) — To(s — So) (4.180)
where the subscript 0 in the above equations is for the reference values, i.e, ambient
environment. The heat exergy and the exergy destroyed by each component of the QE

cycle is presented below.

Absorber:

Erina = ( - TT) 0, (4.181)
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= E,[34] + E,[24] — E

Ex des,a Xth,a

- Ex[]-]

Condenser:
. _ TO .
Exine = (1 - E) -Qc

Ex des,c

= E,[30] + E,[31] - E

Xthe

E,[32]

Evaporator:

Exth,e = (1 - T_O) . Qe

T34

=E,[33] +E

Ex des,e Xthe

E.[34]

Very High Temperature Generator:

. TO .
E - (1 - —).
Xth,vhtg Tis thtg

Ex Ex[lz] - Ex[lg] + Exth,vhtg o

E[25]

des,vhtg =

High Temperature Generator:

Exth,htg = (1 - &) . thg

Exdes,htg = Ex[lo] - Ex[15] +E

Medium Temperature Generator:
. T .
Exth,mtg = (1 - _0) : thg

Xdesmtg

Low Temperature Generator:

. _ To .
Exth,ltg - (1 T21)'Qltg

E, :

E.[4] — E,[21] + E

Xthltg Ex[31]

des,ltg =
Very High Heat Exchanger:
Ey

des,VHHE — E,[11] + E,[13] — E,[12] — E, [14]

High Heat Exchanger:
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E, E,[16] + E,[8] — E,[9] — E,[17] (4.196)

des,HHE =
Medium Heat Exchanger:
E, E.[5] + E,[19] — E,[6] — E,[20] (4.197)

des,MHE

Low Heat Exchanger:

Exdes,LHE = Ex[2] + Ex[22] — Ex[3] — Ex[23] (4.198)
Pump:
Ergesp = Ex[1] + W, — Ex[2] (4.199)

Finally the exergetic efficiency of the QEAC is calculated as,

Moy = s B __ (4.200)

 Ethyure+Wp
The exergy analysis described above can also be used for other absorption cycles.
4.4.5 Entropy Balance
The general entropy balance around each component of the absorption cycle is
calculated as follow
0=Xm;S; — X1ieSe + Sgenk (4.201)
where k represents any component of the system. The rate of entropy generation is
calculated using the product of exergy destroyed and ambient temperature and is

calculated as

S Ex es
Sgenk = =1 (4.202)
The same approach is used to calculate the entropy balance of all the absorption cycles.

4.5 Assumptions and design parameters

4.5.1 Assumptions and design parameters used in analyzing the solar collectors

Table 1: Design parameters and assumptions made in analyzing the solar collectors

Parameter Symbol | Unit Value
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Parabolic | Parabolic

trough dish
Aperture area Asp m? 50.27 50.27 Fixed
Receiver area Avre m? 4,712 0.071 Fixed
Ambient temperature To K 300 300 Variable
Ambient Pressure Po kPa 100 100 Fixed
Sun temperature Ts K 5600 5600 Fixed
Inlet temperature of the | Tin K 350 350 Fixed
solar receiver
Outlet temperature Tout K | e Variable
Solar radiation Gpb W/m? 900 900 Variable
Concentration ratio cC |- 10.66 1600 Variable
Mass flow rate m Kals 0.01 0.01 variable
Optical efficiency ne | == 0.85[124] | 0.85[129] | Fixed
Specific heat capacity Cp JkgK | -m--m | e Variable
Collector efficiency F | - 0.9[123] |0.9[129] | Fixed
factor
Overall heat loss UL S e [— Variable
coefficient
Tracking |- | e E-W [101, | Two axis

124] [67]

In order to do the parametric analysis, the parameters are varied individually to observe

their effect on the performance parameters, such as, useful energy. The tracking of the

collectors was not considered in the simulations.

64




4.5.2. Design conditions and Assumptions made in analyzing the absorption cycles

The assumptions considered to carry out the simulation analysis of SE, DE, TE and
QE absorption cycles are as follows,

—  The system is supposed to be at steady state.

—  The heat loses are ignored except the prescribed ones.

—  Pressure loses in pipes and fittings are not considered

—  The refrigerant is saturated liquid at the exit of the condenser.

—  The refrigerant is saturated vapour at the exit of the evaporator.

—  The enthalpy is supposed to be same at both ends of the valves.

—  The temperature of the vapour at the exit of the generators is at the mean
temperature of the solution (T25= (T13+T12)/2, in case of QEAC) for all four
absorption cycles as proposed by [130].

—  The condenser and absorbers reject heat to the environment.

—  The solution is considered as week solution (52.25% L.iBr) at the absorber exit
and strong solution at the generator exit (57% LiBr) as proposed by [131].

—  The ambient pressure and temperature are supposed to be 100 kPa and 300 K.

—  The system produces chilled water.
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Chapter 5

Methodology for Preparing the Nanofluids

5.1 Preparation of nanofluids

This chapter discusses in details the properties and preparation of nanofluids. The
nanoparticles of aluminum oxide and ferric oxide powder are procured from US-Nano
research materials [132]. The following are the properties of the nanoparticles at

ambient conditions.

The Al>O3 nanoparticles are 99+% pure, particle size of 20 nm, white color powder,
spherical shaped, having the specific heat capacity of 880 j/kg K and density of 3890
kg/m?. The Fe,O3 nanoparticles are 98+% pure, particle size of 20-40 nm, red brown
color, spherical in shape and the bulk density of 5240 kg/m® [132]. The nanoparticles
used to make suspensions of nanofluids are shown in the Fig. 10 given below. The
nanoparticles of Al,Os and Fe>Os nano-powder are selected to be mixed with pure
water to prepare the nanofluids. They are selected on the basis of their availability to
be purchased as well as their preparation methods are well defined in the literature.
Since their thermophysical properties and affinity to water is high, they have been used
in many literature studies. They have already been explored numerically as well as
experimentally [36], therefore, they are selected to be analyzed in the present research

too.
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Figure 10: Nanoparticles of Al,Oz and Fe2Os in the form of nano powder

The nanofluids are prepared by mixing of nanoparticles in distilled water. Different
percentage of nanoparticles are suspended in base fluids to make the nanofluids.
Initially 0.5 weight percent nanoparticles are mixed in distilled water. The
nanoparticles of Al>Os are dispersed slowly in distilled/pure water with a continuous
stirring to achieve the batter stability. The solutions are prepared with and without the
surfactant TritonX-100. The surfactant TritonX-100 is used as the surfactant agent to
increase the stability of nanofluids. In order to get the homogenous solution, one drop
of TritonX-100 is added for each milliliter of the solution as proposed by different
researchers [36]. The TritonX-100 purchased from Uni-Chem chemicals, is shown in

the Fig. 11.
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T726130-31 M :

Figure 11: The surfactant TritonX-100 used in preparation of nanofluids

After 2 hours of continuous stirring, the nanofluids are then kept in ultrasonic mixture
for 8 hours at a frequency of 100-140 Hz [36]. The continuous sonication for 8 hours
made a very stable suspension of particles in base fluids of water. The prepared
nanofluids are shown in the Fig. 12 given below. The same approach is applied to
prepare Fe,O3 nanofluids. Finally, the water based Al,Oz and Fe2O3 nanofluids are

tested in parabolic trough solar collector.
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5.2 Properties of nanofluids

In order to identify the heat transfer enhancement through nanofluids, it is necessary
to first evaluate the thermophysical properties of nanofluids, such as, thermal
conductivity, density, viscosity and specific heat capacity which needs to be calculated
at design conditions. The Cp of the nanofluids is determined as using the correlation
recommended by Khanfer and Vafai [133]

Coms = Copnp(@np) + Cppr(1 — @np) (5.1)
where Cppr and ¢np represent specific heat capacity of base fluid and percentage of
nanoparticles in the base fluids. The density of the nanofluids is determined as
proposed by Ayatollahi et al. [134]

Prr = Por (1= @np) + Prp- Prp (5.2)

where pnp and pyr are density of nanoparticles and density of base fluids.
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Different researchers have used different correlations to find the thermal conductivity
of the nanofluids, the thermal conductivity equation proposed by Maxwell [135, 136]
IS given as

k _ knp+2kpr—2(knp—Kkpf)Pnp k (5 3)
n knp+2kpr—(knp—Kpf)@Pnp br .

where knf, knp, kbf are thermal conductivity of nanofluids, nanoparticles and base fluids.
The thermal diffusivity of nanofluids can also be used to calculate the Prandtl number,

is computed using the correlation proposed by Yimin and Li [2]

knf knr
Apr = = 5.4
nf (PCpns (1_<P)(pcp)np+‘p(pcp)bf ( )

The viscosity of the nanofluids is calculated using the equation proposed by G. K.
Batchelor [137]

tns = Upr(1+2.5¢ + 6.5¢%) (5.5)

The nanofluids have better thermal properties in comparison to base fluids. The use of
nanofluids and their influence on the efficiency of the solar collectors is estimated

using the proper energy equations.

