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Abstract

Environmental issues such as air and water pollutions and climate change can be linked
to the fossil fuels being still the main source for human activities and therefore, its
intensive consumption. As a result, there is a clear need to utilise alternative and clean
energy sources to address these environmental problems. Solar thermal energy has a
potential to diminish the dependency on fossil fuels and reduce CO, emissions in which
solar radiation is converted to heat via a thermal fluid for power and heat generation.
Medium and high-temperature solar thermal systems where concentrated collectors are
employed have been utilised for power generation, whereas low-temperature solar
systems where non-concentrated collectors such as flat plate are employed have been

used for heat generation.

A review of the literature indicates that by using an appropriate thermal fluid, the
generation of power and heat is possible via low-temperature solar thermal systems. It
can also be revealed from the literature that when selecting a thermo-fluid to be utilised
in such systems it is important to consider thermophysical, environmental and safety

aspects all together.

This project is focused on the investigation of novel and environmentally friendly
thermo-fluids that can be potentially utilised in low-temperature solar thermal systems
for mechanical and heat energy generation. This was accomplished in three stages.
Firstly, a low-temperature solar thermal system which consists of solar organic Rankine
cycle and heat recovery units was designed, commissioned and tested experimentally. In
the experiments, HFE 7000 refrigerant that has zero ozone depletion potential (ODP)
and low global warming potential (GWP) was employed. The performance of the
system was evaluated in terms of energy and exergy analyses. In the 2" stage, the flat
plate collector was mathematically modelled and simulated under various operating
conditions. Then, the model was extended to the solar organic Rankine cycle to perform
a simulation study where 24 organic compounds were examined according to their
applicability in terms of the thermal performance of the cycle and environmental
properties of the fluids such as flammability, toxicity and global warming potential. In
the last stage, a numerical study of the laminar flow of HFE 7000 based nano-
refrigerants at different Reynolds number and volume concentration ratio was
conducted. The convective heat transfer coefficient, the pressure drop and the entropy

generation of the each flow was investigated.
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Nomenclature

A Area, m’

Cp Specific heat, J/kgK

d Radius of the stator to the centre of the rotor, m
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Ex Exergy rate, W

f Friction factor

F Collector heat removal factor
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Sin Incoming solar radiation, W/m*
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U Heat loss coefficient, W/m°K
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Y Volume, m*

W Work rate, W

W Tube spacing

X Vapour quality
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ave average
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c convective

col collector

cond condenser

crit critical

cwW cooling water

cyc cycle

dest destruction

dsg designed

XVI



exp expander

f fluid

g gas, vapour

gen generation

in inlet

ins insulation

int Initial, intake

I liquid

lat latent

m mean

mec mechanical

mp multiphase

n number of vanes
nbp normal boiling point
nc nucleate

nf nanofluid

0 reference (dead) state
out outlet

ov over

p plate

pp pinch point

rec recovery

rot rotor

S isentropic, particle
sat saturation

snb sensible

sp single phase

st storage

stat stator

T total

ud under

w water

wi working fluid

Greek symbols

(1

transmittance- absorbance product

density, kg/m®

first law efficiency

exergy efficiency

plate emissivity

glass cover emissivity

absorber plate thickness

kinematic viscosity, m’/s

heat flux, W/m?

dynamic viscosity, kg/ms

collector tilt angle

Stefan-Boltzmann constant

angle of a specific vane from the origin

specific volume, m*/kg

angle between the vanes, deg

S 2 <D FE QS|SB

particle volume concentration (%)
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Abbreviations

Following abbreviations are used in this thesis.

Abbreviations  Description

Bo Boiling number

CFC Chlorofluorocarbon

CSP Concentrated solar power
Co Convection number

CO, Carbon dioxide

Fr Froude number

GWP Global warming potential
HC Hydrocarbon

HCFC Hydroclorofluorocarbon
HFC Hydrofluorocarbon

HFE Hydrofluoroether

HFO Hydrofluoroolefin

LFR Linear Fresnel reflector
MWCNT Multiwall carbon nanotubes
Nu Nusselt number

ODP Ozone depletion potential
ORC Organic Rankine cycle
PFC Perfluorocarbon

Pr Prandtl number

PR Pressure ratio

PTC Parabolic trough collector
PV Photovoltaic

Re Reynolds number

RO Reverse osmosis

SORC Solar organic Rankine cycle
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Chapter 1 Introduction

1.1. Research outline

Energy is the capacity to do work and it is crucially required for people to meet their
activities in industrial, transportation and residential sectors throughout the World.
Energy can be classified as non-renewable such as fossil and nuclear fuels and
renewable including hydropower, biofuels, solar, wind, geothermal and wave power.
Fossil fuels are also called hydrocarbons and they are formed mainly carbon and
hydrogen atoms. Because fossil fuels are abundant and provide large amounts of energy
to be stored they are still the most used energy sources in the World. Coal, oil and
natural gas which are various forms of fossil fuels supply the great majority of World’s
energy demand (Boyle, G. et al., 2003). Figure 1-1 represents the energy consumption
of the World by renewable and non-renewable sources.

(a) *other renewables (2.27%)

(b) biomass (4.73%)

(©) hydroelectric (2.62%)

© ® @

* Geothermal energy, Wind energy, Solar thermal/PV
Figure 1-1 World energy consumption by sources (EIA 2014)

However, the use of fossil fuels has many adverse effects on the environment. For
instance, large quantities of CO, (a major greenhouse gas) is generated and is released
to the atmosphere which subsequently causes a rise in the Earth’s temperature and
makes significant changes in the World’s climate system (Reddy, V. S. et al., 2013).
Table 1-1 shows the atmospheric CO; levels in parts per million in the World from 1995
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to 2005. It can be seen from the table that the level of CO, was 360 ppm in 1995 and
this value increased to 400 ppm in 2015.

Furthermore, extracting fossil fuels in the future will become gradually challenging and
it seems to be unlikely to keep the pace with their consumption and reproduce them to
meet the demand. In this regard, since the nuclear energy still has some limitations and
currently available only in large scale power generations, using renewable energy
sources as an alternative energy source has become very important and the best choice
for domestic heating and electricity generation (Boyle, G. et al., 2003; Mekhilef, S. et
al., 2011).

Table 1-1 CO, levels in the World between 1995 and 2015 (NASA 2015)

Year CO, (ppm) Year CO, (ppm)
01-1996 362.04 01-2006 381.35
01-1997 363.04 01-2007 382.93
01-1998 365.18 01-2008 385.44
01-1999 368.12 01-2009 386.94
01-2000 369.25 01-2010 388.5
01-2001 370.52 01-2011 391.25
01-2002 372.45 01-2012 393.12
01-2003 374.87 01-2013 395.54
01-2004 377 01-2014 397.8
01-2005 378.47 01-2015 399.96

Renewable energy sources such as solar, wind, biomass, geothermal, i.e. which are
produced by both direct and indirect effects of the Sun’s energy on the earth can be
utilised for heat and electricity production (Boyle, G. et al., 2003). Figure 1-2 depicts
the renewable energy consumption by source from 2005 to 2011 in terms of trillion Btu.
It can be seen that the general trend for all sources was upward. The most used
renewable energy source was biomass during the 7 year period. It was followed by
hydro and wind energy respectively. Yet the consumption of solar energy for domestic
heating and electricity generation is below among the other energy sources, available

solar energy for use is much higher than the amount of utilising of other energy sources.
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Figure 1-2 Renewable energy consumption by source (EIA 2014)

Solar energy is abundant and free renewable energy source that can be supplied without
making any kind of pollution to the atmosphere. It has been utilised for drying, space
heating and cooling, water heating, steam generating, desalination, refrigeration,
mechanical energy and electricity generation applications. There are two ways of
utilising solar energy which are solar photovoltaic (PV) and solar thermal systems
(Mekhilef, S. et al., 2011).

Photovoltaic systems consist of silicon or selenium based semiconductors and they
absorb the solar energy and convert it to the electricity directly. Solar PVs have become
popular for electricity generation recently. However, these panels have some
drawbacks. For instance, PV panels are more expensive compared to the panels for solar
thermal energy and PV panels have limited efficiency levels ranging from 12 to 20%.
Moreover, conversion of direct electric current (DC) generated from solar PVs to
alternating current (AC) requires inverters and expensive electronic equipment (Green
Energy Saving Tips 2015; Green Power Technology 2015). Another way of utilising

solar energy is ‘'solar thermal' where the solar energy is converted into heat and
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transferred to a thermal fluid in solar collectors. Solar thermal technology can be
utilised for generating electricity and heat. (Mekhilef, S. et al., 2011).

