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Abstract

Daily increase in the use of electricity and fossil fuels in the world raises the need for a
renewable source of energy to accommodate the needs and power requirements for
different sectors. Concentrated Solar Power (CSP) is the leading technology in harvesting
the solar radiation, which paves the way for a sustainable energy production that can
replace conventional power generation methods. Parabolic Trough Solar Collectors
(PTSC) are the most efficient and advanced type of CSPs. However, the efficiency and
heat loss while storing are two major drawbacks in using PTSC. Adding nanoparticles to
a conventional heating fluid will increase the thermal conductivity of that fluid, which
will enhance the performance of the PTSC, and improve the overall performance of a
PTSC/Thermal Energy Storage (TES) integrated system. In this thesis, the effect of using
nanofluids as a heating fluid in an integrated PTSC/TES System is evaluated. Two
metallic nanoparticles: Copper (Cu) and Alumina(Al,03), and one non-metallic: Single
Walled Carbon Nanotubes(SWCNT) are dispersed into Therminol VP-1 and Syltherm
800. The thermophysical properties of the resulting nanofluids are studied for different
volume fractions, and their effect on the convective heat transfer coefficient is analyzed.
Further, the improvement in performance of the PTSC is investigated, and the effect of
that improvement on the performance and the cost of different configurations of an
integrated PTSC/TES system for different modes of operation (no storage, 7.5 hours and
10 hours) are examined. The results show that adding nanoparticles to a base fluid will
increase the thermal conductivity as well as the overall heat transfer inside the absorber
tube of the PTSC. It was seen that SWCNT-based nanofluids showed the highest
improvement of 6-8% in the PTSC efficiency. The effect of the nanofluids on the
performance and cost of the PTSC/TES system depends on the mode of operation, where
different nanofluids showed different enhancements on the annual energy and net saving
of the PTSC/TES system. It was concluded that the 2" mode of operation with a storage
period of 7.5 hours is the most efficient and cost effective mode for the PTSC/TES

system to operate on.

Search terms: Concentrated Solar Power, Parabolic Trough Solar Collector, Thermal
Energy Storage, nanofluids, SWCNT, Therminol VVP-1, Syltherm 800.
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Nomenclature

A Area (m?)

A, Reflective aperture area (m?)

A, Glass cover area (m?)

A, Receiver area (m?)

Agy Solar field area (m?)

C Concentration ratio (-)

Cat,o0, Alumina nanoparticles price (US$/gram)

Cen Copper nanoparticles price (US$/gram)

Co Electricity sale price (US$/kWh)

Cp Specific heat capacity (k//kg - K)

Cswent Single Walled Carbon Nanotubes price (US$/gram)
D Diameter (mm)

D., Glass cover outer diameter(mm)

D,; Absorber tube inner diameter(mm)

D, Absorber tube outer diameter(mm)

Fr Heat removal factor (-)

Frs Shading factor (-)

F' Efficiency factor (-)

f Fanning friction factor (-)

o Darcy friction factor (-)

h Enthalpy (kJ/kg)

Rerin Convective heat transfer coefficient inside the absorber tube (W /m2K)
Ryca Radiation heat transfer coefficient between glass cover and ambient

(W /m?K)
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hT‘CT‘

hCCCl

Radiation heat transfer coefficient between glass cover and receiver
(W/m?K)

Convective heat transfer coefficient between glass cover and
ambient(w /m?K)

Normal beam radiation (W /m?)

Loan interest rate (%)

Incident angle modifier (-)

Thermal conductivity (W /m - K)

Air thermal conductivity (W /m - K)
Boltzmannconstant ( 1.381 x 10723] /K)
Thermal conductivity of the receiver (W /m - K)
Thermal conductivity of the glass cover (W /m - K)
Length of collector assembly (im)

Collector length (m)

SWCNT length (um)

Fluid mass flow rate (kg/s)

Steam mass flow rate (kg/s)

Number of collectors (-)

Number of loops (-)

Number of modules (-)

Nusselt Number (-)

Nusselt Number of glass cover (-)

Pressure (kPa)

Condenser pressure(bar)

Feed water pressure(bar)
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Pr
Qu
dc

Re

Re,

Steam turbine pressure(bar)

Prandtl Number (-)

Useful power collected by the PTSC (kW)
Specific heat rejected (kW /kg)

Reynolds Number (-)

Reynolds Number of glass cover (-)
Kaptiza Resistance (8 x 1078m?K /)
Radius (nm)

Insurance rate (%)

Entropy generated rate in the PTSC(kW /K)
Fluid temperature (°C)

Ambient temperature (°C)

Glass cover temperature (°C)

Inlet temperature (°C)

Mean temperature (°C)

Outlet temperature (°C)

Receiver temperature (°C)

Sun temperature (K)

Operating hours of the plant (hour/year)
Overall heat loss coefficient (W /m?K)
Overall heat transfer coefficient (W /m?K)
Fluid velocity (m/s)

Wind velocity (m/s)

Specific volume (m3/kg)

Collector width (m)
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Whet

X in,PTSC

X out,PTSC

X des,PTSC
y
Yeon

Ydec

Specific pump work (kW /kg)

Specific turbine work (kW /kg)

Net power output (MW)

Exergy input rate to the PTSC (kW)

Exergy output rate from the PTSC (kW)

Exergy destruction rate in the PTSC (kW)

Flash factor (-)

Construction years of the plant (years)
Decommissioning years of the plant (years)

Plant life time cycle (years)

Capital investment cost of the condenser (US$)
Capital investment cost of the civil engineering works (US$)
Cost of contingency issues (US$)

Capital investment cost of the cooling tower (US$)
Cost of decommissioning the plant (US$)

Equipment capital investment cost (US$)

Equipment installation capital investment cost (US$)
Capital investment cost of the feed water heater (US$)

Capital investment cost of the heat exchanger between the PTSC Field and
the TES system(US$)

Capital investment cost of the heat exchanger between the TES and the
power block (US$)

Cost of indirect factors (planning, permitting) (US$)
Labor cost (US$)

Maintenance cost of the plant (US$)
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Zopt Operating cost of the plant (US$)

ZpcsT Capital investment cost of the cold storage tank pump (US$)

ZprwH Capital investment cost of feed pump (US$)

Zpurr Capital investment cost of the heating fluid pump (US$)

Zpyst Capital investment cost of the hot storage tank pump (US$)

Zpw Capital investment cost of the water pump (US$)

Zprsc Capital investment cost of the PTSC field(US$)

Zse Capital investment cost of the steam condenser(US$)

Zst Capital investment cost of the steam turbine (US$)

Zst qux Capital investment cost of the auxiliary equipment of the steam turbine

(US$)

Zot Capital investment cost of the water treatment facility(US$)
GREEK LETTERS

p Density (kg/m?)

Pair Air density (kg/m?3)

Pecl Mirror reflectance (-)

U Dynamic viscosity (mPa - s)

Hair Air dynamic viscosity (mPa - s)

v Kinematic viscosity (mm?/s)

Q Volume fraction (%)

€ Nanolayer thickness (nm)

& Glass cover emissivity (-)

& Receiver emissivity (-)

y Nanolayer thickness ratio (-)

0 Angle of Incidence (rad)

A Tilt angle (rad)

Q Aperture azimuth angle (rad)
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Solar altitude angle (rad)

p Solar azimuth angle (rad)

Mo Collector optical efficiency (-)

Ny Receiver efficiency (-)

Nprsc Energetic efficiency of the PTSC (%)

Nex Exergetic efficiency of the PTSC (%)

Nisrc Energetic efficiency of the ISRC (%)

NISRRC Energetic efficiency of the ISRRC (%)

Nt Isentropic efficiency of the Steam Turbine (%)

Mp Isentropic efficiency of the Pump (%)

a, Receiver absorptance (-)

a; Glass cover absorptance (-)

Tc Glass cover transmittance (-)

o Stefan-Boltzmann Constant (5.67 X 1078 W /m2K*)
SUBSCRIPTS

f Base fluid

nf Nanofluid

p Nanoparticle
ABBREVIATIONS

CNT Carbon Nanotubes

CSP Concentrated Solar Power

DWCNT Double Walled Carbon Nanotubes

EES Engineering Equation Solver

EG Ethylene Glycol

ISRC Integrated Solar Rankine Cycle

ISRRC Integrated Solar Regenerative Rankine Cycle

LEC Levelized Cost of Electricity

NPV Net Present Value

NS Net Saving
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MWCNT
PTSC
SAM
SWCNT
TES

Multi Walled Carbon Nanotubes
Parabolic Trough Solar Collector
System Advisory Model

Single Walled Carbon Nanotubes
Thermal Energy Storage
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Chapter 1: Introduction

The daily increase in the use of the electricity and fossil fuels in the United Arab
Emirates raises the necessitates for finding a renewable source of energy to accommodate
the needs and power requirements for different sectors. Solar Energy is one of the
renewable sources that provide a clean, reliable and uninterrupted source of power that
can replace conventional power generation methods. Concentrated Solar Power (CSP) is
the leading technology in harvesting the solar radiation, which paves the way for a
sustainable energy production. Different types of CSP’s are used in the industry for
power generation, but Parabolic Trough Solar Collectors (PTSCs) are the most common
technology deployed in power plants. However, the efficiency of the PTSC and heat loss
during storage times are two major drawbacks while using the PTSC in solar energy
harvesting. Recent discoveries suggested that adding nanoparticles to a conventional
heating fluid increases the thermal conductivity and then enhances the thermophysical
properties and heat transfer characteristics of that fluid. The nanofluid produced will then
have a positive effect on the performance of the PTSC and Thermal Energy Storage
system (TES).

1.1 Problem Statement

The demand for energy is growing daily at an unexpected rate, and conventional
power plants running on fossil fuels are struggling to equate the increasing load of
electricity needed.

Renewable energy, specifically solar energy, can be used for power generation,
desalination and many other applications. CSP is the most promising and efficient
method of harnessing solar radiation. PTSCs are available commercially for power
production usage because of their relatively low cost compared to other solar collectors.
Nonetheless, PTSCs integrated with TES have a low storage capacity depending on the
heating fluid used and a high maintenance cost. Also, the PTSCs efficiency is limited to

around 60%, and thermal losses are considered to be an issue.

The performance of the PTSCs ought to be enhanced if solar energy is to replace

the conventional power production methods. The heating fluid inside the receiver of a
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PTSC is one of the major parameters that affect the PTCS, TES and power cycle of a
power production plant. Thus, enhancing the heat transfer characteristics and
thermophysical properties of the heating fluid can give a positive effect on the
performance of the PTSC; this could be done by using nanofluids which consist of the

conventional heating fluids with the addition of nanoparticles.

This research aims at studying the effect of using nanofluids as heating fluids on

the performance of a PTSC, and an integrated PTSC/TES system.

1.2 Significance of the Research

The rate of the increase in the global demand for fossil fuel will lead to a shortage
in the fossil fuel sources, while the annual production will fall short in supplying the
worldwide demand. It is expected that in the next 40 years, crude oil and natural gas

resources will be completely depleted.

Solar energy provides clean, secure and efficient energy. It is the most reliable
source of energy to help countries reach their sustainable development objectives.
Switching to solar energy reduces the C0,emissions and the use of fossil fuels which in
its turn benefits the environment. Nationally, the United Arab Emirates has already taken
a huge step in the renewable energy path by constructing SHAMS 1; the first CSP solar
plant in the United Arab Emirates [1]. In addition, building Masdar city, a planned city in
Abu Dhabi which is run solely on solar and renewable energy resources, confirms the
United Arab Emirates vision of clean, reliable and sustainable energy [2]. Moreover,
several other projects are undergoing the planning phase and are to be launched soon,
with reports stating that the United Arab Emirates is planning to meet 25% of its energy

demand by the end of the decade by relying on non-conventional energy sources [3].

The United Arab Emirates’ vision for sustainable development can be reached by
the use of renewable energy. In order to help the UAE thrive to that vision and
accomplish its objective of achieving around 7% renewable energy power generation
capacity by 2020 [4], the conventional PTSCs are to be improved and the integration
between the PTSC and TES is to be enhanced. The use of nanofluids will increase the

power output, efficiency and enhance the performance of PTSCs, subsequently lowering
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the load on the TES. From an economic point of view, the use of nanofluids will decrease
the levelized electricity cost of the power plant and decrease the variable costs on the
long run. However, running PTSC on nanofluids is considered to be a new idea, and a lot
of research and experimental work are needed in order to commercialize a nanofluid

based parabolic trough solar collector.

1.3 Scope and Objectives

The scope of this research is combining different nanoparticles with different
heating fluids and studying their effect on the thermophysical properties and heat transfer
characteristics, then evaluating the performance and the cost of an integrated PTSC/TES

system using nanofluids as a heating fluid for different modes of operation.

The main objective of this research is to provide a nanofluid that enhances the
performance of a PTSC/TES system, and can potentially replace the conventional heating

fluids in order to optimize the characteristics of a power plant.
The research specifically aims to:

1. Carry out an in-depth literature survey

2. Investigate the integration between PTSC and TES.

3. Determine the appropriate heating fluids used in operating the PTCS, and
appropriate storage materials for the TES.

4. Study the effect of adding nanoparticles on different thermophysical properties
and heat transfer coefficient of the heating fluids by applying different models and
correlations.

5. Conduct parametric studies to examine the effect of nanoparticle size, shape, and
type and volume fraction on the thermophysical properties of the nanofluids, and
the convective heat transfer coefficient inside the absorber tube of the PTSC.

6. Study the effect of using nanofluids as a heating fluid on the performance of the
PTSC in terms of energy and exergy.

7. Choose the most adequate nanofluids according to the United Arab Emirates

weather data and conditions, and specific design inputs and parameters.

26



8. Compare two different configurations which are the Integrated Solar Rankine
Cycle (ISRC) and the Integrated Solar Regenerative Rankine Cycle in order to
choose the most efficient cycle.

9. Study the effect of the storage on the PTSC/TES system by varying the modes of
operation, and using conventional heating fluids versus nanofluids.

10. Study the effect of using the nanofluids on the performance of the integrated
system for different modes of operation.

11. Carry a thermo-economic evaluation of the effect on nanofluids on the
performance of the integrated system from an economic point of view.

12. Choose the most suitable nanofluid to replace the conventional heating fluid for
different modes of operation of the integrated system.

13. Choose the most efficient and cost effective mode of operation of the integrated

system to operate at.

1.4 Research Methods and Materials

The methodology behind this research starts with selecting the nanoparticles and
base fluids to carry out the analysis. Two metallic: Copper (Cu) and Alumina (Al,03) and
one non-metallic: Single Walled Carbon Nanotubes (SWCNT) nanoparticles are
selected, while Therminol VP-1 and Syltherm 800 are chosen as the heating fluids. The
thermophysical properties of the different nanofluids are calculated using different
models and correlations for the thermal conductivity, viscosity and the Nusselt number.
Afterwards, the effect of the properties on the convective heat transfer coefficient is
numerically investigated using MATLAB. Parametric studies are carried to study the
effect of the shape, size, type and volume fraction on the heat transfer coefficient.
Further, the use of nanofluids as a heating fluid in a PTSC is investigated; using
MATLAB again to analyze the effect of using different nanofluids on the efficiency,
power output and performance of a PTSC. Another parametric study is done to examine
the effect the concentration ratio, and volume fraction on the performing parameters of
the PTSC.

Engineering Equation Solver (EES) is used to analytically compare two different
configurations for the integrated system (ISRC and ISRRC) in terms of efficiency. Next
the Solar Advisory Model (SAM) is used to evaluate the performance and cost
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parameters of the chosen PTSC/TES power production plant configuration. The
nanofluids properties are imported to SAM from MATLAB, and the performance and
cost analysis of the full integrated system are studied for different modes of operation.
Finally, comparison between the conventional heating fluids and the nanofluids is
presented, and the most suitable fluid for enhancing the performance and cost of a

PTSC/TES is chosen for different modes of operation.

1.5 Thesis Organization

The thesis consists of six main chapters. Chapter 1 provided an introduction to the
thesis, the significance of the research and the problem statement. Furthermore, it
outlined the scope and objectives of the thesis followed by the research methods and

methodology used in the analysis.

Chapter 2 provides an in-depth literature survey about the experimental and
analytical enhancement of thermal conductivity and heat transfer characteristic of
nanofluids, and the use of nanofluids in solar energy and TES systems. Chapter 3
presents the modeling equations, correlations and thermophysical properties’ models used
in the prediction and calculation of different parameters. Chapter 4 provides the results of
the study; it includes graphs, tables and discussion of the obtained results, while Chapter
5 presents an economic evaluation of the proposed systems. Final conclusions,
recommendations and remarks are provided in Chapter 6.
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Chapter 2: Literature Review
In this chapter, an in-depth literature survey about the PTSC modeling, TES
operation and types, nanofluids thermophysical properties and enhancements, and

nanofluids application in solar energy and thermal energy storage is presented.

2.1 PTSC modeling and applications

Solar energy can be harnessed using different mechanisms and applications. The
Concentrated Solar Power (CSP) has proved to be the most efficient since the radiation is
absorbed, and then reflected to focus on a smaller area in order to maximize the amount
of heat captured. Different types of CSP can be found, such as: Fresnel Reflectors, Dish
Sterling, Solar Power Tower, and Parabolic Trough Solar Collector (PTSC) which is the
most studied, and most available in the literature. The PTSC simply consists of a parabola
shaped sheet, mostly made of aluminum, which acts as a reflector. The sheet is usually
called a collector as it is the area where the solar radiation is collected, then reflected. The
sun rays are reflected onto a metal tube placed in the center of the collector, which is
called the receiver. The heating fluid flows through the receiver and it is heated by the
solar radiation reflected from the collector. The receiver is surrounded by a glass cover in
order to minimize the heat loss, due to convection and radiation. Review of the literature

on the modeling and the applications of PTSC are provided as follows.

Kalogirou [5] provided a detailed thermal model of a parabolic trough solar
collector (PTSC). The model presented takes into account all the modes of heat transfer;
convection into the receiver pipe, convection in the annulus between the receiver and the
glass cover, and convection from the glass cover to the ambient air; conduction through
the metal receiver pipe and class cover walls; and radiation from the metal receiver pipe
and glass cover surfaces to the glass cover and sky respectively. The model was
validated by comparing the results of the efficiency and heat loss with the data provided
from Sandia National Laboratories. The performance of the model yielded very close and

satisfactory results.

Reddy et al. [6] carried out exergetic and energetic analysis for the components of

the solar thermal power plant system in both the cities of Delhi and Jodhpur. The solar
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system consisted of two subsystems, the collector — receiver subsystem, and Rankine heat
engine subsystem. The collector-receiver subsystem contains a set of parabolic trough
mirrors installed in arrays, and an energy storage system that pumps Therminol VP-1 to
the system. The analysis showed that the main energetic losses took place in the heat
engine circuit through the condenser, followed by the collector-receiver system. However
for the exergetic losses, the solar collector-receiver is the main area where the exergetic
power loss is the greatest. It was also shown that by increasing the operating pressure
from 90 to 105 bar, the energetic and exergetic efficiencies are increased by 1.49% and

1.51% respectively.

Kumaresan et al. [7] experimentally investigated the performance of a solar
parabolic trough collector system integrated with a storage unit. The system consisted of
a parabolic trough collector, a thermal storage tank and a positive displacement pump to
force Therminol 55 which is the heating fluid from the storage tank to the trough. The
experimental study was conducted until the storage tank was capable of storing the heat
during the day. It was concluded that firstly, the instantaneous efficiency of the PTC
depends on both the incident beam radiation and the useful heat gain. Secondly, the peak
instantaneous efficiency is around 63%. Thirdly, the decrease in the insolation rate and
increase in the heat loss decreases the overall efficiency and that minimizing the heat loss

alone can lead to an acceptable performance of the PTSC.

Feldhoff et al. [8] described and compared two power plants’ design, performance
and investment. The first plant uses synthetic oil and includes a two-tank molten salt
storage system, while the other plant is a direct steam generation (DSG) plant with a
phase change material for the latent heat storage, and molten salt for the sensible thermal
energy storage system. To make sure the two plants are comparable, they both shared the
same electrical capacity of 100 MW, same TES capacity of 9 hours and the same solar
multiple of the collector field. Results showed that the efficiency of the DSG plant is
about 8% more than the synthetic oil plant, but its project investment is 10% higher
which causes the levelized electricity cost (LEC) to be higher by 6%. The main reason
for the high LEC is the storage system used in the DSG plant. If no storage system is
used, then the LEC is about 5-8% less than that of the oil plant.
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Lobdn et al. [9] introduced a computational fluid dynamic (CFD) simulation
approach to predict the behavior of a multiphase fluid in a parabolic trough solar
collector. The simulation results show a reliably close agreement with experimental time
series data for different categories of transients which include variation in solar radiation,
inlet mass water flow and outlet steam temperature. The overall mean squared error for
temperature values is less than 6%. Valenzuela et al. believe that this work [9] supports
the applicability of using CFD modeling to study dynamics of DSG in parabolic trough
solar collector.

Al-Ansary and Zeitoun [10] introduced a promising technique to bridge the cost
and performance gap between receivers with vacuum annuli and receivers with air- filled
annuli. This is done by fitting a heat- resistant thermal insulation material in the portion
of the receiver annulus that does not receive concentrated sunlight. It is expected that the
presence of this insulation material would decrease not only the convection heat losses
but also the radiation heat losses. The simulation results showed that the combined
conduction and convection heat loss of the proposed model is 25% less than a receiver
with an air-filled annulus when fiber glass insulation is used. However, since the thermal
conductivity of the insulating material increases with the increase of temperature, thus
reducing the benefit of the proposed concept at high temperature, it was concluded that
the proposed model could be a suitable replacement for receivers with air-filled annuli or
an economical alternative to the evacuated receivers that only operate at low

temperatures.

Padilla et al. [11] performed a detailed one dimensional numerical heat transfer
analysis on a PTCS. Finite element method was used by dividing the receiver and the
envelope into several segments, then applying mass and energy balance in each segment.
In addition, improvements in convective and radiative heat transfer correlations were also
presented. The model was compared to the experimental data obtained from Sandia
National Laboratory (SNL) and other models. The simulation results show that the
presented model provides a better agreement with the experimental data compared to

other models in terms of efficiency, heat and thermal losses.
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Yilmaz and Soylemez [12] performed a comprehensive thermo-mathematical
analysis for a PTSC. Solar, optical and thermal models were developed using differential
and non-algebraic correlations. Then, the obtained solution was fed into Engineering
Equation Solver (EES) software to be solved simultaneously. The simulated results were
compared to experimental data of SNL and yielded satisfactory results showing good
consistency with respect to other models studied. The following conclusions were made:
The most variable and effective parameter on the collector efficiency is the optical loss,
and variation in the radiative properties of the optical materials with incidence angle less
than 20 °C can be considered insignificant. Moreover, it was reported that the annulus
condition has a considerable effect on the thermal efficiency, where the heat loss can be
minimized by vacuuming the annulus but then the maintenance of the receiver becomes
problematic. Further, increasing the mass flow rate will result in increasing the pumping
power; therefore an optimum optimal value of the mass flow is needed to keep the
pumping work at minimum for the sake of raising the thermal efficiency. Finally, it was
observed that the heating fluid type has no significant effect on the enhancement of the

thermal efficiency.

Li and Wang [13] measured the heating efficiency and temperature of two types
of solar evacuated tube parabolic trough solar collectors with heating fluids of water and
Nitrogen (N,). Experimental results demonstrated that both evacuated tubes presented
good heat transfer with water as the heating fluid. Where the heating efficiency ranges
from 70-80%, but the water easily boils when the mass flow rate is less than 0.0046 kg/s.
However, for Nitrogen, the heating efficiency is around 40%, and the gas temperature
reaches 320-460°C. A model is built to further analyze the evacuated tube heated by solar
trough concentrating system, and the results showed that the model agrees with
experimental data with an accuracy of 5.2%.

Tyagi et al. [14] evaluated the exergetic performance of concentrating type solar
collector, and carried a parametric study using hourly solar radiation. The results showed
that most of the performance parameters such as the exergy output, exergetic and thermal
efficiencies, stagnations temperature, inlet temperature all increase with the increase of

the solar intensity, however the exergy output and the exergetic and thermal efficiencies
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are found to be the increasing function of the mass flow rate at a constant solar intensity.
Moreover, for low value of solar intensity, the exergetic efficiency first increases and
then decreases as the concentration ratio is increased. Finally, it is recommenced that
mass flow is chosen carefully because it is a critical parameter for a concentrating solar

collector.

Oztiirk et al. [15] investigated the geometry of a parabolic trough reflector and the
characteristics of solar radiation to the reflecting surface. The energy into the receiver
was also calculated. Moreover, a parabolic trough collector is analyzed with respect to
the energy and exergy models for meteorological specification of different months in
Isparta/ Turkey. The simulated results show that the first law efficiency reaches its
highest peak in July where the solar intensity is at its highest. , The second law efficiency
also follows the same trend and reaches the highest peak in July, and the maximum first
and second law efficiencies are around 76% and 27% respectively.

PTSCs can be used in cooling, heating, power generation and desalination as
provided in the following literature. Mazloumi et al. [16] simulated a solar single effect
lithium-bromide absorption cooling system running on a parabolic trough solar collector
with an insulated thermal storage tank. A thermodynamic model was used to simulate the
absorption cycle and the parabolic trough solar collector, running on water and for a load
of 17.5 kW, which is the average load for a household. The simulation results showed
that the mass flow rate of the collector has a negligible effect on the minimum required
collector area, but a significant effect on the optimum capacity of the storage tank. In
addition, the thermal stratification in the storage tank tends toward the well-mixed
situation, when the mass flow rate of the collector is high and storage tank volume is low.
It was also concluded that the optimal capacity of the storage tank increased extremely

when the operation of the absorption system continued after sunset.

Cabrera et al. [17] summarized the existing experiences, and reviewed the
available papers on the applications of the parabolic trough solar collector in solar
cooling systems. The use of the PTSC as an occasional alternative to other solar
collectors in air conditioning applications was evaluated. The results showed that the

PTSC is suitable to be used in process heat and absorption cooling, but the rate of the
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growth of the PTSC is still low. Compared to other solar technologies, the PTSC showed
the highest solar fraction compared to the Flat Plate Solar Collector, Evacuated Tube

Solar Collector and Concentrated Power Solar Collector.

Abueidda and Gadalla [18] performed a thermodynamic analysis on an integrated
solar-based multi-flash stage desalination/Rankine cycle system. Energy and exergy
models for the solar field are presented and the first and second law efficiencies are
calculated. The simulation results show that the first-law and second law efficiencies of

the solar field are 61.7% and 31.7% respectively.

Al-Sulaiman et al. [19] assessed the exergetic performance of a novel
trigeneration system using parabolic trough solar collector (PTSC) and an organic
Rankine cycle (ORC). The trigeneration system considered is examined using three
modes of operations. First, solar mode during the low-solar radiation time of the day,
second solar and storage mode during the high-solar radiation time of the day, and third
storage mode during night time, where the storage mode is operated through the heat
collected in a thermal storage tank during the solar and storage mode. The simulated
results show that the maximum electrical-exergy efficiencies for the solar mode, solar
and storage mode and storage mode are 7%, 3.5% and 3% respectively. However, when
trigeneration is used, the maximum efficiencies of the modes become noticeably higher
with 20%, 8% and 7% for the solar mode, solar and storage mode and storage mode.
Further, it was shown the maximum exergy destruction happens in the solar collectors
and the evaporators of the ORC. Therefore, a careful selection and design of these

components is vital for the reduction of the exergy destruction.

2.2 Thermal Energy Storage

Thermal energy, after being collected by the solar field, has to be stored for later
use. It is vital that the storage of the thermal energy is done efficiently, thus the design of
the thermal energy storage system needs to be studied carefully. The main aspects of
designing a solar thermal energy storage system are the technical properties, cost

effectiveness and environmental impact.
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2.2.1 Thermal energy storage types.

Thermal energy storage systems can be classified into two types: active and
passive. In case of the active TES, the storage medium is a fluid and it is able to flow
between the tanks, while in the case of the passive TES, the storage media is a solid and
the fluid only enters the tank for charging or discharging. Moreover, the TES can be
classified into two main categories. The first one is the direct storage, where the heating
fluid from the solar field is the same fluid stored in the storage tank; for example, steam
is accumulated in pressure vessel for later use. The second is the indirect storage which is

widely used and it is classified into three main mechanisms as follows:
a) Sensible heat storage:

The sensible heat storage is the most developed technology but it has the lowest
storage capacity leading to an increase in the storage system size. The energy stored
in the sensible heat storage could either be solid-state or liquid- state storage media.
Table 1 shows the most common storage media used for sensible heat storage [20].
The mechanism behind the sensible heat storage is a direct heat exchange between
two media, whether it is liquid-liquid or liquid-solid, meaning that the fluid undergoes
no phase change. With regard to Table 1, the best option for sensible heat storage is
the use of molten salts, because of their excellent stability under high temperature,
low viscosity and high thermal conductivity. Add to that, the non-flammability and

non-toxicity makes molten salt environmentally safe.
b) Latent heat Storage:

The main idea behind the latent heat storage mechanism is the use of phase
change materials (PCMs). The PCMs can store or release a large amount of heat
when changing their phase structure whether it is melting or solidification. Compared
to the sensible materials, the enthalpy of PCMs is almost a 100-200 times higher
leading to a smaller storage size. Table 2 shows the thermophysical properties of
some commercial latent heat storage materials [20]. The main disadvantage in

implementing the latent heat storage is the low thermal conductivity, and the cost of
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ranging from 0.5$/kg to 5%/kg is remarkably cheaper than that of the latent heat
storage ranging from 4.28 $/kg to 334 $/kg [21].

Table 1: Storage Medias used for sensible heat storage [20]

Parameter  T.,,4 Thot Material k p Gy Medium
Unit 0 0 - W/mK) (kg/m®) (kJ]/kgK) -

200 300 Sand-rock- 1 1700 1.3 Solid
oil

200 400 Reinforced 15 2200 0.85 Solid

Concrete

200 400 Cast Iron 37 7200 0.56 Solid

200 500 NaCl 7 2160 0.85 Solid

200 700 Cast Steel 40 7800 0.6 Solid

200 700 Silica fire 15 1820 1 Solid

bricks
200 1200  Magnesia 5 3000 1.15 Solid
fire bricks

250 350 Synthetic 0.11 900 2.3 Liquid
Qil

250 450  Nitrate Salt 0.57 1825 15 Liquid

270 530 Liquid 71 853 1.3 Liquid

Sodium
300 400 Silicon Oil 0.1 900 2.1 Liquid
180 1300 Lithium 38.1 510 4.19 Liquid
Liquid Salt

15 400 Dowtherm  0.1171 867 2.2 Liquid
A

120 500 HitecXL 0.52 1992 1.4 Liquid
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Table 2: Properties of latent heat storage Medias [20]

Parameter Material Phase change k p Latent heat
Temperature
Unit - °C (w/mkK) (kg/m®) (k]/kg)

NaNog 307 0.5 2260 172
KNO; 333 0.5 2110 226
KOH 380 0.5 2044 149.7
AlSiy, 576 1.6 2700 560
NacCl 800 5 2160 492

Na,Co, 854 2 2533 275.7
K,CO0; 897 2 2290 235.8

c) Thermocline heat storage:

The idea behind this mechanism is relying on chemical reactions, because some
chemicals can absorb or release a large amount of thermal energy when they break or
form certain chemical bonds. Based on this idea, this storage heat mechanism makes
use of the chemical heat. The main constraint while using the thermocline heat
storage is the design criteria. Hence storage materials with excellent chemical
reversibility, large chemical enthalpy change and simple reaction condition is needed.

Table 3 provides a list of potential materials for thermocline heat storage [20].
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Table 3: Potential materials for thermocline storage [20]

Parameter Material Temperature Enthalpy Chemical
Range Change Reaction
Unit - °C GJ/m3 -
Iron 180 2.6 FeCO;
Carbonate o FeO + CO,
Metal 200-300 4 (Metal xH,
Hydrides & Metal yH,
+ (x —y)H),
Ammonia 400-500 67 kj/mol NH; + AH
o 1/2N,
+3/2H,
Hydroxides 500 3 Ca(OH),
< Ca0 + CO,
Calcium 800-900 4.4 CaC04
Carbonate o Ca+CO,

2.2.2 Thermal energy storage experimental studies.

Zhao and Wu et al. [22] experimentally investigated the use of a novel ternary nitrate
molten salt as a heat transfer fluid through a parabolic trough solar collector instead of
synthetic oil. The molten salt is a mixture of 50-80 wt. % KN O3, 0-25 wt. % LiN O and
10-45 wt. %Ca(NO),, and the results indicated that the mixture exhibited excellent
thermal properties such as, a low melting point of 100 °C, robust reliability, temperature
stability up to 500 °C and a low viscosity of 5 cP at 190 °C. Add to that, the cost of
manufacturing these salts is considerably lower than that of the existing heat transfer
fluids, concluding that these salts are an excellent replacement to synthetic oil which is

widely used.

Hermann et al. [23] investigated the use of molten salt as a two direct tank storage
systems instead of using the heating transfer fluid flowing through a PTSC directly. The
experimental results showed that the LEC reduces by 10% for a 12 hour full load
capacity. In addition, it was measured that the specific cost of a two tank molten salt

storage system is in the range of 30-40 $/kW h;,, depending on the storage size.
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2.3 Nanofluids and their applications

Nanofluids are defined as fluids with nanoparticles dispersed inside them. The
nanoparticles enhance the thermophysical properties of the fluid, and the heat transfer
characteristics. Therefore, using nanofluids can improve the output parameters of almost
any application. Nanofluids can be used in different energy harvesting systems in order to
increase the amount of energy captured. , They can be also used for cooling as some of
them enhance the specific heat capacity of the base fluid. In general, nanofluids can be
used in application that requires fluid motion whether it is for cooling and heating, or it
is mechanical or even electrical work that is being done. However, in this literature
review the effect of adding nanoparticles to the properties of the fluid such as the thermal
conductivity, viscosity and specific heat capacity are shown, as well as the enhancement
in the convective heat transfer coefficient and heat transfer characteristics. In addition to,
the effect of nanofluids on solar systems such as Flat Plate Solar Collector (FPSC), Direct
Absorption Solar Collector (DASC), and Parabolic Trough Solar Collectors (PTSC), and
finally the effect on the performance and the size of the TES are seen.

2.3.1 Thermophysical properties enhancements.
The following section shows literature on the effect of adding nanoparticles on the
thermal conductivity, viscosity, and specific heat capacity of the fluid. It is divided into

experimental work, and analytical literature.
2.3.1.1 Experimental properties enhancements.