The heat transfer properties, especially the heat convection coefficient between the
between the absorber and working fluid is a key factor to analyze the heat transfer
characteristics. The higher convection coefficient leads to the lower absorber
temperature, therefore low thermal losses from the absorber as suggested by Lienhard
VI and Lienhard V [138]. The heat convection coefficient is estimated using the useful
energy equation suggested by Incropera [128].

Qu = heonr (Tr — Tang) (5.6)

The Nusselt number needs to be calculated to find the h.,,,.

_ Rhcon Dp
Nung = =0 (5.7)
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where Dy and knt represent hydraulic diameter and thermal conductivity of nanofluids.
The correlation proposed by Colburn [138] is employed to estimate the Nusselt
number. Colburn correlation is widely used to find Nusselt numbers under the

turbulent flow regime.

N.

Unf

= 0.023R,_,%°%.p. 0% (5.8)

Enf rnf
To find the Nusslet number, it is necessary to first find the Reynolds and Prandtl
numbers. The Reynolds number is calculated using the mass flow rate of the nanofluid

as proposed by Duffie and Beckman [124].

4.m

R =
enf Dyitng

(5.9)

The viscosity of the nanofluids plays an important role in determining the flow regime
of the fluids. At elevated temperatures, viscosity effects become weaker and can
sometimes be ignored in the analysis. The details of the viscosity affects are provided
in results and discussion section (Fig. 15b). The Reynolds number for the nanofluids
is calculated to be 8111, which confirms the flow to be in the turbulent region,
therefore the Nusselt number is calculated using equation (5.11). The Prandtl number
is determined as

Ung.C
p = "r o (5.10)

The formula proposed by Xuan and Li [2] is specifically derived to find Nusselt
number for nanofluids. This correlation includes the percentage of nanoparticles, the

results of this equation are in good agreement with Colburn equation [139].

N,

Unf

0'9238.P 0.4 (511)

enf nf

= ()_()059(1 + 7_628¢0.6886_Peo.001)_R

The combination of equations (5.7-5.11) provides the hcon, Which is further used in

solar collectors along with radiation coefficients to find the useful energy. The useful
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energy produced by solar collectors is computed using the formula suggested by
Kalogirou S. A. [123].

Qu = AcF(Gr(ta) = Up(Tin — Ta) (5.12)
where Ac, Fr, Gt and UL represent surface area of the collector, heat removal factor,
solar radiation and loss coefficient through the collector. The first term on the left side
of the equation shows the absorbed energy and the term of the right side shows the

energy lost from the collector.

The instantaneous efficiency of the solar collector is calculated using the equations

proposed by Kalogirou S. A. [123].

Qu MCp(Toy _Tin)
M=re = (5.13)
Tin—Ta
ni = F(ta) — FU, C2 (5.14)

5.3 Experimental setup

The experimental system is fabricated based on the design parameters mentioned in
chapter 4, for real time analysis. The setup consists of a PTC, working fluid circuit,
sensing and measuring instruments. The stainless steel sheet having dimensions of
1.8m x 1m is used to reflect solar rays onto the solar collector. The sheet is properly

bent to achieve the desired design concentration ratio of 9.89 and focal point of 0.210.

The evacuated tube receiver consists of a copper tube 2m long with outer and inner
diameters of 0.021m and 0.019m, respectively, with selective coating. The absorber
tube is covered by borosilicate glass of thickness 0.003m. Additionally, the storage
tank with polyurethane insulation also equipped with electric heater, a heat exchanger,
water pumps and data acquisition unit are also included. The design parameters and

overall system specifications are defined in Table 2. The task of Single axis E-W
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tracking was accomplished by solar tracking kit consisting of sunlight sensor and solar

tracker linear actuator.

Table 2: Design parameters of the parabolic trough solar collector

Parameter Symbol | Unit Value

Aperture area Asp m? 1.8 Fixed
Receiver outer diameter | do m 0.021 Fixed
Receiver outer diameter | d; m 0.019 Fixed
Glass cover diameter dg m 0.182 Fixed
Glass cover thickness t m 0.003 Fixed
Ambient temperature To K 300 Variable
Ambient Pressure Po kPa 100 Fixed
Length of the receiver L m 2 Fixed
tube

Sun temperature Ts K 5600 Fixed
Inlet temperature of the | Tin K 310 variable
solar receiver

Outlet temperature Tout K |- Variable
Solar radiation Gb W/m? 900 Variable
Concentration ratio c |- 9.89 Fixed
Mass flow rate m Ka/s 0.01 Variable
Tracking |- | - E-W Fixed

5.3.1 Measurement Procedure
This experimental study was conducted at RERDC (Renewable Energy Research and

Development Center) located in Taxila. Taxila Latitude and longitude is 33.7370° N,
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72.7994° E. The PTC is capable of single axis E-W tracking located on N-S axis.
Fig.13 shows the schematic of the experimental setup. In the current study various
parameters such as climate, inlet and outlet parameters are continuously monitored at
time interval of 5 minutes. The parameters include direct solar radiation, ambient

temperature, wind velocity, fluid temperature, and mass flow rate of the working fluid.

Operating temperatures in the range of 20-90°C were measured by using K type
thermocouples with sensitivity of 0.01°C and calibrated with standard thermocouple
temp sensor PT100 having calibration range - 20°C ~ 100°C with an accuracy of
+0,1°C in refrigerated bath circulator model WCR-P12. Digital flow transducer
S8011R was used to measure the mass flow rate in the range of 3-100 kg/h. Whereas,
climate data including wind velocity, solar radiations are measured through hot wire
anemometer and Pyrheliometer model TBS-2-2 with spectral range of 280-3000ns and
sensitivity of 9.876 uv/wm?. Experiments were conducted from 9:00 am to 6:00 pm in
each case with a fixed mass flow rate of 60 (kg/hr). Climate data was recorded in

Jinzhou Sunshine Science Data collector unit model TRM-Zs1.
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The accuracy of the components involved in the experimental setup is always a major

concern to be considered. The accuracy of the measurement shows the closeness of the
results with its real value. The higher the accuracy, the less will be the error. There is
always some uncertainty in experimental results, the errors can and do happen in
experimental observations. A great care needs to be taken to reduce the possibility of
the errors. The error analysis are performed in-between the experimental and
simulation results and the percentage error is calculated using the equation given

below.

Ex —-Simu
Yoerror = [ preszflts results] * 100 (515)
SiMUresults
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Chapter 6

RESULTS AND DISCUSSION

This chapter explains in detail, the modelling and simulation results of solar collectors
(SCs), solar thermal power plants and solar assisted multi-effect absorption cycles and
their validation with the literature results. Starting with nanofluids, the use of
nanofluids in SCs, the integration of solar collectors with steam cycle and finally, the
integration of solar collectors with absorption cycles are discussed in detail.