Solar thermal technology can be categorised as law temperature, medium and high
temperature thermal systems depending on the solar collector that is utilised.
Concentrated collectors such as parabolic trough, parabolic dish and power tower can
generate heat at medium and high temperature whereas non-concentrated collectors

such as flat plate can provide heat at low-temperature (Reddy, V. S. et al., 2013).

Solar thermal

|
l l l

Low temperature Medium temperature High temperature
(<100 °C) (100 °C — 400 °C) (=400°C)
Flat-plate Solar pond Parabolic trough Dish collector Solar power

collector collector tower

Figure 1-3 Solar thermal technology classification according to temperature (Reddy, V. S. et al., 2013)
However, medium and high temperature solar thermal systems where the concentrated

collectors are utilised have some obstacles. For instance, concentrated collectors require
complex technologies and high investment costs. Furthermore, high temperature and
high pressure operating conditions are necessary to make these systems profitable
(Kalogirou, S. A., 2004; Mekhilef, S. et al., 2011; Romero, M. and Gonzalez-Aguilar,
J., 2014).

Alternatively, non-concentrated flat plate collectors and solar ponds can be used to
generate power and heat. Utilising working fluids with lower boiling temperature than
water allows low-temperature solar thermal systems to operate on organic Rankine
cycle (ORC) and generate heat and electricity at lower temperatures (Reddy, V. S. et al.,
2013).

The choice of thermo-fluids has a great effect both on the system performance and the
environment (Bao, J. and Zhao, L., 2013). Chlorofluorocarbons (CFCs) and
Hydrofluorocarbons (HCFCs) are conventional thermo-fluids and they are recognised as

ozone depleting substances by Montreal Protocol. Due to their high ODP and GWP,
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CFCs have been phased out already and complete phase out of HCFCs has been
projected in 2030 (Husband, W. and Beyene, A., 2008). Hydrofluorocarbons (HFCs)
have been used as substitutes for CFCs and HCFCs. Although HFCs have zero ODP
value, they present high global warming potential. (Shahinfard, S. and Beyene, A.,
2013). Other alternative thermo-fluids which can be utilised in solar thermal systems are
hydrocarbons (HCs), yet they have flammability issues (Granryd, E., 2001).
Hydrofluoroethers (HFEs) and hydrofluoroolefins (HFOs) also have zero ODP and
relatively low GWP which make them alternative thermo-fluids for solar thermal
systems (Invernizzi, C. M. et al., 2016; Tsai, W.-T., 2005). Furthermore, nanofluids
which are a suspension of solid particles in a base fluid can be utilised in solar thermal
applications (Daungthongsuk, W. and Wongwises, S., 2007; Saadatfar, B. et al., 2014).
Nanofluids present enhanced heat transfer characteristics as dispersed solid particles
have thermal conductivity much more than that of base fluids. Therefore, nanofluids
have the potential to provide higher efficiency and better performance when they are
used in heat transfer applications (Duangthongsuk, W. and Wongwises, S., 2009;
Khanafer, K. and Vafai, K., 2011).

1.2. Research question

Considering the environmental problems such as global warming and climate change
the utilisation of clean and alternative renewable energy sources has become a vital
concern for the World. Therefore, the research question being addressed in this project
is to determine if novel and environmentally friendly thermofluids can be utilised in
renewable energy applications such as solar thermal systems for mechanical and heat

energy generation efficiently.

1.3. Novelty

In this work, a low-temperature solar thermal system which generates mechanical and
heat energy was designed and tested experimentally. Firstly, a non-concentrated flat
plate collector was utilised as the direct heat source of the proposed system. In other
words, additional heat exchanger such as an evaporator was eliminated from the system
which implies lower installation cost and less thermal loss from the system boundaries.
Secondly, instead of complex and expensive conventional turbines, an air motor which
Is a positive displacement machine was used as an expander of the system. This will

address the issue of utilising and adopting appropriate positive displacement expanders
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such as rotary vane expander for low-temperature solar thermal systems. Furthermore,
this study will demonstrate the feasibility of utilisation an environmentally friendly
thermo-fluid (HFE 7000) in a low-temperature solar thermal system for mechanical
energy and heat generation. In the literature, in solar organic Rankine cycle modelling
and thermo-fluid selection studies, the collector and expander efficiencies are set
constant. In the developed steady-state, mathematical model of the cycle, the collector
and the expander efficiencies were varied according to operating conditions of the cycle
and thermo physical properties of investigated fluids. Therefore, their effects on the
solar ORC performance were taken into the consideration. Furthermore, rather than
conventional  thermofluids such as  Chlorofluorocarbons  (CFCs) and
Hydrochlorofluorocarbons (HCFCs), only thermofluids that have zero-ozone depletion
potential (ODP) such as Hydrocarbons (HCs), Hydrofluorocarbons (HFCs),
Perfluorocarbons (PFCs), Hydrofluoroethers (HFEs) and Hydrofluoroolefins (HFOs)
are considered in this research. Lastly, the laminar flow of environmentally friendly
novel refrigerant HFE 7000 based nanofluids including Al,O3, CuO, SiO, and MgO
nanoparticles at various Reynolds numbers and particle volume concentration ratios was
numerically investigated. The flow characteristics as well as the performance of the
HFE 7000 based nanofluids were studied through the exergy analysis method. This
study will bring a significant contribution to the knowledge of nano-refrigerants which

can be utilised in solar thermal applications for thermal efficiency enhancement.

1.4. Aims and objectives of the thesis

The first main aim of this thesis is to evaluate the thermodynamic performance of a low-
temperature solar thermal system, utilising a new generation, environmentally friendly
thermo-fluid for mechanical energy and heat generation. The second main aim of the
thesis is to develop a mathematical model of the solar thermal cycle to simulate the
system using various novel thermo-fluids and to determine the optimal fluids in terms of
thermodynamic and environmental aspects. The last aim of this thesis is to examine the
feasibility and heat transfer characteristics of various nano-refrigerants by performing
numerical simulations.

The following objectives have been set to attain the project aims mentioned above:

1) To design and construct an experimental test rig of a low-temperature solar

thermal system with the selection of a novel and environmentally friendly
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2)

3)

4)

5)

thermo-fluid to be utilised in the proposed system as the working fluid for
mechanical energy and heat generation. Then, design and conduct
experiments to collect data. As a part of this study, evaluate the
thermodynamic performance of the system in terms of energy and exergy
analysis methods based on the data obtained from the experiments,

To develop a mathematical model of the flat plate collector and the proposed
solar ORC. Furthermore, validate the mathematical model of the system
components such as collector and expander against the obtained
experimental data

To simulate the flat plate collector under various operating conditions (mass
flow rate and operating pressure) to understand the collector efficiency
behaviour.

To perform a simulation study of the solar ORC, using twenty four thermo-
fluids including hydrocarbons, hydrofluorocarbons, perfluorocarbons,
hydrofluoroethers and hydrofluoroolefins. As a part of this study, determine
the potential thermo-fluid candidates that can be utilised in the considered
application in terms of thermodynamic performance such as net work output
and cycle efficiency and environmental and safety criteria such as global
warming potential, flammability and toxicity.

Determine the potential HFE 7000 based nano-refrigerants that can be
utilised in the proposed solar thermal application. Then, design and perform
numerical simulations of HFE 7000 based nano-refrigerants in a horizontal
tube using single-phase model to understand the hydrodynamic and thermal
behaviour of the considered nano-refrigerants. Furthermore, analyse the
effect of Reynolds number, nano particle and nanoparticle volumetric
concentration ratio on the convective heat transfer coefficient, pressure drop

and exergy generation of the flow.

1.5. Research methodology

The research methodology followed in this thesis has been two kinds: experimental and

numerical. The first section represents the experimental methodology whereas the rest

indicates the numerical methodology as:
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1) A low-temperature solar thermal system was designed and commissioned,
employing an environmentally friendly thermo-fluid HFE 7000. Furthermore,
an experimental study of thermodynamic analysis of the system was conducted.

2) A mathematical model of the flat plate collector, as well as the whole system
was developed using MATLAB programme.