2.3.1.1.1 Thermal conductivity.

The term nanofluids was first presented by Choi et al. [24], where carbon
nanotubes were added to oil to study the enhancement of the thermal conductivity.
Masuda et al. [25], and Xuan and Li [26] all experimentally showed that the addition of
nanoparticles with small volume fractions (1% to 5%), results in an enhancement of the

thermal conductivity up to 20%.

Eastman et al. [27] carried some preliminary experiments to study the effect of

suspending Al, 05, CuO and Cu nanoparticles in water and HE-200 oil. The results
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showed that for a volume fraction of 5% of CuO dipped in water, the thermal

conductivity increased by 60%.

Wang et al. [28] and Lee et al. [29] experimentally studied the effect of dispersing
CuO and Al,0; nanoparticles in water and ethylene glycol. The results revealed that the
thermal conductivity of the nanofluids increases with the increase of the volume fraction.
In addition, it was reported that the enhancement of the thermal conductivity of
CuO/water with a volume fraction of 10% is around 34%, while for CuO/EG nanofluid
with a volume fraction of 15%, the enhancement was around 50%. Moreover, an
enhancement of 12% in thermal conductivity was reported for Al,Os/water nanofluid for

a volume fraction of 3%.

Choi et al. [24] carried the first experimental analysis to show the enhancement of
the thermal conductivity of CNT-based nanofluids. It was discovered that the measured
thermal conductivity of the CNT-based nanofluids was anomalously greater than
theoretical predictions, and it was nonlinear with respect to nanotube loading. In addition,
the authors suggested physical concepts in order to understand the anomalous behavior of
the nanotubes. The experimental results showed that by adding CNT with a volume
fraction of less than 1% in oil, the thermal conductivity increased by 150%. The previous
results suggest that nanotubes provide the highest thermal conductivity enhancement in

fluids, opening the door for a wide range of carbon nanotubes applications.

Eastman et al. [30] studied the effective thermal conductivity of Cu/EG
nanofluids, and measured a 40% increase in thermal conductivity for a volume fraction of
0.3% and a nanoparticle size of less than 10 nm. The experimental results were found to
be anomalous based on previous theoretical studies that suggest a strong effect of the
particles shape on the effective thermal conductivity of nanofluids, but also suggests no
effect of the particle size and the particle thermal conductivity.

Xie et al. [31] examined the effect of the base fluid on the enhancement of the
effective thermal conductivity, and concluded that base fluids with lower thermal
conductivity will lead to a higher thermal conductivity enhancement. In addition, the

authors studied the effect of the particle shape on the enhancement of the effective
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thermal conductivity. It was established that elongated particles provide better
enhancements. For instance a 26 nm spherical and 600 nm cylindrical particles of SiC
were dispersed in ethylene glycol at a volume fraction of 3%, and the experiment showed
that the ratio of thermal conductivity enhancement for the spherical and cylindrical
particles was 1.10 and 1.16 respectively.

Biercuk et al. [32] experimentally measured the enhancement of the thermal
properties of industrial epoxy caused by the addition of SWCNT. The experimental
results showed an enhancement of 70% in thermal conductivity at a temperature of 40 K,
rising to 125% at room temperature for a weight percent on 1% only. In addition, the
electrical conductivity showed a percolation threshold between a weight percent of 0.1%
and 0.2% of SWCNT loading. Moreover, the Vickers hardness increased up to a factor of

3.5 at a weight percent of 2%.

Xie et al. [33] experimentally investigated the addition of multi walled carbon
nanotubes (MW CNT) to deionized water, ethylene glycol and decene. The MW CNT were
treated by using a concentrated nitric acid to disentangle the CNT’s in order for them to
be dispersed into the fluids. Also oxygen-containing functional groups were introduced
on the CNT surfaces to enable the production of a more homogenous and stable CNT-
based nanofluids. It was measured that the thermal conductivity of MWCNTI/DE,
MWCNT/EG and MW CNT/DW increased by 19.6%, 12.7% and 7.0% respectively at a
volume fraction of 1%. In addition, it was observed that the enhancement in the thermal
conductivity decreases with the increase in the thermal conductivity of the base fluids.
Finally, a comparison between the experimental and theoretical data provided that there
is a strong dependency between the thermal conductivity and the interfacial nanolayer

existing between the nanoparticles and the base fluid.

Patel et al. [34] studied the dispersion of gold (Au) and silve (Ag) nanoparticles
with nanoparticle diameter between 10-20 nm in water and toluene. It was shown that for
a very small volume fraction of 0.00026 of Ag in water, the thermal conductivity was
enhanced by 5%-21%. In addition, for a volume fraction of 0.011 of Au in water, the

thermal conductivity was enhanced by 7%-14%. In addition, the effective thermal
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conductivity decreased as the nanoparticle diameter increased, pointing to the different
factors that the thermal conductivity enhancement depends on. Moreover, it was pointed
out that a direct contact between the metal surface and the solvent is vital to improve

enhancement.

Wen and Ding [35] investigated the effect of the temperature on the enhancement
of the thermal conductivity of MW CNT /water nanofluids. The stable nanofluids were
made using sodium dodecylbenzenesulfonate as the dispersant. The results showed that
the enhancement in the thermal conductivity increases with the increase of the
concentration with a nonlinear dependency even at low concentrations, which was not the
case for metal-based and metal oxides-based nanofluids where a linear relation was
present. In addition, the effect of the temperature on the thermal conductivity of
nanofluids was studied, and a directly proportional relation was present. For example, it
was found that the thermal conductivity increases by 23.7% and 31% at a concentration

of 0.84% for a temperature of 20 °C and 45 °C respectively.

Assael et al. [36] measured the enhancement of the thermal conductivity of
MWCNT and Double Walled Carbon Nanotubes ( DWCNT ) water based nanofluids. In
order to enhance the thermal conductivity enhancement, Hexadecyltrimethyl ammonium
bromide and Nanosperse AQ were employed as dispersants. The thermal conductivity of
the nanofluids was measured by using the conventional hot wire method, and all
measurements were taken at an ambient temperature. It was provided that the maximum

enhancement was 34% at a volume fraction of 0.6%.

Hong et al. [37] experimentally investigated the addition of Fe nanoparticles to
ethylene glycol and Fe nanocrystalline powder synthesized by a chemical vapor
condensation process. The dispersion of the nanoparticles was improved by the use of
sonication with high-powered pulses .The results showed an 18% increase in the thermal
conductivity of Fe/EG nanofluids for a volume fraction of 0.55%. By comparing Fe-
based nanofluids and Cu-based nanofluids, it was concluded that the suspension of highly
thermally conductive materials is not always effective to improve thermal transport

property of nanofluids.
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Murshed et al. [38] experimentally investigated the dispersion of rod shaped
(P10 x 40) and spherical shaped (@ 15)Ti0, nanoparticles in deionized water. The
transient hot-wired method integrated with a correlation model was used to measure the
thermal conductivity more conveniently. The experimental results showed a directly
proportional relation between the measured thermal conductivity and the volume fraction.
In addition, it was found that the thermal conductivity is dependent on the shape of the
nanoparticles. For example, it was observed that thermal conductivity was enhanced by
33% and 30% for the rod shaped and spherical shaped nanoparticles respectively for a

volume fraction of 5%.

Liu et al. [39] experimentally measured the thermal conductivity enhancement of
MWCNT dispersed into ethylene glycol and synthetic engine oil. The results show that
the MWCNT nanofluid exhibits higher thermal conductivity than that of the EG and
engine oil base fluids. In addition, for the MWCNT/EG nanofluid and for a volume
fraction of 1% the enhancement of the thermal conductivity is around 12.4%. On the
other hand, for the MW CNT/Qil nanofluid and for a volume fraction of 2%, the thermal
conductivity enhancement is around 30%. Although the increase rate of the thermal
conductivity is different for different base fluids, it was observed that Oil based
nanofluids display a higher thermal conductivity enhancement than that of the EG based

nanofluids.

Li and Peterson [40] conducted experiments on the effect of the volume fraction,
temperature and particle size on the effective thermal conductivity of Al,0; and CuO
water based nanofluids. It was shown that the effective thermal conductivity of
Al,05/water nanofluid increased up to three times by increasing the temperature from 27
to 34.7 °C.

Liu et al. [41] dispersed Cu nanoparticles in EG, water and engine oil and studied
their effects on the thermal conductivity. Experimental results showed that for Cu/water
nanofluid with a volume fraction of 0.1%, the thermal conductivity is increased by
23.8%.
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Chopkar et al. [42] experimentally measured the effective thermal conductivity of
nanocrystallineAl,,Cus, particles dispersed in ethylene glycol. The nanofluids were
prepared by adding particles from 0.2 up to 2% to the base fluid, and the thermal
conductivity of the mixture is measured using a modified thermal comparator. The results
showed that the thermal conductivity of the nanofluid with a 1.5% of Al,,Cus, particles
increased up to 200% when compared to the base fluid. Moreover, by applying a simple
quenching experiment on the nanofluid, it was observed that the heat removal rate of the

nanofluid is better than the base fluid at low temperatures.

Hwang et al. [43] produced four kinds of nanofluids such as MW CNT/Water,
CuO /Water, Si0,/Water and CuO/EG, and measured their thermal conductivity using the
transient hot-wire method. The experimental results showed that for a volume fraction of
1%, the thermal conductivity of MW CNT/Water nanofluid increased by 11.3%, which is
the highest enhancement compared to the remaining nanofluids. It was concluded that the
higher the thermal conductivity of the nanoparticles, the higher the enhancement in the

effective thermal conductivity is.

Hwang et al. [44] also produced different kinds of nanofluids, using MWCNT,
fullerene,Cuo,Si0, and Ag as nanoparticles and DI water, ethylene glycol, oil, silicon oil
and poly-a-Olefin oil as basefluids. The results demonstrated that the lower the thermal
conductivity of the base fluid, the higher the enhancement in the thermal conductivity of
the nanofluid with the same nanoparticles. For example, for a volume fraction of 1% the
enhancement in thermal conductivity of the MW CNT/Water nanofluid is around 7%
while for the MW CNT /oil nanofluid with a volume fraction of 0.5% the enhancement is
around 9%. In addition, it was shown that the enhancement in thermal conductivity
increases with the increase of the volume fraction given that the thermal conductivity of
the nanoparticles is higher than that of the base fluid. In the case of fullerene/water
nanofluid, for instance, it was noticed that the enhancement in the thermal conductivity
decreases with the increase of the volume fraction, and that was attributed to the fact that
the thermal conductivity of fullerene (0.4 W /mk) is less than that of water (0.613 W/
mK).
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Pop et al. [45] measured the thermal conductivity of suspended metallic single
walled carbon nanotubes (SWCNT) by extracting its thermal properties from its high-bias
(1-V) electrical characteristics over the 300-800 K temperature range. A correlation for
the thermal conductivity of SWCNT was provided by linearly fitting the experimental
data. It was established that the thermal conductivity of the SWCNT depends on the
temperature and the length of the SWCNT. In addition, it was shown that the thermal
conductivity is about 3500 W/mK at room temperature for a length of 2.6 um.
Moreover, the thermal conductivity increases with the increase of length and decreases

with the increase in temperature.

Jana et al. [46] studied the enhancement ofC NT, copper and gold nanoparticles as
well as their hybrids such as CNT — Cu and CNT — Au on the thermal conductivity of
water as the base fluid. It was observed that with a small volume fraction of 0.3% for Cu

nanoparticles, the thermal conductivity was enhanced by 70%.

Kim et al. [47] experimentally measured the thermal conductivity of
AL, 05, TiO,and ZnO nanoparticles dispersed in water and EG. The effect of the particle
size was analyzed and it was measured that for TiO,/EG nanofluid with a volume
fraction of 3% and nanoparticle size of 10 nm the thermal conductivity enhancement was

around 16%, which is halved when nanoparticles of size 70 nm are used.

Yoo et al. [48] studied experimentally the effect of adding Fe nanoparticles to
ethylene glycol on the thermal conductivity. The nanofluids were prepared in a two-step
procedure by dispersing nanoparticles into the base fluid. In addition, a cell disrupter
generating high power pulses is used to break the clusters formed by the nanoparticles
and to improve the dispersion of the nanoparticles. It was shown that the thermal
conductivity increased by 16.5% for a volume fraction of 0.3%. This enhancement

exceeds the theoretical expectation of two-component mixture system.

Amrollahi et al. [49] experimentally measured the thermal conductivity of
CNT/EG nanofluids using a thin layer technique as a function of time of ultra-sonication,
temperature and volume fraction. It was observed that by using the ultrasonic disrupter

the number of nanoparticles in a cluster was decreased, leading to an increase in  the
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thermal conductivity. In addition, a strong dependency was found between the thermal
conductivity, temperature and volume fraction. This dependency can be attributed to the
presence of the Brownian motion which influences the particle motion. It was provided

that for a volume fraction of 2.5% the thermal conductivity enhancement was 20%.

Chen et al. [50] studied the effect of the volume fraction on the thermal
conductivity of MWCNT nanoparticles dispersed in water and EG. It was observed that
the thermal conductivity enhancement increases with the increase of the volume fraction.
It was also measured that for a volume fraction of 1%, the enhancement in thermal

conductivity was about 175%.

Xie and Chen [51] produced stable and homogenous MW NCT/EG nanofluids,
and measured the thermal conductivity enhancement with respect to the temperature and
nanotube loading. The results showed that increasing the volume fraction of MWCNT
increases the thermal conductivity enhancement. For example, at a volume fraction of
0.006%, the enhancement is around 18%, while for a 0.01% volume fraction, the
enhancement is around 27%. Moreover, the increase of the temperature and the milling
time increases the enhancement of the thermal conductivity. For instance, by increasing
the milling time from 28 hours to 38 hours, the enhancement of the thermal conductivity
increased from 10.4 % to 12.8 %.

Warrier and Teja [52] presented a one-parameter model that takes into account the
decrease in the thermal conductivity of metal nanoparticles with decreasing size. The
effect of the size of the particle on the effective thermal conductivity of nanofluids could
not be elucidated from the data, although these data were fitted using the model.
Therefore, the thermal conductivity of six nanofluids containing silver nanoparticles of
different sizes and volume fractions are reported experimentally. The results show that
the size of the silver nanoparticles dispersed in ethylene glycol affects the effective
thermal conductivity of the nanofluids. It was observed that the thermal conductivity

decreases with the decrease in particle size.

Kameya and Hanamura [53] experimentally concluded that adding 0.1% of Ni in

alkyl naphthalene increases the solar absorption by a remarkable amount, concluding that
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the addition of nanoparticles to a base fluid will increase the thermal properties of that
fluid.

Liu et al. [54] investigated the enhancement of thermal conductivities of ethylene
glycol, water and synthetic engine oil in the presence ofCu, CuOand MWCNT. The
nanofluids were prepared using the physical mixing method, however for the Cu/water
nanofluid, the chemical reduction method was used. The experimental results showed
that the thermal conductivity of the nanofluids is considerably higher than the thermal
conductivity of the base fluids, even for small volume fractions. For CuO/EG nanofluid
with a volume fraction of 5%, the thermal conductivity increase was 22.4%. As for the
MWCNT-based nanofluids, MWCNT/EG nanofluid with a volume fraction of 1%,
MWCNT/Water nanofluid with a volume fraction of 1.5%, and MW CNT/Oil nanofluid
with a volume fraction of 2% showed enhancement in the thermal conductivity by 12.4%,

17% and 30% respectively when compared with their respected base fluids.

Colangelo et al. [55] assessed the potential of using Cu0, Al,05,Zn and Cu
dipped in water and diathermic oil as a heating fluid in high temperature solar collectors
by measuring their thermal conductivity. The results showed that the thermal
conductivity enhancement in diathermic oil was higher than that of water for the same
nanoparticles, volume fraction and conditions. Moreover, it was found that the thermal

conductivity enhancement is reduced by the increase of the particle size.

Gan and Qiao [56] investigated the optical properties of MWCNT, carbon and
aluminum dispersed in ethanol. It was concluded that MW CNT has the highest absorption
compared to carbon and aluminum. The authors [57] also established that the radiation

absorption of Al,0s/ethanol is higher than that of Al/ethanol.

Barbes et al. [58] experimentally measured the thermal conductivity and specific
heat capacity of AL,O;nanoparticles dispersed in both water and ethylene glycol. The
experimental analysis was done on a temperature range from 298 K to 338 K, and
different volume fractions up to 10%. It was observed that the thermal conductivity of
both nanofluids increases with the increase of the temperature and volume fraction,

however since the thermal conductivity of water is higher than the thermal conductivity
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of ethylene glycol. It was shown that the AL,O;/water nanofluid had higher thermal
conductivity than the AL,0s/EG nanofluid Nevertheless, AL,05;/EG nanofluid showed
higher thermal conductivity enhancement than AL,O5/water nanofluid. , For example, at
a temperature of 310 K, the enhancement was around 1.18 for a volume fraction of 6% of

AL, 05 in EG, and around 1.12 for a volume fraction of 7.3% for AL, 05 in water.

Tesfamicha and Woldeyo [59] investigated the effect of the size and type of the
nanoparticle and the volume fraction of water based nanofluids. The model used in the
analysis was the modified Hamilton and Crosser model using the interfacial shell concept
to study the size effect of the nanoparticle. The results showed that the used model under
predict the effective thermal conductivity of water based nanofluids when compared to
data from the literature. Moreover, it was observed that as the particle size increases, the
effective thermal conductivity decreases. In addition, Cu/water nanofluids showed higher

thermal conductivity enhancement than Al,Os/water at any given volume fraction.

Gu et al. [60] experimentally measured the effective thermal conductivity of three
water based nanofluids with high aspect ratio fillers. Multi-walled carbon nanotubes,
silver nanowires and copper nanowires were the nanoparticles used in the experiment.
The experimental results showed that the enhancement of the thermal conductivity was
highest for the silver nanowires/water nanofluids, while CNT/water and Copper
nanowires/water nanofluids showed almost the same enhancement at the same volume
fraction. It was concluded that thermal conductivity of the nanoparticles is not the
decisive factor in the predication of the effective thermal conductivity, i.e. the
nanoparticles with the highest thermal conductivity will not necessarily produce
nanofluids with the highest thermal conductivity enhancement. The experimental results
determined that the shape factor has a substantial effect on the enhancement of the

thermal conductivity of nanofluids.

Haddad et al. [61] summarized the methods of preparing nanofluids reported by
different investigators to create a stable nanofluid. Different methods are discussed
depending on the type of the nanoparticles, whether it is metallic or non-metallic, and the
type of the fluid. It was concluded that there are three major methods to prepare a stable

nanofluid. First, it is the sonication method. It was shown that an optimum time of

48



sonication is a major variable to be accounted for. Some nanofluids were sonicated just to
be kept stable for the duration of the experiment. The second is the PH control method. It
was concluded that the PH needs to be adjusted for small volume fraction because of its
effect on the zeta potential. Third is the surfactants. It was concluded that a critical
miscell concentration should be respected to avoid speedy sedimentation of the

nanoparticles.

Sadri et al. [62] provided experimental data on the effects of ultra-sonication,
temperature and surfactant on the thermo-physical properties of multi walled carbon
nanotubes. The surfactants used in the experiment were namely, gum Arabic (GA),
sodium dodecyl benzene (SDBS) and sodium dodecyl sulfate (SDS). The experimental
results showed that the use of GA surfactant in nanofluids led to a higher thermal
conductivity compared to using SDBS and SDS, with distillated water as the base fluid.
Moreover, it was concluded that the sonication time affects the thermal conductivity and
viscosity of nanofluids. The thermal conductivity was enhanced with the increase in
sonication time. The highest thermal conductivity enhancement measured was 22.31% at
a temperature of 45°C , sonication time of 40 minutes, MWCNT 0.5 wt. % and 0.25% GA

2.3.1.1.2 Specific heat capacity.

Starace et al. [63] experimentally measured the heat capacities of 13 different
nanofluids combinations, and compared them to their respected base fluids. Five base
fluids were used in the analysis, which were poly-aolefin, mineral oil, ethylene glycol, a
mixture of ethylene glycol and water and calcium nitrate tetrahydrate. As for the
nanoparticles used, they were inert metals and metal oxides that did not go any phase
transitions over the temperature range. It was concluded that nanoparticles with lower
heat capacity than the base fluid will result in decreasing the effective heat capacity of the
nanofluid, while an increase in the effective heat capacity of the nanofluid will occur if
the heat capacity of the nanoparticle is higher than that of the base fluid, which is not the

case for most metallic and metallic oxide particles.

Shin and Banerjee [64] experimentally measured the specific heat capacity of
silica nanoparticles (Si0,) dispersed into eutectic of lithium carbonate and potassium

carbonate (62:38 by molar ratio) at a 1.5% concentration. Experiment results show that

49



the specific heat capacity of silica nanocomposites (Solid phase) was enhanced by 38-
54% and the specific heat capacity of the silica nanofluid (liquid phase) by 118-124%
over that of the pure eutectic.

2.3.1.1.3 Viscosity.

Mishra et al. [65] reviewed the effect of the nanoparticles on the viscosity of the
nanofluids and reported different findings than those provided by the literature.
Regarding the particle size, some experimental work studied the viscosity of TiO,/water
nanofluids at different particle sizes and reported that the viscosity of the nanofluids
increases with the increase in particle size. However, many other researchers reported
that the viscosity of the nanofluids increases with the decrease in the particle size.
Moreover, with respect to the shape of the particle, it was reported that elongated
particles increase the viscosity more than spherical ones. In addition, when studying the
effect of the volume fraction, all the researchers agreed that the viscosity of the

nanofluids increases with the increase of the volume fraction.

Shokrlu and Babadagli [66] carried a different set of experiments to clarify the
mechanism of additional viscosity reduction of heavy oil/bitumen using nano-size metal
particles during steam injection techniques. The first set of experiments was aimed to
study the effect of metal particles on the viscosity of the produced oil at a low
temperature below a 100°C, while the second was aimed to study their effect in the
presence of aqueous phase at high temperature of around 300 °C to simulate the steam
stimulation process. Finally the third set of experiments was aimed to study the effect of
micro and nano-sized particles on the enhancement of the heat transfer within the oil
phase. The results showed that at low temperature the particles reduce the heavy oil
viscosity after being mixed with the oil phase and that amount of reduction is a function
of the particle concentration. In addition, an optimum concentration of the particle
yielding the maximum reduction was studied by observing the trend of the viscosity and
the concentration which is a function of the particle type, size and temperature.
Regarding the steam injection conditions, it was shown that the same trend applies for the

low temperature, but the reduction of viscosity is considerably larger. For the third set of
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experiments, it was concluded that using the metal particle at their optimum

concentration yielded no significant enhancement in the heat transfer.
2.3.1.2 Analytical properties enhancements.

2.3.1.2.1 Thermal conductivity.

Thermal Conductivity is the most critical property for analyzing the heat transfer
of nanofluids. Different models are presented in the literature, starting with the Maxwell
[67]. He provided the oldest model used to calculate the thermal conductivity of solid-
liquid mixtures; it is used for spherical particles and for volume fractions less than 1%.

Bruggeman [68] considered the interaction of spherical particles in his analysis

and provided a model for predicting the effective thermal conductivity.

Hamilton and Crosser [69] modified the Maxwell model by introducing an
empirical shape factor n to account for different particles shapes. This model led to the
study of different particle shapes and their effect on the effective thermal conductivity of

nanofluids.

Jeffery [70] considered a composite material of infinite range, and imposed an
undistributed linear temperature field on it. The analysis was applied to spherical
inclusions and a model for the calculation if effective thermal conductivity was produced.

Yamada and Ota [71], proposed a predictive model for calculating the effective
thermal conductivity of nanofluids. The model accounts for spherical and cylindrical
shaped nanoparticles. The model was proposed through analyzing experimental data,
numerical results and data obtained with the electrolytic-bath. The proposed formula was
found to have a wider range of applicability compared to previous formulas.

Davis [72] updated Jeffery’s model by adding the ensemble-averaged dipole
strength of a single fixed sphere, and by using a decaying temperature field. Those
modifications resulted in encountering only convergent integrals, and removing the
renormalization factor as it is no longer needed. The model presented depends on the
thermal conductivities of the particle and the liquid, the volume fraction and a

functionf (a), where this function is introduced by the use of renormalization technique.
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Kumar et al. [73] proposed a model for the prediction of the effective thermal
conductivity of nanofluids and its strong temperature dependence. The model took into
account the Brownian motion, however it was established that it might not be accurate for
high particle concentrations.

Xuan et al. [74] developed a theoretical model to predict the effective thermal
conductivity of nanofluids based on the theory of Brownian motion and the diffusion-
limited aggregation model. The model also considers the physical properties of both the
base liquid and the nanoparticles, as well as the structure of the nanoparticles. The
predictive model consisted of two terms where the first term is simply the Maxwell
model, while the second term adds the contribution of the random motion on the effective
thermal conductivity of nanofluids. The predications obtained show a satisfactory
agreement with experimental data, especially ones where the nanoparticle aggregation is
taken into account. In addition, it was observed that the thermal conductivity of a
nanofluid increases with the fluid temperature. Moreover, it was established that

nanoparticle aggregation reduced the efficiency of energy transport enhancement.

Yu and Choi [75] studied the effect of the liquid nanolayer formed between the
spherical nanoparticles and renovated the Maxwell model. Their model was the first to

take into account the nanolayer formation.

Xie et al. [76] derived a model for calculating the enhanced thermal conductivity
of the nanofluids by taking into account the effect of the nanolayer structure formed
between the nanoparticle and the base fluid. In addition, an expression to calculate the
thermal conductivity of the nanolayer was derived. The results showed that nanolayer
thickness, nanoparticle size, volume fraction, the thermal conductivity of the
nanoparticles and the base fluid all influence the effective thermal conductivity of the
nanofluids. It was observed that the effective thermal conductivity increases with the
decrease of the particle size and an increase in the nanolayer thickness, and that effect
plays a major role in the manipulation of the enhanced thermal conductivity, especially at
small particle sizes. Further, the model proposed fits quite well when compared to the

available experimental data.
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Leong et al. [77] proposed a model to calculate the effective thermal conductivity
of nanofluids based on the theory of the interfacial layer between the nanoparticles and
the base fluid. In this model, the thermal conductivity of the nanolayer is considered to be
twice or three time the thermal conductivity of the base fluid. Moreover, the model
accounts for the effects of the particle size, interfacial layer thickness, volume fraction
and thermal conductivity of the nanoparticles, base fluid and nanolayer. The predicted
results showed that the model is in a good agreement with most of the experimental data
and it was concluded that the interfacial layer is significant in enhancing the thermal

conductivity.

Xuan et al. [78] developed a theoretical model for the prediction of the effective
thermal conductivity based on Langevin equation of the Brownian motion and the
concept of the stochastic thermal process. The model also describes the temperature
fluctuation of the nanoparticles suspended in the base fluid. The predicted results from
the model coincide well with the experimental data reported by researchers. It was
observed that the thermal conductivity of the nanofluids increases with the increase of the
volume fraction and with the decrease of the particle size. Moreover, the model provides
that the Brownian motion is the basis of the enhancement in the heat transfer coefficient.
It is shown that the term representing the Brownian motion in the model becomes more
dominant with the decrease of the particle size or the increase in temperature and volume
fraction implying that the Brownian motion is an important factor in the energy transport

enhancement.

Prasher et al. [79] developed a model to predict the effective thermal conductivity
of nanofluids. The model accounted for the Brownian motion of the nanoparticles inside
the base fluid, which according to the authors plays a major role in the enhancement of
the thermal conductivity. The developed model was compared to experimental data and
other models and the results showed excellent agreement. The model predicted the right
trend with respect to different parameters, such as the nanoparticles volume fraction,

diameter and temperature.

Gao and Zhou [80] presented a differential effective medium theory to estimate

the effective thermal conductivity of nanofluids. The model considered both the physical
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and geometrical anisotropy. It was found that the adjustment of the particle shape is very
supportive to achieve appreciable enhancement of the effective thermal conductivity.
Moreover, the model applied to CNT/oil nanofluids showed good agreement with the

experimental data.

Murshed and de Castro [81] developed an improved Brownian-based thermal
conductivity model with the addition of a renovated Brownian motion term. The model
also takes into account the particle size, interfacial layer and temperature as they are
believed to intensify the enhancement of thermal conductivity. It was found that the
enhancement in the thermal conductivity is due to the static and dynamic contribution,
while the dynamic contribution is presented by the Brownian motion. However, this
contribution is more significant for nanofluids with small size nanoparticles and low

concentration.

Xiao et al. [82] proposed a model to calculate the effective thermal conductivity
of nanofluids, including the effect of Brownian motion and using fractal geometry. The
effective thermal conductivity predicted by the model is in a close agreement with
experimental data thus verifying the accuracy of the model. In addition, the results
showed that the effective thermal conductivity increases with the increase of the volume
fraction, and that the small sized nanoparticles yielded out higher thermal conductivity

than the larger nanoparticles.

Jiang et al. [83] developed a model to predict the effective thermal conductivity of
nanofluids. An interfacial nano-shell between the nanoparticle and the fluid was used to
derive an expression of the effective thermal conductivity of nanofluids. This analysis
yielded that the thermal conductivity of the nanofluids is not only a function of the
conductivities of the nanoparticles and based fluid, and their respected volume fraction,
but also a function of the nanoparticle radius and the thermal conductivity and thickness
of the interfacial nano-shell. The results showed that the model fits quite well when
compared with experimental data, for both water and oil based nanofluids and metallic
and non-metallic nanoparticles. In addition, the effect of the radius of the nanoparticle

and the thickness of the nano-shell layer on the effective thermal conductivity is studied.
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All the above models predict the thermal conductivity of spherical or cylindrical
shape nanoparticles which is the case in a lot of nanoparticles suspended in fluids.
However, when it comes to SWCNT, the shape is two dimensional and not only one:
meaning that the previous models will not be able to predict the thermal conductivity

accurately.

Nan et al. [84] presented a model to calculate the effective thermal conductivity of
CNT-based nanofluids. The model analyzed the thermal transport behavior in
heterogeneous media using the various effective medium approaches to determine the
effective thermal conductivity. In addition, the model accounted for the high aspect ratio
of CNTs and the thermal conductivities in the axial and transverse directions. The results
show that the model overestimates the enhancement of CNT-based nanofluids when
compared to experimental data. In the previous model, the Kaptiza resistance was
neglected which led to an over predication when compared to the experimental effective
thermal conductivity. Nan et al. [85] took these considerations into account and

reformulated the analytical model to include the interfacial resistance.

Xue [86] presented a simple model to calculate the effective thermal conductivity
of CNT-based nanofluids. The very large axial ratio and the space distribution of CNT’s
were considered in order to formulate the model. Also, based on the Maxwell theory, two
formulas of calculating the effective thermal conductivity of CNT-based composites are
given. The model showed that the dispersion of small traces of CNT can lead to a
remarkable enhancement in the effective thermal conductivity. In addition, the model was
applied to a CNT/Qil nanofluids and the results showed reasonable agreement with the
experimental data; the model did however overestimate the effective thermal

conductivity.

Patel et al. [87] presented a model to calculate the effective thermal conductivity
of CNT-based nanofluids. The model predicts the thermal behavior of oil and water
based CNT's, accounting for the novelty of this model. The model considers two paths for
heat flow in the CNT nanofluid; one through the base fluid, and the other through the
CNTs particles. Two continuous media were considered in the analysis, since the paths

were assumed to be parallel. The predicted effective thermal conductivity calculated
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using the model was compared to experimental data, and the Hamilton-Crosser model. It
was found that the present model overestimates the thermal conductivity enhancement of
both oil and water based CNT nanofluids. In addition, the model correctly predicted the

linear variation of the thermal conductivity of CNT nanofluids with volume fraction.

Pasrija and Srivastava [88] formulated a model to predict the thermal conductivity
of carbon nanotube nanorefrigerants based on the concept of interfacial layer. The
empirical formulation presented for the interfacial layer was assuming the thermal
conductivity at the inner surface to be equal to the thermal conductivity of the
nanoparticles, and at the outer surface to be equal to the thermal conductivity of the base
fluid. The results show that the concept of interfacial layer and the concept of convective
heat transfer due to Brownian motion of the fluid particles play a major role in explaining
the anomalous enhancement in thermal conductivity of the CNT-based nanofluids.
Moreover, the present model predicted the enhancement of the thermal conductivity with
a mean deviation of 1.5%.

2.3.1.2.2 Viscosity.

There are different models to calculate the effective viscosity of nanofluids.
Starting with Einstein [89] in 1906, the model is based on the kinetic theory and it is the
oldest model used to determine the viscosity of nanofluids; it is valid for spherical

particles and volume fractions less than 2%.

Brinkman [90] developed a model that is used widely to calculate the viscosity of
nanofluids and is valid for high particle concentrations.

Krieger [91] developed a formula for the calculation of shear viscosity for

randomly monodispersed spherical particles.

Frankel and Acrivos [92] developed a mathematical expression for the calculation

of the effective viscosity.

Lundgren [93] proposed an equation as a Taylor series expansion of the volume

fraction. This equation is referred to as the reduction of Einstein’s formula.
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Batchelor [94] modified Einstein’s model and included the effect of Brownian
motion in the fluid. The model was developed by taking into account the isotropic

suspension of rigid and spherical particles.

Graham [95] developed a generalized form of the Franken and Acrivos model by
introducing the effect of the particle radius and inter-particle spacing. The model is well

in accordance with Einstein’s formula for small volume fraction.

Kitano et al. [96] proposed a formula to calculate the viscosity of a two phase

mixture.

Pak and Cho [97] developed a viscosity model based on the particle volume

fraction taken at room temperature as a reference.

Avsec and Oblac [98] derived a viscosity model with the help of the represented
formula of Ward and the Einstein model. The model is also known as the renewed ward

model.

Nguyen et al. [99] derived an expression of a temperature-dependent viscosity

model for particle volume fractions of 1% to 4%.

All the previous literature regarding the thermophysical properties of the
nanofluids, whether analytical or experimental, shows the wide range of applications that
can be improved by using nanofluids. This thesis aims to study the different models
provided by the literature, and to select the most suitable model for the thermal
conductivity and viscosity, in order to optimize the thermophysical properties of the
nanofluids to be used as a heating fluid in the PTSC/TES integrated system. Moreover,
the conventional heating fluids for solar applications are used as the base fluids, which is
a contribution towards the research of using nanofluids in solar applications as most of
the fluids used in the experimental studies are water or EG.