It is necessary to mention that most of the present work is based on the simulations
rather than on experimental observations. There were some constraints in conducting
the experiments such as the unavailability of the test facility at author’s university,
therefore, the author had to travel to Pakistan (UET Taxila) to conduct the experiments.
There was another difficulty in finding the required equipment for the experimental
setup and to purchase nanoparticles to make the nanofluids ready. The other
constraints such as, the unavailability of the equipment to prepare the nanofluids, lack
of time and lack of resources prevented us to perform adequate experiments within the
specified timeframe. Consequently, the authors decided to opt for simulation analysis
of the proposed systems. The simulation results are validated with experimental results

obtained through experiments.
6.1 Nanofluids

In this study, the nanofluids are prepared using nano sized particles of Al,Oz and Fe>O3

nano sized powder. The preparation of nanofluids is discussed in chapter 4.
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6.1.1 Properties of nanofluids

Nanoparticles of Al>O3 and Fe>Os are mixed in distilled water to prepare the nanofluids
to be used as HTFs in solar collectors. Table 2 shows the properties of Al,O3z and Fe2O3
nanoparticles, base fluid (water) and Al.Os-water Fe>Oz-water nanofluids. The
properties of the Al>Oz nanoparticles are the properties of the nano powder purchased

from US Nano Research materials [132].

Table 3: Thermophysical properties of nanofluids at 300 K

Material Cp (U/Kg. K) | p(kg/m®) | k(W/m.K) n (Pas)
ALO; [132] 788.2[140] 3890 [132] 20 [1]

H.O 4175 997.9 0.599 0.0008537

Al;03- H20 nanofluid 3815 1070 0.643 0.0009106
Fe:0s [132] 6963[141]  5240[132]  6.081[142]

H.0 4175 997.9 0.599 0.0008537

Fe,03- H20 nanofluid 3785 1083 0.6265 0.0008986

6.1.2 Simulations

The mathematical models of solar collectors, Rankine cycle as well as absorption
cooling cycles are analyzed using a simulation program called engineering equation
solver (EES) developed by S. A. Klein [122]. The EES software is a well-known
software to solve complex engineering equations simultaneously. It has the ability to
solve multiple equations and to do the parametric analysis of engineering related
problems. Simulations are performed in order to evaluate the heat and mass transfer to
and from the systems considered. The input parameters and the boundary conditions

applied to simulate the thermodynamic models are presented in chapter 4, section 4.5.

77



6.1.4 Validation of simulation results with experimental data

The experiments are performed on PTSC using Al2Os-water based nanofluids. The
preparation and properties of the nanofluids along with experimental detail are
discussed in chapter 5. The simulation results are validated with the experimental data
collected through solar collectors. The nanofluids of Al.O3 and Fe>Os are prepared and
further used as HTFs to absorb sunlight. The comparison between simulations and
experimental results of Al,Oz nanofluid at 2 % weight fraction of nanoparticles are
presented in Fig. 14. The collector parameter (T;, — T,,)/G,, for experimental results

and simulations is plotted against the inlet temperature of the solar collector.
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Figure 14: The effect of inlet temperature on collector parameter of the PTSC

As expected the experimental results of (T;, — T,)/G, are lower in comparison to
simulation results. The reason for the lower experimental results is that the simulation
software is designed to work under steady state conditions, while the experiments are

conducted in an environment, where the solar radiation changes with time. The lack in
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experimental data was the main hurdle in performing the statistical analysis of the
experimental results. The inaccuracy of the experimental setup may also be the reason
of lower experimental results. The percentage error (Fig. 14) is calculated using
equation 5.15, and the percentage error is observed to be 19.35%. The higher error

would be attributed to the inaccuracy of the experimental setup.

Fig. 15 displays the relationship between the collector efficiency and the collector
parameter. The experimental results are close to the simulations at lower values of
collector parameter but deviate at higher values of collector parameter. The deviation
in experimental results from simulations is expected because simulations are
performed on steady state conditions, on the other hand, the experimental results vary
with operating conditions. Both numerical and experimental results show similar
trends in energy efficiency at a collector parameter of 0.012, and starts to deviate from
each other at higher values of the collector parameter. The percentage error is
calculated using the equation 5.15, the percentage error is observed to be 20.75 % at a

collector parameter of 0.03.
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Figure 15: The effect of collector parameter (T_in-T_0)/G_b) on the collector

efficiency

The properties (Cp, k, p, ) of Al203 and Fe>Oz water based nanofluids are calculated
using the proper equations by varying the temperature range. The Fig. 16 demonstrates
the property comparison between AlOs-water nanofluid and water as the base fluid.
Figure 16 a, illustrates the behavior of thermal conductivities of Al,O3z- water based
nanofluids and water. The thermal conductivity of nanofluids is higher in comparison
to water, because the Al.O3 nanoparticles have higher tendency to conduct heat.
Dynamic viscosity comparison is provided in Fig. 16 b, and the viscosity is observed
to be higher for nanofluids than the base fluids of water. The Fig. 16 c, provides an
overview between the densities of the nanofluid along with base fluid (water).
Nanofluid is observed to have greater density as compared to base fluid but the Cp of
base fluids is higher than nanofluids, the results of these (Cp, k, p, ) properties
obtained in the present study show somehow a similar behavior with the results of

reference [1]. The reference [1] compares oil based nanofluids with base fluid of oil,
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on the other hand, the present results compares water based nanofluids with base fluid
of water. The water goes through a phase change process at 100C (373.15 K).
Therefore, thermal conductivity (Fig. 16a) of water and water based nanofluids
increases initially then starts to decrease with increase in temperature. Three of the
four properties mentioned in Fig. 16, are higher for nanofluids in comparison to base

fluid. Because the nanoparticles in their solid form hold higher properties.

The Fig. 17 shows the comparison of Fe,Osz-water nanofluids with water as base fluid.
The Fig. 17a, illustrates the behavior of thermal conductivity with increase in
temperature. The thermal conductivity of Fe.Osz-water nanofluids is higher in
comparison to water. All these properties are evaluated at higher pressures to keep the
water in liquid form at higher temperatures. The properties of both Al>03 and Fe>Os-
water nanofluids show the similar trend as observed by [1]. The thermal conductivity,
viscosity and density of nanofluids are higher, while the specific heat capacity is lower
than base fluid of water (Fig. 17d). The reason of the higher properties is that the
nanoparticles possess higher properties in their original (powder) form. It is assumed
that the Al>Os- water based nanofluids behave as Newtonian fluids as observed by Das

et al. [31]. It is also witnessed in their studies that the viscosity is independent of the

shear rate.
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Figure 16: Property comparison between Al>O3 nanofluid and base fluid (water). a)
Thermal conductivity, b) dynamic viscosity, c) density, d) specific heat capacity.

6.2 Solar collectors

In this section, the solar collectors are simulated and analyzed in detail. The solar
collectors are modelled to work on nanofluids as HTFs. The solar collectors of
parabolic trough and parabolic dish are modelled using EES software developed by S.
A. Klein [122].

6.2.1 Parabolic trough solar collector (PTSC)

The parabolic trough (PT) solar collector is simulated and analyzed for its energetic
and exergetic performance perspective. The PT solar collector model is adopted from
the model presented by S.A. Kalogirou [123] and F. A. Suleiman [56]. The simulation
results of the solar collector are validated with the reference model and are presented
in table 3. The comparison of energy efficiency shows that the results of our models
are within 0.63% difference with the reference model, which confirms the validity of

our models.

82



0.75 0.001

—o—Kuat b o
a M ater
Knanofhia —*—Mnanofluid
07 0.0008
o 06 = \
—. 0.0006
: RN ? \
£ o < \
= 06 o \
2 = \
o £ 0.0004
0.55 <
0.0002
05
0.45 0
300 400 500 600 300 400 500 600
Tin [K] Tin [K]
1100 7000
c ot ——CPuaer d
\\ A r::;m a > CPnanofluid
1000f——— 6200
—
E 900 T~ X 5400
= ~ (=2}
2 g
X, = d
- 800 o 4600
) —o
700 3800
600 3000
300 400 500 600 300 400 500 600
Tin [K] Tin [K]

Figure 17: Comparison of the properties between Fe2O3 nanofluids and water. a)
Thermal conductivity, b) dynamic viscosity, c) density, d) specific heat capacity.

The main parameters of the reference model are reformed according to design
conditions. The parameters such as collector area, receiver area, working fluid,
convection heat transfer coefficient, etc. are modified to meet the useful energy output.

The assumptions made in analyzing the model are provided in chapter 4.