3) The modelled flat plate collector was numerically simulated employing the
developed code via MATLAB software.

4) The numerical simulations were extended to the modelled solar ORC in
MATLAB environment.

5) CFD analysis of HFE 7000 based nano-refrigerants was performed by using
ANSYS Fluent software.

1.6. Thesis outline

This thesis consists of the material from five published papers by the author (primary).

In Chapter 2, a literature review which covers the related topics regarding to this
research is presented. The state of the art of both experimental and numerical solar
thermal applications has been discussed in this chapter. Furthermore, experimental and
numerical analysis of forced convection flow of nanofluids including single and multi-

phase approaches has been presented.

Chapter 3 provides the description of the system components that make up the low-
temperature solar thermal system. The measurement devices, the working fluid and

experimental methodology are also presented in this section. (Papers I and 1l).

The fourth chapter reports the experimental results in terms of the performance analysis
of the system. The experimental data is discussed through energy and exergy methods
(Paper 1).

In Chapter 5, the detailed mathematical modelling of the proposed system is presented
including each component such as the flat plate collector, expander, condenser and
pump (Papers Il and I1I).

Chapter 6 shows the simulation analysis of the modelled flat plate collector that has
been used in the experiments. The collector thermal analysis which includes the
collector heat loss and collector efficiency using two refrigerants (HFC-134a and HFE
7000) in single-phase and two-phase flow regimes is analysed and the simulation results

are discussed in this chapter (Paper II).
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Chapter 7 presents a simulation study of the proposed system using 24 thermo-fluids
fluids. This chapter focuses on the thermodynamic and environmental properties of each

fluid and their effects on the system performance (Papers Il and IV).

In Chapter 8, numerical analysis of HFE 7000 based nano-refrigerants are presented
based on the (Paper V). The convective heat transfer characteristics, pressure drop and

entropy generation analysis of investigated nano-refrigerants have been investigated.

Chapter 9 presents the discussion of the findings obtained from this research.
Recommendations for future work are presented in Chapter 10. References and

appendices are provided at the end of the thesis.
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2.1. Solar Energy

Solar energy, which is a clean renewable energy source can be utilised to address many
environmental problems such as pollution and global warming by diminishing the
dependency on fossil fuel consumption (Baharoon, D. A. et al., 2015; Reddy, V. S. et
al., 2013). Solar energy can be harvested in two ways which are solar photovoltaics and

solar thermal.

2.2. Solar photovoltaics (PVs)

The term *photovoltaic’ stands for the direct conversion of sunlight into electricity.
Photovoltaic cells, which are made of layers of semiconductor materials (e.g. silicon)
are used to convert photons of sunlight into electricity. Photovoltaic cells are generated
in modules comprising a large number of cells interconnected in series as a low voltage
can be produced from each cell (Boyle, G. et al., 2003). Figure 2-1 demonstrates the
schematic of a cell, module and array respectively.

Cell Module Array

Figure 2-1 The photovoltaic hierarchy (Zobaa, A. F. and Bansal, R. C., 2011)

Most of the PV systems are mounted on the roofs and facades of domestic and industrial
buildings and the generated electricity is fed into a grid system. However, these systems
need an inverter to convert the direct voltage (DC) electricity produced from the PV into
alternating voltage (AC) before it is exported to the grid. Photovoltaic systems can also
be used without being connected to an electricity grid. This system is called ‘Solar
island systems’ and they are rather used in the areas which are far from an electricity
grid. Figure 2-2 and Figure 2-3 represent grid-connected and off grid PV systems
respectively.

10
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photovoltaic

modules .
grid

DC'

voltage

| |inverter

consumers {
ks

AC voltage

=)

Figure 2-2 Grid-connected solar PV system as an example (Quaschning, V., 2009)

One of the major drawbacks of solar PV systems is that the manufacturing of the silicon
for a cell is an energy-intensive process. However, it is also projected that the amount of
material that is used for PV generation will decrease, therefore, the amount of energy
that is necessary for PV production will diminish in the future (Quaschning, V., 2009).

Figure 2-3 An example of a solar island system (Quaschning, V., 2009)

11
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2.3. Solar thermal energy

Solar thermal energy is a technology which indicates the conversion of the solar
radiation into heat in solar collectors. Solar thermal energy applications can range from

domestic heating, cooking, drying, cooling, and mechanical energy generation.

Various types of collectors can be used depending on the application and desired
temperatures. Solar collectors that are used in solar thermal applications can be divided
into two categories as concentrating and non-concentrating (stationary) collectors
(Kalogirou, S. A., 2004). The properties of various types of collectors are given in Table
2-1.

Table 2-1 Properties of various types of solar energy collectors (Kalogirou, S. A., 2013)

Collector type Concentration ratio Absorber type Temperature (°C)
Flat plate collector (FPC) 1 Flat 30-80

Evacuated tube collector (ETC) 1 Flat 50-200

Parabolic trough collector (PTC)  10-85 Tubular 60-400

Linear Fresnel reflector (LFR) 10-40 Tubular 60-250

Parabolic dish reflector (PDR) 600-2000 Point 100-1500
Heliostat field reflector (HFC) 300-1500 Point 150-2000

2.3.1. Concentrating solar collectors

Concentrating solar collectors contain a concave reflecting surface which is used to
concentrate the solar radiation onto a receiving area. In concentrating solar collector
applications, the radiation heat flux that is directed to the receiver is increased, therefore
higher temperatures can be achieved. Utilisation of concentrating solar collectors in
solar thermal systems is also called as ‘concentrating solar power’. Concentrating solar
power (CSP) is more appropriate in the areas, where there is a high percentage of clear
sky days as it is able to capture only the direct beam radiation. There are four
concentrating solar collectors that are used in CSP applications in the World (Figure
2-4). The concentrating solar collectors can be listed as parabolic trough collectors
(PTC), linear Fresnel reflector (LFR), solar power tower and parabolic dish collector.
(Kalogirou, S. A., 2013).

12
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Figure 2-4 Schematic representation of four different CSP technologies (Richter, C. et al., 2009)
2.3.1.1 Parabolic trough collector

A parabolic-trough collector (PTC) systems consists of a parabolic trough shaped, long
mirrors and a conduit that is positioned on the focal line of the trough. The sunlight is
concentrated by the parabolic mirrors onto the conduit (receiver tube) where the heat
transfer fluid is circulated. Then, the heated heat transfer fluid is directed to a heat
exchanger to transfer its heat to water and generate vapour in a water-steam cycle. In the
water-steam cycle, the vapour expands in a steam turbine that is coupled to a generator
and produces electricity. The water-steam cycle, which is coupled with parabolic trough
collectors, is also called the Clausius-Rankine cycle. In parabolic trough collectors,
receiver comprises two concentric tubes. The inner tube which is separated from the
outer tube by vacuum carries the heat transfer fluid. This is to prevent convection heat
losses from the receiver. Water, oil and water-ethylene-glycol mixture can be utilised as

a heat transfer fluid in the receiver tube (Quaschning, V., 2009; Zobaa, A. F. and

13
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Bansal, R. C., 2011). A schematic representation of a parabolic tower system is shown
in Figure 2-5.

reheater

solar
collector field

superheater
turbine generator
Ev&porizer
condenser
cooling
tower
%L—
heat transfer economizer feedwater
fluid pump pump

Figure 2-5 Parabolic trough power system coupled with thermal storage (Quaschning, V., 2009)

2.3.1.2 Linear Fresnel Reflector

In Linear Fresnel reflectors (LFR), multiple long and narrow mirrors are oriented close
to the ground to reflect the sunlight to the fixed and linear receivers (Figure 2-6). As it
is mentioned previously large mirrors as a reflector are used in PTC. However,
eliminating the large reflectors in LFRs allows an easier cleaning and repair.
Furthermore, fixed position of the receiver in LFR makes these systems cheaper
compared to the PTCs (Chen, C. J., 2011; Zobaa, A. F. and Bansal, R. C., 2011).