2.3.2 Heat transfer characteristics and heat transfer coefficient enhancements.
In order to implement the use of nanofluids in PTSC, the effect of the
enhancement of the thermophysical properties on the convective heat transfer coefficient

is to be studied. Hence, the increase in the heat transfer coefficient will cause an increase
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in the amount of the heat captured inside the PTSC receiver, which increases or which
results in increasing the output parameters of the PTSC. This section shows experimental
and analytical literature done to study the effect of nanofluids on the convective heat

transfer.

2.3.2.1 Experimental studies on heat transfer characteristics.

Pak and Cho [97] performed experiments on turbulent heat transfer performance
for Al,0s/water and TiO,/water nanofluids and measured that the heat transfer
coefficient of the nanofluid at volume fraction of 0.03% is 12% less than that of pure

water.

Tsai et al. [100], [101] investigated the thermal resistance of a disk shaped heat
pipe with Au/water nanofluids. It was concluded that the presence of Au dramatically
decreases the thermal resistance to values of 0.17-0.215 K/W, giving the nanofluid the

potential to replace conventional heating fluids.

Wen and Ding [102] experimentally studied the convective heat transfer of
Al,05/water nanofluids in a copper tube in the laminar region. It was concluded that
adding Al,0snanoparticles enhanced the heat transfer coefficient, and that enhancement
increases with the volume fraction and Reynolds number, but decreases with the axial

distance.

Xuan and Li [103] investigated experimentally the effect of adding 2% volume
fraction Cu nanoparticles to water on the Nusselt number. The study was done on a
laminar flow in a small hydraulic diameter flat tube, and a 39% enhancement of the
Nusselt number was measured. In addition, the effect of the volume fraction was
analyzed, and it was provided that by increasing the volume fraction from 0.5% to 2%,

the Nusselt enhancement ratio increased from 1.06 to 1.39.

Zeinali Heris et al. [104] carried experimental analysis with Al,05; and CuO
nanoparticles in water under laminar flow and up to turbulence. The results showed that
the heat transfer was enhanced to more than 40% for Al,0; particles with thermal

conductivity enhancement of 15%.
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Yang et al. [105] studied the enhancement of the convective heat transfer of
graphite nanofluid flowing through a circular tube in the laminar region. Disk shaped
graphite nanoparticles were used in the analysis, and the results showed that the
enhancement in the convective heat transfer coefficient is less than the enhancement in
the thermal conductivity. It was determined that the particle shape and size play a major

role in the enhancement of the heat transfer coefficient.

Lai et al. [106] studied experimentally the flow behavior of Al,05/water
nanofluids flowing in the laminar region through a millimeter sized stainless steel tube
subjected to a constant heat flux. It was provided that the maximum enhancement in the
Nusselt number was 8% at a volume fraction of 1%.

Ding et al. [107] experimentally investigated the heat transfer behavior of aqueous
suspensions of multi-walled carbon nanotubes flowing through a horizontal tube. The
enhancement of the heat transfer characteristics depended on the flow condition, the
MWCNT concentration and to some extent the pH level. It was concluded that the
enhancement of the heat transfer coefficient is a function of the axial distance from the
inlet to the test section. The enhancement increases at first reaching a maximum value
then decreases with the increase of the axial distance. Regarding the maximum
enhancement, it was around 350% for a Reynolds number of 800 and 0.5 wt. %, which

took place at an axial distance of 110 times the tube diameter.

Zeinali Heris et al. [108] experimentally investigated the convictive heat transfer
of Al,05/water nanofluids in the laminar region flowing through a tube subject to a
constant wall temperature. It was shown that the heat transfer coefficient increases with

the increase of the volume fraction, and the maximum enhancement was 22%.

Anoop et al. [109] experimentally investigated the convective heat transfer of
Al, 05/water nanofluids in the laminar developing region of a tube subjected to a constant
heat flux. The experimental results showed that for both a 45 nm and 150 nm
nanoparticles sizes, the heat transfer coefficient in the developing region is higher than
that of the base fluid, but the nanoparticles of size 45 nm showed a higher enhancement

compared to the 150 nm ones.
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Hojjat et al. [110] experimentally investigated the forced convective heat transfer
of nanofluids through a uniformly heated circular tube under turbulent flow conditions.
The nanoparticles used in the experiment were Al,05, CuO and TiO,, and were all
dispersed in an aqueous solution of carboxymethyl Cellulose (CMC). The experimental
results reveal that the local and average heat transfer coefficients of the nanofluids are
larger than the base fluid, and that the enhancement of the heat transfer coefficient
increases with the increase in the volume fraction. In addition, for a given nanoparticle
concentration and Peclet number, the local heat transfer coefficient of the base fluid and
the nanofluids decreases with the axial distance from the tube inlet. Finally a new
correlation is proposed to predict the Nusselt number of non-Newtonian nanofluids as a

function of the Reynolds and Prandtl numbers.

Céardenas Gomez et al. [111] experimentally evaluated the thermal- hydraulic
performance of CNT nanoparticles dispersed in water in single-phase flow in a horizontal
tube. Moreover, the heat transfer coefficient and pressure drop were determined for
turbulent and transition phase flow. The experimental results showed that the heat
transfer coefficient as a function of the Reynolds number showed an increase of 30%
compared to water for a CNT volume fraction of 0.5%. Further, nanofluids experienced

pressure drops between 5% and 8.7% greater than that of the base fluid.

Sun et al. [112] experimentally analyzed the flow and convective heat transfer
characteristics of Fe,0s/water nanofluids inside inner-grooved copper and smooth
copper tubes. Different dispersants were added to improve the stability of nanofluids with
volume fractions of 0.1% to 0.4%. The experimental results showed that the dispersants
enhance the stability of the nanofluids significantly, especially when sodium dodecyl
benzene sulfonate (SDBS) was used. Moreover, the convective heat transfer performance
was better in the inner-grooved copper tube when compared to the smooth copper tube.
Further, the increase in the mass fraction of the nanoparticles enhances the pressure and

the value of the convective heat transfer coefficient.

Mehrali et al. [113] experimentally investigated the heat transfer coefficient and
entropy generation of graphenenanoplatelets (GNP) nanofluids under laminar forced

convection conditions inside a circular stainless steel tube subjected to constant wall heat
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flux. The experimental results showed that the thermal conductivity of GNP is 12% to
28% higher when compared to the base fluid. Moreover, the convective heat transfer
coefficient was found to be 15% higher than that of the base fluid. Further and for a
constant velocity flow, the entropy generation was found to be less than that of the base
fluid and that the entropy generation decreases with the increase in velocity. Finally, it
was demonstrated that GNP nanofluids with concentrations of 0.075 wt. % and 0.1 wt. %

is more energy efficient compared to other concentrations.

Venkatachalapathy et al. [114] carried an experimental study to analyze the
thermal performance of a cylindrical mesh wick heat pipe using CuO/water nanofluids.
The studies were done by varying the heat pipe inclination angle and heat input. The
experimental results show that the thermal resistance is reduced by 23.83% and 10.43%
respectively for 1 wt. % and 1.5 wt. % of CuO in water. Further, the maximum
enhancement in the evaporation and condensation heat transfer coefficient is 30.5% and

23.54% respectively for an optimum tilt angle of 60°.

2.3.2.2 Analytical studies on heat transfer characteristics.

Roy et al. [115] numerically studied the heat transfer of Al,0s/water nanofluids in
a radial cooling system. It was concluded that the addition of Al,0; nanoparticles
increases the heat transfer rate considerably; a 10% volume fraction led to a two-fold

increase in the heat transfer rate.

Maiga et al. [116] provided a solution for the forced convection of nanofluids
flowing in a tube under constant and uniform heat flux. The analysis was done for
Al,05/water and Al,05/EG nanofluids for both laminar and turbulent flow. Thermal
conductivity correlations were provided alongside viscosity, density and specific heat
capacity. Maiga et al. [117] developed a numerical method to study the heat transfer
enhancements in convective heat transfer using nanofluids. A uniformly heated tube with
a laminar flow was considered for the analysis, with Al,0s/water and Al,0;/EG
nanofluids. Two correlations for the determination of the Nusselt number for a tube flow
subjected to a constant heat flux and a constant wall temperature were developed by

studying the effect of the particle volume fraction and the flow Reynolds number.
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Khaled and Vafai [118] studied heat transfer enhancements for fully developed
laminar flow in a two dimensional channel by controlling the thermal dispersion effects
inside the flow. The flow was subjected to a constant heat flux, and the energy equations
were solved numerically and analytically by neglecting axial conduction. It was shown
that the distribution of the dispersive elements that maximizes the heat transfer is

governed by the flow and the thermal conditions.

Buongiorno [119] considered seven slip mechanisms that can produce a relative
velocity between the nanoparticles and the base fluid to test the assumption that the
increase of the heat transfer coefficient is generally attributed to thermal dispersion and
intensified turbulences. Those seven mechanisms were: Inertia, Brownian diffusion,
thermophoresis, diffusiophoresis, Magnus effect, fluid drainage and gravity. The results
showed that only Brownian diffusion and thermophoresis are considered to be important
slip mechanisms in nanofluids. Based on these findings, an explanation for the abnormal
heat transfer coefficient increase is proposed, which states that the nanofluids properties
may vary significantly within the boundary layer because of the effect of the temperature
gradient and thermophoresis. Hence, for a heated fluid, this effect can decrease the

viscosity significantly leading to the increase of the heat transfer coefficient.

Maiga et al. [120] studied the heat transfer enhancement of turbulent flow in a
tube subjected to a constant heat flux. After considering the effect of the particle volume
fraction of AL,O5/water nanofluids and solving the energy equation, a correlation for the

determination of the Nusselt number is provided.

Heris et al. [121] provided a solution for the enhancement of laminar forced
convection in tube subjected to a constant wall temperature. The two-phase approach was
used, and the energy equations were solved. The solution agrees with experimental

finding when compared for Al,05, Cu and CuO water based nanofluids.

Behzadmehr et al. [122] provided a solution for the prediction of turbulent forced
convection of nanofluids in a tube subjected to constant wall heat flux by the use of the
two-phase approach. The provided solution was compared to a single-phase solution for a
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1% Cu in water, and the comparison showed that the two-phase model is more accurate

than the single-phase one.

Mansour et al. [123] theoretically investigated the effect of the Maxwell and
Hamilton-Crosser thermal conductivity models to predict the thermophysical properties
of Al,0s/water nanofluids and their effect on the performance of a fully developed
laminar and turbulent flow through a tube subjected to a constant heat flux. The results
showed that both models predicted an increase in the heat transfer coefficient with the

increase of the volume fraction.

Bianco et al. [124] numerically investigated a developing laminar forced
convection flow of Al,05/water nanofluid in a circular tube subjected to a constant and
uniform heat flux. A single and two phase model is employed with either constant or
temperature dependent properties, and for a nanoparticle size equal to 100 nm. The
results show that the maximum difference in the average heat transfer coefficient between
single and two phase models is about 11% for a volume fraction of 4%, and for both
models the convective heat transfer coefficient is larger than that of the base fluid. In
addition, it was observed that the heat transfer coefficient increases with the increase of
the volume fraction and the Reynolds number, but this is accompanied by an increase of
shear stress.

Ayatollahi et al. [125] analyzed the effect of adding Ag nanoparticles to water on
the improvements of free convection heat transfer of a vertical plane with two kinds of
boundary conditions including uniform heat flux and uniform wall temperature. Four
different viscosity models were used to predict the effective viscosity of the Ag/water
nanofluids. It was concluded that adding Ag nanoparticles had a positive effect on the
convective heat transfer coefficient as it increases with the increase of the volume
fraction up to 4%, while for the viscosity models it was shown that the Brinkman’s,
Einstein’s and Brownian movement models all share the same trend and are in precise
calculation. Regarding the Park and Cho model, it was concluded that the model is in

discrepancy with the other models.
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Vajjha and Das [126] carried a comprehensive analysis to study the effect of
varying the density, specific heat capacity, viscosity and thermal conductivity on the
performance of the nanofluids, and the convective heat transfer characteristics. Two
metallic oxides Al,0; and Cu0, and one non-metallic oxide SiO,dispersed in EG/Water
mixture were used as nanofluids for the analysis. Different viscosity, thermal
conductivity and Nusselt number models and correlations were studied, analyzed and
compared based on their applicability. The results show that the addition of nanoparticles
into the base fluid increases the viscosity, thermal conductivity and density while
decreasing the specific heat capacity. For example, Al,0s-based nanofluids, compared to
the EG/Water base fluid, showed a 91% increase in viscosity, a 22.4% increase in
thermal conductivity, a 13.9% increase in density and a 13.2 % decrease in specific heat
capacity for a volume fraction of 6% and a temperature of 293 K. Moreover, the Prandtl
number of the nanofluids increases as the volume fraction increases, but it decreases with
the increase in temperature, while, the Reynolds number of the nanofluids for a specified
velocity increases with the increase in temperature, but decreases with the increase in
volume fraction. In addition, the convective heat transfer coefficient increases with the
increase in the volume fraction and temperature. For example, Al,0s-based nanofluids
show a 31.9% increase in the heat transfer coefficient for a volume fraction of 1% only.
Finally, the pumping power needed for nanofluids is less than that of the base fluid. Once
again pumping power required for a 2% Al,05-based nanofluid under constant heat rate
is 83.3% less than that of the EG/Water base fluid.

Salman et al. [127] numerically investigated laminar convective heat transfer in a
two-dimensional micro tube with 50 um in diameter and 250 um in length with constant
heat flux. In the analysis, different nanoparticles Al,0s, Cuo,SiO, and ZnO with
different diameters of 25, 45, 65 and 80 nm, and different volume fractions from 1% to
4% are all dispersed in ethylene glycol base fluid. The results show that SiO,/EG
nanofluids have the highest Nusselt number yielding the highest heat transfer coefficient,
followed by ZnO/EG, CuO/EG and Al,03/EG. It was also established that the Nusselt
number for all nanofluids increases with the increase in the volume fraction, Reynolds

number, and the decrease in the nanoparticle diameter.
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Azimi and Kalbasi [128] considered the forced convective heat transfer of
nanofluid in the developing laminar flow in a circular tube subjected to a constant wall
temperature. The nanofluids used were Al,0;/water and the thermal conductivity was
considered as two parts: Static and dynamic. The simulated results showed that the
dynamic part of the thermal conductivity due to the Brownian motion has a negligible
effect on the heat transfer coefficient, while the static part due to the nanolayer

surrounding the nanoparticles has a considerable effect on the heat transfer coefficient.

Moghadassi et al. [129] presented a CFD model to study the effect of nanofluids
on the laminar convective heat transfer coefficient in a circular horizontal tube.
Al,05and Al, 05 — Cu hybrid nanoparticles were added to water at a volume fraction of
0.1%, and nanoparticles size of 15 nm to carry the analysis. The solutions of the model
were based on both the single- and two- phase approaches. The numerical results showed
that the hybrid based nanofluids showed a higher heat transfer coefficient enhancement
compared to Al,05-based nanofluids and pure water, the average Nusselt number
increase was around 4.73% and 13.46% compared to Al,05-based nanofluids and pure
water respectively. Further, the single-phase approach showed a better agreement with

the experimental data.

Turkyilmazoglu [130] numerically investigated the convective heat transfer of
nanofluids in circular concentric pipes under the influence of partial velocity slips on the
surfaces and the resulting anomalous heat transfer enhancement. The single-phase model
was employed to the fully developed laminar flow and temperature fields accounting for
the thermal boundary conditions of both the inner and outer walls. The results indicate
that the velocity slip enhances the rate of heat transfer from the surface of the pipes into
the fluid.

Hassan and Harmand [131] studied the effect of using nanofluids on the heat
transfer, liquid film thickness, and performance of a rotating heat pipe. Water was used as
the base fluid with the addition of Cu, Cuo and Al,05 nanoparticles at different volume
fractions and for different nanoparticles sizes. The analysis was carried for different
rotation speeds, temperature differences, and masses of the working fluid of the heat pipe.

The results showed that the heat transfer by rotating pipe increases with the increase in
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the temperature difference, volume fraction, radius of the nanoparticles, and the decrease
in the condenser taper angle. In addition, rotating heat pipes with Cu/water nanofluids
showed the highest heat transfer enhancement compared to Cuo/water and Al,O;/water
nanofluids. The maximum heat transfer enhancement of 56% due to Cu nanoparticles
happened at a temperature difference of 20°C, rotational speed of 300 rpm, a volume

fraction of 0.04%, and nanoparticles size of 5 nm.

Saha and Paul [132] applied the Eulerian-Eulerian multi-phase mixture model to
numerically analyze the turbulent flow and heat transfer behavior of water based Al,05
and TiO, nanofluids in a pipe. Further, analysis of entropy generation is provided to
investigate the condition that optimizes the thermal system. The results show that
nanofluids with a volume fraction of 6% and nanoparticles diameter of 6 nm, display the
highest thermal performance factor and minimized the entropy generation. In addition,
Ti0,-based nanofluids were found to be more energy efficient coolant than Al,05-based

nanofluids.

Zadeh et al. [133] aimed to develop an efficient modeling of a PTSC absorber
tube with non-uniform heat flux, fully developed mixed convection flow using
Al,05/synthetic oil nanofluids. A hybrid optimization method involving genetic
algorithm and sequential quadratic programming is introduced in the optimization
process. The results show that the presence of nanofluids enhances the heat transfer
inside the tube, and that the heat transfer coefficient is increased with the increase in the
volume fraction. Further and for a given Reynolds number, the enhancement in the heat
transfer coefficient caused by nanoparticles is decreased as the operational temperature of

the tube increased.

Moghaddami et al. [134] estimated the entropy generation of Al,05/water and
Al,05/EG nanofluids flowing in a circular tube subjected to a constant heat flux under
both laminar and turbulent flow. The results determined that adding nanoparticles
decreases the entropy generation for any given Reynolds number in the laminar flow,
however an optimum Reynolds number exists for which the entropy generation is

minimized in the turbulent flow. Moreover, for the EG mixtures it was found that adding
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nanoparticles at any Reynolds number increases the entropy generation, and that could be
attributed to the viscous effects that are dominant in the base fluid. Finally, it was
concluded that adding nanoparticles is only useful when the fluid friction contribution to
entropy generation is less than the contribution of the heat transfer to the entropy

generation.

Ghanbarpour and Khodabandeh [135] analytically investigated the effect of the
nanofluids on different sources of entropy generation in heat pipe caused by heat transfer
between hot and cold reservoirs. Moreover, the effect of the nanofluids on the frictional
losses and pressure drop in the liquid and vapor flow along heat pipe is studied. Water
with additives of TiO, and Al,05 at different concentrations was chosen as the working
fluids. The results showed a 3-13.5% reduction in the entropy generation in heat pipes
where nanofluids are the working fluid. In addition, heat pipes with Al,05-based

nanofluids are found to have less entropy generation compared to Ti0,-based nanofluids.

Mwesigye and Huan [136] thermodynamically investigated a fully developed
turbulent forced convection in a circular tube with Al,O;/water nanofluids using the
entropy generation minimization method. The entropy generation rates were determined
numerically from the temperature and velocity fields obtained during the CFD fluid
dynamic analysis. The cross section area of the circular tube, Reynolds number and
volume fractions were all varied in order to carry the analysis. The results showed that for
every cross section area there is an optimal Reynolds number where the entropy
generation is minimized. In addition, at every Reynolds number there is an optimum tube
cross section area for which the entropy generation is minimized. The optimal cross

section area increases as the Reynolds number increases.

All the preceding literature discusses the enhancement of the convective heat
transfer coefficient in circular tubes and for different flow types and conditions. In this
thesis, a temperature dependent model is proposed for the prediction of the convective
heat transfer coefficient of nanofluids inside the PTSC absorber tube. The model is
simply proposed by choosing the most suitable correlations provided in the literature for
the convective heat transfer, and using the temperature dependent correlations for the

calculation of the thermophysical properties of the nanofluids. The model is specifically
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tailored for the calculation of the convective heat transfer coefficient of the nanofluids
inside the absorber tube of the PTSC. Moreover, the effect of the volume fraction, shape
and size of the nanoparticles, and the temperature on the connective heat transfer is
studied.

2.3.3 Applications of nanofluids in solar energy.
The effect of using nanofluids on different output parameters of different solar

energy harvesting devices is shown in the following literatures.

2.3.3.1 Direct Absorption Collector (DAC)

Tyagi et al. [137] theoretically investigated the effect of the nanoparticles volume
fraction and nanoparticles size on the efficiency of a low-temperature nanofluid direct
absorption solar collector. The volume fraction of Aluminum nanoparticles dispersed in
water was varied from 0.1% till 5%, and the results showed that an increase in the
volume fraction below 2% yields a remarkable increase in the solar collector’s efficiency.
However, increasing the volume fraction above 2% has no significant impact on the
collector’s efficiency. In addition, increasing the particle size showed a positive effect on
the efficiency of the solar collector, where it increased by a small amount as the

nanoparticle size increased.

He et al. [138] experimentally investigated the light-heat conversion
characteristics of Ti0,/water and CNT /water nanofluids in a vacuum tube solar collector.
The results showed a very good light-heat characteristics for the CNT /water nanofluids
with a concentration of 0.5% only. In addition, the CNT/water nanofluids showed a
better light-heat characteristics compared to TiO,/water nanofluids, therefore, yielding a
higher temperature making it more suitable to be utilized in a vacuum tube solar

collector.

Li et al. [139] studied the effect of water based nanofluids on the performance of a
tubular solar collector. A comparison was done between Al,0s/water, ZnO/water and
M gO/water nanofluids, and it was concluded that the ZnO/water nanofluids with a

volume fraction of 0.2% is the best heating fluid for the solar collector.
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Taylor et al. [140] studied the optical property characterization of different
nanofluids to test their potential as heating fluid in a direct absorption solar collector.
Graphite, Silver, Copper, Gold and Aluminum nanoparticles were dispersed in both water
and Therminol VP1. The results showed that over 95% of the incoming sunlight can be

absorbed with a very low volume fraction of 10 ppm.

Otanicar and Golden [141] carried a comparative analysis between a conventional
and a nanofluid based solar collector in terms of the environmental and economic aspects.
The economic analysis showed that for the nanofluid based solar collector, the capital and
maintenance cost are more by 120$ and 20$ respectively. However, due to the higher
efficiency and annual solar fraction of the nanofluid based solar collector, the fuel cost
savings per year for both electricity and natural gas are greater than that of the
conventional collector. Regarding the environmental analysis, it was concluded that the
nanofluid based solar collector saves up to 50 kg of C0,emission when compared to the

conventional collector.

Saidur et al. [142] analyzed the effect of water based Aluminum nanofluids on a
direct solar collector. The extinction coefficient was investigated and evaluated by
varying nanoparticles size and volume fraction. It was shown that Al nanoparticles have a
very strong extinction coefficient at short wavelength with a peak at 0.3um, and that it
can be used to enhance the light absorption ability of water at the visible and lower
wavelength region despite a lower extinction coefficient at longer wavelengths.
Furthermore, it was concluded that the particle diameter has no effect on the extinction
coefficient but it is advised to keep it below 20u m, in order for Rayleigh scattering to

take place.

Taylor et al. [143] indicated that power tower solar collectors can benefit from
efficiency improvements arising from the use of nanofluids. Theoretical analysis showed
efficiency improvements up to 10% when solar concentrations are in the range of 100-
1000. Further analysis showed that Graphite nanofluids with volume fractions on the
order of 0.001% are suitable for 10-100MW power plants. The findings are used to
compare the energy and revenue generated in a conventional solar thermal plant to a

nanofluid-based one. It is found that a 100 MW capacity solar thermal power tower
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operating in a solar resource similar to Tucson, AZ, could generate around 3.5$ million

more per year by incorporating a nanofluid receiver.

Ladjevardi et al. [144] investigated the application of nanofluids in direct
absorption of solar radiation in a volumetric solar collector. The efficiency of the solar
receiver's impacts on the harvested solar energy, irradiation spectrum distribution and
irradiation energy level versus the depth of the flow was studied with the variation of the
diameter and volume fractions of Graphite nanoparticles. Results showed that with only a
volume fraction of 0.000025% of graphite in water, it will be possible to absorb more
than 50% of incident irradiation energy by a cost increase of 0.0045%/L.

Otanicar et al. [145] reported experimental results on a solar collector based on
nanofluids made out of a variety of nanoparticles (Carbon Nanotubes, Graphite, and
Silver). Results demonstrated efficiency improvements up to 5% in the solar thermal
collector. The experimental and numerical results demonstrated an initial rapid increase
in the efficiency with the increase in the volume fraction, followed by a leveling off in
efficiency as volume fractions increase. Figure 1 shows the variation of the volume

fraction on the efficiency of the collector with respect to different nanofluids.
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Figure 1: Effect of the volume fraction on the efficiency for different nanofluids [145]

Khullar et al. [146] attempted to introduce the idea of harvesting solar radiant

energy through the use of nanofluid-based concentrating parabolic solar collector
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(NCPSC). The NCPSC was modeled mathematically, and the governing equations were
solved using finite difference method. Figure 2 shows the difference between a
conventional parabolic collector and a NCPSCS. The results showed that the NCPSC has
about 5-10% higher efficiency as compared to the conventional parabolic solar collector.
The theoretical results indicate that the NSPSC has the potential to harness solar radiant

energy more efficiently than a conventional parabolic solar collector.
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Glass

envelope

(a) (h)

Figure 2: Difference between a PSC and NSPSC [146]

Karami et al. [147] introduced alkaline functionalized Carbon Nanotubes
(f — CNT) nanoparticles in water, as a working fluid in a direct absorption solar
collector. Dispersion stability and optical properties of the nanofluids were estimated.
The relative stability of the prepared nanofluids versus the sediment time was confirmed
by the spectral absorbance analysis. The extinction coefficient of the f — CNT shows
remarkable improvements compared to the base fluid even at low particle readings.
Moreover, thermal conductivity improvements up to 32% were demonstrated only by
adding 150 ppm of f — CNT to water.

Mercatelli et al. [148] investigated the scattering and absorption properties of
nanofluids consisting of Single Walled Carbon Nanohorns in aqueous suspension. The
characteristics of these fluids were analyzed in order to use them in direct absorption
solar collectors. The investigation was carried out for nanohorns of different
morphologies and for suspension prepared with different amounts of surfactant. The

results showed that the obtained values of the scattering albedo were always lower than
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0.05; indicating that the amount of light directly absorbed was as high as 95%. In
addition, the values of scattering albedo decreased with increasing the wavelength,
meaning that the value of the absorbed light increases with the increase of the

wavelength.

Paul et al. [149] prepared nanoparticles enhanced lonic Liquid (NEILs) by
dispersing 0.5% Al,0;nanoparticle (Whiskers and Spherical) in ionic liquid. Viscosity,
heat capacity and thermal conductivity of NEILs were measured experimentally and
compared to theoretical models. Results demonstrated that the thermal conductivity of
NEILs was enhanced by 3% for spherical and 5% for whiskers, heat capacity enhanced
by 14% for spherical and 20% for whiskers. In addition, viscosity of the NEILs showed
higher values compared to the base IL within investigated temperature range. Further, the
heat transfer coefficient of NEIL is enhanced compared to IL; this enhancement is mainly
due to the enhancement in the thermal conductivity and particle migration behavior in the

boundary layer.

Khullar and Tyagi [150] examined the potential of the nanofluid-based
concentrating solar water heating system (NCSWHS) as an alternative to systems based
on fossil fuels. The analysis revealed that a considerable emission reduction of about
2200 kg of CO,/household/year if fuel savings can be achieved if the NCSWHS are
adopted.

2.3.3.2 Flat Plate Solar Collector (FPSC)

Yousefi et al. [151] experimentally investigated the effect of Al,O;/water nanofluids
on the efficiency of a flat plate solar collector. The experiment was done by varying the
weight fraction of the nanoparticles from 0.2% to 0.4%, and the mass flow rate of the
nanofluids. The nanofluids were prepared by the researchers and surfactant was used to
create a stable and homogenous mixture. The results show that with using 0.2 wt. %
nanoparticles, the efficiency of the plate increased by 28.3 %. Moreover, the use of the
surfactant enhances the heat transfer characteristics. The authors [152] also
experimentally investigated the effect of MW CNT/Water nanofluids on the efficiency of
a flat plate solar collector. The experiment was also done by varying the weight fraction

of the nanoparticles from 0.2% to 0.4%, and the mass flow rate of the nanofluids. In
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addition, surfactant was added. The results showed that using the 0.2 wt. % MWCNT-
based nanofluid without surfactant decreases the efficiency, and that the presence of the
surfactant causes an increase in the efficiency. However, in the case of the 0.4 wt. % the

efficiency increases without the use of the surfactant.

Said et al. [153] carried a theoretical analysis on the entropy generation, heat transfer
enhancement capabilities and pressure drop for a flat-plate solar collector operated with
SWCNT based nanofluids as the absorbing medium. The analysis results showed that the
thermal properties of SWCNT-based nanofluids is better than that of metal or metal oxide
based nanofluids, leading to a higher increase in the convective heat transfer coefficient
compared to conventional fluids at the same Reynolds number. Moreover, the analytical
outcome revealed the SWCNT/water nanofluids reduce the entropy generation by 4.34%
and enhance the heat transfer coefficient by 15.33% compared to water. However, using

the nanofluid leads to a pumping power penalty of 1.2%.

Alim et al. [154] analyzed theoretically the entropy generation, heat transfer
enhancement capabilities and pressure drop of an absorbing medium with suspended
nanoparticles (Al,05,Cu0,Si0,,Ti0,) dispersed in water inside a flat plate solar
collector. It was concluded that the dispersed nanoparticles improve the heat transfer
phenomena and that with increasing the nanoparticles volume percentage, the heat
transfer features improved. Analytical results showed that the CuO-bases nanofluids
could reduce the entropy generation by 4.34% and enhance the heat transfer coefficient
by 22.15% theoretically compared to water as an absorbing fluid, however it had a
pumping power penalty of 1.58%. Moreover, it was established thatCu0O-based

nanofluids might be a good option in laminar flow condition.

2.3.3.3 Parabolic Trough Solar Collector (PTSC)

Sokhansefat et al. [155] numerically studied a three dimensional fully developed
turbulent mixed convection heat transfer of Al,05/Syltherm 800 nanofluids in a tube of a
parabolic trough solar collector. The effect of Al,0; nanoparticles volume fraction on
the rate of the heat transfer from the absorber tube was also investigated. The results
display that nanoparticles enhance the heat transfer coefficient of the working fluid, and
that it is increased by increasing the concentration of the nanoparticles in the base fluid.

73



Moreover, for a given Reynolds’s number the enhancement in the heat transfer

coefficient decreases as the operational temperature of the absorber tube is increased.

Khullar and Tyagi [156] mathematically modeled the heat transfer and flow aspects
of a Al/water nanofluids in a linear parabolic solar collector. The collector has been
modeled as a two dimensional steady state system, and the equations were solved by
using the finite difference method. A comparison between a conventional collector and a
nanofluid based collector was done. The results show that the nanofluid based collector
performs better than the conventional one even for small volume fractions (1%). By
dispersing Aluminum nanoparticles into water, the optical efficiency increased by almost
60%, while thermal efficiency increased by almost 55%.

de Risi et al. [157] proposed and investigated the possibility of using gas-based
nanofluids in a transparent parabolic trough collector. Transparent receivers combined
with gas-based nanofluids were found to be able to directly absorb solar radiation due to
very high total surface area of the nanoparticles. The gas used is Nitrogen with a mixture
of CuO and Ni nanoparticles. Numerical results showed that the maximum solar to
thermal efficiency was 62.5% for an outlet temperature of 650°C and a volume fraction of
0.3%. Moreover, it was established that the gas-based nanofluid can be an effective
alternative to conventional systems, such as molten salt and synthetic oil.

Kasaeian et al. [158] designed and manufactured a pilot trough collector with a width
of 0.7 m, a reflector height of 2 m and a new shape design of the receiver coupling. The
transient response time and the optical and thermal performances of the collector were
compared using different types of receivers: a blacked painted vacuumed steel tube, a
copper bare tube with black chrome coating, a glass enveloped non-evacuated copper
tube with black chrome coating, and a vacuumed copper tube with black coating. For the
experimental part a 0.2% and a 0.3% CNT/oil nanofluids were prepared and tested in the
pilot trough with the black chrome coated vacuumed copper absorber tube. The results
show that the vacuumed absorbed tube has a higher efficiency of 11% when compared to
the bare absorber tube which is due to convection losses. Moreover, with the addition of
0.2% and 0.3% CNT nanoparticles, the global efficiency of the trough collector increased

by 4-5% and 5-7% respectively.
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Ghasemi and Ahangar [159] studied numerically the effect of Cu/water nanofluid as
the heat transfer fluid on the performance of a parabolic solar collector. In addition, the
conventional parabolic collectors and the nanofluid based collectors were compared in
terms of the temperature field, thermal efficiency and mean outlet temperatures.
Moreover, the effect of the fluid velocity, volume fraction of nanoparticles, concentration
ratio and receiver length have been studied. The results demonstrated that the nanofluid
based solar collector showed a higher efficiency and temperature outlet compared to the
conventional parabolic solar collector. It was concluded that by increasing the volume
fraction of the nanoparticles, the performance of the solar parabolic collector are

enhanced.

The previous literature, considering the use of nanofluids in a PTSC, all fail to study
the magnitude of enhancement in the efficiency and power output caused by the use of
nanofluids. This thesis studies the effect of using nanofluids on the efficiency and power
output of a PTSC for different beam radiations, volume fractions and nanoparticles. An
energy and exergy models are proposed, and the evaluation of the PTSC performance is
done accordingly. The use of conventional heating fluids as a base fluid allows for a
comparison between the nanofluids based PTSC and conventional PTSC’s, in order to

study the magnitude of enhancement.

2.3.4 Applications of nanofluids in Thermal Energy Storage.

Wu et al. [160] numerically investigated the melting processes of Cu/paraffine
nanofluids PCMs. The results showed that for a concentration of only 1 wt. %, the
melting time can be saved by 13.1%. Hence, the conclusion is that adding nanoparticles

leads to enhancing the heat transfer in latent heat thermal energy storage systems.

Jo and Banerjee [161] investigated the enhancement of the thermal properties of
various high temperature nanofluids using Carbon Nanotubes (CNT) for solar thermal
energy storage applications. A eutectic mixture of Lithium Carbonate and Potassium
Carbonate is used as the base fluid. Results showed that the specific heat capacities of
carbonate eutectic/CNT nanofluids were linearly increased as the temperature increased,
with enhancement up to 20% for a concentration of 1%. In addition, increasing the

surfactant concentration from 1% to 5% resulted in a higher enhancement of the specific
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heat values. Moreover, it was established that better theoretical models are required to
predict thermophysical properties of nanofluids, since the models used in [161] failed to

predict the enhancement of the specific heat for some cases.