Table 4: Validation of the present results of PTSC with ref. [123] at inlet temperature
of 350 K

Material TNen [%0] TNex [%0] Cp (J/kg. K)
Kalogirou [123] 67.37 16.44 3800
Al>Os-water (nanofluid) 67.53 16.36 3890
Fe2Os-water (nanofluid) 67.37 16.49 3765
Water 67.80 16.08 4160
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The parametric study is performed in order to evaluate the performance of the
collectors. Three different fluids are used as HTFs, from which two of them are Al,O3
and Fe>Os-water based nanofluids and water. The performance of collectors is
evaluated and compared using parametric studies. The performance parameters such
as, solar irradiation, inlet temperature, ambient temperature, percentage of
nanoparticles and mass flow rate are varied individually in order to observe their effect
on useful energy, energy efficiency, exergy efficiency and convection heat transfer

coefficient.

The convection heat transfer coefficient (hcon) is considered the main parameter to
effect the performance of solar collectors. The influence of mass flow rate on heon is
plotted at various inlet temperatures and is displayed for Al>Os-water nanofluids (Fig.
18). The increase in inlet temperature of the receiver increases the convection heat
transfer coefficient through the collector. The hcon gets increased with increase in mass
flow rate. The increased heat transfer coefficient, heon, Will increase the convection heat
transfer (equation 5.6) of the PT solar collector. The main significance of the higher
convection heat transfer coefficient is the higher rate of heat transfer, which is very
vital in applications such as cooling of microelectronics. The geometry affects also
play an important role in heat transfer enhancement through nanofluids as suggested
by Bellos et al. [1], however, geometry affects are not considered in the present
analysis. They shall definitely be evaluated in the upcoming research. The Fig. 19
shows the variation of heon With respect to percentage of nanoparticles. The increase in
percentage of nanoparticles increases the heat transfer coefficient of the nanofluids.
This behavior was expected because the movement of the particles transport some of
the heat with them to contribute to total heat transfer through agitation in the liquid.

This phenomenon seems to explain the behavior of nanofluids. The effect of increase
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is observed to be higher at higher inlet temperature. The relationship between the
percentages of nanoparticles of Al,O3 and Tout Of the solar collector is presented in Fig.
20. It is obvious that the increase in percentage of nanoparticles affects the outlet
temperature of Al>Os-water nanofluids. The influence of percentage is observed to be

higher at higher inlet temperatures.

The Fig. 21 shows the energetic and exergetic efficiency comparison with respect to
ambient temperature. The energetic performance increases with increase in ambient
temperature. Both nanofluids have similar increase in efficiency, water has
comparatively higher energy efficiency than nanofluids. The exergetic efficiency (n.,)
shows the opposite trend and it decreases with increase in ambient temperature.

The n,,, of nanofluids is perceived to be 3.96% greater as compared to water.
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Figure 18: The variation in heat convection coefficient with respect to mass flow rate
of the collector.
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Figure 21 : The influence of ambient temperature on the energetic and exergetic
efficiencies of the PT solar collector.

6.2.2 Parabolic dish solar collector (PDSC)

etae, [%]

Parabolic dish solar collectors are second set of collectors used to obtain heat from

solar energy. The design parameters of PD collectors are different than PT collectors,

because they can concentrate the solar rays at higher ratios and has higher operation

temperature under identical operating conditions Kalogirou [123]. The PD collectors

are simulated and analyzed for thermal power as well as for electric power generation.

The models used in this study are adopted from the models presented by Lloyd C.N.

[67], Sendhil K. N, K.S. Reddy [68], Kaushika N. D., and K. S. Reddy [69]. The

reference models are more focused on optical analysis. The reference model is

redesigned according to the design conditions. The parameters such as, collector area,
receiver area, working fluid are changed to fulfill the required thermal power (Qu)
output. In the reference model, the convection heat transfer coefficient was assumed

as a fixed value, but in present study, it is calculated using the proper equation. The
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PD model used in this study is validated with the reference model and their comparison

IS presented in table 4.

Table 5: Validation of the present results with ref. [67] at inlet temperature of 350 K.

Material Ten [20] Nex [%0] Cp (J/kg. K)
Lloyd C.Ngo [67] 76.42 19.12 4087
Al>Oz-water (nanofluid) 73.23 18.29 3866
Fe>Os-water (nanofluid) 72.13 18.07 3774
Water 72.33 17.53 4160

The parametric study is performed in order to evaluate the performance of the PD
collectors. The HTFs used are Al2Os and Fe,Oz-water based nanofluids and are
compared with water. The performance of collectors is evaluated and compared by
performing parametric studies. The performance parameters such as, solar irradiation,
inlet temperature, ambient temperature, percentage of nanoparticles and mass flow rate
are varied in order to observe their effect on useful energy, energy efficiency, exergy

efficiency and convection heat transfer coefficient.

The Fig. 22 shows the relationship between outlet and inlet temperature of PD
collector. The outlet temperature increases with increase in inlet temperature. The
outlet temperature increases from 435.7 K to 572.4 K, 436.5 K to 569 K and 428.6 K
to 561.8 K respectively for Al>Os and Fe,Os-water based nanofluids and for water. It
is observed that the outlet temperature for nanofluids is about 1.89% (temperature
difference of 10.6 K) higher in comparison to water. The enhancement in outlet

temperature is credited to higher properties of nanofluids. The movement of the
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particles absorbs some extra amount of heat, which leads them to have higher

temperature as compared to base fluid.
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Figure 22: The influence of inlet temperature on Tout Of the collector
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Figure 23: The deviation in the outlet temperature and useful heat of the collector
with increase in solar irradiation.
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Figure 24: The impact of inlet temperature on energetic efficiency at different mass
flow rates of the solar collector
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90



The Fig. 23 displays the difference of outlet temperature and useful energy produced
with respect to solar irradiation. It is clearly seen that both the outlet temperature and
useful energy increases with increase in solar irradiation. The outlet temperature of
nanofluids is 2.14% higher in comparison to water. The useful energy produced
increases from 14.29 kW to 40.66 kW, 13.93 kW to 40.11 kW and 13.97 kW to 40.22
KW respectively with increase in solar irradiation from 400 W/m? to 1100 W/m?. The
Al>03 nanofluid has the highest rate of useful energy followed by water and Fe2O:s.
The Fig’s 24 and 25 shows deviation of energy and exergy efficiency of Al.O3
nanofluid at various flow rates of the HTF. The energy efficiency is witnessed to
decrease by varying the inlet temperature, the higher efficiency is witnessed at a mass
flow rate of 0.1 kg/s. The lower mass flow rate has lower energy efficiency. On the
other hand, the exergetic efficiency increases with increase in inlet temperature. The
higher exergetic efficiency is observed to be higher at lower mass flow rate. The exergy
efficiency of Al>O3 nanofluid at three different mass flow rates increases from 39.81
% to 41.15 %, 23.64 % to 33.76 % and 18.29 % to 31.16 % respectively with increase
in inlet temperature from 350 K to 500 K. The Fig. 26 displays the influence of
ambient temperature on energetic and exergetic efficiency of Al>Os nanofluid. The
energy efficiency is observed to be higher at higher incident solar radiation, and
increases as the ambient temperature gets increased. The exergetic efficiency follows
the opposite trend and decreases with increase in ambient temperature. The higher
exergy efficiency is observed at higher incident radiation and decreases linearly with

increase in ambient temperature.
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Figure 26: The impact of To on the energetic and exergetic efficiencies.