)
2
2

& Kb
B

-
4 ‘A"’.
VaraTs

— vl
Z N

Linear Fresnel
Reflectors

Figure 2-6 Linear Fresnel reflector system (Zobaa, A. F. and Bansal, R. C., 2011)
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2.3.1.3 Solar Power Tower

This system consists of thousands of individual sun-tracking mirrors (heliostats) and a
receiver that is located on the top of a tower. The heliostats which reflect the solar
radiation onto the receiver are controlled by a computer to track the sunlight. Molten
salt, which is mostly used as a heat transfer fluid in the receiver gains the solar heat and
transfer its heat to a secondary fluid. Then the secondary fluid, for instance, water that
turns into a steam in the receiver drives a steam turbine in a Rankine cycle to generate
electricity (Chen, C. J., 2011; Quaschning, V., 2009; Zobaa, A. F. and Bansal, R. C.,

2011). Figure 2-7 represents a schematic of a solar power tower system.

Steam High and

low pressure

| .
Tower LSS turbines
receiver Superheater } <. 4
Heliostat 15

—
field L

5.9
Reheater éé L
19
—— -
é

Steam
Condenser

generator |

L1 Feedwater
Heat transfer fluid .

Figure 2-7 Solar power tower system (Zobaa, A. F. and Bansal, R. C., 2011)

2.3.1.4 Parabolic Dish Collector

Parabolic dish technology utilises a convex mirror in the form of a big dish to
concentrate the sunlight onto a receiver which is sited at the dish's focal point. The
sunlight is converted to heat in the receiver and the heat is directed to the Stirling engine
to generate electricity (Kalogirou, S. A., 2013; Quaschning, V., 2009).

15
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Figure 2-8 A representation of a parabolic dish system (Zobaa, A. F. and Bansal, R. C., 2011)

2.3.2. Non-concentrating solar collectors

Non-concentrating solar collectors such as flat plate and evacuated tube collectors have
the same area for intercepting and absorbing the sunlight. Compared to the
concentrating collectors, flat plate and evacuated tube collectors can operate at lower
temperatures (Kalogirou, S. A., 2013).

2.3.2.1 Flat plate collector

Flat plate collector which is classified as stationary collectors is used for low-
temperature applications. Flat plate collectors which can harness both diffuse and direct
(beam) radiation mainly consist of a glass, an absorber plate, collector tubes, insulation
and a casing (Figure 2-9).

rain, wind,
snow

ecin /)

front
glass

absorber

usable heat

Figure 2-9 Schematic diagram of a flat plate collector (Quaschning, V., 2004)
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Glazing which is normally formed by glass or other diathermanous material is used to
reduce convection and radiation losses from the collector. As the solar radiation is
transmitted from glazing it falls on the absorber plate surface. Absorber plate which can
be flat, corrugated or grooved is a blackened material with a high absorptivity. A large
portion of the energy is absorbed on the plate and transferred to the fluid (e.g. water,
air). The fluid circulates in the collector tubes to carry away the energy to be stored or
used. Collector tubes can be designed in two arrangements. The first one is header/riser
arrangement and the other alternative is serpentine tube arrangement. The latter is
preferred for the lower flow rates since the header/riser design can result in poor flow
distribution and performance. The casing which stands the underside of the absorber
plate is well insulated on the sides (Duffie, J. A. and Beckman, W. A., 2013; Kalogirou,
S. A., 2004).

2.3.2.2 Evacuated tube collectors

Evacuated tube collector comprises a heat pipe inside a vacuum-sealed tube which
decreases conduction and convection losses. Similar to flat plate collectors, evacuated
tube collectors can also absorb both beam and direct radiation. They can operate at
higher temperatures compared to flat plate collectors whereas they are relatively
expensive (Kalogirou, S. A., 2013).

Figure 2-10 Evacuated tube collector with heat pipe (Quaschning, V., 2009)

2.3.3. Non-concentrating solar collector thermal applications

Stationary collectors, namely flat plate and evacuated tube collectors are mainly used in
water heating systems. In these systems, collectors absorb the solar radiation and
convert it into heat. Then, the heat is transferred to water that is circulated through the

collector. The heated water can be stored in a storage tank or used directly. In water
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heating systems, water is circulated by natural convection (thermospihoning) through
the collector. Alternatively, a fan or pump can be used to circulate the water through the
collector (Kalogirou, S. A., 2013). Figure 2-11 indicates solar water heating systems

with and without pump.
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Figure 2-11 Solar water heating systems a) thermo-syphon b) pumped (Quaschning, V., 2009)

Stationary collectors can also be utilised for both water and domestic heating where the

collector and the storage tank is connected to the heating cycle (Figure 2-12).
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Figure 2-12 Solar thermal system for hot water and heating applications (Quaschning, V., 2009)

In addition to water and space heating applications, non-concentrating (stationary)
collectors can be utilised for mechanical and electricity generation. The system working
principle relies on the conversion of sunlight into heat in the collector and storing the

heat (if appropriate) and utilising the converted heat to operate a heat engine (Figure
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2-13). However, the system efficiency is low in comparison to the concentrating power

systems as the stationary collectors can provide heat to operate an heat engine at lower

temperatures than concentrating collectors (Duffie, J. A. and Beckman, W. A., 2013).
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Figure 2-13 Schematic of solar thermal power generation system using a flat plate collector
Modified from: (Duffie, J. A. and Beckman, W. A., 2013)

2.4. Steam (Rankine) cycle

Steam cycle, in other words, conventional

thermodynamic cycle in CSP applications.

Solar heat
source, Ty

Steam

Electric

generator

turbine

Feedwater pump

Condenser, T;

Rankine cycle is the most used

Cooling tower

Figure 2-14 Solar thermal power plant utilising the Rankine cycle (Holbert, K. E., 2011)

The Rankine cycle mainly consists of four components which are a boiler, a steam

turbine, a condenser and a pump (Figure 2-15).

It comprises of the following processes:

Process 1-2: Reversible adiabatic pumping process in the pump

Process 2-3: Constant pressure heat transfer in the boiler
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Process 3-4: Reversible adiabatic expansion in the turbine

Process 4-1: Constant pressure heat transfer in the condenser

Water is used in conventional steam Rankine cycles as the working fluid. Rankine cycle
efficiency is highly related to the boiler pressure and super heating of the fluid. Also,
reducing the condenser efficiency has a positive impact on the efficiency of the system
(Cengel, Y. A. etal., 2011).

Turbine

Condenser

Figure 2-15 (a) Configuration of the cycle (b) T-s diagram of the cycle (Kalogirou, S. A., 2013)
2.5. Organic Rankine cycle

An organic Rankine cycle, which utilises organic compounds instead of water yet it has
the same system configuration as conventional Rankine Cycle. Using organic
substances in the system eliminates many problems such as the need of superheating to
avoid condensation during expansion and corrosion risk. Also, it brings the benefits of
requiring single-stage expander instead of complex and expensive turbines. Simple
structure, less costly design and easy maintenance are the other advantages of the
Organic Rankine cycle over conventional Rankine cycle (Andersen, W. C. and Bruno,
T.J., 2005; Tchanche, B. F. et al., 2011; Vélez, F. et al., 2012).
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2.6. Thermofluids of an ORC

Hydrocarbons (HCs), ethers, Perfluorocarbons (PFCs), Chlorofluorocarbons (CFCs),
Hydrofluorocarbons (HFCs), hydrochlorofluorocarbons (HCFCs), hydrofluoroolefins
(HFOs), hydrofluoroethers (HFEs), alcohols, siloxanes and inorganics are the
substances which can be used in ORCs with the exception of some fluids whose critical

temperatures are too high or too low (Bao, J. and Zhao, L., 2013).

2.6.1. Thermodynamic and Physical Properties of Working Fluids

Working fluids can be categorised as dry, isentropic and wet according to their
saturation vapour curve on a T-s diagram. £=ds/dT is the inverse of the slope of the
vapour curve (dT/ds) and it is defined to express the type of a fluid if it is "dry" or
"wet". For instance, a dry fluid has a positive slope (£§>0), wet fluid has a negative slope
(£<0) whereas isentropic fluid has a large infinite slope (§=0), (Figure 2-16). Since wet
fluids have negative slope of the saturation vapour curve such as water, the fluid will
contain some liquid droplets after isentropic expansion at the turbine stages. This causes
damage in turbine blades and also it decreases the turbine isentropic efficiency. Thus, it
Is necessary to superheat wet fluids before it enters the turbine. Also, dry fluids leave
the turbine as superheated vapour which is a waste of energy and this increases the
cooling load and the necessary heat transfer area of the condenser. Alternatively, a
regenerator can be added at the end of turbine to regain superheated vapour. Although
this would raise the system's initial cost and complexity, dry fluids are good alternative
to be used in such cycles. On the other hand, isentropic fluids have a vertical saturation
line so the fluid remains saturated at the outlet of the turbine without any liquid droplet
occurrence. It also eliminates the need for adding additional heat exchanger
(regenerator) in the system. Therefore, isentropic fluids are ideal working fluids for
ORC applications (Hung, T.-C., 2001; Hung, T. C. et al., 1997).