Kwak et al. [162] studied the specific heat enhancement of Silicon dioxide
nanoparticles dispersed in both Molten Salt and Therminol VP-1, and the applicability of
such nanofluids materials for solar thermal storage applications was explored. Results
showed that the sensible heat capacity of Therminol VP-1 was enhanced by 5.41% when
doped in silica nanoparticles at 1% by weight, whereas, the sensible heat capacity of
nanofluids containing 2.5% by weight of silica nanoparticles in alkali metal salt

carbonate eutectic was enhanced by 14.59%.

Dudda and Shin [163] synthesized molten salt nanomaterials by dispersing Silica
nanoparticles in selected molten salts, and evaluated the use of molten salt nanomaterials
as heating fluid in CSP. The study showed that the specific heat capacity enhancements
of the 5nm and 30 nm sized SiO, nanoparticles at 1 wt. % concentration to be in an

increasing order.

Zabalegui et al. [164] experimentally investigated the use of multi walled carbon
nanotubes dispersed in paraffin on the latent heat of fusion, and presented a finite element
model as a method of quantifying nanofluid phase change material (PCM) energy storage
system. The experimental results demonstrated that smaller diameter nanoparticle in
suspension causes an increase in the magnitude of the latent heat reduction. Three
possible mechanism- the interfacial liquid layering, Brownian motion and particle
clustering were examined to attribute further reduction in the latent heat of fusion.
Although additional research is required to discover each mechanism, experimental
evidence suggests that the interfacial layering and the Brownian motion cannot explain
the degree of latent heat reduction observed. Regarding the analysis of the thermal energy
storage system, the thermal properties based on the modified effective medium theory
and an empirical relation for latent heat of fusion were applied as model parameters to
determine the energy stored and extracted over a period of time. It was shown that
nanoparticles in PCMs provide no significant improvements in TES performance. The

reason is that with smaller nanoparticles, the enhancement in thermal conductivity is not
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significant enough to overcome the reduction in latent heat of fusion, and less energy is
stored over the PCM charge period. In addition, it was concluded that since the model
parameters depend on the material properties, the storage performance may vary with the

variation of the nanofluids.

Wang et al. [165] experimentally investigated the thermal energy storage
characteristics of Cu/H,0 nanofluids as a new PCM for cooling systems, and
experimentally studied the influence of the nanoparticle agent on super cooling of water
PCMs. The experimental results showed that the Cu/H,0 nanofluids have a remarkably
lower supercooling degree than water PCMs, and as the mass fraction of Cu increases the
freezing time of Cu/H,0 nanofluid gets lower than that of water PCMs. For instance, the
super cooling degree was reduced by 20.5% and the total freezing time was lowered by

19.2% when a 0.1 wt. % of Cu nanoparticles was added to water.

Choi et al. [166] experimentally measured the thermal conductivity of PCM with
carbon additives, and evaluated the effect of Poly Vinyl Pyrrolidone (PVP) as a
dispersion stabilizer on the thermal conductivity of Multi-walled Carbon Nanotubes,
Graphite and Graphene PCMs. The experimental results showed that the heat transfer rate
enhances up to 3.35 times in the case of Graphite at a volume fraction of 5%. Finally, it
was concluded that although Graphene showed the highest thermal conductivity
enhancement of 21.5% at a volume fraction of 0.1%, Graphite is the most promising

candidate for heat transfer enhancement of stearic acid with carbon additives.

From the previous literature, It is seen that the addition of nanoparticles in some
base fluids increases the thermal energy performance, however, none of the studies
studied the effect of the nanofluids on the size of the storage tanks. In this thesis, an
integrated PTSC/TES system is studied and the effect of the nanofluids on the
performance of the whole system is investigated, accounting for the novelty of this work.
In addition, the effect of the nanofluids on the volume of the storage tanks is evaluated, as
well as the effect of nanofluids on different modes of operation and different storage
periods for the PTSC/TES integrated system.
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Chapter 3: System Configurations and Modeling

In order to assess the feasibility and possibility of using nanofluids as a heating
fluid in an integrated PTSC/TES system, the thermophysical properties, heat transfer
parameters and PTSC outputs are to be studied and analyzed. In this following section,
the modeling equations and correlations used for the calculation of the thermophysical
properties and different parameters of the nanofluids are shown. Moreover, the equations
for the calculation of the convective heat transfer coefficient are presented, as well as the
modeling equations of the PTSC. Further, the configurations of the integrated PTSC/TES
systems are provided.

3.1 Nanofluids Modeling

First the correlations for the thermophysical properties of the nanoparticles are
provided, along with the correlations of the properties of the base fluids. Second,
different models for the prediction of the specific heat capacity, density, viscosity and
thermal conductivity of the nanofluids are presented and discussed based on their

applicability and accuracy.

3.1.1 Base fluids.

The heating fluids used in the PTSC have a major impact on the efficiency and
power output of the system. Synesthetic oil and molten salts are commonly used in the
industry as heating fluid. In this analysis Therminol VP-1 and Syltherm 800 are
considered as the heating fluid for the PTSC system.

3.1.1.1 Therminol-VP1.

Therminol VP-1 is an ultra-high temperature synthetic heat transfer fluid that can
work in both liquid and vapor phase. It is widely used in parabolic solar collectors
because of its low viscosity and high operating temperatures (up to 400°C). The
following equations provide the correlations for the density, specific heat capacity,

thermal conductivity and viscosity of Therminol-VVP1, and they are obtained from [167].
p = 0.90797T + 0.00078116T? — 2.36 x 107°T3 + 1083.25 (3.1)

C, = 0.002414T + 5.9591 = 107672 — 2.9879 » 1078T3 + 1.498 (3.2)
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k = —8.19477 * 1075T — 1.92257 * 1077T? + 2.5034 * 107173 + 0.137743 (3.3)

544.149
Vv = e(T+114.43_2'59578) (34)

3.1.1.2 Syltherm 800.

“Syltherm 800 is a highly stable, long lasting silicone fluid designed specifically
for liquid phase operation” [168]. It can sustain high temperatures up to 400°C. The
following equations provide the correlations for the density, specific heat capacity,
thermal conductivity and viscosity of Syltherm 800, and they are obtained from [168].

p = —6.061657 * 107*T% — 4.1535 * 107T + 1.1057 = 1073 (3.5)
C, =0.001708T + 1.107798 (3.6)
k = —5.7535 « 1071°T2 — 1.875266 = 10~ *T + 1.9002 = 10! (3.7)
i =6.67*1077T* — 1.56 x 1073T3 + 1.38T2 — 5.541 = 10T + 8.848 » 10* (3.8)

where 283 K < T <673 Kand 373K <T < 673 K for equation (3.8).

3.1.2 Nanoparticles.

The addition of the nanoparticles is one of the main research topics in this thesis;
therefore, the thermophysical properties of the nanoparticles, such as the density, specific
heat capacity, and most importantly thermal conductivity are to be calculated in order to
predict the behavior and thermophysical properties of the nanofluids. Since the heat
transfer coefficient is to be increased in order to enhance the heat transfer characteristics
of the base fluids, metallic nanoparticles are selected because of the relatively high
thermal conductivity of metals. However, non-metallic nanoparticles and
especially SWCNT are selected because of their extraordinary high thermal conductivity.
The properties of the nanoparticles are obtained for different temperatures, since all of the
thermophysical properties are temperature dependent. The nanoparticles are divided into

two categories: metallic and non-metallic.
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3.1.2.1 Metallic nanoparticles.
Two metallic nanoparticles are used in the analysis: Copper (Cu) and
Alumina (Al,05).

3.1.2.1.1 Copper.

Copper is a metallic chemical element with a very high thermal and electrical
conductivity. It is used in different applications as nanoparticles, especially with water as
a base fluid. The only disadvantage of using Cu nanoparticles is the process of preparing
them, as it is quite hard and costly to not oxidize the metal while preparing it. The
following equations present the density, specific heat capacity and thermal conductivity
of copper and are obtained from [169].

p = 8933 (3.9

Cp = 316.21 + 0.3177T — 3.4936 * 107*T2 + 1.667 x 1077T3 (3.10)

k =420.75 — 6.8493 x 1072T (3.11)
3.1.2.1.2 Alumina.

Alumina or Aluminum Oxide (Al,05), is a chemical compound of Aluminum and
Oxygen. It is metallic, has a relatively high thermal conductivity, and a very high melting
point (around 2072°C). Since the Aluminum is oxidized, the preparation method is fairly
simple. The following equations present the density, specific heat capacity and thermal

conductivity of Alumina and are obtained from [155].

p = 3850 (3.12)
Cp = 1.046 + 1.74 x 10T — 2.79 x 10*T 2 (3.13)
k = 5.5 + 34.5¢(70:0033+(T=273)) (3.14)

3.1.2.2 Non-metallic nanoparticles.
One non-metallic nanoparticle was used in this analysis, which is: Single Walled
Carbon Nanotubes (SWCNT).
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3.1.2.2.1 Single Walled Carbon Nanotubes.

Carbon nanotubes are cylindrical shaped allotropes of carbon with a length-to-
diameter ratio of around 132,000,000:1 in general. Single walled carbon nanotubes have
recently been used in solar technologies because of their extraordinary high thermal
conductivity. They are available in the market, but they are costly compared to other
nanoparticles. The following equations provide the correlations of the density, specific
heat capacity which are obtained from [153] and [128] respectively, and thermal

conductivity obtained from [45].

p = 1400 (3.15)

C, =138 (3.16)
-1

k=[37+107T+9.7+1070T% + 9.3 (1+°5) 72| (3.17)

where [ is the length of the SWCNT in micrometers, and T is the temperature in K.

The thermophysical properties of the base fluids and nanoparticles at room
temperature are shown in Table 4. It is seen that the thermal conductivity of SWCNT is
the highest among other nanoparticles (I; = 1.5um), and the viscosity of Syltherm is

more than two times the viscosity of Therminol.

Table 4: Thermophysical properties of the base fluids and nanoparticles

Parameter Temperature p C, k u
Unit °C kg/m®  kj/kgk W /mK mPa-s
Therminol VP-1 25 1061 1.5605 0.1355 3.91
Syltherm 25 936 1.6168 0.1341 9.1
AlL,0, 25 3850 0.38 37 -
Cu 25 8933 0.78 400 -
SWCNT 25 1400 1.38 2976 -

3.1.3 Density of nanofluids.
The density of the nanofluids can be calculated based on the assumption that the

nanoparticles and the base fluid form a homogenous, thermodynamically stable fluid. The
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model used assumes an equilibrium state between the particles and the fluid; it is

obtained from [155] and it is as follows:

pnr = Pr(L— @) — ppo (3.18)

Where the subscripts f and p stand for fluid and nanoparticle respectively, and ¢ is the

volume fraction which is the concentration of the nanoparticles in the nanofluid.

3.1.4 Specific heat capacity of nanofluids.

The specific heat capacity of the nanofluids can be calculated using two different
models. The first is the same as the density assumes an equilibrium state of a
homogeneous, thermodynamically stable fluid consisting of the base fluid and the

nanoparticles. The model is obtained from [155] and it is as follows:

Cpnf = Cpf(l - @) — Cppgo (3.19)

The second model is based on the balance of the density and the specific heat
capacity of the nanoparticles, base fluids and nanofluids. It is most widely used in the
predication of entropy generation models; it is also obtained from [155] and it is as

follows:

prpf(l—w)—ppCppfp
pnf - Pnf

(3.20)

For the purpose of this analysis and for simplicity, Equation (3.19) is used for the

calculation of the specific heat capacity of nanofluids.

3.1.5 Viscosity of the nanofluids.

There are different models to calculate the effective viscosity of the nanofluids.
Starting with the Einstein model [89], the model is based on the Kkinetic theory and it is
the oldest model used to determine the viscosity of nanofluids; it is valid for spherical

particles and volume fractions which are less than 2%. The model is represented below:
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Brinkman [90] developed a model that is used widely to calculate the viscosity of

nanofluids and is valid for high particle concentrations, and it is given below:

L
Hnf = (1_(;)2.5 (3.22)

Krieger and Dougherty [91] developed a formula for the calculation of shear
viscosity for randomly monodispersed spherical particles, the formula is as follows:

—NPm

np = iy [1 = (3.23)

where ¢, is the maximum particle packing factor. It varies from 0.495 to 0.54, and 7 is

the intrinsic viscosity and its value is 2.5.

Franken and Acrivos [92] developed a mathematical expression for the

calculation of the effective viscosity described below:

[
_ 9
HUnf = .Ufgl((p

Lo

Lundgren [93] proposed an equation as a Taylor series expansion of the volume

1
3

/N
5|
N—

(3.24)

1
)3

3
|

e —|

3wIH

fractiong. This equation is referred to as the reduction of Einstein’s formula [65], and it

is as follows:

g = iy |1+ 250 + 292 + £ (9] (3.25)

Batchelor [94] modified Einstein’s model and included the effect of the Brownian
motion in the fluid. The model was developed by taking into account the isotropic

suspension of rigid and spherical particles. The model is as follows:
tns = ur(142.5¢ + 6.5¢%) (3.26)

Graham [95] developed a generalized form of the Franken and Acrivos model by
introducing the effect of the particle radius and inter-particle spacing. The model is well

in accordance with Einstein’s formula for small volume fractions; it is as follows:
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1
2
o) (43)
— 2+ {1+
dp d,,) dp

Kitano et al. [96] proposed a formula to calculate the viscosity of a two- phase

mixture; the formula is as follows:

Unj = —L— (3.28)
T

=)l

Pak and Cho [97] developed a viscosity model based on the particle volume

fraction taken at room temperature as a reference, the model is given as:
tns = (14 39.11¢ + 533.9¢%) (3.29)

Avsec and Oblac [98] derived a viscosity model with the help of the represented
formula of Ward and the Einstein model. The model is also known as the renewed ward

model; it is given by:
tng = tr[ 1+ 2.5(@err + 2.50017 + 2.5¢02:f) | (3.30)
where ¢, is the effective volume fraction and can be calculated by using the following

equation:

3
Pepr =@ (1 + %) (3.31)
where y and r, represent the nanolayer thickness and nanoparticle radius respectively.

Nguyen et al. [99] derived an expression of a temperature-dependent viscosity
model for particle volume fractions of 1-4%, and it is presented below:

Uns = (21275 — 0.0215T + 0.00027T?2) (3.32)

3.1.6 Thermal Conductivity of the nanofluids.
Thermal Conductivity is the most critical property for analyzing the heat transfer
of nanofluids. Different models are presented in the literature and discussed in this

section, starting with the Maxwell model [67], it is the oldest model used to calculate the
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thermal conductivity of solid-liquid mixtures; it is used for spherical particles and for a
volume fraction ¢less than 1%; the model is as follows:

kp+2kg+2@(kp—ky)

keng = ky kp+2kp—@(kp—ky)

(3.33)

Bruggeman [68] considered the interaction between spherical particles and
presented a model for the prediction of the thermal conductivity of nanofluids, which is

as follows:

(3(p—1)l;—?+{3(1—(p)—1}+\/3

4

where A= [(3p — 1) 2 + {3(1 — ) — 1}]2 + 82 (3.35)
f f

Hamilton and Crosser [69] modified the Maxwell model by introducing an
empirical shape factor n to account for different particles shapes. The model is valid for
all the shapes by accounting for their sphericity @. Sphericity is a measure of how round
an object is; it is the ratio of the surface area of a sphere to the surface area of the particle

provided that they share the same volume.

Q= n%(:_;@)% (3.36)
where V,and A, are the particle’s volume and surface area, respectively.

The model is as follows:

kny = k; kp+(n—1)kp+n—1)p(ep—Fk ) (3.37)

kp+(n—1)kf—(p(kp—kf)

where n:% , and the sphericity is 1 and 0.5 for spherical and cylindrical particles

respectively.

Jeffery [70] considered a composite material of infinite range, and imposed an

undistributed linear temperature field on it. The analysis was applied to spherical
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inclusions and the model for the prediction of the effective thermal conductivity is as

follows:

2 3 4
kg = ky[1+3bg + (3b% + -+ 2220 1 2 ) 2 (3.38)

4 16 243« 26

where, b =

(1-a) _
o) anda = ks /k,.

Yamada and Ota [71] proposed a predictive model for calculating the effective
thermal conductivity of nanofluids. The model accounts for spherical and cylindrical

shaped nanoparticles, and it is as follows:

_ 1+2a9 %2 +2(1—-a)@®8
knf - kf[ 1+2ap~0%2-(1-a)e ] (3-39)

Davis [72] updated Jeffery’s model by adding the ensemble-averaged dipole
strength of a single fixed sphere, and by using a decaying temperature field. Those
modifications resulted in encountering only convergent integrals, and removing the
renormalization factor as it is no longer needed. The model is as follows:

3(1-a)
knp = ky {1+ e [ + f(@)9? + 0(9)]] (3.40)

Xuan et al. [74] studied the effective thermal conductivity of nanofluids, by
considering Brownian motion and clustering of nanoparticles. The predictive model is as
follows:

_ kp+2kf+2(p(kp—kf) + PpPCp kgT (3 41)
f kp+2kf—(p(kp—kf) 2 3nrpf '

ks

where 1, is the apparent radius of the cluster which is determined by experiment
(re1 = 1, When a cluster conations only one nanoparticle). Tis the temperature and kg is
the Boltzmann constant. The first term of the right hand side of Equation (3.41) is simply
the Maxwell model, while the second term adds the contribution of the random motion on

the effective thermal conductivity of nanofluids.

Yu and Choi [75] studied the effect of the liquid nanolayer formed between the

spherical nanoparticles and renovated the Maxwell model. The model considered the

86



interaction between the nanoparticles and the base fluid happening in the layer formed
between them. The model is presented below:

kp+2kp+20(kp—k)(1+y)?

kny = T lep+2k =20 (kp—k ) (1+7)3

(3.42)

where y is the ratio of the nano-layer thickness to the original particle radiusy = ri and
P

mostly it is assumed to be 0.1.

Xie et al. [76] developed a model for the effective thermal conductivity by taking
into account the nanolayer structure formed between the nanoparticles and the base fluid.
It was assumed that the layer has its own thermal conductivity which is between the
thermal conductivity of the fluid and the nanoparticles. The layer thermal conductivity is
given by:

_ kpM?
T (M—-y) In(1+M)+yM

k, (3.43)

where M = g,(1+y) —1,and ¢, = z—p.
f

Xie et al. [76] provided a formula to calculate the total volume fraction of the

original nanoparticle:

or =1 +y)? (3.44)

The effective thermal conductivity is given by the following model:

_ 36297
ks = ks [ 3007+ ew] + ks (3.45)
Bpi
Bir (1+V)3—l}
where 6 = di

(1+y)3+2Bp1B11
and

ﬁ _ ki—kf
= ki+2kg

(3.46)
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kp—Fki

Bor =3 (3.47)
_ ki
Bri = 1 2n, (3.48)

Leong et al. [77] also studied the effect of the interfacial layer between the solid
particles and the base fluid. The derived model for the effective thermal conductivity is as
follows:

k.. = Ksmkoekil2B- B 1]+ (ks+2k) B2l (ki—ky) +hy]
nf B3 (ks+2k)—(ks—kp | B3 +B3-1]

(3.49)

where 8 = 1+y,andB; = 1+7

In Xie et al. [76] model, the thermal conductivity of the interfacial layer is
calculated using Equation (3.43), where in Leong et al. [77] model, the thermal
conductivity of the interfacial nanolayer is considered to be twice or three times as the
thermal conductivity of the base fluid.

Xuan et al. [78] developed a model by adopting the concepts of the Langevin
equation of the Brownian motion and the concept of stochastic thermal process to
describe the temperature fluctuation of spherical nanoparticles dispersed in base fluids.
The model is as follows:

kp+2ks+2@(kp—kys) | 18¢HAkgT

k. .=
T kpt2kp—@Up—kp) | w2ppd$

(3.50)

where H is the overall heat transfer coefficient between the nanoparticles and the fluid, A

is the heat transfer area, and tis the comprehensive relaxation time constant.

All the above models predict the thermal conductivity of spherical or cylindrical
shape which is the case in a lot of nanoparticles suspended in fluids, however when it
comes to SWCNT, the shape and the structure is more complicated; meaning that the
previous models will not be able to predict the thermal conductivity accurately. Nan et al.

[84], developed a model to calculate the effective thermal conductivity of CNT’s medium
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composites based on theory of scattering. The CNT’s are assumed to be randomly

dispersed in the matrix. The model of the effective thermal conductivity is as follows:

342¢[By(1—Ly)+Bz(1-L3)]

g = fem 83— (2BxLx+BzL;) (3.51)
Where k,, is the thermal conductivity of the matrix and,

B = it (352)
B, = —fx—fm (3.53)

km+Lz(kc—km)

where k,andk, are the thermal conductivities of the CNT along the transverse and
longitudinal directions respectively.L,andl,are geometric factors dependent on the

aspect ratio of the CNT (p) and given by:

2

__7D _ p -1
Lx_Z(pZ—l) 2(102_1)%cosh p (3.54)

L,=1-2L, (3.55)

For high p over 100,L, = 0.5and L, = 0, which reduces the effective thermal

conductivity model to:

3(:—;+1)+(p[2(:—;—1)+(:—T’;+1)(:—;—1)]

3 (:—T’;+1 )—2¢(:—T’:l—1 )

Knf = km (3.56)

In the previous model, the Kaptiza resistance (a;) was neglected which led to an
over predication of the nanofluids thermal conductivity when compared to the
experimental data. Nan et al. [85] took these considerations into account and
reformulated the analytical model to include the interfacial resistance between the
nanoparticles and the base fluid. The modified thermal conductivity model is expressed

as.
3+¢@(B11+B33)
k,r = ————=>—33 3.57
nf 3—@By, (3.57)
where
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_2(k§y—kf)
By = —k§1+kf (3.58)

k53

The parameters ki, k$;are the thermal conductivities along the transverse and

longitudinal axes of the interfacial thermal barriers layer and are represented by:

L
2apk

1425E7P
ds kf

c __
kll -

(3.60)

k
k3s = lzﬁ (3.61)

ls kf

where d;and l;are the diameter and the length of the CNT respectively, a; is the Kaptiza

radius defined as:
ap = Rkkf (362)
Where R, is 8 X 107 8m?2K /W.

Xue [86] developed a model to express the thermal conductivity of CNTs-based
composites. A distribution function P(B;) is defined to account for the dispersion of the
CNT’s in the base fluid. For CNT’s that are assumed to be randomly distributed in the

base fluid, the normal-like distribution function is:

2

P(B;) = n/B;(1-B;) (363)

When substituting the function in the equivalent field factor, and assuming that the
thermal conductivity of the CNT’s is isotropic, the effective thermal conductivity of the

nanofluids can be predicted by the model as follows:

T

1-@+(4@/m) [ky/krarctg )
L f 4 kp/kf

knf = kf

(3.64)

T

1-@+(4¢@ /1) |kf/kparctg( )
r7"p 4 kp/kf
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Xue [86] pointed out that the CNT’s distribution can hugely affect the effective
thermal conductivity of nanofluids. For instance, the thermal conductivity of randomly
distributed CNT’s in a base fluid differs from CNT’s distributed according to distribution
function shown in Equation (3.63). Two conditions are ought to be satisfied in order to

choose a distribution function. The conditions are as follows:
0<B;<1/2

1/2
Jy P(B;)dB; = 1.

For Comparison, it is assumed that the distribution function is set to be P(B;) = 2, which

satisfies the two conditions. In that case, the effective thermal conductivity model is

given by:
kp kp+kf
1—(p+2<pk "y In 2k
— pky  2kf
Knf = ks T (3.65)

1—(p+2<pkp_kfln 2k;

Patel et al. [87] presented a model to predict the thermal conductivity of CNT
based nanofluids for both water and oil base fluids. The model takes into account the
radius of the fluid and nanoparticles; it is presented as follows:

_ kpots
ks = Ky [ 1+ (1_(p)rp] (3.66)
3.2 Convective Heat Transfer

This section presents the equations and correlations used to calculate the
convective heat transfer coefficient of fluids inside the PTSC receiver tube. The Nusselt
number is the most critical parameter to calculate. Different correlations were used for
the predication of the Nusselt number assuming a flow in a circular pipe subjected to

constant heat flux. The equations for the base fluids and nanofluids are shown in the

following sections.

3.2.1 Base fluids.
The equations and different correlations for the calculation of the convective heat

transfer coefficient of the base fluids (Therminol, Syltherm) are shown below.
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3.2.1.1 Reynolds Number of base fluids.

The Reynolds number is a dimensionless number that indicates the flow type of a
fluid, whether it is laminar or turbulent; Reynolds number above 5000 usually shows a
turbulent flow. The equation of the Reynolds number is provided as follows:

PfVDyi
Re; = —— 3.67

where i is the dynamic viscosity, calculated from the following equation:

K
vy =4 (3.68)

3.2.1.2 Prandtl Number of base fluids.
The Prandtl number is a dimensionless number that measures the ratio of the
momentum diffusivity to the thermal diffusivity. The Prandtl number is given by:

“prf
T'f = ks

(3.69)

3.2.1.3 Nusselt Number of base fluids.

The Nusselt number is a dimensionless number that measures the ratio of
convective to conductive heat transfer. It depends on the flow type, boundary and
geometry of the surface, Reynolds number and Prandtl number. Different correlations for
the Nusselt number of the base fluids are presented in this analysis, starting with
Kalogirou [5] where a model for the Nusselt number of the fluid in the PTSC absorber

tube is presented as follows:

_ f
Nuf - S(Ref—looo)Prf (Pﬁ) (370)

2 \PTp
1+12.7./F/8 Pr]3c—1

Where Pr, is the Prandtl number evaluated at the inner absorber temperature and all

other parameters are evaluated at the fluid temperature.

fp is the Darcy friction factor given by:
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fo = [1.821n(Re;) — 1.64]
(3.71)

The previous model is valid for 0.5 < Pry < 2000 and 2300 < Re; < 5x10°.

Yilmaz and Soylemez [12] presented another model to calculate the Nusselt
number of the heating fluid in a PTSC absorber tube. The model is given by:

,/f/SRefPrf
1

Nuy = 7 T T (3.72)
12.48Prf3—7.8853Prl§+3.613ln<Prl§>+5.8+C

where € = 2.78In(,/f /8 Re;/90) and f is the Fanning friction factor for smooth pipes
given by:

f =[0.791n(Re;) — 1.64] (3.73)
The previous model is valid for 0.5 < Pr; < 2000 and 10* < Re; < 5 x 10°.

Another correlation that is widely used is the Dittus-Boelter equation. The
equation is tailored for smooth tubes and shows a bit of discrepancy when a large range

of temperature difference is present. The equation is as follows:
Nuy = 0.023Rep®Prp* (3.74)
The previous equation is valid for 0.6 < Pry < 160 and Rey > 4000.

The famous Gnielinski’s correlation can be also used to calculate the Nusselt
number of a fluid inside a PTSC absorber tube. The correlation is as follows:

f/ Res—1000)P
NUf=( 8)( 2l 1 zrf

1+1.27(f/8)5(1>r)§—1)

(3.75)

where f is the Fanning friction factor given by Equation (3.73), and the correlation is
valid for 0.5 < Pr; < 2000 and 3000 < Re; < 5 x 10°.
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All the above Nusselt number correlations are for turbulent flow, but in case of
Laminar flow the Nusselt number for a flow through a circular tube with constant heat

flux is simply given as:

Nup, =436 (3.76)

3.2.1.4 Convective heat transfer coefficient of base fluids.
The overall convective heat transfer coefficient of a fluid flow through the

absorber tube of a PTSC can be calculated using the following equation:

Nurk
herin = s (3-77)

Dy

3.2.2 Nanofluids.
The equations and different correlations for the calculation of the convective heat

transfer coefficient of nanofluids are shown below.

3.2.2.1 Reynolds Number of nanofluids.

The Reynolds number for nanofluids is calculated by using the same equation as
the base fluids; however the nanofluids properties are to be used. The Reynolds number
is an important parameter to calculate because it gives an indication of whether the flow
is laminar or turbulent. Laminar flow, which usually takes place for a Reynolds number
less than 3000, is characterized to be a smooth flow at lower speeds. The turbulent flow is
characterized by a fluid flow that is subjected to turbulences because of the high speeds
of the fluid. For an improved heat transfer between a fluid and a surface, it is
recommended to keep the flow turbulent, as the random movement of the molecules of
the fluid caused a higher heat transfer between the fluid and absorber tube. The equation
of the Reynolds number of nanofluids is provided as follows:

Re, = % (3.78)

3.2.2.2 Prandtl Number of nanofluids.
The Prandtl number for nanofluids is calculated by using the same equation as the
base fluids, but with the use of nanofluids properties. The Prandtl number is important to

calculate because it is a key parameter for the calculation of the Nusselt number and the
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convective heat transfer coefficient, as well as many other parameters that deal with the

performance of the PTSC. The Prandtl number for nanofluids is given by:

‘unfcpnf
knf

3.2.2.3 Nusselt Number of nanofluids.

The Nusselt number for nanofluids cannot be calculated using the equations
provided in section 3.2.1.3, but proper models and correlations are to be implemented for
the prediction of the Nusselt number of nanofluids for turbulent and laminar flows.
Different models are provided in the literature as seen from section 2.3.4; however plenty
of them are not applicable for the type of analysis done here, since some are tailored only
for water based nanofluids or a certain type of nanoparticles. Nevertheless, some models
can be used in this analysis, starting with Maiga et al. [117] where a model for the
prediction of the Nusselt number of nanofluids flow through a circular tube was

presented. The model is for laminar flow and it is as follows:
Nu,; = 0.086Re 7> Pry? (3.80)
The above correlation is valid for 6 < Pr,, < 753 and ¢ < 10.

Maiga et al. [120] also provided a model for the prediction of the Nusselt number
of nanofluids flow through a circular tube. The model is for turbulent flow and it is as

follows:
Ny, = 0.085Re ! Pry??® (3.81)
The above correlation is valid for 10* < Re,; < 5x10° and ¢ < 10.

Vajjha and Das [126] also provided a model for the prediction of the Nusselt
number of nanofluids flow through a circular tube. The difference in this model is that it
takes into account the volume fraction of the nanoparticles. The model is for turbulent

flow and it is as follows:

Nuys = 00.65(Redf® — 60.22)(1 + 0.0169¢°%1%) Pr,) 542 (3.82)
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3.2.2.4 Convective heat transfer coefficient of nanofluids.
The overall convective heat transfer coefficient of nanofluids flow through the
absorber tube of a PTSC can be calculated using the following equation:

N n kn
hnf,crin = % (3.83)

3.3 PTSC Modeling

The following section covers the mathematical modeling of a PTSC based on an
energy and exergy analysis. The PTSC unit consists of an absorber tube or a receiver
fixed along the center of the focal length of the collector. The absorber tube is a metal
tube painted black to absorb more heat; it is covered by glass cover to reduce the heat
loss due to convection and radiation. The collector is in the shape of a parabola and it
serves as a reflective surface where the parallel rays on it are reflected onto the absorber

tube. The energy model used in the analysis is based on the following assumptions:

1. The system operates at steady state conditions.

2. The porous medium properties have a cylindrical symmetry.

3. All phases are continuously in thermal and chemical local equilibrium.
4

. The glass tube temperature is uniform at any given time.

The model of the PTSC is done by analyzing the collector, receiver and glass cover
separately, then combing the parameters to analyze the energetic and exergetic
performances of the PTSC. Figure 3 shows the schematic diagram of a PTSC, and how

the rays of sunlight are reflected by the collector onto the receiver.

GLASS COVER

COLLECTOR

Figure 3: PTSC Schematic Diagram
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3.3.1 Collector.
The collector is a metal sheet shaped as a parabola in order to catch the maximum
amount of sun rays and reflect it onto the absorber tube centered at the focal line of the

collector. The specifications of the collector used in the analysis are presented in Table 5.

3.3.1.1 Angle of incidence.

The angle of incidence is the angle between the ray incident on the collector and
the line perpendicular to the collector surface. Calculating the angle of incidence is
important because it affects the amount of solar energy received by the collector. The

equation of the incident angle is given by:
cos @ = sinacos A + cosasin A cos(Q — f3) (3.84)

where A is the tilt is angle and Q is the aperture azimuth angle. Figure 4 shows the
relation between the two angles. a and § are the solar altitude angle and solar azimuth
angle respectively The solar altitude angle is the angle between the solar rays and the
horizontal plane on the surface of the earth, where the solar azimuth angle is the angle
between the horizontal projection of the sun rays and the due-south direction line. The

angles can be calculated from the following equations:

a = sin~1(sin & sin ® + cos § cos P cosw) (3.85)
B = cos—1 (sin6cos<l>—ccs)ssjsincl>cosw) (3.86)
where w is the hour angle given by:

w = 15[t, — 12] (3.87)
and t,is the solar time (hour), calculated by:

t; = LCT + (527) — LC — DLS (3.88)

where LCT,DLS are the local clock time and the correction for daylight saving which is

one hour.
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Table 5: Receiver, Glass cover and Collector specifications

Receiver
Parameter Symbol Unit Value
Type - - Schott PTR70 2008
Absorber tube inner diameter D, mm 66
Absorber tube outer diameter D, mm 70
Receiver efficiency Ny % 75
Receiver emissivity & - 0.92
Receiver absorptance a - 0.96
Receiver Area A, m? 22
Absorber material type - - Stainless steel 304L
Glass Cover
Glass cover inner diameter D mm 115
Glass cover outer diameter D., mm 120
Glass cover emissivity &c - 0.86
Glass cover absorptance ac - 0.02
Glass cover transmittance Tc - 0.963
Glass cover area A, m? 37.7
Collector
Type - - Solargenix SGX-1
Collector width w m 5
Collector length L. m 8.3333
Length of collector assembly L m 100
Number of modulus Ny, - 12
Number of collectors N, - 1
Reflective Aperture Area A, m? 470.3
Tracking error €tracking - 0.994
Mirror reflectance Pel - 0.935
Collector optical efficiency Mo % 85.66
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z (zenith)

(aperture normal)

n (north)

e (east)

Figure 4: Relation between tilt angle and aperture azimuth angle [170]

EOT = 0.285cos x — 7.416 sinx — 3.648 cos 2x — 9.228 sin 2x (3.89)
and
_ 360(N-1) (3.90)
365.242 '

where N is the day number.

LC is the longitude correction given by:

(Longitude of standard time zone meridan—Local longititude)
15

LC =

(3.91)

and ¢ is the solar declination angle, which is the angle between the earth sun line and the
equatorial plane and it varies from —23.5° to 23.5° from the summer to the winter

season. The angle can be calculated using the following equation:
sind = 0.39795 co0s[0.98563 (N — 173)] (3.92)

The latitude angle @ is measured from the center of the earth. It specifies the
location on the earth surface. The latitude angle also affects the solar radiation and

contributes to climate zones on earth.