6.3 Integration of PT-PD solar collectors with steam turbine

In this section, the solar collectors are further integrated with steam turbine (reheat
Rankine cycle) to produce power. Both, PT and PD solar collectors are modelled,
analyzed and integrated separately with steam turbine making it a solar thermal power
plant (STPP). The idea of integration is to fulfil the heat requirement of the steam cycle
boiler, it is accomplished with the useful heat produced of the solar field. The steam
cycle model is adopted from Cengel Y. and Boles M. C. [127]. The reference model is
altered according to the power output requirements. The solar thermal power plant
(STPP) is modelled and analyzed using thermodynamic equations in order to evaluate
the performance parameters such as, power output, overall energy efficiency and
overall exergy efficiency of the STPP. The engineering equation solar (EES) software
is used to model and analyze the STPP. The properties of the reheat Rankine cycle are
presented in the table 5. The specific enthalpy and entropy at all 14 state points of the

reheat Rankine cycle are determined to calculate the required parameters.
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Table 6: Properties of the reheat Rankine cycle

No. P (kPa) T (K) h (kj/kg) s (kj/kg.K)
1 75 313.4 168.7 0.5763
2 100 313.4 168.9 0.5763
3 100 372.8 417.5 1.303
4 6000 3725 4211 1.296
5 3000 507 1008 2.645
6 6000 507.8 1013 2.647
7 6000 507 1008 2,638
8 6000 507.1 1009 2.64

9 6000 623.1 3044 6.336
10 3000 530.8 2905 6.381
11 800 4436 2624 6.336
12 800 623.1 3162 7.411
13 100 4171 2765 7.586
14 75 313.4 2311 7.411

The Fig. 27 shows the effect of solar irradiation on overall energy and exergy
efficiency of PD solar collector. The overall energy and exergy efficiency of all three
HTFs increases with increase in solar irradiation. The Al,Oz nanofluid is observed to
have higher overall performance in comparison to other fluids. The overall energy
efficiency of the STPP increases from 20.53 % to 21.24 %, 20.01 % to 20.95 5 and
20.07 % to 21.01 % respectively with increase in solar irradiation from 400 W/m? to
1100 W/m?, The Fig. 28 illustrates the effect of solar irradiation on heat rate produced
and net power produced of the parabolic dish solar thermal power plant (PDSTPP).
Both net power output and rate of heat transfer increases as the incident solar radiation
increases. The total work produced of PDSTPP rises from 4.128 kW to 11.74 kW,
4.024 kW to 11.58 kW and 4.035 kW to 11.62 kW respectively, as the incident solar
radiation increases from 400 W/m? to 1100 W/m?. The total work output is observed
to be the higher (1.36%) for Al>Os water based nanofluid as compared to water. The
Fig. 29 describes the effect of inlet temperature on exergetic efficiency of PD collector

and the overall exergetic efficiency of the PDSTPP. It can be seen that the overall
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exergy efficiency of the system decreases with increase in inlet temperature, on the
other hand, exergy efficiency of the PD collector increases with increase in inlet
temperature. Both exergy efficiency of the PD collector and overall exergy efficiency

of the system for Al>O3 nanofluid is higher in comparison to other two fluids.
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Figure 27: The trend of overall energetic and overall exergetic efficiency of the
PDSTPP with respect to Gy,

94



42

w
(o2}

B QusefuI,FeZOS—nanoquid
| z Quseful,water

© QusefuI,AI203—nan0quid

12

10

w
o

N
N

Quseful [kV\/]

=
(0]

121 .+

=== =-Whet Al203-nanofluid
== =" Whet Fe203-nanofluid

== 2= Whetw ater

2

4

8 =

[}

=

=
6
I

600

800

Gp, [W/m?]
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the PD solar collector
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The Fig. 30 shows the comparison of overall energy and exergy efficiency of PTSTPP
with respect to solar irradiation. The overall exergetic performance of the system is
relatively higher in comparison to overall energetic performance. It is obvious from
the efficiency curves that the real performance (exergetic efficiency) of the system is

higher, therefore, performing exergy analysis is preferable.
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Figure 30: The graph of overall energetic and exegetic efficiencies with respect to
Go.

The Fig. 31 shows the relationship between the solar irradiation and the exergetic
efficiency of the combined system with the exergetic efficiency of the PT collector.
The overall energy efficiency of the Al>O3 nanofluids is higher in comparison to other
fluids, it increases with increase in solar irradiation. But the exergy efficiency of the
PT collector increases linearly and with increase in solar irradiation. The overall

energy efficiency of the PTSTPP increases from 19.39 % to 20.74 %, 19.36 % to 20.7
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% and 19.14 % to 20.45 % respectively, with increase in solar irradiation from 400

W/m? to 1100 W/m?.

The Fig’s 32 and 33 show the comparison between the PTSTPP and PDSTPP. The
Fig. 32 shows the overall energy comparison of the two (PT-PD) STPPs with respect
to solar irradiation. The overall energetic efficiency of the PDSTPP is higher in
comparison to PTSTPP. The overall energetic performance of PDSTPP is observed to
be 10.62% as compared to PTSTPP. The same trend is observed in Fig. 33, where the
total work output of the PDSTPP is higher in comparison to PTSTPP. The total work
output of the PDSTPP for Al,O3 nanofluid is 10.65% higher than PTSTPP under the
identical operating conditions. The same effect is observed for other two working
fluids. The higher overall performance of the PDSTPP is attributed to higher
concentration ratio, which leads to higher outlet temperature of the collector,
consequently will have the higher heat rate produced under identical working

conditions.
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6.4 Absorption cooling systems

This section explains in detail the absorption cooling systems. The absorption cooling
systems commonly known as absorption cycles are different from conventional vapour
compression refrigeration cycles, because they require heat instead of electricity to
operate. The absorption cooling systems of single, double, triple and quadruple effect
are simulated and analyzed for their exergetic efficiency as well as for their coefficient
of performance (COP) under identical environmental and operating conditions. They
are also validated with the literature results. The assumption made in analyzing the
absorption cycles are presented in chapter 4.

6.4.1 Single effect absorption cycle (SEAC)

The working principle of the SEAC is explained in chapter 4 with the help of
mathematical model as well as with the schematic diagrams. The SEAC is designed to
work on LiBr-H.O working pair, where water behaves as a refrigerant and LiBr as

absorbent. The input parameters for simulating the SEAC are as follow: inlet
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temperature of the pump, inlet pressure of the pump, inlet pressure of the generator,

percentage of the solution entering the pump, percentage of the solution exiting the

generator, exit temperature of the evaporator, condenser load, mass flow rate at the

pump inlet, the exit temperature of generator.

The simulation outcomes of the current SEAC are validated with the results of Berhane

at al. [131], both results are found to be in good agreement with each other and are

presented in table 5. The units of the temperature used in this study are Kelvin (K),

and are converted to degree Celsius (C) for the comparison with the reference [131].

Table 7: Property comparison of single effect cycle, (a) present model, (b) reference
model [131] at every state point of the

proposed cycle

Point | P(kPa) T(C) h(kj/kg) s(kj/kg.k) x (%LiBr)
#

@ | | @ |G| @ (b) (€)) (b) (@) (b)
1 1 | 1 | 32 | 32 | 69.96 | 73.2 | 0.2102 | 0.22 | 0.5225 | 0.5225
2 | 481 | 481 | 324 | 32 | 69.96 | 732 | 0.213 | 0.22 | 0.5225 | 0.5225
3 | 481 | 481 | 64.4 |645| 138.9 | 141.7 | 0.4247 | 0.43 | 0.5225 | 0.5225
4 | 481 | 481 | 714 |69.8| 164.8 | 164.1 | 0.4261 | 0.43 | 0.5694 | 0.5694
5 | 481|481 | 441 |322| 89.76 | 89.4 | 0.2605 | 0.20 | 0.5694 | 0.5694
6 1 | 1 | 405 |32.2] 89.76 | 89.4 | 0.2381 | 0.20 | 0.5694 | 0.5694
7 | 481|481 | 679 |67.1| 2627 | 2626 | 8.618 | 861 | O 0
8 | 481 | 481 | 32 | 32 | 1348 | 1349 | 0.4667 | 0.47 | O 0
9 1 | 1 7 7 | 1348 | 1349 | 04825 | 048 | 0 0
0 | 1 | 1 7 7 | 2514 | 2514 | 8.975 | 897 | 0 0
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The flow of energy at different components of the SEAC are presented in table 6.