2.6.1.1 Vaporisation latent heat

Fluids with a higher latent heat of vaporization lead most of the heat to be added to the
fluid during the phase change process in the heat exchanger. This also means that the
fluid remains in the phase change region and absorbs more energy from the heat source
(Chen, H. et al., 2010; Maizza, V. and Maizza, A., 2001).
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2.6.1.2 Density

Fluids with low density results higher volume flow rate and this increases the pressure
drop in the heat exchangers. Subsequently, pressure drop causes higher pump work
input. Also, lower density enlarges the size of the equipment in the cycle, such as

expander, condenser and evaporator (Nouman, J., 2012).

2.6.1.3 Boiling temperature
According to the study of Qiu (2012), working fluids which have boiling temperature
between 0 to 100°C is easier to handle at ambient environment (Qiu, G., 2012).

2.6.1.4 Freezing point
Freezing point of the fluids should be below than the lowest temperature point in the
cycle (Bao, J. and Zhao, L., 2013).

2.6.1.5 Viscosity

Both liquid and vapour viscosities of the fluid should be low to avoid friction losses in
the heat exchangers and maximize convective heat transfer coefficients (Bao, J. and
Zhao, L., 2013; Panesar, A. S., 2012).

2.6.1.6 Thermal conductivity

Heat transfer process between the heat source, heat sink and working fluid are highly
related to the thermal conductivity. The higher thermal conductivity the higher heat
transfer coefficients of the fluid. This increases the amount of heat that can be
transferred to the fluid (Nouman, J., 2012; Panesar, A. S., 2012).

2.6.1.7 Environmental properties of thermofluids

ODP and GWP are the vital criteria which state substance's potential to further to ozone
degradation and global warming respectively. CFC (CClynFsm and CoClyFsm) m is
different from zero are banned in 1995 and HCFC (CClnFyHa-m-n and CoCliFyHex.y) M,
n, X, y are different from zero will be banned by 2030 in some countries due to their
high ODP and GWP values (Chen, H. et al., 2010; Shahinfard, S. and Beyene, A.,
2013).

2.6.1.8 Safety properties of thermofluids

Although, all fluids are inevitably toxic, fluids with lower flammability and lower
toxicity should be considered in ORCs (Nouman, J., 2012; Panesar, A. S., 2012).
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2.6.1.9 Economical properties of thermofluids
Working fluids which are easily available and have low cost are preferred in ORCs
(Quoilin, S. and Lemort, V., 2009).

2.7. Solar sourced organic Rankine cycle

Higher temperature and pressure conditions must be ensured to increase the Rankine
cycle efficiency and to avoid water droplet formation during the expansion. However,
these requirements increase the system complexity and the cost. The maximum amount
of solar radiation and heat must be captured in the collectors to achieve these
conditions. Therefore, optical concentration devices have been used in many solar
thermal power applications. Additionally, flat plate or evacuated tube collectors can be
utilised in solar thermal power generation to avoid the disadvantages of the concentrated
solar collectors (Duffie, J. A. and Beckman, W. A., 2013; Quoilin, S. and Lemort, V.,
2009; Romero, M. and Gonzalez-Aguilar, J., 2014). Employing flat plate collectors as a
heat source of an ORC for mechanical and heat generation, utilising HFCs and CO, has
been of interest to many researchers. A small-scale solar ORC was designed and tested
to derive a reverse osmosis (RO) desalination system in (Manolakos, D. et al., 2009;
Manolakos, D. et al., 2007; Manolakos, D. et al., 2005). The design system consists of a
vacuum tube collector, a heat engine unit, including pre-heater, evaporator, expanders,
condenser, a pump and RO unit (Figure 2-17). HFC-134a was used as the working fluid
of the cycle in this study.
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Figure 2-17 Schematic representation of solar ORC (Manolakos, D. et al., 2007)
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Wang et al. (2010) conducted an experimental study of a solar thermal system utilizing
HFC-245fa. In this study, a prototype of the system was designed and tested. Also, new
rolling-piston expander was mounted in the system. Flat plate and evacuated tube
collectors were utilised in the tests and the collector efficiencies of 55.2% and 71.6%
were found for the flat plate and the evacuated tube collectors respectively. They
reported that the system has a power generation efficiency of 4.2% for evacuated tube
and 3.2% for the flat plate solar collector. They also concluded that 1.64 kW average
shaft output was obtained from the new designed R245fa expander (Wang, X. et al.,
2010).
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Figure 2-18 Schematic representation of the experimental system (Wang, X. et al., 2010)
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Bryszewska-Mazurek et al. (2011) carried out a performance study of solar sourced
organic Rankine cycle where HFC-245fa was used as a working fluid of the cycle. The
cycle with an internal heat exchanger was built and tested experimentally. The system
consists of flat plate collectors, evaporator, multi vane volume expander, condenser,
internal heat exchanger, pump and cooling tower. The solar collectors supply heat to the
evaporator where HFC-245fa is evaporated and it turns the turbine to generate
mechanical work. After expansion the fluid goes to the internal heat exchanger where
the fluid is preheated. Then it condenses in the condenser and is compressed by the
pump. They obtained maximum thermal efficiency of 9% with heat regeneration
(Bryszewska-Mazurek, A. et al., 2011). Wang et al. (2012) carried out an experimental
investigation of an recuperative solar thermal cycle, using HFC-245fa. As it can be seen
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from Figure 2-19, the evaporator was eliminated from the system and the flat plate
collector was utilised as the direct heat source of the cycle where the working fluid
undergoes phase change. It was reported that the thermal efficiency of the cycle was
found to be 3.67% and there was no positive impact observed on the system thermal
efficiency due to the use of a regenerator (Wang, J. et al., 2012).
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Figure 2-19 Schematic layout of the recuperative solar ORC (Wang, J. et al., 2012)

Additionally, CO, was used as a working fluid in solar thermal power applications.
Yamaguchi et al. (2006) conducted an experimental study of solar energy powered
organic Rankine cycle using CO,. Experimental prototype which is comprised of solar
collector, throttling valve, heat exchanger, CO, pump and cooling tower was designed
and tested. The system not only generates mechanical work, but also provides heat
energy. To simulate pressure drop in the turbine a throttling valve was used in the
experiments. They concluded that the solar collector can be utilised for heating of CO,
in the cycle up to 165°C. The power generation efficiency of the cycle was estimated
25% and the heat recovery efficiency was 65% (Yamaguchi, H. et al., 2006). Zhang et
al. (2007) examined the performance of a solar thermal cycle where supercritical CO; is
used as a working fluid. The system consists of evacuated solar collector, turbine, heat

exchanger and feed pump. They concluded that the heat collection efficiency of the
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collector reached 70% and the system achieved 8.78-9.45% power generation efficiency
(Zhang, X.-R. et al., 2007).