3.3.1.2 Optical efficiency.
The optical efficiency of the collector can be calculated using the following

equation:
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No = FRSK(G)pm(TCGac)eVn (3-93)

where p,, is the average specular mirror reflectance, 7., is the glass envelope
transmittance, a.is the surface coating absorptance, (tqca.). is the effective product of

Tce and a., vy 1S the intercept factor, K (0) is the incident angle modifier given by [99]:
K(0) = cos 8 — 2.859621 x 107°0% — 5.25097 x 10™* (3.94)

and Fs is the shading factor given by:

Fpg = Wekt (3.95)

where W, and (W,), are the total aperture width of the solar field and the total effective

width for all solar collectors respectively.

3.3.2 Receiver.

The receiver of the PTSC consists of the absorber tube where the beam radiation
is centered, which is usually painted black in order to absorb more heat. Typically the
receiver material is stainless or copper. In this analysis, the receiver material chosen is
stainless steel 304L. The thermal conductivity of the receiver can be calculated from the

following equation obtained from [5]:

k, = 0.013T, + 15.2 (3.96)
The area of the receiver can be calculated using the following equation:

A, =D, L (3.97)

The heat transfer coefficient of the fluid inside the receiver pipe can be calculated
from the equations provided in the previous sections (3.2.1.3, 3.2.1.4, 3.2.2.3, 3.2.2.4)
depending on the base fluid or nanofluids used, and with respect to the Nusselt number
correlation chosen. Table 5 shows the specifications of the receiver and absorber used in

this analysis.
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3.3.3 Glass cover.

The glass cover is a tube envelope surrounding the receiver tube; it limits the heat
losses due to convection and radiation. The annulus is the space between the receiver and
the glass cover and it is usually filled with air or vacuumed. For the simplicity of the
calculation, it is assumed that the annulus is air filled. The area of the glass cover is
calculated using the following equation:

A, = nD,,L (3.98)

The radiation heat transfer coefficient between the glass cover and the ambient is

given by:
Ryca = gco-(Tc + Tamb)(Tc2 + Tazmb) (3-99)

While the radiation heat transfer coefficient between the glass cover and the receiver is

given by:

o (Te+Tr) (TE+TF)

GaoE)

The convective heat transfer coefficient between the glass cover and the ambient

Ry = (3.100)

is given by:
heca = Tttt (3.101)

where the Nusselt number for the glass cover can be calculated using the following

correlations provided by [171]:

Nu, = 0.4 + 0.54(Re,)"6 (3.102)
For 0.1 < Re, < 2300

Nu, = 0.3(Re,)%® (3.103)

For Re. > 4000
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The Reynolds number for the flow around the glass cover is defined as:

Rec — PairVwindDco (3104)

Hair

where the properties of the air are calculated at the atmospheric pressure and mean

temperature. The mean temperature is the average temperature of the glass cover given

(3.105)

The specifications of the glass cover are also presented in Table 5.

3.3.4 PTSC energy model.

The analysis for the PTSC is done under steady state conditions as mentioned in
the assumptions; the rate of useful energy produced by the PTSC is the difference
between the amount of heat absorbed by the heating fluid and the direct or indirect losses

from the surface to the surroundings. The useful energy collected by the PTSC is given
by:

Qu = Fy [IBAa - AT‘UL(Ti - Tamb)]NleNc (3106)
where the aperture area A, is defined as:

Ag = (W —D¢o)L (3.107)

The concentration ratio of the PTSC is defined as the ratio of the aperture area to

the receiver area, it is as follows:

Ag
Ay

C= (3.108)

The PTSC can utilize only a portion of the total sun radiation. This portion is
called the beam radiation and it is absorbed by the receiver, therefore it depends on the
receiver efficiency. The beam radiation is given by:

Ig = Ipny (3.109)
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The heat removal factor is the ratio of the actual heat delivered to the heat
delivered if the collector plate was at a uniform temperature equal to the temperature of

the entering fluid. The heat removal factor is as follows:

Fr = thp 2L [1 —e (— ﬂ)] (3.110)

A UL mgCpr

A new model for the overall heat transfer coefficient and the overall heat loss
coefficient is presented in this thesis. The overall heat transfer coefficient depends on the
overall heat loss coefficient, convective heat transfer coefficient inside the absorber tube
of the PTSC, and the conduction heat transfer coefficient of the heating fluid through the
absorber tube of the PTSC. On the other hand, the heat loss coefficient was modeled

based on the following assumptions and heat transfer mechanisms:
1. Conduction heat transfer through the receiver.
2. Conduction heat transfer through the glass cover.
3. Convective hear transfer between the glass cover and the ambient.
4. Radiation heat transfer between the receiver and the glass cover.
5. Radiation heat transfer between the glass cover and the ambient.

According to the previous assumptions and by adding the thermal resistances of
each heat transfer mechanisms, the overall heat loss coefficient and heat transfer

coefficient are as follows:

Ar 1 Dro % -1
UL - (Ac(hcca+hrca) + hrer + k_r + Ks ) (3111)
-1
Uy = (o + s+ (G in ) (3.112)
o UL herinDri 2kg nDri .

The collector efficiency factor F' is the ratio of the actual useful energy gain to
the useful energy gain produced if the collector absorbing surface is at the local fluid

temperature. The efficiency factor is defined as:
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1

U, U
F’ =U—o= 1 b L > IS (3113)
L ro ro ro
—+ +| = —In—
UL herinDri (2kf Dri)

In order to carry out the analysis, the glass cover temperature is assumed and the
parameters are calculated. To check the accuracy of the assumption, the cover
temperature can be calculated and checked as follows:

T. = ArhrerTrtAc(Rrcathcca) Tamb (3 114)
¢ Arhycr+Ac(hrcatheca) .

The efficiency of the PTSC can be calculated from the following equation:

Nprsc = — (3.115)

IpAgNcNm Ny

Table 6 shows the design input parameters for the analysis of the energy model of
the PTSC.

3.3.5 PTSC exergy model.
The exergetic analysis done on the PTSC is fairly simple; the exergetic
efficiency is the ratio of the output exergy to the input exergy. In case of the PTSC, the
exergy output is the exergy stored by the fluid that passes through the receiver tube, while

the exergy input is the exergy of the solar radiation absorbed by the PTSC.

Table 6: PTSC energy model design parameters

Parameter Symbol Unit Value
Inlet temperature T; °C 293
Outlet temperature T, °C 391
Receiver temperature T, °C 334
Glass cover temperature T, °C 105
Ambient Temperature Tomp °C 25

Sun Temperature T K 5770
Beam radiation Ig W /m? 560

Wind Velocity Vwind m/s 5
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The exergy efficiency is as follows:

Moy, = SouePLSC (3.116)

Xin,PTSC

Where the exergy output and exergy input are given as follows:

Xout,PTSC = Qu (1 _ T‘;_Trnb) (3.117)
Xinprsc = Aol [1 + g(TT—"”’)4 - g(TT—mb)] (3.118)

The exergy destruction is the difference between the input and the output exergy,

and it can be calculated using the following equation:

Xdes,PTSC =X in,PTSC — Xout,PTSC (3-119)

The entropy generation can be simply calculated using the following equation:

§ gon = Tdesrrsc (3.120)

Tamb

3.4 Integrated Solar-Rankine Cycle model (ISRC)

The energy produced by the PTSC is utilized for power production by integrating
the PTSC with a conventional Rankine cycle. The conventional Rankine cycle typically
consists of a boiler, steam turbine, condenser and a pump, however in the case of an
ISRC; the boiler is substituted by the solar field and a heat exchanger in order to
exchange the heat between the heating fluid and the water/steam in order to run the
Rankine cycle. Figure 5 shows the schematic diagram of the ISRC, while Figure 6 shows
the T-S diagram of the ISRC. The heating fluid is heated by solar field. Then, it is passed
through the heat exchanger where it heats up the water until it changes phase into steam.
The superheated steam is then directed into the steam turbine where electricity is
produced. While the steam passes through the steam turbine, its temperature and pressure
drop before entering the condenser. Inside the condenser the steam temperature drops and
heat is rejected. The drop in temperature causes the steam to change phase and exit the

condenser as saturated liquid. The saturated liquid enters the pump and the pressure is
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increased to match the pressure of the heating fluid pumped from the solar field and into
the heat exchanger. The water is pumped into the heat exchanger and the closed cycle is
repeated again. The thermodynamic analysis of the Rankine cycle is shown in the

following sections, and the design input parameters for the ISRC are shown in Table 7.
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Steam R Y,
. Turbine . S
_;-",.- } ‘*
—
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Parabolic Trough Exchanger
Solar Collectars )
I—l
2 Condenser
’ -
R C
T3
Pump ‘[
6 5

Figure 5: ISRC Schematic Diagram

100 bars
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Figure 6: T-S diagram for the ISRC
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Table 7: Location and Solar Field Design parameters

Weather Data for the City of Abu Dhabi

Parameter Unit Value
Latitude - 2443 °N
Longitude - 54.65 °E
Elevation m 27
Direct Normal Irradiance kWh/m?/day 6.29
Global Horizontal Irradiance kWh/m?/day 6.04
Average Dry Temperature °C 27.1
Average wind speed m/s 3.6
Solar Field
Solar Aperture Area m? 877000
Solar Multiple - 2
Number of Loops - 311
Beam radiation at design I W /m? 560

3.4.1 Steam turbine.
The specific work produced by the steam turbine can be calculated from the

following equation:
Wt = (h3 - h4) (3121)

3.4.2 Condenser.

The specific heat rejected by the condenser can be calculated from the following

equation:
qc = (hy — hy) (3.122)
3.4.3 Pump.

The specific ideal work done by the pump can be calculated from the following

equation:

wp, = (hy — hy) (3.123)

107



Another equation to calculate the ideal pump work is provided as follows:

Wp == vl(Pz - Pl) (3124)

where v, is the specific volume of the saturated water.

3.4.4 Heat exchanger.
In this analysis, a shell and tube heat exchanger is used. The heat transfer happens
between the heating fluid which is in liquid phase and the water that is heated to steam.

The following equation shows the energy balance done on the heat exchanger:

myCpr(T, — T;) = mg(hs — hy) (3.125)
where

T = LV— (3.126)
and w,,. is the specific net work of the cycle given by:

Wnet = Wst — Wp (3.127)

The shell and tube heat exchanger, as the name suggests, consists of the shell side
and a bundle of tubes inside it as seen from Figure 7. The water from the cycle fills the
shell, while the heating fluid passes through the tubes, heating the water in the shell to
steam temperature. The flow of the heating fluid and the water are opposite, implying a

counter flow arrangement to maximize the heat transfer between both fluids.

Straight-tube heat exchanger
(one pass tube-side)

tube bundle with
straight tubes

tube sheet

shell-side
fluid in

tube sheet

kbR

=
5
2
I
=
z
=

R R

wnuad 18)no

[

ﬁ shell-side
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barfles

tube-side
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Figure 7: Shell and Tube Heat Exchanger Schematic Diagram [172]
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The design equations of the heat exchanger are provided below, where the
effectiveness —NTU method is used to calculate the temperature differences, area and
rated capacity of the heat exchanger. In general, the NTU , which stands for the number
of heat transfer units, can be calculated from the following equation obtained from [172]:

NTU = Lrefhe (3.128)

min

where U,, and A;. are the overall heat transfer coefficient and the area of the heat

exchanger respectively.
Cmin = min(Cy, C;) (3.129)

where C,, and C, are the hot and cold capacity rates respectively. C,,inis simply the

smaller capacity rate, and C,,,,, IS the larger capacity rate. The hot and cold capacity rates

are given by:
Ch = Tthph (3130)
C. =M Cpe (3.131)

The effectiveness of the heat exchanger for counter flow arrangement can be
calculated from the following equation:

_ Ch(Th,in_Th,out) _ Cc(Tc,out_Tc,in)
- Cmin (Th,in_Tc,in) N Cmin (Th,in_Tc,in) (3132)
The NTU for counter flow arrangement can be calculated using the equation
provided by [172]:

l—Ecmin/Cmax)

ln( -
NTU = 1=

1-Cmin/Cmax

(3.133)

The area of the heat exchanger can be calculated from the following equation:

Ap, = NTU Szin (3.134)

Uhe
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The overall heat transfer coefficient of the heat exchanger depends on the hot and

cold fluids. Table 8 shows the overall heat transfer coefficient for some fluids used in the

analysis.
Table 8: Heat Exchanger Overall Heat Transfer coefficient
Parameter Hot Fluid Cold Fluid Une
Unit - - (W.m?K)
Oil Water 370-730
Oil Molten Salt 50-200
Molten Salt Oil 150-300

3.4.5 Efficiency.

The efficiency of the ISRC is simply the output which is the net work produced

by the Rankine cycle, over the input which is the energy produced by the PTSC. The

efficiency of the ISRC is defined as:
W%et

Nisrc = )
PTSC

(3.135)

3.5 Integrated Solar-Regenerative Rankine Cycle model (ISRRC)

The Integrated Solar-Regenerative Rankine Cycle (ISRRC) consists of the solar
power input which is the PTSC and a regenerative Rankine Cycle. The regenerative
Rankine cycle mainly consists of a boiler, steam turbine, condenser, pump, open feed
water heater and a feed pump. In case of the solar integration, the boiler is substituted by
a solar field and a heat exchanger to carry the heat from the heating fluid to the water as
shown in Figure 8. Figure 9 shows the T-S diagram of the ISRRC. The heating fluid is
heated in the solar field until the required design temperature where it is then pumped
into the heat exchanger to heat the water. The water exits the heat exchanger as steam and
it is directed to a steam turbine where a fraction of it is used for power production, and a
fraction is extracted and directed towards the open feed water heater which works as a
heat exchanger. The portion of the steam that was not extracted expands completely and
it is led to the condenser where the pressure drops and the steam changes phase to
saturated liquid as it exits the condenser. The saturated liquid is then pumped to the feed
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water heater pressure where it mixes directly with steam extracted from the turbine. The
feed water heater is called an open feed water heater because of the direct mixing that
takes place. In the ideal case, the mixture leaves the feed water heater as saturated liquid
with no pressure loss. The saturated liquid is directed to the feed pump where it is
pumped to match the heating fluid pressure in order for the heat exchange to take place.

The water leaves the heat exchanger as steam and the cycle is repeated.
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Figure 8: ISRRC Schematic Diagram
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Figure 9: T-S diagram for the ISRRC
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When comparing between the ISRC and ISRRC, the thermal efficiency of the ISRRC
cycle is higher than that of the ISRC. The increase in the temperature of the turbine inlet
reduces the work of the turbine for a set power output, therefore increasing the efficiency
of the cycle. The pressure of the feed water heater and the amount of steam extracted
affects the performance of the cycle greatly. The optimization of the feed water pressure
is shown in the results section. The thermodynamic analysis of the ISRRC is shown

below. Table 9 shows the design input parameters for both the ISRC and ISRRC cycles.

Table 9: ISRC and ISRRC Input Design Parameters

Power Cycles

Parameter Symbol  Unit Value
Cycle - - ISRC ISRRC
Type - - Conventional Regenerative

Rankine Cycle Rankine Cycle

Net Power Output Wyee MWe 150 150
Steam turbine efficiency 7, % 85 85
Pumps efficiency Mp % 78 78
Steam Turbine Pressure Pg; bar 100 100
Feed water Pressure Py bar - 9
Condenser Pressure P, bar 0.1 0.1

3.5.1 Open feed water heater.
The mass balance and energy balance on the open feed water heater yields the
following equations:

- (3.136)
Yhshl = Th4h4 + (ms - Th4)h7 (3137)

The fraction of steam extracted from the turbine y is given as:

my _ hi—hy

y="t= (3.138)

ms  hg—hy
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The previous equation means that for every kg of steam that enters the steam turbine a

mass fraction y is going to be extracted and directed to the open feed water heater.

3.5.2 Steam turbine.
The specific work output of the turbine can be calculated using the following

equation:
Wserre = h3 — hy + (1 —y)(hy — hs) (3.139)

3.5.3 Condenser.
The specific heat rejected by the condenser is described by the following

equation:

derrc = (1 —y)(hs — he) (3.140)

3.5.4 Pumps.
The specific work of the pumps is calculated given by the following equation:

Wy rre = Wrp,rre T (1 — Y)Wep rre (3.141)
where w,, rr¢ IS the specific ideal work of the condenser pump given by:
Wep,rre = Ve6(Ps — Pe) (3.142)

where vy is the specific volume of the saturated water, Ps and Pg are the pressures of the

feed water heater and the condenser respectively.
The feed pump ideal work wy,, rgc is calculated from the following equation:
Wep rre = V1 (P3 — Ps) (3.143)

where v is the specific volume of the saturated water, Ps and P; are the pressures of the

feed water heater and the steam turbine respectively.
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3.5.5 Heat exchanger.
The design of the heat exchanger is the same as section 3.4.4; the mass flow rate
of the steam can be also calculated from Equation (3.126). However the net specific work

of the ISRRC can be calculated from the following equation:
Whet,RRC = Wst,RRC — Wp.RRC (3.144)

3.6 Thermal Energy Storage

The thermal energy storage allows for flexible working hours and can increase the
production of the plant, however integrating the TES will lead to a decrease in the
efficiency because of the thermal losses. In this analysis a two tank molten salt storage is
used as a TES, with a full load storage capacity of 7.5 hours or 10 hours depending on the
mode of the operation discussed in the following section. Another heat exchanger is
added after the PTSC and it can be modeled using the equations from section 3.4.4. The
heat exchanger is supplied in order to exchange the heat between the heating fluid and the
molten salt in the tanks. The energy balance on that heat exchanger is provided as

follows:
mfcpf(To - Ti) = msaltcpsalt(Thot - Tcold) (3.145)

where Ty, Teo1a are the design temperatures of the two tanks presented in Tables 10 and
11. Along with the input design parameters and the storage volume calculated on SAM
(Solar Advisory Model) based on the previous data provided in Table 6 and Table 9, the
storage salt used is Hitec Salt and it operates between the temperatures of 142 and 538°C.
The volume of tank is considered to be the volume needed to fill one tank completely
while the other one is empty. Nonetheless, a minimum amount of salt is required to be
present in both tanks at any given time. The efficiency of the ISRC/TES can be calculated

using the following equation:

Wnet
MisRe/TES QprsctQtank ( )
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3.6.1 Modes of operation.
In the analysis, three modes of operation are examined. In the 1*mode, no thermal
energy storage is used. The operation time is limited to the PTSC working hours, and the

energy produced is directly utilized for power production.

The 2"mode of operation allows for 7.5 hour storage period, meaning that the
fluid is stored during the charging cycle, and after the PTSC is shut, the fluid is
discharged starting the discharging cycle. Table 10 shows the input design parameters for
the 2" mode of operation.

The 3" mode of operation allows for a longer storage period of 10 hour. The fluid
stored in the two tank molten salt storage systems will be discharged for a longer period
of time compared to the 2" mode of operation. However, because of that higher storage
time period, the volume of the storage tank increases as seen from Table 11, where the
input design parameters for the 3™ mode of operation are presented. The increase in the

volume will naturally lead to an increase in the cost of the storage system.

Table 10: TES design parameters for the 2" mode of operation

Parameter Symbol Unit Value
Storage Media Type - - Sensible
Storage Media - - Hitec Salt
Cold Tank Temperature Teo1d °C 250
Hot Tank Temperature Thot °C 365
TES Density Psait kg/m?3 1829.31
TES Specific heat Coouit kj/kgK 1.56
Storage Volume Vrgs m3 43726.2
Tank Height Rtank m 20
Tank Diameter Dtank m 53
TES Thermal Capacity Qtank MWh 2981
TES Capacity tstorage hour 7.5
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Table 11: TES design parameters for the 3" mode of operation

Symbol Unit Value
Storage Media Type - - Sensible
Storage Media - - Hitec Salt
Cold Tank Temperature Teold °C 250
Hot Tank Temperature Thot °C 365
TES Density Psait kg/m3 1829.31
TES Specific heat Coour kj/kgK 1.56
Storage Volume Vrgs m3 58301.6
Tank Height Rtank m 20
Tank Diameter Diank m 61
TES Thermal Capacity Qtank MWh 3975
TES Capacity tstorage hour 10

3.6.2 ISRC/TES and ISRRC/TES systems.

The Integrated Solar Rankine Cycle/TES system and the Integrated Solar
Regenerative Rankine Cycle/TES system can be divided into three main subsystems: The
solar field, power block, and storage system. The solar field is basically the PTSC field,
while the power block is the conventional Rankine cycle for the ISRC and the
Regenerative Rankin Cycle for the ISRRC. The TES System consists of two tanks filled
with Hitec salt. The properties of the Hitec salt shown in Tables 10 and 11 differ
depending on the modes of operation. The ISRC and ISRRC will operate on either a full

load operation, or a partial load operation depending on the beam radiation.

In the charging cycle and for the full load operation during the hours where the
demand by the power cycle is met by operating the PSTC alone. The heating fluid from
the PTSC field by passes the TES system and is directed toward the power cycle heat
exchanger to heat up the water as seen in Figure 10 (a) for the ISRC/TES system and
Figure 12 (a) for the ISRRC/TES system. While operating on partial load, when the mass

flow rate from the PTSC field exceeds the designed flow rate for solar energy production,
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i.e. during high solar radiation periods; the excess flow rate from the solar field will pass
through the storage tank heat exchanger to charge the two tank Hitec salt storage system
as seen in Figure 10 (b) and Figure 12 (b). The salt from the cold tank is heated and then
directed to the hot tank where it is stored for later use. The system is controlled by the
three way open valves placed between the PTSC solar field and the TES system. During
the charging cycle the valves are open to let the heating fluid enter the heat exchanger

and charge the system.

In the discharging cycle and for full load operation during the night hours where
the PTSC is not in operation. The salt flows from the hot tank into the heat exchanger
where it heats the water to steam, then the Hitec salt is directed back to the cold storage
tank to be stored as seen in Figure 11 (a) for the ISRC/TES system and Figure 13 (a) for
the ISRRC/TES system. While operating on partial load, during the low beam radiation
hours mostly before sunset, both the TES system and the PTSC are in operation. The
water from the power cycle is first heated up by the Hitec salt flowing from the hot
storage tank, and then it is heated by the heating fluid from the PTSC field as seen in
Figure 11 (b) and Figure 13 (b). The three way valves are used to regulate the flow
between the PTSC field and TES system.

The same thermal storage salt is used in both integrated cycles, the molten salt
used is Hitec and it possess great performance parameters; however there are still
concerns about the freezing temperature of the salt in the tanks. Most molten salts freeze
at high temperatures around100°C; in the Hitec case the freezing temperature is 142°C ,
which might occur if the temperature in the cold tank drops during long periods of
charging. Therefore, it is suggested to add a set of auxiliary heaters to maintain the design
point temperature and heat the salt in case of temperature drop.
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Chapter 4: Results and Discussion

The following chapter presents the results and discussion of the provided system
configurations and modeling parameters listed in the preceding chapter. The properties of
the nanofluids are calculated, and their effect on the convective heat transfer is analyzed.
The efficiency and power output of the systems are compared for different system
configurations and mode of operations. Further, the use of nanofluids as a heating fluid is

assessed and studied.

4.1 Meteorological data

The meteorological data is based on the city of Abu Dhabi, due to the
geographical position of the city which lies on the Sun Belt which provides the use of
solar energy for power production with great potential. The amount of solar radiation per
day on the city of Abu Dhabi is around 18.48MJ/m?, which is a considerably high
amount. Figure 14 shows the variation of the time on the beam radiation for different
months in the city of Abu Dhabi. It is observed that the months of June and September
show the highest amount of solar beam radiation, while the month of March shows the
lowest. Figure 15 shows the maximum and average beam radiation for different months.
The climate in Abu Dhabi is mostly hot and dry, making the summer months very hot
and uncomfortable. The variation of the time on the dry bulb temperature in the city of
Abu Dhabi for different months is shown in Figure 16. It is seen that the summer months
of August, June and July show the highest dry bulb temperatures with highs
reaching 42 °C. The maximum and average dry bulb temperatures for different months
are shown in Figure 17. The high amounts of solar radiation allow for an easy and
considerable change in power production, by shifting the normal power plants running on
fuel into an integrated solar power production plants. Further, the geographic layout of
the United Arab Emirates consists mostly of deserts, which can provide the large area
needed for the installation of the PTSC solar field in order for the ISRRCs to run
efficiently.
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Figure 14: Effect of time on the beam radiation
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Figure 16: Effect of time on the dry bulb temperature
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4.2 Heating fluid and Thermal Storage material selection
The following section shows a comparison between different heating fluids, and
different TES materials in order to choose the most suitable fluid and material to carry

the analysis.

4.2.1 Heating fluid selection.

Seven different heating fluids were compared in terms of annual energy output
and levelized electricity cost, according the input data and design parameters provided in
Tables 5-7. The heating fluids used for comparison in this study are: Therminol VP-1,
Therminol 66, Therminol 59, Caloria HT 43, Dowtherm Q, Dowtherm RP, and Syltherm
800. Table 12 shows the comparison of different heat transfer fluids according to annual

energy output and levelized electricity cost.

Table 12: Comparison between HTFs

HTF Annual Energy Output LEC

Unit (KWh) (c/KWh)
Caloria HT 43 477,686,400 3.92
Therminol VP-1 477,914,976 3.92
Dowtherm Q 478,991,136 3.91
Dowtherm RP 479,077,344 3.91
Therminol 59 475,040,800 3.94
Therminol 66 477,465,728 3.92
Syltherm 800 467,482,592 4.01

It is seen that Dowtherm RP shows the highest annual energy output followed by
Dowtherm Q, Therminol VVP-1 and Caloria HT 43 respectively. Regarding the LEC, it is
also seen that Dowtherm Q, and Dowtherm RP show the least LEC, followed by
Therminol VP-1 and Caloria HT 43 Respectively. Taking the previous comparisons into
account, Dowtherm Q and Dowtherm RP are the most suitable heat transfer fluids to be
used in this study. However, according to Table 6 the design outlet temperature of the

loop is given as 391 °C, where this temperature is higher than the operating temperatures
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of Dowtherm Q and Dowtherm RP which are —35°C < T <330°Cand 0°C<T <
330°C respectively. Given the temperature considerations, Therminol VP-1 is chosen as
the best and most suitable heat transfer fluid to be used. Further, Syltherm 800 is also
used as a heat transfer fluid in this study, in order to analyze the magnitude of
enhancement that can result from adding nanoparticles to the fluid. In that sense, the most
suitable and least suitable heat transfer fluids can be compared in terms of the

enhancement, when nanoparticles are added.

4.2.2 TES material selection.

The Thermal Energy Storage material is important for analysis as it impacts the
volume of the storage tank. For the input data and design parameters provided in Tables
5-7, a comparison between different molten salts in terms of the storage volume is done.
The molten salts used are: Hitec Solar Salt, Hitec XL and Hitec. Table 13 shows a
comparison between different molten salts for Thermal Energy Storage Material. The

comparison was done for a thermal capacity of 2981 MW,,,.

Table 13: Comparison between different Salts for TES material

Molten Salt Storage Volume
Unit m3
Hitec Solar Salt 44373
Hitec XL 44491
Hitec 43726

The storage volume is the smallest when Hitec salt is used as a TES material.
Therefore, Hitec is used a TES material in this study. The properties of the salt are
already shown in Tables 10 and 11. The molten salt in general was used, in order to take
advantage of the high specific heat capacity which allows for a greater storage period and

a smaller storage volume.

4.3 Nanofluids properties

The thermophysical properties of the nanofluids are calculated and compared
based on the models and equations provided in the preceding chapter. However, first the
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properties of the base fluids and nanoparticles alone are analyzed in order to understand

the behavior of these properties with respect to temperature.

4.3.1 Base fluids properties.

The thermophysical properties of the base fluids vary with the change in
temperature. This section aims to study the type of change caused by temperature on the
properties of the base fluids. The correlations from sections 3.1.1.1 and 3.1.1.2 are used
to calculate the properties of Therminol and Syltherm respectively. Figure 18 shows the
variation of the temperature on the density of Therminol and Syltherm. It is seen that the
density of the base fluids decreases as the temperature increases, implying an inversely
proportional relation between the density and the temperature. Further, it is observed that

the density of the Therminol is higher than that of Syltherm.
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Figure 18: Effect of temperature on the density of the base fluids

The variation of the tempertaure on the specific heat capacity of Therminol and
Sylthem is shown in Figure 19. It is seen that the specifc heat capacity increases with the
increase of the temperature suggesting a directly proportional relation between the two.

Moreover, it is observed that the specific heat capacity of Syltherm is higher than that of
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Therminol only for low temperatures (below 80 °C), then Therminol exhibits a higher
specific heat capacity.
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Figure 19: Effect of temperature on the specific heat capacity of the base fluids

Figure 20 shows the variation of the temperature on the thermal conductivty of
Therminol and Syltherm. It is seen that the thermal conductivity decreases with the
increase of temperature implying an inversly proportional relation. Further, the thermal
conductivty of Therminol is higher than that of Syltherm.

The variation of the temperature on the viscosity of Therminol and Syltherm is
shown in Figure 21. It is seen that the viscosity drops exponentionally with temperature
increase and becomes constant at very high temperatures. In addition, it is observed that
the viscosty of Syltherm is almost double that of Therminol at room temperaure, even at

high temperatures the difference is still present.
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Figure 20: Effect of temperature on the thermal conductivity of the base fluids
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Figure 21: Effect of temperature on the dynamic viscosity of the base fluids

4.3.2 Nanoparticles properties.

The thermophysical properties of the nanoparticles and their relation with
temperature are studied. From section 3.1.2, it is observed that the density of the

nanoparticles is constant with respect to the temperature. The specific heat capacity of
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SWCNT is also constant and it is equal t01.38 kJ/kg - K, however the specific heat

capacities of Al,0s;and Cu vary with respect to the temperature.

Figure 22 shows the variation of the temperature on the specific heat capacity of
Al,05 and Cu nanopartciles. It is seen that similar to the base fluids, the specific heat
capacity and the temperature are directly proportional. Moreover, it is observed that the

specific heat capacity of Al,05is twice as much as Cu nanoparticles.

The variation of the temperature on the thermal conductivity of Al,05 and Cu
nanoparticles is shown in Figure 23. It is seen that the thermal conductivity of the
nanoparticles decreases with the increase in temperature. Further, because of the metallic
structure of Cu nanoparticles, their thermal conductivity is 10 times that of Al,0;
nanoparticles.
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Figure 22: Effect of temperature on the specific heat capacity of Al, 03 and Cu
nanoparticels

Regarding the SWCNT nanoparticles and as seen from Equation (3.17), the
thermal conductivity depends on the length of the nanoparticles. Figure 24 shows the
variation of the temperature on the thermal conductivity of SWCNT nanoparticles for
different lengths. It is seen that the thermal conductivity decreases with the increases in
temperature. As for the length of the SWCNT, it is observed that the longer the
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nanoparticle, the higher the thermal conductivity; however, for a length more than 3um,
the increase in the thermal conductivity becomes almost negligible. Compared to Al,0;
and Cu nanopartciles, SWCNT nanoparticles possess a much higher thermal conductivity
even at small lengths.
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Figure 23: Effect of temperature on the thermal conductivity of Al,05 and Cu
nanoparticels
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4.3.3 Nanofluids density.

The density of nanofluids depends on the density of the base fluid and the density
of the nanoparticles. Since the density of the nanoparticles is higher than that of the base
fluids, it is expected that adding nanoparticles to the base fluid will increase the density
of the fluid. Figure 25 shows the variation of the volume fraction on the density of
Therminol-based and Syltherm-based nanofluids. The density was evaluated at an
average temperature between the inlet and outlet conditions specified in Table 6. This
temperature is 342 °C. It is seen that the density of the nanofluids increases with the
increase in volume fraction, and Cu-based nanofluids has the highest density increase
where that increase can be attributed to the high density of Cu nanoparticles.When
comparing the nanofluids, it can be seen that Syltherm-based nanofluids display lower
density value than that of Therminol-based nanofluids. Since the density of Syltherm is
less than that of Therminol, the density of Syltherm based nanofluids is less than the

density of Therminol based nanofluids.

Figure 26 shows the variation of the temperature on the density of Therminol-
based and Syltherm-based nanofluids for a volume fraction 5%. It is seen that the
nanofluids density decreases with the increase in temperature. This behavior is expected
since the density of the base fluids decreases with the increase in temperature, while the
density of the nanoparticles is constant, therefore having no contribution to the behavior
of the density of nanofluids. Moreover, it is noticed that SWCNT-based nanofluids show
the lowest increase in the density, and that is because of the density of SWCNT
nanoparticles which is marginally larger than the densities of the base fluids. The density
of the Syltherm/Al,05 nanofluid agrees with the results provided by [155] where the

effect of the temperature on the density of Syltherm/Al, 05 nanofluid was studied.
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4.3.4 Nanofluids specific heat capacity.

The specific heat capacity of the nanofluids depends on the specific heat of the
base fluid, specific heat of the nanoparticles and the volume fraction. The specific heat
capacity is the amount of energy needed to change the temperature of a fluid weighing 1

kg by one degree. It is important because it affects the thermal energy storage.

Figure 27 shows the variation of the volume fraction on the specific heat capacity
of Therminol-based nanofluids and Syltherm-based nanofluids for a temperature
of 342 °C. It is seen that adding nanoparticles to the base fluids decreases the specific
heat capacity of the fluid. However, this decrease is considerably small for all the
Therminol-based and Syltherm-based nanofluids. However, since the specific heat
capacity of Syltherm is lower than that of Therminol, the specific heat capacity of

Therminol-based nanofluids is higher than that of Syltherm-based nanofluids.

Figure 28 shows the variation of the temperature on the specific heat capacity of
Therminol-based nanofluids and Syltherm-based nanofluids for a volume fraction of 5%.
It is seen that the specific heat capacity increases with the increase in temperature.
Comparing the nanofluids, SWCNT-based nanofluids show the least decrease in the
specific heat capacity and that is because the SWCNT nanoparticles have the highest
specific heat capacity compared to Al,0; and Cu nanoparticles. Nevertheless, while
comparing other nanofluids, it is observed that the decrease in the heat capacity is
considerably small. The variation of the temperature on the specific heat capacity of
Syltherm/Al,04 shown in Figure 28, agrees with the results provided by [155] where the
effect of the temperature on the specific heat capacity of Syltherm/Al,0; was

investigated.