Table 8: Comparison of COP and exergetic efficiency, (a) present model and (b)
reference model

Description Symbol Load (kW) Heat Exergy (kW)
() (b) ()
Absorber Quabs 219.5 1086.2 5.142
Condenser Ocon 205.3 1025 4.937
Evaporator Qevp 195.9 1000 12.48
Generator Qgen 228.8 1136.3 30.91
COP 0.8564 0.88

Mex 0.4039

The major parameters which affect the performance (energetic and exergetic) of the
solar assisted absorption cycles are the incident solar radiation, ambient temperature,
inlet temperature of the working fluid entering the collector, properties of the working
fluid of the absorption cycles, percentage of the week and strong solution and geometry
of the solar collector. Some of the parameters are discussed in the succeeding sections.
The simulations of the solar assisted SEAC are carried out at design conditions and
the results are presented in this section. The Fig. 34 shows the variation of COP and
cooling load with respect to the generator load provided by solar field. The Q'evp of the
SE absorption cycle decreases with increase in generator load, which effects the COP
of the cycle. The COP of the SE absorption cycle is directly proportional to Qevp , the
higher the cooling load, the higher the COP of the system. The higher generator load

effects the performance of the system in negative way. The Fig. 35 shows the
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relationship between the COP and exergetic efficiency with respect to generator
temperature. At a fixed values of condenser and evaporator temperature (Tcon = 32 °C
and Tevp = 9 °C) respectively, the exergetic efficiency as well as COP decreases with
increase in generator temperature. The COP of the SE absorption cycle decreases from
1.089 to 0.6955 and exergy efficiency decreases from 0.7904 to 0.1943 with increase

in generator temperature from 323 K to 373 K.

The Fig. 36 shows the variation of COP and exergetic efficiency with respect to
evaporator temperature. The COP increases with increase in Teyp, in contrast, the
exergetic efficiency decreases with increase in Teyp. The COP is perceived to increase
from 0.8497 to 0.8583 and the exergetic efficiency decreases from 0.3743 to 0.1016
with increase in evaporator temperature from 280 K to 293 K. The exergetic efficiency

drops sharply with increase in evaporator temperature.
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Figure 34: The effect of the generator load on the evaporator load and COP of the SE
absorption cycle
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Figure 35: The influence of generator temperature on the COP and exergetic
efficiency of the SE absorption cycle

0.865

—_— 0.4
S —o—COPe
o] - 5-COPg
0.86 LS, 0.3
L \D\\
| D\\ N /0/
3 \\EL\\/D/
0.855 : 0.2
_7/ \\\\ﬂ\\
L /O/ \\\D\
0.85[0— 0.1
ogasl oo .. .. o
280 282 284 286 288 290 292
TeVp [K]
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6.4.2 Double effect absorption cycle (DEAC)

The double effect absorption cycle (DEAC) works similar to the SE absorption cycle.
The only difference is that the vapour gets produced twice in DE cycle, where in SE
cycle the vapour produced only once. Producing vapour in two stages means producing
more vapour from the internal heat exchange in-between the generators. The more the
vapour produced, the more will be the cooling, which in the end, will have higher COP

of the DE absorption cycle.

The input parameters used in analyzing the DE cycle are similar to the ones used for
the SE absorption cycle. The system description of the DE cycle is provided in chapter
3 and mathematical modelling of the simulations are presented in chapter 4. The
simulation results are validated with the results of reference [131] and are presented in
table 8. The flow of energy and exergy at different components of the DEAC are

presented in table 9.

Table 9: property comparison of DE cycle, present model (a) with reference model
(b) at every point of the present cycle.

Point | P (kPa) T (C) h (kj/kg) s (kj/kg.K) x (%LiBr)

#

@ | b | @ | b | @ (b) (@) (b) (@) (b)

1 1 1 32 32 69.96 | 73.2 | 0.2102 0.22 0.5225 | 0.5225

2 323 | 323 32.4 32 69.96 | 73.2 0.213 0.22 0.5225 | 0.5225

3 32.3 | 323 644 | 645 | 138.9 | 141.7 | 0.4247 0.43 0.5225 | 0.5225

4 323 | 481 | 714 | 69.8 | 1648 | 164.1 | 0.4261 | 0.43 | 0.5694 | 0.5694

5 323 | 481 | 441 | 322 | 89.76 | 89.4 | 0.2605 0.20 | 0.5694 | 0.5694

6 1 1 405 | 322 | 89.76 | 89.4 | 0.2381 | 0.20 | 0.5694 | 0.5694

7 323 | 481 | 679 | 67.1 | 2627 | 2626 | 8.618 8.61 0 0
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8 323 | 481 32 32 134.8 | 1349 | 0.4667 | 0.47 0 0
9 1 1 7 7 1348 | 1349 | 0.4825 | 0.48 0 0
10 |1 1 7 7 2514 | 2514 | 8.975 8.97 0 0
11 | 323 | 323 | 64.06 | 64.8 | 138.1 | 138.1 | 0.4226 0.44 | 0.5225 | 0.5225
12 | 323 | 323 | 64.06 | 648 | 138.1 | 138.1 | 0.4226 0.44 | 0.5225 | 0.5225
13 | 323 | 323 | 100.1 | 106 | 216.9 230 | 0.6432 0.68 | 0.5225 | 0.5225
14 323 |323 | 1101 | 109 | 244.6 241 | 0.6443 0.67 | 0.5694 | 0.5694
15 | 323 |323 | 77.86 | 65 |158.7 148 | 0.4638 0.41 |0.5694 | 0.5694
16 |323 |323 | 105.1 | 107. | 2695 2700 | 7.928 794 |0 0
9
17 | 323 | 323 70.8 | 70.8 | 1480 296 | 0.9649 097 |0 0
18 323 | 323 | 70.8 | 70.6 | 163.7 167 | 0.4227 0.44 | 0.5694 | 0.5694

Table 10: The results of the DE absorption cycle analyzed in the present study.

Description Symbol Load (kW) | Heat Exergy (kW)
Absorber Qubs 215.9 4.827
Condenser Qcon 140 6.278
Evaporator Qevp 195.2 12.44
Generator Qgen 1601 34.06
COP 1.215
MNex 0.3887

As discussed earlier, the performance of the DE absorption cycle is higher in

comparison to SE cycle. The Fig. 37 shows the comparison of COP and exergetic

efficiency with increase in generator temperature. Both COP and 7ex decreases with
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increase in Tgen. The COP of the DE cycle is higher at low Tgen but starts to decrease
with increase in Tgen, The COP decreases from 1.663 to 1.058 and #ex decreases from
0.4756 to 0.2486 with increase in Tgen from 353 K to 400 K. The Fig. 38 shows the
COP and the cooling load in regard to percentage of the weak solution. The COP of
the DE cycle increases with increase in %age of the weak solution, in contrast, the
cooling load decreases with increase in %age of the weak solution at a fixed condenser
and evaporator temperatures of 305 K and 208 K. The COP is also observed to increase

with increase in evaporator temperature.

The effect of %age of the strong solution on exergetic efficiency (7ex) and COP of the
DE cycle is shown in Fig. 39. The increase in the %age of the strong solution decreases
the 77ex and COP of the DE cycle. The COP is observed to be higher at low %age of
strong solution, and starts to fall down with increase in %age. The same effect is
observed with 7exand it also decreases with increase in %age of strong solution at a
fixed condenser and evaporator temperature of 312 K and 284 K. The 7ex is observed
to increase with decrease in evaporator temperature (Tevp) and the COP decreases with

decrease in Teyp.
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Figure 37: The impact of Tgen on the COP and exergetic efficiency of the DE cycle
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6.4.3 Triple effect absorption cycle (TEAC)

As the number of stages of the generators increase, the performance of the cycles
increase. The triple effect (TE) absorption cycle has three stages of vapour generation,
which forms an extension of the DE absorption cycle where, vapour gets produced in
two stages. The more is the vapour, the more will be the cooling capacity. The higher
cooling capacity will have higher COP of the cycle. All these cycles are based on the
SE cycle, therefore, the input variables and operating conditions are considered same
for all the cycles. The TE cycle has higher COP in comparison to SE and DE cycles.
It needs lower heat input as compared to SE cycle, but it requires a higher temperature

heat source to operate.

The simulations of TE cycle are performed and analyzed using thermodynamic

equations. The system description of the cycle is explained with the help of schematic
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diagrams in chapter 3. The mathematical model and working principle of the TE cycle
is described in detail in chapter 4. The model simulations are validated with the

reference model presented by ref. [105].