2.8. Thermofluid selection for solar ORC

Working fluid selection is a crucial task in the ORC design since it affects the efficiency
of the system, operating conditions, the size of the system components, expansion
machine design, environmental concerns and economic viability of the cycle (Bao, J.
and Zhao, L., 2013). Many researchers performed fluid selection studies for solar
powered Organic Rankine cycle. Delgado-Torres and Garcia-Rodriguez (2010)
analysed and conducted an optimization study of a solar ORC. They considered three
collectors which were flat plate, evacuated tube and parabolic collector. Two types of
cycle configurations which were a direct vapour generation (DVG) and heat transfer

fluid (HTF) configurations were considered in the study (Figure 2-20).
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Figure 2-20 Layout of the regenerative solar organic Rankine cycle a) DVG configuration b) HTF
configuration (Delgado-Torres, A. M. and Garcia-Rodriguez, L., 2010)

In DVG configuration, the working fluid is heated directly in the solar collector where
as it is heated in a heat exchanger in HTF configuration. In HTF design, solar collector
supplies the heat source of the evaporator and this heat is transferred to the working
fluid in the evaporator. Dry, wet and isentropic fluids were considered as working fluids
of the system and aperture area needed per unit of mechanical power output of the cycle

was taken into account as a comparison criterion for different operating conditions of
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ORC. They concluded that, in general, wet fluids need higher values of the unit aperture
area than dry fluids with the exception of ammonia. Unit aperture area values for the flat
plate collector were found 17-18 m*¥kW in DVG and 22-23 m?/kW in HFT. For other
type of flat plate collector unit aperture area was found 15 m*kW in DVG and 18
m?/kW in HTF. A unit aperture area of 10 m*kW in DVG and 12 m¥kW in the HTF
was found for evacuated tube collector. Finally, for parabolic collector unit aperture
area was found 19-20 m?kW in DVG and 25-26 m*kW in HTF configuration
(Delgado-Torres, A. M. and Garcia-Rodriguez, L., 2010). Tchanche et al. (2009)
investigated a fluid selection study for a low-temperature solar thermal cycle. Twenty
fluids were compared in the study and the thermodynamic performance of the cycle
based on the first and second laws was evaluated. They reported that HFC-134a is the
most appropriate working fluid for low-temperature solar applications. This is followed
by HFC-152a, HC-600a, HC-600 and HC-290 (Tchanche, B. F. et al., 2009). Various
working fluids for solar organic Rankine cycle, according to their molecular
components, temperature-entropy diagram and their effects on the thermal efficiency,
net power output and the exergy efficiency of the cycle was analysed by Rayegan and
Tao (2011). Thermal/exergy efficiency and net power output were selected as the main
criteria to choice the best working fluid. They concluded that fluids with higher critical
temperature have better performance in ORCs. They also claimed that thermal
efficiency, higher than 25% and exergy efficiency, higher than 20% is possible to
achieve in ORCs (Rayegan, R. and Tao, Y., 2011). Marion et al. (2012) modelled and
simulated and ORC, combined with a single-glazed flat plate collector (Figure 2-21).
The system thermal performance was investigated by using HFC-134a, HFC-227ea and
R365mfc compounds. The simulation results were validated by experiments. Parametric
optimisation was also performed to evaluate the optimum operating conditions in terms
of mass flow rate of the working fluid. The results revealed that the working fluid mass
flow rate has a significant effect on the generated net mechanical power. The results
also showed that R365mfc was found to be the best fluid and it was followed by HFC-
134a and HFC-227ea.
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Figure 2-21 Solar organic Rankine cycle with an internal heat exchanger (Marion, M. et al., 2012)

It can be concluded that several solar ORC studies have been conducted employing flat
plate and evacuated tube collectors and promising thermal efficiency and mechanical
work values were obtained. It can be seen from the above studies that organic
compounds such as HFCs and HCs and inorganic compound such as CO, are the most
used thermofluids that have been examined in solar thermal power cycles. However, yet
the above compounds have desirable thermodynamic and thermophysical properties,
they bring several environmental and safety issues. For instance, HFCs such as R-134a
and R-227ea have high global warming potential. HC-600 and HC-600a are classified
as highly flammable compounds and demanding operating conditions of CO,
(supercritical cycle). Therefore, it is important to investigate thermofluids which can be
safely utilised in solar thermal power cycles and provide promising thermophysical

properties.

2.9. Nanofluids

Nanofluids which are constituted of dispersing solid particles (10-50 nm) in a
conventional fluid are a novel class of heat transfer fluids. Because of the enhancement
in thermal conductivity, nanofluids have the potential to improve the heat transfer
mechanism and provide a higher efficiency and a better performance. (Khanafer, K. and
Vafai, K., 2011).
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Metallic or non-metallic particles with high thermal conductivity which have been

suspended in various base fluids are represented in Table 2-2.

Table 2-2 Thermal conductivities of metallic and non-metallic particles

Particle Thermal conductivity Reference

(W/mK)
Al 237 (Murshed, S. S. and De Castro, C. N., 2011)
Cu 397.5 (Heris, S. Z. et al., 2007)
Ag 429 (Murshed, S. S. and De Castro, C. N., 2011)
Al,O; 40 (Pathipakka, G. and Sivashanmugam, P., 2010)
SiOo, 1.2 (Salman, B. et al., 2014)
MgO 45 (Davarnejad, R. and Jamshidzadeh, M., 2015)
CuO 20 (Nasrin, R. and Alim, M., 2013)
TiO, 8.4 (Purohit, N. et al., 2016)
ZrO, 2.8 (Purohit, N. et al., 2016)
Boron carbide 90 (CES, 2014)
Boron nitride 2000 (CES, 2014)
Beryllium oxide 265 (CES, 2014)
Graphite 388 (CES, 2014)
Silicon 150 (CES, 2014)
Aluminium nitride 200 (CES, 2014)
Silicon carbide 130 (CES, 2014)

2.10. Previous research on convective heat transfer behaviours of
nanofluids
There have been several studies conducted on the convective heat transfer behaviours of

various nanofluids both experimentally and numerically.

2.10.1. Experimental studies

Experimental research on forced convective heat transfer analysis of nanofluids mainly
focuses on the effect of Reynolds number, particle volume concentration ratio and

particle diameter on

the local and average heat transfer coefficient of nanofluids. Table 2-3 summaries the
conducted experimental work, including various nanoparticles at various volumetric
concentration ratios. It can be concluded from the obtained results that the heat transfer
coefficient of nanofluids is dependent on Reynolds number of flow, particle volume
concentration and particle diameter. Furthermore, higher heat transfer coefficients
obtained for nanofluids compared to base fluid. On the other hand, the experimental
studies also showed that the friction coefficient, as well as, pressure drop is higher for
nanofluids than base fluids and this also increased with increasing Re and particle

volumetric concentration ratio.
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Table 2-3 Summary of experimental nanofluid studies

Nanofluid Volumetrlg . Regime  Findings Reference
concentration ratio
A considerable amount of (Wen, D. and
yAlLOs/water 0.6,1, 1.6% L increase in the heat transfer Lo
e - Ding, Y., 2004)
coefficient was obtained
The heat transfer coefficient .
AlOs/water 0.2,1,2,25,3% L enhances with increasing (Heris, S. Z. et
CuO/water . . al., 2007)
nanoparticle concentration
(Duangthongsuk,
. The heat transfer coefficient W. and
0,
TiO,/water 0.2% T rose by 6-11% Wongwises, S.,
2009)
The heat transfer coefficient (Chandrasekar,
Al,Oz/water 0.1, 0.15, 0.2% L/T rose by 34% at 0.2% M. and Suresh,
Al,Oz/water S., 2011)
Re does not have any .
TiO,/water 0.1,0.5,1,15,2% T significance effect on heat (Kayhani, M. et
" al., 2012)
transfer coefficient
Nu increases with increasing
MWCNT/water- 15 3 0 450 L/T MWCNT concentration ratio ~ cumaresan, V.
ethylene glycol - etal., 2013)
and decreasing Re
The heat transfer coefficient (Heyhat, M. et
Al,Os/water 0.1-2% L rose with increasing Re and yhat, M.

particle concentration al., 2013)

0.12% GO/water increased the
heat transfer coefficient by
77%

(Mirzaei, M. and

GO/water Azimi, A., 2016)

0.02, 0.07, 0.12% L/T

L: Laminar T: Turbulent

2.10.2. Numerical studies

Numerical studies on nanofluids where the convective heat transfer of nanofluids is
evaluated can be considered in two parts; single phase and two-phase modelling. In the
single phase modelling, base fluid and nanoparticles are treated as a single,
homogeneous fluid instead of liquid-solid mixture and it is accepted that fluid and
particles are in thermal equilibrium. The calculated or measured nanofluid properties are
applied to the governing equations (continuity, motion and energy). Therefore, it is
crucial to utilise the most suitable correlations for investigation of nanofluid properties.
Some authors also considered the thermal dispersion effect of the chaotic movements of
particles in single phase modelling (Heris, S. Z. et al., 2007; Zeinali Heris, S. et al.,
2012).

Two-phase models consist of two general approaches which are Lagrangian-Eulerian
and Eulerian- Eulerian. Lagrangian-Eulerian approach is more appropriate for low solid
volume fractions. Eulerian, mixture and VOF (volume of fluid) models which belong to

Eulerian- Eulerian approach has been used for nanofluid analysis.
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The slip velocity between base fluid and particles which occurs due to the several

factors such as friction between the fluid and particles, gravity and dispersion can be

considered in these two approaches. The performed numerical studies including both

single and two phase models are summarised in Table 2-4.