Referring to Equation (3.19) it is seen that in order to enhance the specific heat
capacity of a base fluid, nanoparticles with higher specific heat capacity than the fluid are
ought to be added. Otherwise, the contribution of the nanoparticles will always have a
negative effect on the specific heat capacity of the nanofluids, since nanoparticles with
the lower specific heat capacity are replacing the base fluid with the higher specific heat

capacity resulting in a decrease in the overall specific heat capacity of the nanofluids.
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4.3.5 Nanofluids viscosity.

The viscosity of the nanofluids depends mostly on the viscosity of the base fluid
and the volume fraction. Different models can be used to estimate the viscosity of the
nanofluids as seen from section 3.1.5. Figure 29 shows the variation of the temperature
on the viscosity of Therminol-based nanofluids using different models for a volume
fraction of 3%. It is seen that most of the viscosity models are in close agreement with
each other, except for the Pak and Cho model given by Equation (3.29), where it over
estimates the nanofluids viscosity. The model chosen for the estimation of the nanofluids
is the Batchelor model [94] because it takes into account the Brownian motion of the
nanoparticles inside the fluid, which is the movement caused by the nanoparticles when

they are dispersed into the nanofluids.

The effect of the nanoparticles diameter on the viscosity of the nanofluids is
studied using the Avsec and Oblac model [98]. Figure 30 shows the variation of the
temperature on the viscosity of Therminol based nanofluids for different nanoparticle
radii and a volume fraction of 3%. It is seen that increasing the nanoparticles radius has a
negligible effect on the viscosity of the nanofluids.

Figure 31 shows the variation of the temperature on the viscosity of Therminol-
based nanofluids and Syltherm-based nanofluids for different volume fractions. It is seen
that the viscosity of the nanofluids decreases with the increase in the temperature, and
increases with the increase in the volume fraction. Since the nanoparticles material has no
effect on the viscosity of the nanofluids, all Therminol-based nanofluids and Syltherm-
based nanofluids share the same viscosity values at different volume fractions and
temperatures. Compared to Therminol-based nanofluids, the viscosity of Syltherm-based
nanofluids is much higher, and that is because of the high viscosity of Syltherm. The
viscosity of the Syltherm based nanofluids agree with the results obtained from [155],
where the effect of the temperature on the viscosity of Syltherm/Al,05; nanofluid was
studied. In addition, it is seen that the increase in the viscosity with volume fraction of
Syltherm-based nanofluids is higher than that of Therminol-based nanofluids, concluding
that the addition of the nanoparticles has a higher effect on Syltherm base fluid when

compared to Therminol base fluid.
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4.3.6 Nanofluids thermal conductivity.

In the following section, the thermal conductivity of the nanofluids is investigated
and analyzed. The main focus of adding nanoparticles to the base fluids is the thermal
conductivity enhancement, and how that enhancement can be used to improve the heat
transfer rate and the amount of heat absorbed by the fluid. Given the importance of the
thermal conductivity, much research and experiments were done to evaluate the value of
enhancement, and the mechanism behind it. Hence the analysis is divided into different
sections, where the suitable thermal conductivity models are to be selected, then the
effect of different parameters on the thermal conductivity of nanofluids are studied and
presented.

4.3.6.1 Comparison of models.
Numerous models for the prediction of the thermal conductivity of nanofluids can

be found in the literature. Section 3.1.5 shows a number of models that are applicable for
the conditions provided in this study. However, in order to choose the most suitable
model to carry out the analysis, a comparison is done between different models and
experimental data. Figure 32 shows a comparison between the thermal conductivity of
EG/Cu nanofluids with a nanoparticle radius of 3nm for various models and
experimental data provided by Eastman et al. [30]. Since the base fluids used in the
analysis (Therminol, Syltherm) are not widely experimented on, other base fluids are
used in this section for the purpose of comparing the accuracy of the models to the
experimental data. For instance, ethylene glycol is used, and its thermal conductivity
is0.253 W/mK. It is seen that almost all the models underestimate the thermal
conductivity of EG/Cu nanofluids, however the model developed by Yu and Choi [75] is
the closest in agreement with the experimental data. The models developed by Xie et al.
[76] and Leong et al. [77] also, to an acceptable extent. Predict the enhancement of the
thermal conductivity. These three models account for the interfacial nanolayer that is
formed between the base fluids and the nanoparticles, and their being in an agreement
with the experimental data proves the importance of considering the interfacial nanolayer

as a significant mechanism in enhancing the thermal conductivity.
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Figure 32: Comparison of experimental data [30] and various models for the thermal
conductivity of EG/Cu nanofluids

Figure 33 shows a comparison between the thermal conductivity of Water/Al,04
nanofluids with a nanoparticle radius of 12 nm for various models and experimental data
provided by Xie et al. [31]. Again the model developed by Yu and Choi [75] is again the
closest in agreement with the experimental data. While the model developed by Leong et
al. [77] overestimates the enhancement of the thermal conductivity, along with the model
developed by Yamada and Ota [71], the remaining models underestimate the
enhancement. The models developed by Bruggeman [68] and Davis [72] fail to predict
the thermal conductivity enhancement and the trend, where both models show no further
enhancement with the increase of the volume fraction. The other models developed by
Maxwell [67], Hamilton and Crosser [69] and Jeffery [70] all underestimate the thermal
conductivity enhancement, and they almost show the same enhancement as each other.
After comparing the models, the model developed by Yu and Choi [75] is chosen to

calculate the thermal conductivity Cu-based and Al,05-based nanofluids.

As mentioned from section 3.1.5, the models used to predict the thermal
conductivity enhancement of Cu-based and Al,0;based nanofluids cannot predict the

thermal conductivity enhancement of SWCNT-based nanofluids. This can be shown in
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Figure 34 where the thermal conductivity models fail to predict the enhancement of
Oil/CNT nanofluids provided by Xue [86].
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Figure 33: Comparison of experimental data [31] and various models for the thermal
conductivity of Water/Al, 05 nanofluids
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Figure 34: Comparison of experimental data [86] and various models for the thermal
conductivity of Oil/CNT nanofluids
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Figure 35 shows a comparison of experimental data provided by Xue [86] for
Oil/CNT nanofluids and various SWCNT-based thermal conductivity models. The Oil
has a thermal conductivity of 0.1448 W /mK, and the length of the SWCNT is 8 um. It is
seen that models developed by Xue [86] either over predict or under predict the
enhancement of the thermal conductivity depending on the distribution of the CNT in the
base fluid. However, the model developed by Nan et al. [85] is in reasonable agreement
with the experimental data. It also takes into account the interfacial nanolayer
mechanism. Based on the previous observation, the model developed by Nan et al. [85] is

chosen for the calculation of the thermal conductivity of SWCNT-based nanofluids.

4 T T T T T . . . i
+  Experimental [86] |
S Xue [86] Eq.(3.64) P
35 —— xue [86] Eq.(3.65) / |
— ~ Nan [85] //
X ;
< 3l T=400K P |
= I_=8pum /
© sT oM )
2 dg =30 nm /
= k. = 0.1448 W/m.K P
S 25r- f |
>
2 / t
o
U 1
©
S 2 /
2 =
N
|_ Z—\
1.5~ . |
. *********2&**********2&****** K
L "7%7%77*&77777;7777*-7 r r r r r b

<
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Volume fraction (%)

Figure 35: Comparison of experimental data and various CNT-based models for the
thermal conductivity of Oil/CNT nanofluids

4.3.6.2 Effect of radius, length and nanolayer thickness.
After choosing the most suitable model for the calculation of the thermal

conductivity, the effect of the radius, length and nanolayer thickness of the nanoparticles
on the thermal conductivity of the nanofluids are analyzed. Figure 36 shows the variation
of the nanoparticles radius on the thermal conductivity ratio of Therminol/Al,0,
nanofluids for different nanolayer thicknesses, at a temperature of 342 °C and a volume

fraction of 3%. It is seen that as the nanoparticles radius increase, the thermal
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conductivity ratio decreases, however the thermal conductivity ratio increases with the
increase in the nanolayer thickness. It is also observed that the effect of the nanoparticle
radius on the thermal conductivity ratio is negligible for a radius larger than 30 nm,
suggesting that an increase in the radius will not yield a decrease in the thermal
conductivity ratio of nanofluids. According to [47], [52], [55], and [59] the ratio of
enhancement in the thermal conductivity of nanofluids decreases with the increase in
nanoparticles radius, which agrees with the results provided in Figure 36. The increase of
the thermal conductivity ratio with the increase in the nanolayer thickness was also
reported by [83], where the same trend obtained in the Figure 36.
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Figure 36: Effect of nanoparticle’s radius on the thermal conductivity ratio of
Al, 03/Therminol nanofluids for different nanolayer thicknesses

Since the thermal conductivity of SWCNT depends on the length of the CNT, the
length will have an effect on thermal conductivity of SWCNT-based nanofluids. Figure
37 shows the variation of the volume fraction on the thermal conductivity ratio of
Therminol/SWCNT nanofluids for different SWCNT lengths, at a diameter of 30 nm and
a temperature of 342 °C. It is seen that the length of SWCNT has a huge impact on the
thermal conductivity ratio, where the ratio increases with the length. For instance, the

ratio increased from 3.14 to 4.53, when the length increased from 3 ymto 5 um.

145



Thermal conductivity ratio knf/kf

Figure 37: Effect of volume fraction on the thermal conductivity ratio of

Thermal conductivity ratio km(/kf

Figure 38:

11

T T L T L T T L T
.=1.5 um
10/- sToH
;=3 um
9 -
IS—5 um
8 ;=8 um
7 T=342°C
d_=30nm o
s -
6 -
el ////
Al
3 _
ol ~
1 = ://///F// r r r r r r r r
0 0.5 1 15 2 2.5 3 35 4 4.5

Volume fraction (%)

SWCNT/Therminol nanofluids for different lengths

3 T T T T T T T T T
28l ds=30 nm
 — dS=60 nm
26 d =90 nm
24 —— dS:15O nm
2.21- T=342°C
IS =15pum
2L
1.8+
1.6
1.4+
1.2+
1 r r r r r r r r r
0 0.5 1 1.5 2 2.5 3 35 4 4.5

Effect of volume fraction on the thermal conductivity ratio of SWCNT/

Volume fraction (%)

Therminol nanofluids for different diameters

146




Figure 38 shows the variation of the volume fraction on the thermal conductivity
ratio of Therminol/SWCNT nanofluids for different SWCNT diameters, at a length of
5 um and a temperature of 342 °C. Unlike the length of the SWCNT, the diameter has a
negligible effect on the thermal conductivity enhancement of SWCNT-based nanofluids.
It is seen that for SWCNT-based nanofluids, the length has the major impact on the
thermal conductivity, while for Cu-based and Al,0;-based nanofluids, the diameter or

the radius affects the thermal conductivity considerably.

4.3.6.3 Effect of nanoparticles shape.
The thermal conductivity of the Cu-based and Al,o05-basednanofluids is

affectedby the shape of these nanoparticles. The analysis is done using the Hamilton and
Crosser model [69] which accounts for different nanoparticles shapes, by calculating their
sphericity. Three shapes are chosen: cylinder, tetrahedron and sphere, with the following
sphericity 0.5, 0.874 and 1 respectively. Figure 39 shows the variation of the volume
fraction on the thermal conductivity ratio of Therminol/Al,05; nanofluids for different
shapes. It is seen that the shape with the smallest sphericity, exhibits the highest
enhancement in thermal conductivity. Hence the nanofluids with a cylinder shaped
nanoparticles show the highest thermal conductivity enhancement followed by the

tetrahedron then the sphere.
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Figure 39: Effect of volume fraction on the thermal conductivity ratio of Al,05
/Therminol nanofluids for different nanoparticles shapes
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The results shown in Figure 39, agree with the experimental data provided by [26]
and [38] where elongated rods and cylindrical shaped nanoparticles showed a higher

thermal conductivity enhancements compared to spherical shaped nanoparticles.

4.3.6.4 Effect of volume fraction.
The thermal conductivity of nanofluids depends greatly on the volume fraction, or

the percentage of the nanoparticles added to the base fluid. Figure 40 shows the variation
of the volume fraction on the thermal conductivity ratio of Therminol-based and
Syltherm-based nanofluids. The temperature is taken as 342 °C, the length of the SWCNT
nanoparticles is 1.5um, the diameter of all the nanoparticles is 30 nm, the nanolayer
thickness formed by Cu-based and Al,0;-based nanofluids is taken as 2 nm, and the
Al,05; and Cu nanoparticles are spherically shaped. It is seen that the thermal
conductivity ratio increases with the increase of the volume fraction. Interestingly, both
Cu-based and Al,05-based nanofluids almost share the same thermal conductivity
enhancement; although the thermal conductivity of Cu nanoparticles is 10 times that of
Al,05 nanoparticles at room temperature. Regarding SWCNT-based nanofluids, the
enhancement caused by the SWCNT nanoparticles is considerably larger than the
remaining nanofluids. The results obtained agree with the experimental data provided by
[43] where SWCNT-based nanofluids showed the highest thermal conductivity
enhancement of water base fluid, when compared to other metallic and non-metallic

nanoparticles.

Figure 41 shows the variation of the temperature on the thermal conductivity of
Cu-based nanofluids for a volume fraction of 5%. It is seen that the thermal conductivity
of nanofluids decreases with the increase in temperature. Further, it is observed that the
enhancement in the thermal conductivity of Syltherm/Cu nanofluids is more than that of
Therminol/Cu nanofluids, which can be attributed to the fact that the thermal
conductivity of Syltherm is less than Therminol resulting in a higher thermal conductivity
enhancement. Xie et al. [31] reported that nanofluids with a smaller base fluid thermal
conductivity show a higher thermal conductivity enhancement when compared to other
nanofluids with a higher base fluid thermal conductivity when the same nanoparticles are
added.
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Figure 41: Effect of temperature on the thermal conductivity of Cu-based nanofluids

Table 14 shows a summary of the thermophysical properties of nanofluids for
different temperatures and volume fractions. From the table, it can be concluded that the
density of the nanofluids increases with the volume fraction and decreases with the
temperature. While the specific heat capacity of the nanofluids increases with the
increase in temperature, but decreases with the increase in the volume fraction.
Moreover, the viscosity of the nanofluids depends only on the viscosity of the base fluid
and the volume fraction; therefore nanofluids that share the same base fluid have the
same viscosity at different volume fractions. It is observed that the viscosity of nanofluids
increases with the increase of the volume fraction and decreases with the increase in
temperature. Further, it is seen that the thermal conductivity of nanofluids increases with
the increase in volume fraction, but decreases with the increase in temperature.
Comparing the base fluids, the thermal conductivity of Therminol based nanofluids is
higher than that of Syltherm based nanofluids, however the ratio of thermal conductivity
enhancement of Syltherm based nanofluids is higher than that of Therminol based
nanofluids. In addition, the specific heat capacity of Therminol based nanofluids is higher
than the specific heat capacity of Syltherm based nanofluids.
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Table 14: Thermophysical properties of nanofluids for different temperatures and volume

fractions
Property Unit T =293°C T =342°C T =391°C
Therminol
p (kg/m?) 825 770 706
Gy (kj/kgK) 2.2909 2.4297 2.5993
k (W /mK) 0.0978 0.0881 0.0776
U (mPa - s) 0.2339 0.1891 0.1546
Therminol/Al, 04
[0 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m3) 855 915 976 800 862 923 738 800 863
Gy (kJ/kgK) 2278 2253 2229 2416 2389 2362 2584 2554 2.524
k (W/mK) 0.103 0.116 0.130 0.093 0.104 0.117 0.082 0.092 0.103
u (mPa-s) 0239 0.252 0.265 0.193 0.204 0.214 0.158 0.166 0.175
Therminol/Cu
[0 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m3) 906 1068 1230 851 1014 1177 788 953 1117
Gy (kJ/kgK) 2272 2234 2197 2409 2369 2329 2577 2.533 2490
k (W/mK) 0.103 0.116 0.131 0.093 0.105 0.118 0.082 0.092 0.104
u (mPa-s) 0.239 0252 0.265 0.193 0.204 0.214 0.158 0.166 0.175
Therminol/'SWCNT
[0 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m3®) 831 842 853 776 788 801 713 727 741
Gy (kJ/kgK) 2281 2263 2245 2419 2398 3377 2587 2562 2.538
k (W/mK) 0.129 0.193 0257 0.119 0.183 0.248 0.109 0.173  0.238
u (mPa-s) 0239 0242 0265 0.193 0.204 0.214 0.158 0.166 0.175
Syltherm
p (kg/m?) 677 621 563
Gy (kj/kgK) 2.0745 2.1582 2.2419
k (W /mK) 0.0837 0.0745 0.0652
u (mPa-s) 0.5020 0.3467 0.2625
Syltherm/Al, 05
[ 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m3®) 708 772 835 653 718 782 595 661 727
Gy (kJ/kgK) 2.064 2.044 2023 2.147 2.125 2.104 2230 2207 2.184
k (W/mK) 0.088 0.099 0.111 0.078 0.088 0.099 0.069 0.077 0.087
u (mPa-s) 0.514 0.541 0.570 0.355 0.374 0.394 0269 0.283 0.298
Syltherm/Cu
[ 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m®) 759 924 1089 704 870 1036 646 814 981
Gy (kJ/kgK) 2.057 2.024 1991 2.140 2.106 2.071 2223 2.187 2.150
k (W/mK) 0.088 0.099 0.112 0.078 0.088 0.099 0.069 0.077 0.087
u (mPa-s) 0.514 0541 0570 0355 0374 0394 0269 0.283 0.298
Syltherm/SWCNT
1) 1% 3% 5% 1% 3% 5% 1% 3% 5%
p (kg/m3®) 684 698 713 629 644 660 571 588 604
Gy (kJ/kgK) 2.067 2.053 2039 2.150 2.134 2119 2233 2216 2.198
k (W/mK) 0.115 0.179 0.244 0.106 0.170 0.235 0.096 0.160 0.226
U (mPa-s) 0.514 0.541 0.570 0.355 0.374 0394 0.269 0.283 0.298

151



4.4 Convective heat transfer coefficient

This section covers the analysis of the convective heat transfer coefficient of
nanofluids inside the PTSC absorber tube. After obtaining the thermophysical properties
of different nanofluids, these properties are used to calculate the Reynolds number,
Prandtl number, Nusselt number and finally the convective heat transfer coefficient of

nanofluids.

4.4.1 Reynolds number.
The Reynolds number of the nanofluids is calculated based on the properties of

the nanofluids. Figure 42 shows the variation of the temperature on the Reynolds number
for Therminol-based and Syltherm-based nanofluids for a volume fraction of 5%. The
fluid velocity is assumed to be 1 m/s, and the receiver properties are obtained from
Table 5. It is seen that the Reynolds number of the nanofluids increases with the increase
in temperature. Further in the case of Al,0;-based and Cu-based nanofluids, the
Reynolds number for these nanofluids is higher than that of the base fluids. While for the
SWCNT-based nanofluids, the Reynolds number is less than that of the base fluids. The
variation in the trends of the Reynolds number of the nanofluids can be attributed to the
change in the thermophysical properties of these nanofluids. For instance, for Al,05-
based and Cu-based nanofluids the Reynolds number is higher than Therminol and
Syltherm. This trend is a result of the relation between the density’s increase with volume
fraction, decrease with temperature, the viscosity’s decrease with temperature, and
decrease with volume fraction. Hence depending on the rate of increase or decrease
between the thermophysical properties of each particular nanofluid, the behavior of the

Reynolds number is presented.

Figure 43 shows the variation of the volume fraction on the Reynolds number for
Therminol-based and Syltherm-based nanofluids for a temperature of 342 °C, and a
velocity of 1 m/s. It is seen that the Reynolds number of Al,05-based and Cu-based
nanofluids increases with volume fraction, while the Reynolds number of SWCNT-based
nanofluids decreases with the increase in temperature. When comparing the base fluids, it
is seen that Therminol-based nanofluids display a higher Reynolds number than

Syltherm-based nanofluids, indicating a more turbulent flow.
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Figure 43: Effect of the volume fraction on the Reynolds number for (a) Therminol-based
nanofluids, and (b) Syltherm-based nanofluids
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4.4.2 Prandtl number.
The Prandtl number of the nanofluids is calculated using the specific heat

capacity, thermal conductivity and viscosity of the nanofluids. Figure 44 shows the
variation of the temperature on the Prandtl number for Therminol-based and Syltherm-
based nanofluids for a volume fraction of 5%, and a velocity of 1 m/s. It is seen that the
Prandtl number of the nanofluids decreases with the increase in temperature, and it is less
than that of the base fluids. Moreover, it is seen that Prandtl number for Al,05-based and
Cu-based nanofluids is almost the same. The reason is that the thermal conductivity
enhancement of both nanofluids is almost the same, and the viscosity is exactly the same
since it does not depend on the nanoparticles, leaving the specific heat capacity which
varies a little between the two nanofluids. However, this variation is not large enough to

affect the Prandtl number of the two nanofluids.

Figure 45 shows the variation of the volume fraction on the Prandtl number of
Therminol-based and Syltherm-based nanofluids at a temperature of 342°C, and a
velocity of 1 m/s. It is seen that the Prandtl number of the nanofluids decreases with the

increase in the volume fraction, and for SWCNT-based nanofluids it is exponential.
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4.4.3 Heat transfer coefficient.
The convective heat transfer coefficient of the nanofluids depends on the

thermophysical properties, Reynolds number, Prandtl number, and directly on the Nusselt
number and flow type. The specifications of the receiver and absorber tube of the PTSC
are taken from Table 5, and the equations from section 3.2 are used to calculate the
convective heat transfer coefficient. The effect of the temperature, volume fraction and
flow type whether laminar or turbulent on the convective heat transfer coefficient are

investigated in this section.

4.4.3.1 Model validation.
In order to test the validity of the models and the carried analysis, the results

obtained for the convective heat transfer coefficient are compared to experimental data
published in the literature. Since the base fluids used in this study are not widely
experimented on, water is used as the base fluid and the models proposed in the previous

chapter are used to calculate the convective heat transfer coefficient.
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Figure 46 shows the variation of the Reynolds number on the Nusselt number for
Cu/Water nanofluids compared to experimental data obtained from [103]. The fluid was
in turbulent flow and the volume fraction is 1 %. The experiment was done for a
temperature of 25 °C, and for a nanoparticles diameter of 15 nm. The diameter of the
tube where the experiment was conducted is 10 mm. It is seen that the data calculated
from the provided model is in good agreement with the experimental data, proving the

validity of the model for turbulent flow and Cu-based nanofluids.
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Figure 46: Effect of Reynolds number on the Nusselt number for Cu/water, compared to
[103]

Figure 47 shows the variation of the Reynolds number on the Nusselt number for
Al,05/ Water nanofluids compared to experimental data obtained from [129]. The
experimental study was conducted for laminar flow and a volume fraction of 0.1 %. In
addition, the temperature was kept at 25 °C, and the nanoparticles with a diameter
of 20 nm were used. The diameter of the tube where the experiment was conducted
is10 mm. It is seen that the calculated data matches the results obtained from the
experimental data, proving the validity of the model for laminar flow and Al,05-based

nanoparticles.

158



22 T T T T T T T LS
+  Exp. [129]
0.1% AI203/Water
20 * o
T=25°C P
d = 20 nm s
D =10 mm e
18} r & -
0]
o]
£ /
3
Z 16+ P .
] /
" /
2 ¥
2 ,//
14} ~ -
*
12 -~ -
*
r r r r r r r

10
800 1000 1200 1400 1600 1800 2000 2200 2400
Reynolds Number

Figure 47: Effect of Reynolds number on the Nusselt number for Al, 03/ water,
compared to [129]

Figure 48 shows the variation of the Reynolds number on the heat transfer
coefficient for CNT/Water nanofluids compared to experimental data obtained from
[111]. The analysis was done for turbulent flow; a volume fraction of 0.24%, temperature
of 25 °C, and CNT length and diameter of 8 um and 80 nm respectively. In addition, the
diameter of the test tube was set to be 12.7 mm. It is shown that the results obtained for
the CNT/Water nanofluid are in agreement with the experimental data, verifying the
validity of the model for SWCNT-based nanofluids. While comparing SWCNT-based
nanofluids with Cu-based and Al,05-based nanofluids, the results are more accurate for
Cu-based and Al,05-based nanofluids because of the discrepancy of the SWCNT
nanoparticles provided in the literature. In other words, the SWCNT nanoparticles
possess a very complicated structure, and their thermal conductivity depends on that
structure as well as the length and the diameter. Therefore, it is tough for analytical
results to perfectly match the experimental results, because some aspects of the SWCNT

structure cannot be simulated.

Since the temperature dependent model for the thermophysical properties of the

nanofluids, and the convective heat transfer coefficient inside the absorber tube is
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verified, the effect of the volume fraction, temperature and flow type on the convective

heat transfer coefficient of the nanofluids inside the PTSC absorber tube is studied.
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Figure 48: Effect of Reynolds number on the heat transfer coefficient for CNT/ water,
compared to [111]

4.4.3.2 Effect of the nanofluids on the convective heat transfer coefficient.
In order to compare the nanofluids with the base fluids, the velocity of the flow

inside the PTSC absorber tube is kept constant. In this case all of the fluids will have the
same velocity, however depending on their properties the Reynolds number, mass flow

rate, and convective heat transfer coefficient would be different.

Figure 49 shows the variation of the volume fraction on the convective heat
transfer coefficient for Therminol-based and Syltherm-based nanofluids for a temperature
of 342 °C , and a fluid velocity of 1 m/s. It is seen that the convective heat transfer
coefficient of the nanofluids increases with the increase in the volume fraction. It is also
observed that the SWCNT-based nanofluids display the highest enhancement in the heat
transfer coefficient. Further, Cu-based nanofluid shows a higher enhancement in the
convective heat transfer coefficient when compared to Al,05- based nanofluids although

both nanofluids show the same thermal conductivity enhancement.
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This behavior is expected since the convective heat transfer coefficient depends
on the thermophysical properties of the nanofluids and not only the thermal conductivity,
and since the Cu-based nanofluids possess the high properties of metallic nanoparticles,
they are prone to show a higher heat transfer coefficient enhancement when compared to
non-metallic nanofluids. Even though the SWCNT-based nanofluids are considered to be
of non-metallic base, the considerably high thermal conductivity, and the shape of

SWCNT nanoparticles enhance the heat transfer coefficient greatly.

Referring back to Figure 49, it is noticed that nanofluids with a small volume
fraction display a lower heat transfer coefficient. Also for a high volume fraction, the heat
transfer coefficient drops intensely, therefore after a set of simulations it was concluded
that nanofluids with volume fractions in the range of 2% to 10% exhibits the best
enhancement in the convective heat transfer coefficient regardless of the nanoparticles
type, fluid velocity, and fluid type. Another consideration to ponder is that for high
volume fractions, the viscosity increases greatly extracting the fluid nature of the
nanofluids, as the greater number of nanoparticles force the solid like form on the

nanofluids, resulting in a slow and rough fluid flow.

4.4.3.3 Effect of the temperature on the convective heat transfer coefficient.
Figure 50 shows the variation of the temperature on the convective heat transfer

coefficient for Therminol-based and Syltherm-based nanofluids for a volume fraction of
5%, and a velocity of 1 m/s. It is seen that the temperature almost has a negligible effect
on the convective heat transfer coefficient for the PTSC operating temperature range. It is
noticed that for Therminol and Therminol-based nanofluids, the convective heat transfer
coefficient increases to a peak value then decreases, while for Syltherm and Syltherm-
based nanofluids the convective heat transfer coefficient is increasing to the peak value.
When comparing Therminol-based nanofluids to Syltherm-based nanofluids, it is
observed that the convective heat transfer coefficient of the Therminol-based nanofluids
is higher than that of Syltherm-based nanofluids, Nevertheless, the enhancement in the
heat transfer coefficient caused by adding the nanoparticles to Syltherm is higher than

that of Therminol.
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4.4.3.4 Effect of the flow type on the convective heat transfer coefficient.
The convective heat transfer coefficient enhancements depends on the flow type,

whether it is laminar or turbulent. Figures 51 and 52 show the variation of the Reynolds
number on the convective heat transfer coefficient for Therminol-based nanofluids with a
volume fraction of 3% and at a temperature of 342 °C. Figure 51 displays a turbulent
flow while a laminar flow is displayed in Figure 52. It is seen that the enhancement in
the convective heat transfer coefficient decreases with the increase of the Reynolds
number. However, the maximum enhancement happens in the transition phase, meaning
that when the velocity of the base fluid and the nanofluids is the same, but due to the
difference in thermophysical properties, the nanofluids transitions into turbulent flow
while the base fluid is still experiencing laminar flow. This is can be clearly seen by
comparing the Cu-based nanofluids with Therminol. The results obtained agree with the
experimental data provided by [102], [103], [104] and [110] where the heat transfer
coefficient increases with the addition of nanoparticles, and the enhancement in the heat

transfer coefficient is greater for laminar flow rather than turbulent flow.
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Figure 51: Effect of Reynolds number on the heat transfer coefficient for Therminol-
based nanofluids (turbulent flow)
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4.5 Parabolic Trough Solar Collector (PTSC)

The effect of the nanofluids on the PTSC is limited to the enhancement of the
overall heat transfer coefficient between the heating fluid and the PTSC, where here the
variation of the heating fluid only affects the absorber tube of the PTSC, while the glass
cover and the collector are unaffected by the addition of the nanoparticles to the heating
fluid. After analyzing the effect of dispersing the nanoparticles on the thermophysical
properties of the heating fluid and the convective heat transfer coefficient of the fluid
inside the absorber tube of the PTSC, the effect of using nanofluids as a heating fluid on
the power output and efficiency of the PTSC are investigated. The specifications and
design parameters from Tables 5-7 are used to carry the analysis.

4.5.1 Effect of the mass flow rate on the PTSC performance.
Figure 53 shows the variation of the mass flow rate on the power output of the

PTSC for Therminol-based nanofluids and Syltherm-based nanofluids for a volume

fraction of 5%, and a temperature of 342 °C.
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It is seen that the increase in the mass flow rate yields an increase in the power
output of the PTSC. However, this increase becomes negligible for a mass flow rate
higher than4 Kg/s for Therminol and Therminol-based nanofluids, and higher
than 5 kg /s for Syltherm and Syltherm-based nanofluids. Since the energy input to the
PTSC is constant, increasing the mass flow rate will result in a higher efficiency up to the

mass flow rate value of which the power output becomes constant.

Figure 54 shows the variation of the mass flow rate on the efficiency of the PTSC
for Therminol-based nanofluids, and Syltherm-based nanofluids for a volume fraction of
5%, and a temperature of 342 °C. As expected, the efficiency of the PTSC increases with
the increases with the mass flow rate until the peak value, where increasing the mass flow
rate further would yield negligible effect on the efficiency. The previous relations agree
with the work done in [179] where the mass flow rate increase resulted in an efficiency
increase of the PTSC up to a peak value.

Regarding the figures, it is observed that SWCNT-based nanofluids show the
highest enhancements in both the efficiency and power output, followed by Cu-based and
Al,05-based nanofluids respectively. Since the SWCNT-based nanofluids showed a very
high thermal conductivity enhancement, it is expected for these nanofluids to display the
highest enhancement in the power output and the efficiency of the PTSC.

Table 15 shows a comparison between the nanofluids and the average
percentage enhancement in the PTSC efficiency and power output for a volume fraction
of 5%. As seen from the table and provided in the figures, SWCNT-based nanofluids
exhibits the highest enhancement in the efficiency and power output, which almost
double the Cu-based and Al,05- based nanofluids. When comparing the base fluids, it is
observed that Syltherm-based nanofluids display a higher percentage of enhancements
when compared to Therminol-based nanofluids. Since the thermophysical properties of
Syltherm are lower than that of Therminol, it is expected that Syltherm-based nanofluids
would show a higher enhancement. Nevertheless, when compared, the Therminol-based
nanofluids show a higher efficiency and power output than Syltherm-based nanofluids,

for any given temperature and volume fraction
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Table 15: Average enhancement in PTSC efficiency and power output (¢ = 5%)

Nanofluid Average enhancement in nprsc, Oy
Unit (%)

Al,05/Therminol 4.8588
Cu/Therminol 6.3125
SWCNT/Therminol 9.5623
Al, 05/ Syltherm 6.2388
Cul/ Syltherm 8.0297
SWCNT/ Syltherm 12.0853

The effect of using nanofluids as a heating fluid is studied with respect to the
mass flow rate range, the thermophysical properties, and the heat transfer coefficient
values acquired from the previous sections. The effect of the volume fraction on the
efficiency and power output of the PTSC is considered in order to choose the most
suitable nanofluid to replace the conventional heating fluid and enhance the system

outputs.

4.5.2 Effect of the volume fraction on the PTSC performance.
Figure 55 shows the variation of the volume fraction on the power output of the

PTSC for Therminol-based and Syltherm-based nanofluids at a temperature of 342 °C.
The mass flow rate is taken as the optimum mass flow rate from Figure 53; itis 2.5 kg/s
for Therminol-based nanofluids, and 2.8 kg /s for Syltherm-based nanofluids. It is seen
that the power output increases with the increase of the volume fraction for all
nanofluids. However, for SWCNT-based nanofluids, the increase in the power output is
almost negligible for a volume fraction higher than 10%. While for Al,05-based and Cu—
based nanofluids the power output increases with the increase in the volume fraction up
to a volume fraction of more than 25%. However, the high increase in the volume
fraction will have a negative effect on the thermophysical properties of the nanofluids,
and will increase the cost of the nanofluids due to the addition of more nanoparticles.
Therefore, it is recommended to use nanofluids with a low volume fraction, ranging
between 5% and 10%.
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In addition, it is noticed that Al,05-based nanofluids and Cu-based nanofluids
share the same improvement in the power output of the PTSC with a slight advantage to
the Cu-based nanofluids. Moreover, when compared to data provided in the literature,
[158] and [159] respectively found that adding SWCNT and Cu nanoparticles to the
heating fluid enhances the efficiency of the PTSC, and that enhancement increases with
the increase of the volume fraction which agrees with the results provided in the
following figures.

4.5.3 Effect of the concentration ratio on the PTSC performance.
The concentration of the PTSC is a measure of the ratio of the aperture area to the

receiver area as seen from Equation (3.108). The following analysis assumes the receiver
area to be constant, and varies the concentration to study the effect of the aperture area on
the power output of the PTSC.

Figure 56 shows the variation of the mass flow rate on the power output of the
PTSC for Therminol-based nanofluids with a volume fraction of 5% for different
concentrations, and at a temperature of 342 °C. It is seen that the power output increases
with the increase of the concentration ratio, and this is expected as the larger the aperture
area, the larger the amount of solar beam radiation reflected onto the absorber tube.
Moreover, it is observed that the addition of the nanoparticles increases the power output
of the PTSC at any given concentration ratio. When comparing the increase in the power
output, it was noticed that the enhancement in the power output is constant despite the
change in the concentration ratio. For instance, the enhancement caused by Al,05, Cu ,
and SWCNT nanoparticles is 4.8%, 6.3% and 9.5% respectively for all concentration

ratios.