The properties of the TE cycle at each state point is calculated using the simulation
program called EES developed by S. A. Klein [122]. The thermodynamic properties
of the TE cycle presented in table 9 are in good agreement with the reference model

[105]

Table 11: Properties of triple effect absorption cycle at every point of the cycle

Point | P(kPa) T(K) h(kj/kg) s(kj/kg.k) | x (%LiBr)

#

1 1 304.8 69.26 0.2079 0.5225
2 134.1 304.8 69.36 0.2079 0.5225
3 134.1 336.8 137.3 0.4201 0.5225
4 134.1 336.8 137.3 0.4201 0.5225
5 134.1 336.8 137.3 0.4201 0.5225
6 134.1 371.8 213.8 0.6349 0.5225
7 134.1 371.8 213.8 0.6349 0.5225
8 134.1 371.8 213.8 0.6349 0.5225
9 134.1 409.8 298.5 0.8503 0.5225
10 134.1 421.8 325.9 0.8454 0.5694
11 134.1 373.9 233.6 0.5933 0.5694
12 134.1 391.8 262.6 0.6905 0.5694
13 134.1 382.8 242.3 0.6423 0.5694
14 134.1 373.9 158.9 0.5933 0.5694
15 134.1 352.4 180.9 0.4719 0.5694

109



16 134.1 363.1 165.5 0.5333 0.5694
17 134.1 373.9 91.45 0.5933 0.5694
18 313.7 91.45 0.2381 0.5694
19 134.1 415.8 2759 7.439 0
20 134.1 381.2 1471 1.397 0
21 134.1 381.8 2677 7.264 0
22 134.1 381.2 584 1.397 0
23 134.1 344.6 2565 6.939 0
24 134.1 304.8 136.8 0.4725 0
25 280.1 136.8 0.1059 0
26 280.2 2514 8.975 0

The effect of generator temperature on COP and the exergy efficiency of the TE

absorption cycle is shown in table 10. It is observed from the table that the COP of the

TE cycle increases with increase in Teyp, But it starts to decrease with increase in Tgen.

The exergy efficiency shows the downward trend with increase in Tevp. It decreases

from 0.5252 to 0.343 with increase in Teyp from 7°C to 13°C. The nex also decreases

with increase in Tgen from 400 K to 450 K.

Table 12: Variation of COP and nex at various evaporator temperatures with respect
to generator temperature

Tgen @ Tep=7C @ Tep=9C @ Tep=11C @ Tep=13C
(K)
COP Nex COP Nex COP Nex COP Nex
400 2.183 | 05252 |2.186 |0.4638 |2.19 0.403 2.193 | 0.343
405.6 |2.055 |0.4853 |2058 |04286 |2062 |0.3724 |2.065 |0.3169
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411.1 | 1941 |0.4502 |1944 |0.3975 |1947 |0.3455 | 195 0.294

416.7 1.838 | 0.419 1.841 | 0.37 1.844 | 0.3216 | 1.847 | 0.2736

4222 | 1746 |0.3912 |1.749 |0.3455 |1.751 |0.3002 |1.754 | 0.2555

427.8 1.662 | 0.3663 |1.664 |0.3235 |1.667 |O0.2811 |1.67 0.2392

4333 | 1585 |0.3439 |1.588 |0.3037 |1.59 0.2639 | 1.593 | 0.2246

4389 | 1515 |0.3236 |1517 |0.2857 | 1.52 0.2483 | 1522 |0.2113

4444 | 145 0.3052 |1.453 |0.2695 | 1455 |0.2342 |1.457 |0.1993

450 1391 |0.2884 |1.393 |0.2547 |1.395 |0.2213 |1.398 | 0.1883

The effect of Tevp 0n the COP and exergetic efficiency is presented in Fig. 40. The COP
of the TE cycle increases linearly with increase in Tevp. The COP of the cycle increases
from 1.752 to 1.773 and nexdrops from 0.39 to 0.063 with increase in Teyp from 280 K
to 293 K at fixed generator and condenser temperature of 422 K and 305 K. The COP
of SE, DE and TE cycles is displayed in Fig. 41 with variation in generator temperature.
The TE cycle has the highest COP among all the cycles. The COP of the triple effect
cycle is observed to be 31.66% higher as compared to double effect cycle and is
noticed to be more than twice the single effect cycle. The TE cycle operates at higher
temperature and pressures, and requires less heat input at higher source temperatures,
on the other hand produces the higher cooling effect in comparison to single and
double effect cycles. The internal heat exchange in-between the low and medium
temperature generators of the double and triple effect cycles help in higher vapour
production in comparison to single effect cycle. The higher vapour production results

in higher COP of the absorption cycles.
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6.4.4 Quadruple effect absorption cycle (QEAC)

The QE absorption cycle is modelled and simulated using the EES software proposed
by S. A. Klein [122]. The properties of LiBr-H.O mixture are evaluated from the
correlations presented by [103, 105, and 106]. These correlations are effective for
temperatures up to 500 K [143] and are applied to quadruple effect cycle as it work
within this temperature range. The modelled code for QEAC is the extension of the

triple effect cycle which has been studied in detail [105, 106].

The operating parameters such as, evaporator temperature, condenser temperature,
generator temperature, effectiveness of the heat exchangers and finally the evaporator
load is studied. The enthalpy values are calculated at each state point to find the energy
and exergy values of the cycle. The properties of the QE cycle are presented in table
11. The thermodynamic analysis of the QEAC is conducted by applying the laws of
mass conservation, concentration conservation and first and second laws of

thermodynamics (discussed in chapter 4).

Table 13: Properties of quadruple effect absorption cycle at each state point

Point# | P(kPa) T(K) h(kj/kg) | s(kilkgK) | x (%LiBr)
1 1 304.8 69.26 0.2079 0.5225
2 402.2 305.2 69.56 0.2107 0.5225
3 402.2 337.2 138.1 0.4226 0.5225
4 402.2 337.2 138.1 0.4226 0.5225
5 402.2 337.2 138.1 0.4226 0.5225
6 402.2 371.2 212.5 0.6314 0.5225
7 402.2 371.2 212.5 0.6314 0.5225
8 402.2 371.2 212.5 0.6314 0.5225
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9 402.2 408.2 294.9 0.8416 0.5225
10 402.2 408.2 294.9 0.8416 0.5225
11 402.2 408.2 294.9 0.8416 0.5225
12 402.2 446.2 380.8 1.042 0.5225
13 402.2 471.2 431.9 1.082 0.5694
14 402.2 427.1 338.3 0.8718 0.5694
15 402.2 422.2 326.7 0.8474 0.5694
16 402.2 424.7 334.9 0.8596 0.5694
17 402.2 387.2 245 0.6661 0.5694
18 402.2 384.2 246.7 0.6497 0.5694
19 402.2 385.7 245.5 0.6579 0.5694
20 402.2 351.8 164.5 0.4682 0.5694
21 402.2 352.2 180.5 0.4708 0.5694
22 402.2 352 169.3 0.4695 0.5694
23 402.2 319.2 94.54 0.273 0.5694
24 1 313.7 94.54 0.2381 0.5694
25 402.2 458.7 2830 7.104 0
26 402.2 417 1609 1.779 0
27 402.2 415.2 2790 7.014 0
28 402.2 378.2 724.5 1.364 0
29 402.2 377.7 2723 6.856 0
30 402.2 344.2 75.23 0.9681 0
31 402.2 344.7 2580 6.515 0
32 402.2 304.8 137 0.4596 0
33 1 280.1 137 0.1059 0
34 1 280.2 2514 8.975 0
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The Fig. 42 displays the variation in COP of SE, DE, TE and quadruple effect cycles
at a fixed condenser and generator temperature (Tcon = 305 K, Tgen = 471 K) and Tevp
= 280 K, with increase in percentage of the weak solution. The COP of all the cycles
increase with increase in the concentration of the weak solution. The highest COP is
observed for QE cycle followed by TE cycle. The higher COP is resulted from the
vapour separation from the solution, in QE cycle, the vapour gets distributed in four
generators. The vapour production of four generators produces higher cooling effect.
The Fig. 43 shows the variation of COP with increase in concentration of the strong
solution. It is witnessed that the COP decreases with increase in %age of the strong
solution. The higher concentration of the strong solution would produce less amount
of vapour, which causes the COP to go down at higher concentration of strong solution.
The relation between the exergetic efficiency (nex) of the SE, DE, TE and QE
absorption cycles with respect to Tgen is presented in Fig. 44. The nex of SE cycle is
observed to be higher at low temperatures, but drops sharply with increase in Tgen. In
contrast, the nex Of the DE cycle is lower than SE, but decreases slowly with increase
in Tgen. The nex of the DE cycle decrease from 0.4756 to 0.248 and the nex of the TE
cycle decreases from 0.5252 to 0.288. The nex of the QE cycle is highest in comparison
to all other cycles. It starts to decrease from 0.5304 and ends at 0.317, which shows

that the QE cycle has greater potential to produce useful work at higher temperatures.