Table 2-4 Summary of numerical nanofluid studies

Model  Nanofluid Regime Findings Reference
Two-phase models over predict the heat (Akbari, M. et
SPITP AlO5/water L transfer coefficient. al., 2011)
Two-phase models provide better predictions  (Fard, M. H. et
SPITP Culwater L than single phase model al., 2010)
sp Yﬁ:zge’;gﬁte{ene LT yAl,Og/ethylene glycol gives higher heat (MaiGa, S. E. B.
Z;Iyéols y transfer rate than yAl,Os/water etal., 2004)
(Davarnejad, R.
SP/TP  MgOlwater T !\lanoflt_ud heat transfer rate augmented with and _
increasing volume fraction Jamshidzadeh,
M., 2015)
Sp TiO,/water L Nanofluid with higher volume fraction (Demir, H. et al.,
Al,Oa/water provide higher heat transfer rate 2011)
(Pathipakka, G.
Sp AlLO4/water L The heat transfer .rate increases Wlth rising Re ar_1d
for each nanoparticle concentration Sivashanmugam,
P., 2010)
An increase higher than 15% in Nu was (Behzadmehr, A.
SPITP  Culigier T obtained by 1% Cu-water nanofluid et al., 2007)
Al,Oz/water Increasing nanoparticle concentration and (Heris, S. Z. et
SP CuO/water L decreasing particle size enhances heat N
. al., 2007)
Cu/water transfer coefficient
Sp AlLO4/water L _Increas_ed heat trans_fer and pressure loss w_|th (Zhao, N. et al.,
increasing nanoparticle volume concentration  2016)
Increase in Re and volume concentration (Moraveji, M. K.
SP Fe;O4/water T and Hejazian,
enhanced the Nu and heat transfer rate
M., 2012)
Nanoparticle concentration has an positive (Moraveji, M. K.
SP/TP  Al,Os/water L P . . P and Ardehali, R.
effect on the increase in Nu
M., 2013)
The greater Re and particle volumetric (Hejazian, M. et
™ Al,Og/water T concentration ratio the more heat transfer rate  al., 2014)
Sp Al,Os/water L SiO,/water with 1% volumetric concentration  (Salman, B. et
SiO,/water ratio provided the highest heat transfer rate al., 2014)
Increase in Re increased the heat transfer rate  (Bianco, V. et
SPITP Al,O5/water L and shear stress al., 2014)
. . . . Siavashi, M.
. Optimum conditions obtained with 4% ( .
TP TiOfwater T TiO,/water nanofluid at Re of 5000 ggig)a mali, M.,
Al,O-/water Re of 60x10°, volume concentration of 6% (Saha, G. and
TP TiZO /Swater T and particle diameter of 10 nm provided the ~ Paul, M. C.,
2 optimum flow conditions 2015)
A.|203/ water Lower entropy generation for the nanofluids ~ (Purohit, N. et
SP TiO,/water L .
compared to the base fluid al., 2016)
ZrO,/water
Low concentration of nanoparticles is crucial ~ (Bianco, V. et
SP Al,0y/water T for minimising the entropy generation al., 2014)

SP: Single phase TP: Two phase L: Laminar T: Turbulent
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It can be concluded from the studies in the literature that two-phase models can predict
flow behaviours of nanofluids more accurately than single-phase models. On the other
hand, it was also claimed by several researchers that two-phase models generally over

predict heat transfer coefficient of nanofluids.

Nanofluids can be utilised in solar thermal applications such as in solar collectors, solar
stills, solar cells and solar cooling systems to increase the heat transfer rate. Several
studies have been conducted on nanofluid utilisation in flat plate collectors and the
results indicated that nanofluids improved the thermal efficiency of flat plate collectors
(Chaji, H. et al., 2013; Colangelo, G. et al., 2013; Yousefi, T. et al., 2012a; Yousefi, T.
et al., 2012b). Furthermore, nanofluids can be utilised in solar thermal power
applications as a working fluid. For instance, Saadatfar et al. (2014), used silver-nano
pentane in solar organic Rankine cycle for power, heating and cooling applications. It
was reported that the achieved performance of the cycle when using nanofluids was
higher than that of the base fluid (n-pentane) (Saadatfar, B. et al., 2014).
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Chapter 3 Experimental methodology

Low-temperature solar thermal systems utilising novel thermo-fluids has been an
important subject to several researchers since many years. Therefore, a practical
experience is vital to understand solar thermal systems under real operating conditions.
In this context, a low-temperature solar thermal system prototype was developed and
the experimental tests of the prototype, employing a new generation thermo-fluid (HFE
7000) were conducted. The experimental set-up and the experimental methodology are
comprehensively described in this section. This chapter is summarised and represented

In Papers I and I1.

3.1. Testing room

The solar thermal power test bench was placed in a testing room where the system tests
were conducted. The testing room consists of four insulated walls and an inner wall
which separates the collector and heat engine unit. The schematic layout of the testing

room is shown in Figure 3-1.

Wall
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Data acquisition unit
Solar =
Simulato] ©
=
Wall s I = Wall
(South) Solar %:; - : (North)
Simulator] l-:_-'.u =t EJ
g —
Ventila = Computer
entiation Inner wall —e
P-L-'l | L
Wall
(East)

Figure 3-1 Schematic illustration of the experimental test bench

The experimental test bench is comprised of two units connected to each other. The first
unit is the solar organic Rankine cycle. This is where the working fluid is utilised in

order to generate mechanical work and heat simultaneously. The second unit is the heat
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recovery section where the rejected heat coming from the first unit via condenser is
recovered. The solar ORC unit consists of a flat plate collector, an expander, a water
cooled condenser, a circulation pump, a liquid reservoir and other additional
components. There is a domestic hot water tank which is connected to solar ORC
through the condenser in the heat recovery unit. A schematic diagram of the test bench

is represented in Figure 3-2.

l Mains water

Hot water tank
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Heat recovery unit Solar organic Rankine cycle unit
@ Thermocouple @ Pressure fransmitter i Valve i Flow meter ‘

Figure 3-2 Schematic layout of the solar thermal system (Helvaci, H. and Khan, Z. A., 2016)

The solar ORC unit operates on a basic ORC principle where the liquid coming from
the reservoir is pumped into the solar collector to gain heat energy. As the liquid gathers
energy, its temperature increases and turns into vapour. Then, the vapour expands in the
vane expander and rotates the expander shaft. This is where the mechanical energy is
generated. Post the expander, the fluid is sent to the condenser to decrease its
temperature and reject some heat from the system. Finally, the condensed thermo-fluid
is pressurised by the pump and is sent back to the collector to complete the cycle. The
rejected heat coming from the solar ORC unit is directed to the hot water tank in the
heat recovery unit. This is to utilise the waste heat in terms of increasing the

temperature of the stagnant and stored water in the tank (Paper I; section 3.1).

3.2. System components

The components which constitute the solar thermal test rig are described in this section

(Paper I; section 3.1 and Paper 11, section 2).
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3.2.1. Flat plate solar collector

Flat plate collector consists of a cover (1), absorber (2), copper tube (3) and insulation
(4) in the back and the edges of the collector (Figure 3-3).

Figure 3-3 Schematic of the flat plate collector (Helvaci, H. and Khan, Z. A., 2015)

The cover is a transparent glass and it is used to reduce radiation, as well as convection
losses from the collector. The absorber is a stainless-steel plate with high absorption
property. The collector has a serpentine tube configuration. The collector tube is
composed of 3 smaller tubes welded together and the total length of the collector tube is
56 m. The joints were sealed by using suitable sealants. The fluid circulates in the
copper tubes where the heat is transferred from the absorber to the fluid. Conduction
and convection loss from the back end edges of the collector is reduced by the
insulation. The flat plate collector specifications are given in Table 3-1.