Figure 57 shows the variation of the mass flow rate on the power output of the
PTSC for Syltherm-based nanofluids with a volume fraction of 5% for different
concentrations, and at a temperature of 342 °C. Similar to Therminol-based nanofluids, it
is seen the power output increase with the increase in the concentration ratio, and with the
presence of the nanoparticles. The amount of the enhancement in the power output
caused by the addition of Al,05, Cu, and SWCNT nanoparticles is 5.87%, 7.47%, and

11.84% respectively. Compared to Therminol-based nanofluids, it is observed that
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Syltherm-based nanofluids show a higher percentage increase in power output, however
Therminol-based nanofluids display a higher power output at any given mass flow rate
and concentration ratio. Regarding the effect of the mass flow rate on the concentration
ratio, it is seen that the mass flow rate has a negligible effect on the concentration ratio in
the sense that for every concentration ratio provided, the mass flow increases and reaches
the peak at the same value. Moreover, indicating that the mass flow rate has a negligible

effect on the aperture area of the PTSC, and that it only affects the receiver.
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Figure 56: Effect of mass flow rate on the power output of the PTSC for different
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(d) 5% SWCNT/Therminol
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Figure 57: Effect of mass flow rate on the power output of the PTSC for different
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4.5.4 Effect of the beam radiation on the PTSC performance.
It is evident from the earlier finding that nanofluids are the best replacement for

conventional heat transfer fluids; however the magnitude of the improvement caused by

adding nanoparticles to the base fluids is still to be determined. For this case a monthly

based analysis is done for the PTSC system described in the System Modeling section for

the city of Abu Dhabi. In order to proceed with the analysis, the beam radiation for a

monthly basis from Figure 15 is used along with the thermophysical properties and heat
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transfer characteristics of Therminol-based nanofluids, and Syltherm-based nanofluids, a

monthly based analysis is done for the power output of the PTSC.
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Figure 58: Effect of beam radiation on the power output of the PTSC on a monthly basis
for (a) Therminol-based nanofluids and (b) Syltherm-based nanofluids
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Figure 58 shows the variation of the beam radiation on the power output of the
PTSC on a monthly basis for Therminol-based nanofluids and Syltherm-based nanofluids
with a volume fraction of 5%. The analysis is carried for a temperature of 342 °C, and a
mass flow rate of 2.5 kg/s for Therminol-based nanofluids, and a mass flow rate of
2.8 kg/s for Syltherm-based nanofluids as they are the optimum mass flow rates. It is
seen that the power output of the PTSC is higher when nanofluids are present, as
expected from the previous discussion; SWCNT-based nanofluids show the highest
enhancement in the power output for all the months. The percentage increase in the
power output for SWCNT-based nanofluids is around 8.54% when compared to
Therminol and 10.7% when compared to Syltherm. For Cu-based nanofluids, the
percentage increase is around 3.58% when compared to Therminol and 4.2% when
compared to Syltherm, while for Al,05-based nanofluids the increase is 3.32% when
compared to Therminol and 3.92% when compared to Syltherm. The same trend is
observed where Syltherm-based nanofluids show a higher enhancement than Therminol-
based nanofluids. Moreover, the month of August shows the highest power output of the
PTSC, followed by September which is the month where the highest beam radiation is

present.

In order to study the performance of the PTSC in depth, a daily analysis is done
for a day in the month of August, where the variation of the operation time on the power
output, efficiency, exergetic efficiency and entropy generation of the PTSC is analyzed.
To start the analysis, the variation of the time on the beam radiation for a day in the
month of August is shown in Figure 59. It is assumed that the PTSC is under operation
for 8 hours, from 8:00 am until 4:00 pm. The highest beam radiation is present during the
noon hours from 12:00 pm until 1:00 pm, where the sun is in its highest position and the
sun rays are reflected from the collector onto the absorber tube with the least refraction.
The month of August was chosen for the analysis because it showed the highest

performance when compared to other months.
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Figure 59: Effect of time on the beam radiation for a day in the month of August

Figure 60 shows the variation of the time on the power output, efficiency,
exergetic efficiency, and entropy generation for Therminol-based nanofluids for a day in
the month of August. The temperature is set at 342 °C, volume fraction is 5%, and the
mass flow rate is the optimum flow rate of 2.5 kg/s. It is seen that the performance of
the PTSC depends heavily on the beam radiation; hence the maximum performance is
present during the noon hours, while the performance decreases in the hours of the
afternoon. In addition, the presence of the nanoparticles increases the power output,
efficiency, exergetic efficiency, and decreases the entropy generation, improving the

performance of the PTSC overall.

Similar to the analysis done for Therminol-based nanofluids, Figure 61 shows the
variation of the time on the power output, efficiency, exergetic efficiency, and entropy
generation for Syltherm-based nanofluids for a day in the month of August. The analysis
is done for a temperature of 342 °C, volume fraction is 5%, and an optimum mass flow
rate of 2.8 kg/s. It is seen that the PTSC performance is improved when nanofluids are
used. In addition, SWCNT-based show the highest improvement compared to Cu-based

and Al,05-based nanofluids. When compared to Therminol-based nanofluids, it is seen
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that Syltherm-based nanofluids display a higher improvement in the performance of the
PTSC, however Therminol-based nanofluids display a higher power output, efficiency,

exergetic efficiency, and a lower entropy generation.
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Figure 60: Effect of time on the (a) power output, (b) efficiency, (c) exergetic efficiency,
and (d) entropy generation of the PTSC for Therminol-based nanofluids for a day in
August

As predicted from the previous analysis, SWCNT-based nanofluids show the
highest improvement in the PTSC performance when compared to Cu-based and Al,05-
based nanofluids. A comparison between the nanofluids in terms of the percentage
increase in the power output and efficiencies of the PTSC, and the percentage decrease in
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the entropy generation, as well as the maximum value obtained for each parameter are

shown in Table 16. The maximum values are all calculated at 12:00 pm, where the

maximum beam radiation is present.
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Figure 61: Effect of time on the (a) power output, (b) efficiency, (c) exergetic efficiency,
and (d) entropy generation of the PTSC for Syltherm-based nanofluids for a day in
August

A monthly analysis is carried comparing the effect of SWCNT-based nanofluids

and base fluids on the performance of the PTSC regarding the power output, efficiency,

exergetic efficiency, and entropy generation.
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Table 16: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the performance of the PTSC for a day in the month of August

Parameter Power Output Efficiency Exergetic Efficiency  Entropy Generation
(Mw) (%) (%) (MW /K)
Fluid % Max. % Max. % Max. % Max.
Increase  Value Increase  Value Increase Value decrease  Value
Therminol - 1155 - 79.3 43.9 - 2.554
Al,05/Therminol 3.31 1193 2.57 81.9 1.42 45.3 2.59 2.488
Cu/Therminol 3.57 1196 2.77 82.1 1.53 45.5 2.80 2.483
SWCNT/Therminol 8.52 1253 6.60 86.1 3.66 47.6 6.95 2.384
Syltherm - 1129 - 77.5 - 42.9 - 2.599
Al,0,/Syltherm 3.92 1173 2.97 80.5 1.64 445 2.95 2.522
Cu/Syltherm 4.20 1176 3.18 70.7 1.76 44.7 3.18 2517
SWCNT/Syltherm 10.71 1250 8.12 85.8 4.49 47.5 8.52 2.390

Figure 62 shows the variation of the beam radiation on the power output of the
PTSC on a monthly basis for Therminol and SWCNT/Therminol, Syltherm and
SWCNT/Syltherm with a 5% volume fraction. The analysis was carried for a temperature
of 342 °C and a mass flow rate of 2.5 kg /s for Therminol-based fluids and 2.8 kg/s for
Syltherm-based fluids. It is seen that by using SWCNT-based nanofluids the power
output was increased by 8.52% when compared to Therminol and 10.71% when

compared to Syltherm,

In addition, it is seen that the highest power output is produced during the month
of August contrary to September which is the month with the highest solar beam
radiation, suggesting that the power output does not solely depend on the beam radiation.
Moreover it is observed that SWCNT/Syltherm nanofluid shows a higher enhancement in
power output than SWCNT/Therminol when compared to Syltherm and Therminol
respectively, however SWCNT/Therminol and Therminol show a higher power output
values. For instance, for the month of August the energy produced by Therminol and
SWCNT/Therminol is 823 MW and 894 MW respectively, while the energy produced by
Syltherm and SWCNT/Syltherm is 805 MW and 891 MW/
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Figure 62: Effect of beam radiation on the power output of the PTSC on a monthly basis
for (a) Therminol and SWCNT/Therminol fluids and (b) Syltherm and
SWCNT/Syltherm fluids
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The variation of the beam radiation on the efficiency of the PTSC on a monthly
basis for Therminol and SWCNT/Therminol, Syltherm and SWCNT/Syltherm with a 5 %
volume fraction is shown in Figure 63. It is seen that the presence of SWCNT
nanoparticles increases the efficiency of the PTSC, and this increase is around 6.4 % in
average when comparing SWCNT/Therminol to Therminol, and around 8% when
comparing SWCNT/Syltherm to Syltherm. It is noticed that the maximum increase in
efficiency happens in the month of August where the maximum efficiency of the PTSC is
present, and the minimum increase in the efficiency occurs in the month of March where
the lowest value of the efficiency is present. For example, the efficiency of the PTSC in
the month of August is 74.86 % and 76.52 % for Syltherm and Therminol respectively,
but when SWCNT nanoparticles were added, the efficiency improved to 82.87 % for
SWCNT/Syltherm and 83.06 % for SWCNT/Therminol nanofluids.

Figure 64 shows the variation of the beam radiation on the exergetic efficiency of
the PTSC on a monthly basis for Therminol and SWCNT/Therminol, Syltherm and
SWCNT/Syltherm with a 5% volume fraction. It is seen that the addition of the
nanoparticles increases the exergetic efficiency by 4.37 % and 3.56 % on average for
Syltherm and Therminol respectively. The same trend is present regarding the maximum
exergetic efficiency where it occurs in the month of August. For instance, the exergetic
efficiency is 41.44 % and 42.36 % for Syltherm and Therminol respectively, compared to
an increased efficiency of 45.88 % for Syltherm-based and 45.98 % for Therminol-based

nanofluids.

Figure 65 shows the variation of the beam radiation on the entropy generation of
the PTSC on a monthly basis for Therminol and SWCNT/Therminol, Syltherm and
SWCNT/Syltherm with a 5 % volume fraction. It is seen that the entropy generation
reduces when nanofluids are used, this decrease is around 6.54 % for SWCNT/Therminol
compared to Therminol, and around 8 % for SWCNT/Syltherm compared to Syltherm.
Finally, it is concluded that the use of nanofluids improves the power output of the PTSC
as well as the efficiency and exergetic efficiency. In addition, nanofluids reduces the
amount of entropy generated leading to an enhanced heat transfer between the heating
fluid and the PTSC.
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Figure 63: Effect of beam radiation on the efficiency of the PTSC on a monthly basis for
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Figure 65: Effect of beam radiation on the entropy generation of the PTSC on a monthly
basis for (a) Therminol and SW CNT/Therminol fluids and (b) Syltherm and
SWCNT/Syltherm fluids
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4.6 Integrated Solar-Rankine Cycle (ISRC) and Integrated Solar-
Regenerative Rankine Cycle (ISRRC)

The effect of using nanofluids on the Integrated Solar-Rankine Cycle and
Integrated Solar-Regenerative Rankine Cycle is investigated in this section. First a
comparison between the ISRC and ISRRC is carried in order to choose the most efficient
cycle; second the modes of operation are analyzed and compared for the base fluids.

Third, the effect of using nanofluids as a heating fluid is studied.

4.6.1 Comparison between ISRC and ISRRC.
The power cycles are compared to each other in terms of the efficiency in order to

choose the most efficient cycle for the integrated system. However, regarding the ISRRC
the feed water pressure affects the efficiency of the cycle; therefore the optimum pressure
is to be selected. Figure 66 shows the variation of the feed water pressure on the
efficiency of the ISRRC. The analysis was carried using the input and design parameters
from Tables 6, 7 and 9. It is seen that the efficiency of the ISRRC increases with the
increase of the pressure, up to a pressure of 9 bar where a peak value is reached. For feed
water pressure greater than 9 bar the efficiency of the ISRRC decreases. Therefore, it is

observed that the optimum pressure is 9 bars, which is provided in Table 9.
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Figure 66: Effect of feed water pressure on the efficiency of the ISRRC
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Subsequent to finding the optimum pressure, the optimum mass fraction extracted
is determined. Figure 67 shows the variation of the feed water pressure on the mass
fraction extracted of the ISRRC. It is seen that for a feed water pressure of 9 bars, the
mass fraction extracted from the turbine is 0.2244.
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Figure 67: Effect of feed water pressure on the flash factor of the ISRRC

After optimizing the ISRRC, a comparison is done between the two power cycles.
Figure 68 shows the variation of the inlet turbine temperature on the efficiency of the
ISRC and ISRRC. It is seen that as the inlet turbine temperature increases, the
efficiencies of the cycles increase. However, the ISRRC exhibits a higher efficiency than
that of ISRC. Although the work done by the turbine of the ISRRC is less than the work
done by the ISRC, the amount of heat needed to run the turbine for the ISRRC is less
than that of the ISRC, resulting in a higher efficiency.

In reality, adding the feed water heater will decrease the load on the turbine, and
the amount of heat needed from the solar field. In addition, most of the power plant that
is run on an integrated solar system utilizes the regenerative Rankine cycle as the power
cycle, nevertheless those cycles consist of multiple feed water heaters and multiple
turbines. Based on the analysis done in this section, the ISRRC is chosen as power cycle

for the integrated solar system.
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Figure 68: Effect of inlet turbine temperature on the efficiencies of the ISRC and ISRRC

4.6.2 Effect of the mass flow rate on the performance of the ISRRC.
The performance of the ISRRC depends heavily on the mass flow rate of the

heating fluid inside the PTSC field, the molten salt inside the storage system, and the
steam running the cycle. In turn, the mass flow rates depend on the beam radiation
reflected by the collector on the absorber tube. Figure 69 shows the variation of time on
the mass flow rate for a day in the month of August for Therminol, and for the 2" mode
of operation with a storage period of 7.5 hour, in order to understand the behavior of the

mass flow rate with respect to plant operation time.

The mass flow rates of the heating fluid inside the PTSC, the molten salt inside
the storage system, and the steam in the cycle are shown in the figure. It is seen that the
mass flow rate of the heating fluid inside the PTSC increases until a peak value around
noon, before decreasing to zero when the PTSC shuts down due to the lack of sun around
7:00 pm. During the high beam radiation hours (12:00 pm to 3:00 pm), it is noticed that
the mass flow rate of the molten salt is in the negative values. That indicates the charging
process, where some of the heating fluid is bypassed to the storage heat exchanger in
order to store the heating fluid for the discharging process. The discharging process
begins around 5:00 pm, when the solar intensity is low and the PTSC is struggling to
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supply the demand of the generation load. Moreover, the discharging process continues
until the storage period set by the mode of operation (in this case 7.5 hours) is fulfilled.
Regarding, the mass flow rate in the cycle, it is seen that the mass flow rate of the steam
is almost constant through the plant operation hours, with the exception of the startup and
the closedown.

The behavior depicted in the last figure is the same for the rest of the months,
modes of operation, and for different nanofluids, and base fluids, with the exception of
the values of the mass flow rate depending on the nanofluids and the mode of operation.

This variation will be covered in the following section.
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Figure 69: Effect of time on the mass flow rate for a day in August for Therminol

Figure 70 shows the variation of the beam radiation on the mass flow rate of the
plant on a monthly basis for Therminol, and 2" mode of operation. It is seen that the
mass flow rate for the PTSC field, charging, discharging, and cycle are different for each
month, depending on the solar intensity and beam radiation. The month of March shows
the lowest mass flow rate, while the month of June shows the highest. Similar to the daily
analysis, the trend of the mass flow rates with respect to the months is the same for all

nanofluids, base fluids and modes of operation, with the values of the mass flow rates
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being different depending on the mode of operation and the fluid. The analysis of the
effect of the mass flow rates on the performance of the power plant with respect to the

modes of operation is shown in the next section.
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Figure 70: Effect of beam radiation on the mass flow rates of the power plant on a
monthly basis for Therminol

4.6.3 Effect of the mass flow rate for different nanofluids and modes of
operation.
As seen from the previous section, the mass flow rates of the heating fluid, fluid

in the storage, and fluid in the cycle all depend on the beam radiation, the heating fluid,
and the modes of operation. The design inputs and parameters from Tables 7, 9-11 are

employed to study the annual profile of the mass flow rates with respect to time.

Figure 71 shows the variation of the time on the mass flow rates of the power
plant for Therminol, and Therminol-based nanofluids for 1 mode of operation (no
storage). It is seen that the mass flow rate of Therminol and Therminol-based nanofluids
increases until a peak value during the high solar intensity hours (12:00 pm to 3:00 pm),
then decreases until the PTSC stops operating because of the lack of the beam radiation.

In addition, the mass flow of the steam inside the ISRRC follows the same trend as the
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heating fluid, since this mode of operation has no storage, meaning that the operating

hours are restricted to the operating hours of the PTSC from 8:00 Am until 6:00 pm.
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Figure 71: Effect of time on the mass flow rates of the ISRRC for the 1* mode of
operation for (a) Therminol, (b) 5% Al,0z/Therminol, (c) 5% Cu/Therminol, and (d) 5%
SWCNT/Therminol

Figure 72 shows the variation of the time on the mass flow rates of the power
plant for Syltherm, and Syltherm-based nanofluids for the 1% mode of operation (no
storage). It is seen that the mass flow rates trend is the same as Figure 71, however it is
noticed that the mass flow rates of the base fluids and the nanofluids inside the PTSC,
and the mass flow rate of the steam in the cycle are larger when compared to Therminol,

and Therminol-based nanofluids.
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Figure 72: Effect of time on the mass flow rates of the ISRRC for the 1* mode of
operation for (a) Syltherm, (b) 5% Al, 03/Syltherm, (c) 5% Cu/Syltherm, and (d) 5%
SWCNT/Syltherm

Figure 73 shows the variation of the time on the mass flow rates of the power
plant for Therminol, and Therminol-based nanofluids for the 2" mode of operation. It is
seen that similar to Figure 69, the mass flow rate of the cycle is almost constant
throughout the operation hours of the plant, while the mass flow rate of the heating fluid
increases until the peak timings, then decreases with the lack of the sun. in addition,
during the periods of high solar intensity part of the mass flow rate of heating fluid is
routed to the storage tanks in order to charge the tanks, hence the negative values shown

in the graph. The discharging cycle takes place in the hours of low solar intensity, and
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when the PTSC shuts down. The hours of operation of the plant are increased from 10

hours to 16 hours, because of the presence of the storage system.
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Figure 73: Effect of time on the mass flow rates of the ISRRC for the 2" mode of
operation for (a) Therminol, (b) 5% Al,0z/Therminol, (c) 5% Cu/Therminol, and (d) 5%
SWCNT/Therminol

Figure 74 shows the variation of the time on the mass flow rates of the power
plant for Syltherm, and Syltherm-based nanofluids for the 2" mode of operation (7.5
hours storage). It is seen that the mass flow rates trend is the same as Figure 73, however
it is noticed that the mass flow rates of the base fluids and the nanofluids inside the

PTSC, the mass flow rate of the charging and discharging cycles, and the mass flow rate
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of the steam in the cycle are larger when compared to Therminol, and Therminol-based

nanofluids.
6
x 10 x 10
10 T 10 T
PTSC Field —*— PTSC Field
5% AI203/SyItherm
8 Syltherm Storage L —%— Storage 4
Mode 2 Cycle Mode 2 —— Cycle
—~ 6 4 ~ 6 b
E £
) >
< <
o 4 1 o 4 b
S 8
E 2 - é 2 -
@ 0
£ £
0 N\ ] 03 * / 4
\ / \ /
2k \ / g 24 \ f 4
\ \
N ¥
_4 r r r r _4 r r - - I r
0 5 10 15 20 24 0 5 10 15 20 24
Time (hr) Time (hr)
(@) (b)
x 10 x 10°
10 T 10 T T
) —©— PTSC Field 5% SWCNT/Syltherm —t— PTSC Field
5M/g dSUZISyItherm —&— Storage i gl Mode 2 —t— Storage i
—S— Cycle —t— Cycle
—~ 6 4 ~ 6 b
= £
) >
< <
o 4 10 4 b
8 8
E 2 B E 2 -
0 @
8 8
Z pooocooodqg | booeoe 12 o + ) ,
\ \ /
\?D / \ /
2~ \ D - 2+ \\\ / 4
o—0— St
-4 £ i r r 4 r r r .
0 5 10 15 20 24 0 5 10 15 20 24
Time (hr) Time (hr)
(c) (d)

Figure 74: Effect of time on the mass flow rates of the ISRRC for the 2" mode of
operation for (a) Syltherm, (b) 5% Al,03/Syltherm, (c) 5% Cu/Syltherm, and (d) 5%
SWCNT/Syltherm

Figure 75 shows the variation of the time on the mass flow rates of the power

plant for Therminol, and Therminol-based nanofluids for the 3" mode of operation (10

hours storage). When compared to the 2" mode of operation, there is no substantial

difference between the mass flow rates of the two modes of operation; however the mass

flow rates for the 3" mode operation are higher than that of the 2"°. In addition, in some
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cases the discharging cycle for the 3 mode of operation operates for a higher number of

hours when compared to the 2™ mode in order to accommodate the storage load.
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Figure 75: Effect of time on the mass flow rates of the ISRRC for the 3" mode of
operation for (a) Therminol, (b) 5% Al,03/Therminol, (c) 5% Cu/Therminol, and (d) 5%
SWCNT/Therminol

Figure 76 shows the variation of the time on the mass flow rates of the power
plant for Syltherm, and Syltherm-based nanofluids for the 3 mode of operation. It is
seen that the mass flow rates trend is the same as Figure 75, however it is noticed that the
mass flow rates of the base fluids and the nanofluids inside the PTSC, the mass flow rate

of the charging and discharging cycles, and the mass flow rate of the steam in the cycle
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are larger when compared to Therminol, and Therminol-based nanofluids. Moreover, for

some of the nanofluids, the discharging cycle operates for extra hours when compared to

the 2" mode of operation to accommodate the load on the storage tanks.
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Figure 76: Effect of time on the mass flow rates of the ISRRC for the 3" mode of

SWCNT/Syltherm

operation for (a) Syltherm, (b) 5% Al,03/Syltherm, (c) 5% Cu/Syltherm, and (d) 5%

Based on the mass flow rates analysis done above, the performance of the ISRRC

is studied for different nanofluids and modes of operation. The analysis is shown in the

following section.
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4.6.4 Effect of the nanofluids on the performance of the ISRRC for different
modes of operation.
The analysis for the effect of different nanofluids on the performance of the

ISRRC for different modes of operation is done using the System Advisory Model
(SAM) software, based on the design input and parameters from Tables 7, 9-11 and the
results from the previous sections. For this analysis all the properties of the nanofluids are
calculated for a volume fraction of 5%.

4.6.4.1 Effect of the nanofluids on the performance of the ISRRC for the 1st Mode
of operation
The 1% mode of operation assumes no storage, meaning that the plant is under

operation as long as the PTSC field is under operation. This mode will result in a
shortage in the supply, as the weather data varies throughout the year, and with the
absence of the storage system there is no compensation available for the power
production. Figure 77 shows the variation of the month on the monthly energy output of
the ISRRC for Therminol-based and Syltherm-based nanofluids for the 1% mode of
operation. It is seen that using nanofluids a heating fluid increases the monthly energy
output of the ISRRC, and that increase depends on the nanoparticles. For instance, Cu-
based nanofluids show the highest improvement in the output energy of the ISRRC
compared to SWCNT-based and Al,0;-based nanofluids. Moreover, when comparing
Therminol-based and Syltherm-based nanofluids, it is observed that Therminol and
Therminol-based nanofluids show a higher monthly energy output when compared to
Syltherm and Syltherm-based nanofluids. However, Syltherm-based nanofluids show a
higher enhancement in the monthly energy output. For example, for the month of June,
the monthly energy produced for Therminol and Cu/Therminol is 37 GWh and
37.3 GWh respectively, while for Syltherm and Cu/Syltherm the energy output is
36.1 GWh and 36.9 GW h respectively.

Regarding the monthly analysis, it is noticed that the month of June displays the
highest energy output, while the month of December displays the lowest. Referring back
to Figure 14, it is seen that the month of June has the highest beam radiation, while the
month of December has one of the lowest concluding that the energy output of the

ISRRC depends directly on the beam radiation.
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Figure 77: Variation of the month on the energy output of the ISRRC for (a) Therminol-
based nanofluids, and (b) Syltherm-based nanofluids for 1% mode of operation
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Table 17 shows a comparison between Therminol, Therminol-based nanofluids,
Syltherm and Syltherm-based nanofluids in terms of the annual energy production, power
output, and field thermal output of the ISRRC for the 1% mode of operation. As expected
Cu-based nanofluids provide the highest annual energy, power output, and field thermal
output when compared to SWCNT-based and Al,05-based nanofluids. In addition,
Therminol-based nanofluids display a higher annual energy, power output, and field

thermal output when compared to Syltherm-based nanofluids.

Table 17: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the performance of the ISRRC for 1% mode of operation

Parameter Annual Energy Cycle Power Output Field Thermal
Output
Unit kWh MWh MWh
Therminol 343,897,856 31,631 106,415
Al,05/Therminol 345,199,968 31,661 106,411
Cu/Therminol 347,008,064 31,704 106,683
SWCNT/Therminol 344,268,704 31,682 106,556
Syltherm 337,436,608 31,688 106,486
Al,05/Syltherm 341,773,472 31,772 106,777
Cul/Syltherm 345,446,880 31,821 106,955
SWCNT/Syltherm 338,663,392 31,767 106,913

4.6.4.2 Effect of the nanofluids on the performance of the ISRRC for the 2nd Mode
of operation
The second mode of operation assumes a storage time of 7.5 hours, meaning that

the storage system will compensate for the shortage in the power supply caused by the
variation of the weather data by supplying the power block with heating fluid charged
and stored in the system during the operation hours of the PTSC. Figure 78 shows the
variation of the month on the monthly energy output of the ISRRC for Therminol-based
and Syltherm-based nanofluids for the 2" mode of operation. Similar to the 1% mode of
operation it is seen the Cu-based nanofluids cause the highest improvement in the

monthly energy output of the ISRRC when compared to SWCNT-based and Al,05-based
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nanofluids. Moreover, it is also seen that Therminol and Therminol-based nanofluids
display a higher monthly energy output when compared to Syltherm and Syltherm-based
nanofluids, nevertheless Syltherm-based nanofluids result in a higher enhancement in the
monthly energy output when compared to Therminol-based nanofluids. On the contrary
to the 1% mode of operation, the month of May displays the highest monthly energy
output, while the month of December displays the lowest. The addition of the storage

system weakens the dependency of the energy output on the beam radiation.

Table 18 shows a comparison between Therminol, Therminol-based nanofluids,
Syltherm and Syltherm-based nanofluids in terms of the annual energy production, power
output, and field thermal output of the ISRRC for the 2" mode of operation. Similar to
the 1% mode of operation, Cu-based nanofluids provide the highest annual energy, power
output, and field thermal output when compared to SWCNT-based and Al,05-based
nanofluids. In addition, Therminol-based nanofluids display a higher annual energy,

power output, and field thermal output when compared to Syltherm-based nanofluids.

Table 18: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the performance of the ISRRC for 2" mode of operation

Parameter Annual Energy Cycle Power Output Field Thermal
Output
Unit kWh MWh MWh
Therminol 477,914,976 44,091 117,840
Al,05/Therminol 479,397,152 44,094 117,854
Cu/Therminol 482,669,376 44,198 118,172
SWCNT/Therminol 478,313,248 44,166 118,060
Syltherm 467,482,560 44,200 117,840
Al,04/Syltherm 474,379,456 44,327 118,173
Cul/Syltherm 480,352,992 44,417 118,364
SWCNT/Syltherm 470,286,336 44,406 118,375
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Figure 78: Variation of the month on the energy output of the ISRRC for (a) Therminol-
based nanofluids, and (b) Syltherm-based nanofluids for 2"mode of operation
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4.6.4.3 Effect of the nanofluids on the performance of the ISRRC for the 31 Mode
of operation
The 3 mode of operation assumes a storage period of 10 hours, meaning that the

storage system will be able to compensate the shortage in the power supply for a period
time longer than that of the 2" mode of operation. Figure 79 shows the variation of the
month on the monthly energy output of the ISRRC for Therminol-based and Syltherm-
based nanofluids for the 3™ mode of operation. It is seen that the monthly energy
behavior of the 3 mode of operation is very similar to that of the 2" mode of operation,
where the month of May displays the highest energy output, and December displays the
lowest. Table 19 shows a comparison between Therminol, Therminol-based nanofluids,
Syltherm and Syltherm-based nanofluids in terms of the annual energy production, power
output, and field thermal output of the ISRRC for the 3" mode of operation. Similar to
the 1 mode and 2" mode of operation, Cu-based nanofluids provide the highest annual
energy, power output, and field thermal output when compared to SWCNT-based and
Al,05-based nanofluids. In addition, Therminol-based nanofluids display a higher annual
energy, power output, and field thermal output when compared to Syltherm-based

nanofluids.

Table 19: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the performance of the ISRRC for 3™ mode of operation

Parameter Annual Energy Cycle Power Output Field Thermal
Output
Unit kWh MWh MWh
Therminol 478,163,808 44,126 117,828
Al,05/Therminol 479,790,240 44,139 117,844
Cu/Therminol 482,998,976 44,237 118,161
SWCNT/Therminol 478,700,544 44,211 118,048
Syltherm 467,911,520 44,253 117,831
Al,04/Syltherm 474,679,744 44,367 118,162
Cul/Syltherm 480,515,616 44,442 118,354
SWCNT/Syltherm 470,639,296 44,453 118,366
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Figure 79: Variation of the month on the energy output of the ISRRC for (a) Therminol-
based nanofluids, and (b) Syltherm-based nanofluids for 3mode of operation
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4.6.4.4 Comparison of the effect of the modes of operation on the performance of
the ISRRC
In order to establish the most efficient mode of operation for the ISRRC to

operate at, a comparison between the 1%, 2" and 3" modes of operation is done in this
section. Figure 80 shows the variation of the modes of operation on the power output of
the ISRRC for Therminol-based and Syltherm-based nanofluids. It is seen that the power
output of the ISRRC increases considerably when comparing the 1% mode to the 2"® and
3. in addition, it is seen that the highest power output occurs in the 3™ mode of
operation. However, when compared to the 2" mode of operation it is seen that the

increase in the electricity output is limited as seen from Tables 18 and 19.

Figure 81 shows the variation of the modes of operation on the annual energy of
the ISRRC for Therminol-based and Syltherm-based nanofluids. It is seen that the 1°
mode of operation results in the least annual energy production when compared to the 2"
and 3" modes of operation. The effect of the storage system can be seen in this figure,
where the existence of the storage system increases the annual energy production by
around 39 % when comparing the 1% mode of operation to the 2" and 3™ . However, one
of the disadvantages of the storage system is that it has a negative effect on the overall
efficiency of the system. While comparing the 2" and 3" modes of operation it is noticed
that the annual energy increase is almost negligible, nevertheless the 3™ mode of
operation displays the highest annual energy. Regarding Syltherm-based and Therminol-
based nanofluids, it is shown that Therminol-based nanofluids show a higher annual

energy than Syltherm-based nanofluids.

Figure 82 shows the variation of the modes of operation on the field thermal output for
Therminol-based nanofluids and Syltherm-based nanofluids. It is seen that the difference
in the field thermal output between the 1% mode and the 2™ and 3™ modes is not as large
as the annual energy, and electricity output of the ISRRC. Since the field thermal output
represents the amount of thermal energy produced by the PTSC field, the increase from
the 1st mode to the modes with storage system is not significant. However, the increase is
present because the excess amount of thermal output from the field is directed towards
the storage system during the charging cycle. Similar to the previous trends, the 3™ mode
of operation displays a slightly higher field thermal output that the 2" mode of operation.
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In conclusion, it is seen that Cu-based nanofluids display the highest
improvement in the performance of the ISRRC, while the 3™ mode of operation is the
optimum mode to operate at. However, an economic evaluation of the ISRRC for
different nanofluids and modes of operations is needed in order to fully compare the
effect of the nanofluids on the performance of the ISRRC. The following chapter

discusses the effect of the nanofluids on the costs of the ISRRC.
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Chapter 5: Economic Evaluation of the ISRRC
This chapter presents an economic evaluation of the Integrated Solar Rankine

Regenerative Cycle (ISRRC) consisting of the PTSC field, Thermal Energy System, and
the Regenerative Rankine Cycle. The economic analysis is carried only for the ISRRC
and not the ISRC, because the efficiency of the ISRC is less than that of the ISRRC as
seen from section 4.6.1. Since the technical performance of the ISRC is lower when
compared to ISRRC, it is trivial that the economic evaluation will show that the ISRC

configuration is not feasible.

The main idea of the thermo-economic evaluation is to compare the effect of
using nanofluids on the cost of the ISRRC as the nanofluid that provides the highest
improvement in the power output, might not necessarily impact the cost positively.
Therefore in order to completely analyze the effect of using nanofluids, a performance
model and an economic model are ought to be established and compared for different

nanofluids and modes of operation.
The main objectives of the economic evaluation of the ISRRC System are to:

1. Calculate the levelized cost of electricity (LEC) for different nanofluids
and modes of operation.

2. Calculate the Net Present Value (NPV)of the ISRRC for different
nanofluids and modes of operation.

3. Calculate the Net Saving (NS) of the ISRRC for different nanofluids
and modes of operation.

4. Compare the different nanofluids, and select the most suitable
nanofluid to replace the conventional heating fluid for different modes
of operation.