The Fig’s 45 and 46 show the relation in-between the COP and Tgen Of the all the four
cycles. Both figures portray the COP comparison of the absorption cycles, but at
different Tewp. The increase in evaporator temperature (Tevyp) from 280 K to 286 K
increases the nex 0f the QE cycle by 0.324% followed by TE cycle, where the increment
is 0.319%. The higher evaporator temperature helps in increasing the cooling

production which results in higher COP of the cycles. The COP of the QE cycle is
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21.36% higher than TE cycle and it is 2.55 times higher than SE cycle, The COP of
the QE cycle is also noticed to be 1.7 times higher than DE cycle at an evaporator
temperature of 286 K. The internal heat exchange in-between the low and medium
temperature generators of the double and triple effect cycles help in higher vapour
production in comparison to single effect cycle. The vapour production is observed to
be the highest for the quadruple effect cycle. The vapour production increases further
with the change in the mass distribution among the low, medium and high temperature
generators. The effect of mass distribution among the generators is presented in Fig.
47. The COP of the quadruple effect cycle is observed to be the highest by providing
40% of the total system mass to the low temperature generator. The little modification
in the mass distribution affects the COP of the absorption cycles strongly, without the

addition of any extra amount of heat.

On the other hand, the increase in mass concentration to the low temperature generator
decreases the cooling capacity of the of the absorption cycles as well as increases the

risk of crystallization of the LiBr-H20O solution in the absorber.
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Figure 42: The effect of weak solution percentage on the COP of the single, double,
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Figure 44: The influence of Tgen on the exergetic efficiency of four different
absorption cycles
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This comparative study is carried out to evaluate the energetic and exergetic
performance of solar assisted power generation and multi-effect absorption cycles.
Solar heat is collected using PT and PD solar collectors. The heat transfer fluids
employed in solar collectors are Al.Oz and Fe,Os water based nanofluids. The
performance of the water based nanofluids is compared with pure water to observe the
effect of nanofluids on the thermophysical properties of base fluids. In the first part of
the analysis, nanofluids are prepared and tested in parabolic trough solar collectors
both numerically as well as experimentally. The simulations are performed to analyze
solar collectors of PT and PD at different design conditions. The solar collectors are
further evaluated upon integration with Rankine cycle to generate electric power. In
the second part of the analysis, the absorption cycles of single, double, triple and
quadruple are simulated and analyzed individually as well as together to evaluate their
performance on comparative basis. The following are the conclusions drawn from the
conducted research:

7.1.1 Nanofluids

Nanofluids are observed to have better thermophysical properties than the base fluids
of water. The thermal conductivity, density and viscosity of the Al,Os-water based
nanofluid is observed to be 6.84%, 6.73% 6.24% higher than base fluids of water at

room temperature, these properties are found to increase with increase in temperature.
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The nanoparticles in solid form possess low heat capacity as compared to pure water,
consequently there solution will have lower values of Cp as compared to water. The
same effect is observed for Fe,O3 water based nanofluids, where the density effect is
observed to be 7.87% higher in comparison to water. The thermal conductivity effect
IS observed to be 4.39% higher than pure water. The C, is observed to be 9.3% lower

than that of pure water at a temperature of 300 K.

7.1.2 Solar Collectors

The nanofluids discussed above are used as HTFs in both, PD and PT collectors. There
are many factors which are considered to be responsible to affect the performance of
PT collectors. Convection heat transfer coefficient is reflected as the key factor to
affect the efficiency of solar collectors. The greater values of convection coefficient
lead to the lower absorber temperature which, in result, lowers the heat losses from the
collector. It is observed that the convection heat transfer coefficient for Al.Oz-water
based nanofluid is 56.5 higher followed by Nusselt number which is 46.3% higher as
compared to pure water. The overall heat transfer coefficient for nanofluids is observed
to be 4.32% higher than pure water. The outlet temperature of the PT collector for
Fe,Os water based nanofluid is observed to be 1.7% higher than water. The
performance parameters such as, heat transfer rate and net power produced are
observed to be about 7-8% higher for parabolic dish solar collectors for both

nanofluids.

7.1.3 Absorption Cycles
The absorption cycles are designed to work on LiBr-H2O solution, and to be externally
heated by solar heat available from solar collectors. Some concluding remarks, drawn

from the performed study, are as follows:
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The quadruple effect absorption cycle has the highest COP among other cycles
analyzed in this study.

The COP of the quadruple effect absorption cycle is 21.36% higher than triple
effect absorption cycle and it is 2.55 times higher than SE cycle. It is also
noticed to be 1.7 times higher than DE cycle at an evaporator temperature of
286 K.

The exergetic efficiency of the QE absorption cycle is observed to be 11.1%
higher than SE absorption cycle. It is observed that the TE cycle has 4.74%
higher exergetic efficiency in comparison to SE cycle at an evaporator
temperature of 280 K.

The QE cycle needs about 63% less heat input as compared to SE cycle to
produce the same cooling effect.

The COP of the absorption cycles is witnessed to increase with distribution of
the mass flow rate among the generators. The highest COP (QE cycle) was
observed to be at 40% of the total mass provided to the low temperature
generator.

The QE cycle needs a temperature of about 2.64 times higher than SE cycle to

operate under same operating conditions.

The conclusions drawn above provide an idea how nanofluids effect the performance

of solar collectors. The nanofluids affect the heat transfer properties, such as, thermal

conductivity and convection heat transfer coefficient of the base fluids, because

nanoparticles in their original form, have higher thermal properties. It is observed that

the particle size and the percentage of nanoparticles are two major parameters, which

are considered to play an important role in enhancing heat transfer properties.
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Therefore, these parameters have to be chosen sensibly, because of the unpredictable
behavior of nanoparticles. Apart from the high thermophysical properties of
nanofluids, there are concerns which need to be clarified for the commercial
application of nanofluids. The first is the Cp of nanofluids which is low in comparison
to base fluids, the Cp of the working fluids needs to be higher to absorb more heat.
The second major concern is the high cost of nanofluids, which is considered as the
main hindrance for nanofluids to have their industrial applications. The other concerns
such as, oxidation, segregation, agglomeration and settlements of nanoparticles have
adverse effect on the system performance. Therefore, even though the rate of heat
transfer increases by several percentage, the practical implication of nanofluids needs

to be carefully evaluated.

7.2 Recommendations and future work
System integration analysis of the solar assisted power generation and absorption
cooling offers several main areas of future research which are summarized below,

e Apart from the thermophysical properties of the nanoparticles, the effect of
nanoparticle’s shape, size and pH value should be considered in the analysis of
nanofluids. The metallic nanoparticles (Ay, Ag, Cu) shall also be included in the
future research to be compared with metal oxide (Al203) nanofluids.

e The experimental analysis should be performed simultaneously on two
identical systems, one working on nanofluids and the other one working on
water, so their results can be compared under identical operating conditions.

e Simulations of the mathematical models are carried out for their
thermodynamics (first and second law of thermodynamics) analysis only, their

analysis need to be extended further to perform their economic as well as
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environmental analysis. The required capital investment and operating cost for
the power along with cooling production should be explored.

The integrated system shall be extended further to use the waste heat through
the integration of the Kalina cycle to generate electricity from the low grade
temperature heat.

The geometry effects of the solar collectors shall be considered in the further
research, because the geometry effects play an important role in convection
heat transfer.

The absorption cycles should also be analyzed using different working fluids
(LiCl-H20, NHs-H20) as well as to be operated with heat sources (geothermal,

biomass) other than solar energy.
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