5. Compare the different modes of operation and select the optimum one.

In order to analyze the economic aspect of the ISRRC, an economic model is to
be presented. The following sections show an economic model, followed by a
comparison between the power output, LEC, NPV, and NS of the ISRRC for different

nanofluids and modes of operation.
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5.1 Economic model

In this following section an economic model for the ISRRC is presented. The
model serves as a tool to compare the effect of using nanofluids, as it provides an
overview of the capital, operational, and direct costs of the power plant. The cost analysis
will determine the feasibility of utilizing nanofluids, as the increase in the performance of
the ISRRC might not yield a lower cost. The model is carried for different components
of the cycle, and it takes into account the capital, direct and indirect costs of the ISRRC.
The chemical engineering plant cost index (CEPCI) is utilized in order to achieve a more
realistic economic model. The capital investment cost of the components is multiplied by

a correction factor in order to update the economic estimation of the plant. The factor is

as follows:
__ CEPClyes
feepcr = CEPClygra (5.1)

where CEPCl,.r and CEPClI,,,5 stand for the reference chemical engineering plant cost

index and the 2015 one respectively. The capital investment cost of the ISRRC

components is provided in the following sections.

5.1.1 Steam Turbine.
The capital investment cost of the steam turbine in US$ is presented by using the
model developed by [173]:

0.67
Zge = 150(rinwg) (1 + 00%6(Tri-866)) (00} (5.2)

MWt

5.1.2 Heat Exchangers.
The capital investment cost of the heat exchangers in US$ is presented by using
the model developed by [174]:

2.4 _ QHe
) 103.8528+0.4-242ln(olomLMTDHe)

Zye = 1.53 +1.27 (4

(5.3)
where

Qy.is the rate of heat exchanged between the fluids (kW)
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LMT Dy.is the log mean temperature difference in the heat exchanger (K)
Ty, ;is the inlet temperature of the hot fluid (K)

Equation (5.3) can be employed to find the capital investment cost of the heat
exchanger between the PTSC Field and the TES system Zyg 1, in addition to the heat
exchanger between the TES system and the power blockZz,. The feed water heater can
be assumed as a heat exchanger as the cost function of capital investment cost is not
provided. Therefore, Equation (5.3) can be used to calculate the capital investment cost of

the feed water heater Zpy,,

5.1.3 Pumps.
The capital investment cost of the pumps in US$ is presented by employing the

model presented by [173], it is as follow:

7, = 4421w, " 1.41 [1 + (%)] (5.4)
14

Equation (5.4) is employed to calculate the capital investment cost of the heating
fluid pump in the PTSC fieldZ pyrr, the hot storage tank pump Zpysr, the cold storage
tank pump Zpcsr, the feed water heater pump Zgy 4, and finally the water pump in the

power blockZpy, .

5.1.4 Condenser.
The capital investment cost of the condenser in US$ is divided into two main

components, the cost of the steam condenser and the cost of the cooling tower:
Ze=Zg+ 2y (55)

The capital investment cost of the steam condenser in US$ is adapted from [173],
and it is given by:
_ Qc Qc
Zsc = 248 (Z.ZLMTDC) +659 (48.1275) (5.6)

where

Q.is the rate of heat transfer in the condenser (kW)
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LMTD,is the log mean temperature difference in the condenser (K)

The capital investment cost of the cooling tower in US$ is adapted from [175],

and it is given by:

Z,., = 253226.835 (32;0) (~0.69361n (Tewiome — 7, 1y ) +2.1898) (5.7)

where

T, ;1S the inlet cooling water temperature (K)

T.w ois the outlet cooling water temperature (K)
Tywpb,amp1S the ambient air wet bulb temperature (K)

5.1.5 PTSC Field.

The capital investment cost of the PTSC field in US$ is divided among the cost of
the PTSCs, the cost of the thermal energy storage, and the cost of heating fluid. The cost
function is obtained from the National Renewable Energy Laboratory (NREL) [176], and

it is as follows:
Zprsc = AsaCprsc + QeankCres + AsaCurr (5.8)
where

Cprscis the PTSC cost constant and it equals 245$/m?
Crgsis the TES cost constant and it equals 80$/kWh
Cyrris the Heating Fluid cost constant and it equals 90$/kWh

Q.anx 1S the thermal capacity of the storage tank, and it depends on the mode of operation
as seen from Tables 10 and 11.

In the case where nanofluids are used, the capital cost of the nanoparticles is to be
added, the cost of the nanoparticles is provided in Table 20, along with the input
parameters and design specifications used in order to carry the economic model. The

prices of the nanoparticles are obtained from [180].
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Table 20: Input data and design parameters for the economic model

Parameter Symbol Unit Value
Construction years YVeon Years 3
Decommission year Vdec Years 3
Plant life time cycle Yopt Years 25

Loan interest rate i % 7
Insurance rate Tins % 1
Electricity sale price Cer US$/kWh 0.07
Al, 05 nanoparticles Cai,0, US$/gram 1.16
price
Cu nanoparticles Ceu US$/gram 15
price
SWCNT CsweNT US$/gram 62

nanoparticles price

Operating hours topt hour /year 8760

5.1.6 Auxiliary Equipment.
The capital investment cost of the steam turbine, such as the pumps and the

lubrication systems in US$ is obtained from [177], and it is provided below:

Wne 0.7
Zst,aux =10’ (#) (5-9)

5.1.7 Equipment Installation.
The equipment installation capital investment cost in US$, is set to be 20% of the
equipment’s capital investment cost according to [178]; therefore the equipment

installations cost is given by:
Zeg,ins = 0.2 ZZeq (5.10)

where Z,, is the summation of the capital investment cost of the equipment discussed in

the previous sections.
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5.1.8 Water Treatment Facility.
The capital investment cost of the water treatment facility of the steam turbine in

US$ is obtained from [177]:

: 0.8
Zye = 2.03 x 106 (52£) (5.11)

5.1.9 Operating Cost.
The operating cost of the plant can be simply calculated from the following

equation:

Zopt = WhetCpg + WherCom (5.12)
where

Cppis the power block cost constant equal to 875 $/kW .

C,mis the operating and maintenance cost constant equal to 60 $/kW

5.1.10 Civil Engineering.
The capital investment needed for a new site infrastructure and building can be
assumed to 55% of the equipment cost according to [178], therefore the civil engineering

capital investment cost in US$ is given by:
Zcg = 0.55% Z,q (5.13)

5.1.11 Project Engineering and Contingencies.
The cost of the indirect factors such as planning, permitting, and management of

the construction in US$, are estimated by [177] and are as follows:
Zic =0.05% Zoq + Zegins + Zck (5.14)

The cost of contingency issues such as technical and regulatory problems in US$

is given by:

ZCOTL = Olzzeq + Zeq‘ins + ZCE (515)
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5.1.12 Decommissioning cost.

The cost of decommissioning the plant and returning the site into its original state

in US$ is given by the following equation:
Zagec =0.05X Zeg + Zinseq + Zck (5.16)

5.1.13 Labor cost.

The labor cost consists of the salaries paid to the plant employees. According to a
study done by [177], the number of employees, their correspondent job, and salaries are
provided in Table 20.

The labor cost can be calculated from the following equation:

Ziavor = 1.5, SalaryN (5.17)

Table 21: Plant positions, salary, and number of employees needed [177]

Employee Salary (US$/year) Number of employees (N)
Power block technician 40,000 6
Solar filed technician 40,000 12
Control room operator 40,000 15
Maintenance Supervisor 48,000 2
Operation Manager 84,000 2
Plant Engineer 92,000 1
Plant Manager 95,000 1

5.1.14 Maintenance cost.
The annual maintenance cost is estimated as a percentage of the initial capital
investments. For civil engineering the maintenance cost is approximated to be 1% of the

initial investment.

ch.CE = O'1ZCE (518)
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The maintenance cost of the cycle components is approximated to be 2% of their initial

investment, given by:

Zinceq = 0-2Z¢q (5.19)

The maintenance cost of the PTSC field is approximated to be 5% of the initial

investment, given by:
Zmeprsc = 0.5Zprsc (5.20)

Therefore, the maintenance cost is given by:

Zm = Zmece T ch,eq + ch,PTSC (5.21)

5.1.15 Net Present Value (NVP).

Different methods can be applied in order to assess the performance of the
ISRRC; one of these methods is the NPV. The NPV approach calculates the investment
worth growth of the plant life time to evaluate the feasibility of an investment. It is
established that an investment is only advisable as long as a positive NPV is present,
where a negative NPV simply implies that the required investment is greater than the

cash flow during the cycle life time. The net present value is acquired from [177] and it is

as follows:
-1 Z; YcontYopt—1 ; ZopttZm+ZiaportTinsZiny
NPV = — Yoo~ —mw CorWhet —
k=0 y  n(1+0)k + Zk=ycon el net (1+0)k +
yc:m‘FYOpt"‘Ydec_l Zdec — (522)
k=ycon+Yopt YVaec(1+1)
where

YeonlS the number of years taken to construct the plant
YoptiS the plant life time cycle or the number of years the plant is under operation

YaeclS the number of years taken to disassemble the plant and return the site to its original

condition

C,; is the electricity sale price in $/kWh
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i is the loan interest rate

Tins 1S the annual insurance rate, which is the cote of insuring the equipment

Zinv 18 the initial investment required for constructing the plant, it is given by :

Ziny =Zst + Zypr + Zugz + Zrw + Zpurr + Zpust + Zpest + Zppwn + Zpw + Zc +
ZPTSC + Zst,aux + ZCE + Zins,eq + Zic + Zcont (5-23)

5.1.16 Net Saving (NS).

The Net Saving (NS) approach is a calculation of the money saved by employing
a renewable energy source as opposed to running the plant on fossil fuels. It is primarily
an indication of the cost saving in the electricity caused utilizing the PTSC as a source of

generation. The Net Saving (NS) in US$ can be calculated from the following equation:

NS = Cwithoout system ~— “with system (524)

where

Cwithout system1S the cost of electricity that would be purchased to meet the facility

electric load with no renewable energy system ($).

Cwith systemiS the cost of electricity purchased from the grid, assuming that the project

sells electricity generated by the system in excess of the load ($).

5.1.17 Levelized Cost of Electricity (LEC).

Another approach to indicate the performance of the ISRRC is the levelized cost
of electricity (LEC), which determines the minimum cost of electricity generated by the
plant. The LEC is the cost of electricity which makes the NPV equals to zero, and a lower
LEC implies a more cost-effective investment. The LEC is obtained from [177] and it is

given by:
LEC = aZinv"‘ﬁZdec"M'.Zoerzt+Zm+Zlabor (5.25)
where
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a = (1+i)gon_1] [ i(1+i)2;pt

Yeonl (1+i)2,)pt—1

] + Tins (5.26)

[ a1 H 1 ]
p= [ydeci(1+i)§;j (14D —1 (5.27)

5.2 Effect of the nanofluids on the cost of the ISRRC for different modes
of operation.

The analysis for the cost of the ISRRC for different modes of operation and
nanofluids is done based on the models, tables and assumptions provided in the system
configuration and modeling section, and using the results from the previous section. A
full analysis of the cost of the ISRRC for different modes of operations and nanofluids is
done using the System Advisory Model (SAM) software. For the analysis in this section
the properties of the nanofluids are calculated for a volume fraction of 5%, and the effect
of the nanofluids on the performance of the ISRRC for different modes of operations is

taken from section 4.6.4, where the annual energy output is used for comparison.

5.2.1 Effect of the nanofluids on the economic-performance of the ISRRC for
the 1st mode of operation.
Starting with the 1*mode of operation that assumes no storage, Table 22 shows a

comparison of the annual energy output and cost of the ISRRC for Therminol, Syltherm,
Therminol-based nanofluids, and Syltherm-based nanofluids. It is seen that the presence
of the nanofluids improves the annual energy, lower the levelized electricity cost,
increases the cost savings, and lowers the Net Present Value of the ISRRC. According to
the table Cu-based nanofluids are the most suitable nanofluids to replace Therminol and
Syltherm, when the plant is operating at the 1% mode of operation. In addition, it is
observed that Therminol and Therminol-based nanofluids result in a higher performance
and a lower cost for the ISRRC, when compared to Syltherm and Syltherm-based
nanofluids. However, Syltherm-based nanofluids show a larger improvement in the

performance and the cost when compared to Therminol-based nanofluids.
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Table 22: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the costs of the ISRRC for 1* mode of operation

Parameter Annual LEC Electricity Electricity Net Net Present
Energy (Real) cost with cost without ~ Saving Value
system system
Unit kWh c/kWh US$ US$ US$ Us$
Therminol 343,897,856 3.36 -9,297,543 9,349,645 -73,160,272
Al,05/Therminol 345,199,968 3.35 -9,348,415 9,400,517 -72,714,496
Cu/Therminol 347,008,064 3.33 -9,375,601 9,427,703  -72,476,272
SWCNT/Therminol 344,268,704 3.36 -9,304,111 9,356,213  -73,102,720
Syltherm 337,436,608 3.43 -9,059,778 52,102 9,111,880 -75,243,784
Al,04/Syltherm 341,773,472 3.38 -9,205,520 9,257,622 -73,966,672
Cu/Syltherm 345,446,880 3.35 -9,332,386 9,384,488 -72,854,944
SWCNT/Syltherm 338,663,392 3.41 -9,094,077 9,146,179  -74,943,224

5.2.2 Effect of the nanofluids on the economic-performance of the ISRRC for
the 2nd mode of operation.
Regarding the 2" mode of operation where a storage system with a 7.5 hours

storage period is available, Table 23 shows a comparison of the annual energy output and
cost of the ISRRC for Therminol, Syltherm, Therminol-based nanofluids, and Syltherm-
based nanofluids for the 2" mode of operation. From the table it is seen that the addition
of the nanoparticles improves the annual energy of the ISRRC, and this increase varies
depending on the nanofluid. For instance, Cu-based nanofluids show the highest
improvement in the annual energy, however when Therminol and Cu/TTherminol are
compared together, it is seen that the addition of Cu nanoparticles has a negative effect
on the net saving of the system, as it increases it as opposed to decreasing it, therefore
yielding that the addition of the Cu nanoparticles to Therminol is not feasible when the

ISRRC is operating at the 2" mode of operation.

The same result applies to Al,05;/Therminol, where the annual energy is
increased, however, the cost increases as well. In case of Therminol-based nanofluids, the
only feasible option is SWCNT/Therminol, where the annual energy is increased, the
levelized cost of electricity stays the same, but the net savings increases, and the net

present value decreases making the plant more feasible.
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Regarding Syltherm-based nanofluids it is seen that the addition of nanoparticles
has a positive effect on the annual energy and the cost regardless of the nanoparticles
used. When comparing, it is seen that Cu/Syltherm has the highest annual energy
production, but it also possess the lowest net savings. Moreover, Al,05/Syltherm has the
second highest annual energy production, and the highest net savings yielding that
Al,05/Syltherm is the most feasible nanofluid to replace Syltherm when the ISRRC is

operating at the 2" mode of operation.

Table 23: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the costs of the ISRRC for 2"®mode of operation

Parameter Annual LEC Electricity Electricity  Net Saving  Net Present
Energy (Real) cost with cost Value
system without
system
Unit kWh c/kWh Us$ Us$ Us$ US$
Therminol 477,914,976 3.08 -12,323,464 12,375,566 -89,121,768
Al,05/Therminol 479,397,152 3.07 -12,259,894 12,311,996 -89,678,824
Cu/Therminol 482,669,376 3.05 -12,156,485 12,208,587 -90,585,000
SWCNT/Therminol 478,313,248 3.08 -12,358,502 12,410,604 -88,814,744
Syltherm 467,482,560 3.15 -11,925,526 52,102 11,977,628 -92,608,864
Al,05/Syltherm 474,379,456 3.10 -12,319,715 12,371,817 -89,154,632
Cu/Syltherm 480,352,992 3.07 -12,101,207 12,153,309 -91,069,384
SWCNT/Syltherm 470,286,336 3.13 -12,176,500 12,228,602 -90,409,600

5.2.3 Effect of the nanofluids on the economic-performance of the ISRRC for
the 3rdmode of operation.
Regarding the 3™ mode of operation where a storage system with 10 hours storage

period, Table 24 shows a comparison of the annual energy output and cost of the ISRRC
for Therminol, Syltherm, Therminol-based nanofluids, and Syltherm-based nanofluids for
the 2" mode of operation. From the table it is seen that all nanofluids have a positive
effect on the annual energy, and the net saving of the plant. For Therminol-based
nanofluids, it is seen that SWCNT/Therminol has the lowest annual energy improvement,
but the highest net cost saving making the most feasible fluid to replace Therminol when
the plant is operating at the 3" mode of operation. Regarding Syltherm-based nanofluids,

Cul/Syltherm displays the highest improvement in the annual energy, and the highest net
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saving therefore it is chosen as the most suitable nanofluid to replace Syltherm when the

plant is operating at the 3" mode of operation.

Table 24: Comparison between Therminol-based and Syltherm-based nanofluids
regarding the costs of the ISRRC for 3" mode of operation

Parameter Annual LEC Electricity ~ Electricity  Net Saving  Net Present
Energy (Real) cost with cost Value
system without
system
Unit kWh c/kWh US$ Us$ Us$ US$

Therminol 478,163,808 3.30 -12,199,230 12,251,332  -104,369,536
Al,05/Therminol 479,790,240 3.29 -12,321,778 12,373,880  -103,295,648
Cu/Therminol 482,998,976 3.27 -12,222,188 12,274,290  -104,168,360
SWCNT/Therminol 478,700,544 3.30 -12,393,622 12,445,724  -102,666,096
Syltherm 467,911,520 3.37 -12,014,880 52,102 12,066,982  -105,984,976
Al,0,/Syltherm 474,679,744 3.33 -12,276,714 12,328,816  -103,690,552
Cu/Syltherm 480,515,616 3.28 -12,383,985 12,436,087  -102,750,536
SWCNT/Syltherm 470,639,296 3.35 -12,183,601 12,235,703  -104,506,480

5.2.4 Comparison of the effect of the nanofluids on the economic-performance
of the ISRRC for different modes of operation.
The most suitable nanofluids to replace Therminol and Syltherm for each mode of

operation are selected. However the most cost effective and efficient mode of operation
for the ISRRC is ought to be determined. Selecting the optimum mode of operation is
important because of the strong impact the mode of operation has on the performance of
the ISRRC. It is somewhat trivial to realize that the 1% mode of operation is not the best
mode for the ISRRC to operate on, as the presence of the storage system improves the
output energy of the ISRRC and decreases the LEC. The main comparison is between the
2" and 3" mode of operation, where the optimum storage period is to found. Figure 83
shows the variation of the modes of operation on the LEC of the ISRRC for Therminol-

based and Syltherm-based nanofluids.
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Figure 83: Effect of modes of operation on the LEC of the ISRRC for (a) Therminol-
based nanofluids, and (b) Syltherm-based nanofluids
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It is seen from the figure that the LEC is the lowest when the ISRRC is operating
at the 2" mode of operation. While for the 1% mode of operation and the 3" mode of
operation the LEC is almost the same. When comparing Therminol-based nanofluids and
Syltherm-based nanofluids, it is observed that Therminol-based nanofluids display a
lower LEC for all modes of operation, however Syltherm-based nanofluids decrease the

LEC by a higher percentage.

Figure 84 shows the variation of the modes of operation on the Net Saving of the
ISRRC for Therminol-based and Syltherm-based nanofluids. It is seen the 2" mode of
operation shows the highest Net Saving in the cost of the ISRRC, while the 1% mode of
operation shows the lowest. When comparing Therminol-based nanofluids with
Syltherm-based nanofluids, it is noticed that Therminol-based nanofluids result in a
higher net savings for all modes of operation. Nevertheless, Syltherm-based nanofluids

display a higher percentage increase in the cost savings.

Referring to Tables 22-24 and Figures 83 and 84, it is seen that the mode of
operation where the ISRRC produces the highest annual energy is the 3 mode of
operation. However when compared to the 2" mode of operation, it is observed that the
amount of increase in the annual energy is considerably small. For example, the annual
energy produced for Therminol is 477,914,976 kWhwhen operating at the 2" mode of
operation, and 478,163,808 kWhwhen operating on the 3™ mode of operation. In
addition, for that small increase in the annual energy the levelized cost of electricity
increase from 3.08 c/kWh to 3.30 c/kWh. Moreover, the net saving decreases from
12,375,566 US$ t012,251,332 US$. Upon the preceding findings it is recommended to
operate the ISRRC at the 2" mode of operation rather than the 3™ mode of operation, as

the increase in annual energy is not feasible.

Comparing Tables 22 and 23 for the 1% mode of operation and the 2" mode of
operation respectively, it is established that operating the ISRRC on the 2" mode of
energy results in a higher annual energy, a lower levelized electricity cost, and a higher
net saving because of the presence of the TES system. Therefore, it is recommended to
operate the ISRRC on the 2" mode of energy, as it is the most effective and efficient

mode of operation.
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Figure 84: Effect of modes of operation on the net savings of the ISRRC for (a)
Therminol-based nanofluids, and (b) Syltherm-based nanofluids
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The effect of the nanofluids on the performance of the ISRRC depends on the
modes of operation as seen from the preceding tables. Table 25 shows the most suitable
nanofluid to replace the base fluids (Therminol and Syltherm) for different modes of
operations. It is seen that for modes of operation with storage, SWCNT/Therminol are
most suitable nanofluids, yielding that they have a positive effect on the storage system.
However, for Syltherm-based nanofluids Al,05-based and Cu-based nanofluids are the
most suitable nanofluids to replace Syltherm. This leads to the conclusion that the
relationship between the base fluid and the nanoparticles is the main motive behind the

magnitude of the improvement caused by the nanofluids.

Table 25: Most suitable nanofluid to replace the base fluids for different modes of

operation.
Mode of Operation Nanofluid to replace Therminol & Syltherm
1 mode 5% Cu/Therminol 5% Cu/Syltherm
2" mode 5% SWCNT/Therminol 5% Al,05/Syltherm
3" mode 5% SWCNT/Therminol 5% Cu/Syltherm

5.2.5 Effect of the optimum mode of operation on the TES.
In the previous sections different modes of operation were compared, and it was

established that the 2" mode of operation is the optimum mode of operation in terms of
cost and power output. However, while operating on the 2™ mode of operation it is seen
that the volume of the storage tanks is rather large. The construction of the storage tank
should be done using concrete in order to accommaodate the large tank diameter of 53 m.
Another option is to build a number of smaller storage tanks and connect them in parallel
in order to extract the same flow rate from all the tanks, where the summation of the
volume of the tanks should be equal to 43726 m3, which is the volume specified in Table
10. In this section, the second option is explored where a number of hot and cold storage
tanks are used to form the thermal energy storage system.

Three hot storage tanks and three cold storage tanks are used to substitute the hot
storage tank and cold storage tank, specified in Table 10. The diameter of the tanks can

be calculated from the following equation:
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4VrEshtan
Diank = /% (5.28)

The volume and thermal capacity of the storage tanks are simply found by
dividing the volume and the thermal capacity of the storage tank provided in Table 10, by
the number of the storage tanks used. Table 26 shows the input and design parameters for

the new thermal energy storage system for the 2" mode of operation.

Table 26: Input design parameters for the new TES for the 2" mode of operation

Parameter Symbol Unit Value
Storage Media Type - - Sensible
Storage Media - - Hitec Salt
Cold Tank Temperature Teota °C 250
Hot Tank Temperature Thot °C 365
TES Density Psait kg/m?3 1829.31
TES Specific heat Coourt kj/kgK 1.56
Storage Volume Vrgs m3 14575
Tank Height Reank m 20
Tank Diameter Dtank m 30.5
TES Thermal Capacity Qtank MWh 994
TES Capacity tstorage hour 7.5

Number of storage tanks Nianks

Figure 85 shows the schematic diagram of the charging cycle of the ISRRC for
the 2" mode of operation with the new TES system for the full load and partial load
operation. It is seen from Figure 85 (b), that during high solar beam radiation timings the
system operates under partial load, where the excess amount of heating fluid is directed
to charge the three hot storage tanks. Valves are added before and after each tank in order
to control the flow rate of the Hitec Salt entering and exiting the tanks. While when the
system is under full load operation, the heating by passes the storage systems and is

directed towards the power cycle as seen from Figure 85 (a).
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Figure 86 shows the schematic diagram of the discharging cycle of the ISRRC for
the 2" mode of operation with the new TES system for full load and partial. It is seen in
Figure 86 (a), that during the night time when the PTSC field is not in operation, the
system is under full operation. The Hitec salt from the three hot storage tanks is used to
heat up the water into steam, and then it is directed to the three cold storage tanks where
it is stored until the charging cycle is in operation. During the low beam radiation hours
the PTSC field and the storage are both under operation, where the system operates under
partial load as seen in Figure 86 (b). The water from the power cycle is heated by the hot
Hitec Salt from the the hot storage tanks, and then it is heated by the heating fluid from
the PTSC field.
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Figure 85: Schematic diagram of the charging cycle of the ISRRC with the new TES
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In conclusion, it was shown that adding nanoparticles to the base fluids enhances
the thermophysical properties of these fluids, leading to an improvement in the heat
transfer coefficient. The improvement in the heat transfer coefficient inside the absorber
tube, leads to an enhancement in the efficiency and energy output of the PTSC. The
enhancement in the PTSC improves the energy output of the Integrated Solar
Regenerative Rankine Cycle, and decreases the electricity cost as well as increases the
net saving. The novelty of this work lies in studying the effect of the adding nanoparticles
to conventional heating fluids on the properties of the fluids, heat transfer coefficient in
the absorber tube, performance of the PTSC, and performance of the PTSC integrated

system with thermal energy storage for different modes of operation.
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Chapter 6: Conclusion and Recommendations
An evaluation of an integrated PTSC/TES system using nanofluids was done. The

effect of adding nanoparticles to a heating fluid on the density, specific heat capacity,
viscosity, and thermal conductivity was investigated. The convective heat transfer
coefficient in the absorber tube of the PTSC was calculated and compared for a
conventional heating fluid versus nanofluids. Further, the effect of using nanofluids as a
heating fluid on the efficiency and output energy of the PTSC was studied by carrying a
full energy and exergy model study. In addition, two system configurations for an ISRRC
were studied and compared. Moreover, different modes of operation are analyzed and
compared using conventional heating fluids and nanofluids. The conclusion and

recommendations are presented in this section.

6.1 Conclusion
Therminol and Syltherm were chosen as the base fluids, while Alumina (Al,0;),

Copper(Cu), and Single Walled Carbon Nanotubes (SWCNT) were chosen as the
nanoparticles. It was seen that the density of the nanofluids decreases with the increase in
temperature, and increases with the increase in the volume fraction. Further, since
Therminol has a higher density than Syltherm, Therminol based nanofluids showed a
higher density that Syltherm based nanofluids. Also, Cu-based nanofluids displayed the

highest density increase compared to other nanofluids, because of the high density of Cu.

The specific heat capacity of the nanofluids increases with the increase in
temperature, and decreases with the increase in volume fraction. SWCNT-based
nanofluids showed the least decrease in the specific heat capacity when compared to
other nanofluids; nonetheless the decrease caused by the addition of nanoparticles is
considerably small (around 2%). Moreover, Therminol based nanofluids showed a higher
specific heat capacity than that of the Syltherm nanofluids. In order to increase the
specific heat capacity of the base fluids, nanoparticles with a higher specific heat capacity

than the base fluids are to be added.

The viscosity of the nanofluids depends on the viscosity of the base fluids and the
volume fraction, meaning that all nanofluids despite the nanoparticles added to them

show the same viscosity at different volume fractions. Different viscosity models were
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compared, and the Batchelor model [94] was chosen because it takes into account the
Brownian motion of the nanoparticles inside the base fluid. It was seen that the viscosity
of the nanofluids decreases with the increase in temperature, and increases with the
increase in the volume fraction. Also, Syltherm based nanofluids show a higher viscosity
than that of Therminol based nanofluids. Further, increasing the nanoparticles diameter

showed no effect on the viscosity of the nanofluids.

Different models for the prediction of the thermal conductivity of the nanofluids
were compared to experimental data and each other. The Yu and Choi model [75] was
chosen for calculating the thermal conductivity of Cu and Al,05- based nanofluids, while
the model developed by Nan et al. [85] was chosen to calculate the thermal conductivity
of SWCNT-based nanofluids. It was seen that the thermal conductivity of the nanofluids
decreases with the increase in temperature, and increases with the increase in volume
fraction. SWCNT-based nanofluids showed the highest enhancement in the thermal
conductivity when compared to Cu and Al,05-based nanofluids that showed the same
enhancement as each other. Moreover, Therminol based nanofluids showed a higher
thermal conductivity when compared to Syltherm based nanofluids, however Syltherm
based nanofluids showed a higher enhancement in the thermal conductivity. In addition,
it was seen that thermal conductivity of nanofluids decreases with the increase in the
nanoparticles radius, and increases with the increase in the nanolayer thickness
of Cu and Al,05-based nanofluids. Moreover, it was seen that nanoparticles with the
least sphericity show the highest enhancement in the thermal conductivity. Regarding the
SWCNT-based nanofluids, it was seen that the increase in the length of the SWCNT
nanoparticles increases the thermal conductivity of the nanofluids, while increasing the

diameter showed negligible effect on the thermal conductivity.

The Reynolds number of Therminol and Syltherm based nanofluids increases with
the increase in temperature. Cu and Al,05-based nanofluids show a higher Reynolds
number when compared to the base fluids, while SWCNT-based nanofluids show a lower
Reynolds number. The increase in the volume fraction results in an increase in the
Reynolds number of Cu and Al,05-based nanofluids, and a decrease in SWCNT-based

nanofluids. The Prandtl number of the nanofluids decreases with the increase in the
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temperature and volume fraction. The Prandtl number is the same for Cu and Al,05-
based nanofluids. The convective heat transfer coefficient of the nanofluids increases
with the increase in the volume fraction, and the increase in temperature up to a certain
temperature where a constant line is present. It was concluded that the best enhancement
in the heat transfer coefficient happens between a volume fraction of 2% and 10%.
SWCNT-based nanofluids show the highest enhancement in the heat transfer coefficient
followed by Cu-based nanofluids and Al,05-based nanofluids. Moreover, Therminol
based nanofluids show a higher heat transfer coefficient when compared to Syltherm
based nanofluids, however Syltherm based nanofluids show a higher heat transfer
coefficient enhancement. In addition, the enhancement in the heat transfer coefficient
decreases with the increase in the Reynolds number, and the highest enhancement is
shown in the transition phase between laminar and turbulent flow.

The effect of the volume fraction on the enhancement of the efficiency and power
output of PTSC was studied. It was seen that the efficiency and power output of the
PTSC increase with the increase in the mass flow rate until an optimum mass flow rate
value where the efficiency and power output are maximum. Using nanofluids increased
the efficiency and power output of the PTSC, and the maximum increase occurred while
using SWCNT-based nanofluids. Therminol-based nanofluids showed a higher efficiency
and power output when compared to Syltherm-based nanofluids; however Syltherm
based nanofluids showed a higher enhancement. Moreover, it was established that
SWCNT-based nanofluids with a volume fraction of 5% were a suitable nanofluid to use

for analyzing the PTSC system.

A monthly-based analysis of the PTSC for the city of Abu Dhabi was done for
comparison between SWCNT-based nanofluids and conventional heating fluids. The
months of May and August showed the highest efficiency and power output of the PTSC
for all fluids. It was seen that using nanofluids increases the efficiency and the power
output of the PTSC regardless of the beam radiation value. Moreover, the exergetic
efficiency was increased, and the exergy destruction was decreased when nanofluids were
utilized. Further, the entropy generation dropped in the presence of nanofluids.

Therminol-based nanofluids showed a higher efficiency, power output, exergetic
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efficiency and a lower entropy generation when compared to Syltherm-based nanofluids;
however Syltherm based nanofluids showed a higher enhancement in the energetic and
exergetic efficiencies, and the power output and a higher detraction in the entropy

generation.

While comparing the ISRC and ISRRC it was seen that the efficiency of the
ISRRC is higher. Although the work done by the turbine of the ISRC is greater than that
of the ISRRC, however the amount of energy needed to power the ISRRC is less than
that of the ISRC making it more efficient.

The mass flow rates of the heating fluid inside the PTSC, the molten salt inside
the storage system, and the steam inside the cycle have a significant effect on the
performance of the ISRRC. In addition, the mass flow rates are affected by the modes of
operation. For modes of operation with storage (modes 2 &3), the mass flow rate of the
heating fluid in the PTSC increases until a peak value where the solar intensity is at its
highest, for these hours a part of the flow rate is routed in order to charge the storage
system. The discharging cycle begins when the PTSC shuts down for the lack of beam

radiation, and it is supplied until the storage load is satisfied.

The addition of the nanoparticles yielded a positive effect on the annual energy of
the ISRRC, for all the nanofluids. The effect on the net saving of the ISRRC was either
positive or negative depending on the nanofluids, and the mode of operation. For the 1%
mode of operation, it was concluded that 5% Cu-based nanofluids are the best
replacement for Therminol and Syltherm. However, for the 2" and 3™ modes of
operation 5% SWCNT-based nanofluids were the most suitable replacement for
Therminol, while 5% Al,05-based nanofluids and 5% Cu-based nanofluids were the
most suitable replacement for Syltherm for the 2" and 3rd modes of operation

respectively.

Regarding the modes of operation, it was concluded that the most efficient and
cost effective mode of operation for the ISRRC is the 2" mode of operation, with a 7.5

hours of storage. It showed the lowest LEC and the highest net saving compared to the
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other modes of operation, and for all nanofluids. The presence of the storage system leads

to increase in the plant operation hours, increasing the annual energy produced.

6.2 Recommendations
It is recommended to carry the provided analysis for different types of base fluids

and nanoparticles, as the enhancement of the fluid differs depending on the interaction
between the nanoparticles and the base fluids. In addition, different models for the
prediction of the thermophysical properties can be utilized in order to produce the most
accurate and precise results. Moreover, experimental procedures are a must in order to
compare the accuracy of the results, and study the magnitude of enhancement provided
by adding nanoparticles to base fluids.

In order to further increase the efficiency and power output of the PTSC,
nanomaterials can be utilized to serve as a material for the absorber tube, or the reflective
collector of the PTSC. Using nanomaterials will increase the amount of heat captured by
the absorber tube and reflected by the collector, hence increasing the efficiency and
power output of the PTSC. In addition, nanomaterials can be used in the TES in order to
increase the specific heat capacity of the fluid, resulting in less heat loss while storing and

higher freezing temperature in the case of Molten Salts.

Further, the effect of using nanofluids can be studied on different solar harvesting
systems such as the flat plate collector, and the Linear Fresnel as the enhancement in the

nanofluids is higher while low Reynolds number and mass flow rate are present.

Moreover, a detailed exergy-economic cost analysis of the ISRRC is
recommended in order to study the system from an exergetic-economic point of view,

and establish the amount of saving presented by using nanofluids as a heating fluid.

Finally, the results obtained from this research can form the basis for further
research towards the fulfillment of the UAE’s goal toward sustainable and renewable

energy production methods.
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