Table 3-1 The flat plate collector specifications (Helvaci, H. and Khan, Z. A., 2015)

Absorber plate thermal conductivity (W/m-K) 50
Absorber plate thickness (m) 0.001
Total length of tube (m) 56
Tube inner diameter (m) 0.008
Tube outer diameter (m) 0.01
Effective transmittance-absorbance product (-) 0.81
3.2.2. Pump

Based on the way that pumps transmit energy to the media, they are divided into two

types; kinetic and positive displacement pumps. Kinetic energy is impelled to the fluid
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by impellers in kinetic pumps. However, reciprocating actions of pistons, gears, lobes or
other moving bodies are used to displace fluid in positive displacement pumps.
Selection criteria of the pump can vary from flow rate, differential pressure, operating
temperature and fluid viscosity. Positive displacement pumps are better options in ORC
applications due to their ability to operate at lower flow rates and desired pressure ratios
(Panesar, A. S., 2012).

Figure 3-4 Photograph of the diaphragm pump

In this study, a diaphragm pump which is a positive displacement pump was employed
to pressurise the system. The technical specifications of the pump are given in Table
3-2.

Table 3-2 Technical specifications of the diaphragm pump

Pump type Diaphragm
Maximum flow rate (L/min) 3
Maximum pressure (bar) 20
Maximum head (m) 89

Motor output (W) 55

It is important to note that a flow control valve was mounted on the discharge side of

the pump to adjust the flow rate of the working fluid in the cycle (Figure 3-2).

3.2.3. Expander

The efficiency of an Organic Rankine cycle is highly related to the selected expander.
Expanders can be divided into two groups as: velocity type and volumetric type
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expanders. Velocity type expanders refer axial and radial turbines, volumetric types, in
other words, positive displacement types refer scroll and screw expanders, reciprocating
piston expanders and rotary vane expanders. All of these expanders have their own
advantages and disadvantages when they are used in ORCs. However, positive
displacement expanders are more appropriate for ORC applications due to their lower
rotational speeds, ability to operate under large pressure ratios and their good
performance (Bao, J. and Zhao, L., 2013; Lemort, V. et al., 2013). Table 3-3 compares 5
different types of expanders which have been used in ORCs previously.

Table 3-3 Comparison of various expander types (Bao, J. and Zhao, L., 2013; Lemort, V. et al., 2013)

Capacity range Rotational speed
Type Cost
(kw) (rpm)
Radial turbine 50-500 8000-80000 High
Scroll expander 1-10 <6000 Low
Screw expander 15-200 <6000 Medium
Reciprocating piston )
20-100 - Medium
expander
Rotary vane expander 1-10 <6000 Low

It can be seen from the Table 3-3 that radial turbines, screw expanders and reciprocating
piston expanders are more appropriate for larger applications where as a scroll and
rotary vane expanders are appropriate for medium and small scale applications. Air
motors are rotary vane expanders and they have simpler structure, easier manufacturing
and lower cost in comparison to the other expander types (Bao, J. and Zhao, L., 2013).
In this study, a rotary vane air motor is used as an expander of the cycle (Figure 3-5)
and the technical specifications of the air motor are provided in Table 3-4.

Table 3-4 Technical specifications of the air motor

Model Globe -VA2J
Maximum power (kW) 0.8

Torque at maximum power (Nm) 2

Minimum starting torque (Nm) 2.3

Maximum speed (rpm) 4000

38



Chapter 3 Experimental methodology

Figure 3-5 Photograph of the air motor

3.2.4. Condenser
A brazed type plate heat exchanger is selected for the experimental study (Figure 3-6).
Plate heat exchangers consist of a stack of thin plates and they have major advantages

over conventional heat exchangers.

Figure 3-6 Brazed type plate condenser

Corrugated thin plates are brazed together and let the fluid exposure to larger surface
area. Plate heat exchangers are suitable for any type of gas, liquid and two-phase flows
(Yang, B. et al., 2009). Technical specifications of the condenser which was utilised in

this research are given in Table 3-5.
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Table 3-5 Technical specifications of the condenser

Type Brazed plate heat exchanger
Model UKE-BRO40

Number of plates 10

Plate material 316 Stainless steel

Braze material Copper

Maximum working pressure (bar) 30

3.2.5. Liquid reservoir

Liquid reservoir where the fluid is charged into the system allows a steady supply of
working fluid. In this study, 12 litre vertical liquid reservoir was selected and it was
placed after the condenser to avoid any vapour flowing to the pump which might cause

a cavitation in the pump (Figure 3-7).

| &
!

Figure 3-7 Twelve litre liquid reservoir

3.2.6. Hot water tank

The hot water tank was connected to the condenser in order to utilise the waste heat
coming from the solar ORC unit. In this study, a copper-coiled, 118 L hot water tank

was utilised to collect the rejected heat from the condenser (Figure 3-8).
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Figure 3-8 Photograph of the hot water tank

3.3. Measurement devices

In this section, all the measuring instruments which enabled data acquisition from
different points of the system are described (Paper I; section 3.2 and Paper II; section
6).

3.3.1. Thermocouples
For temperature measurements, K-type thermocouples with stainless steel sheath were

used in the experiments (Figure 3-9).

Figure 3-9 K-type thermocouple (Source: LABFACILITY)
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Eight thermocouples with a diameter of 4.5 mm were mounted in the test bench at

various locations (Figure 3-2) to collect the temperature data.

3.3.2. Pressure transmitters

Four industrial pressure transmitters which provide a 4-20mA output signal were used
to measure pressures of the system at the inlet of the collector, expander, condenser and
the pump. Pressure drop in the condenser was neglected during the experiments. The

pressure transmitter is represented in Figure 3-10.

Figure 3-10 Photograph of the pressure transmitter (Source: TC Direct)

3.3.3. Flow meter
The liquid flow meter which was installed in the system is a multi-range turbine meter
with a flow range between from 0.05 to 0.5 L/min. The flow meter has a linearity of 2%

of full scale deflection (Figure 3-11).
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Figure 3-11 Photograph of the flow meter (Source: Titan enterprise Ltd.)

3.3.4. Pyranometer

Pyranometer was used to measure the irradiance on the flat plate collector surface. The

pyranometer which has a spectral range between 300 and 2800 nm can measure solar

irradiance up to 2000 W/m?. The pyranometer is represented in Figure 3-12.

-

Figure 3-12 Photograph of the pyranometer (Source: Kipp & Zonen)

3.3.5. Data taker

Agilent 34972A data acquisition unit with 34901A multiplexer was used in the

experiments for the collection of data. The acquisition unit can measure and convert

various signals such as DC/AC volts, DC/AC currents, frequency, period and

temperature with thermocouples.
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Figure 3-13 Photograph of the data taker (Source: Agilent)

3.4. Heat source

It is difficult to obtain stable solar radiation in UK weather conditions. Therefore, a

solar simulator, which consists of two lighting machines, was used to provide steady

energy on the surface of the solar collector during the experiments. Each machine

consists of 6 glare lamps and each lamp can provide 1kW heat energy.

58 cm

}

48 cm
o 0 0 0 ¢

I

Figure 3-14 Marked points on the flat plate collector surface

It is also crucial to measure the amount of the incoming radiation on the collector

surface for understanding and interpreting the collector and the whole system

performance. Therefore, measurements were conducted to investigate the incoming

solar radiation under two operating conditions. Initially, the collector was marked to

specify the points where the pyranometer was placed (Figure 3-14). Then, the solar

simulator was placed 2 m away from the flat plate collector and initially 6 lights were
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turn on. This means 6 kW heat was supplied on the collector surface. Measured
irradiation data at each marked point was recorded. After the first measurement, another
4 lights were also switched on so 10 kW heat was supplied on the collector surface. The
measurement procedure was followed and the measured data at each point was
recorded. According to the measurement results, an average of 550 W/m? and average
of 890 W/m? solar radiation was provided in the first and second conditions
respectively. Figure 3-15 demonstrates the irradiation distribution on collector surface.

240 = D W/m"2

518.0
192
5248
¥ 5315
5383
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48 5585

565.3
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Figure 3-15 Measured irradiation distribution on the collector surface (Helvaci, H. and Khan, Z. A., 2015)
3.5. Working fluid

Hydrofluoroether (HFE) 7000 (C3F;OCHjs) which was selected as the working fluid of
the system has zero ODP and GWP of 450 (Tsai, W.-T., 2005). Compared to the water,
it has a lower boiling point temperature and higher latent heat of vaporization, density
and molecular weight. HFE 7000 is compatible with many materials such as stainless
steel, brass, copper, aluminium, polypropylene, polyethylene and nylon. It is also a non-
flammable and non-corrosive compound.

3.6. Test procedure

The procedure followed before and during the each test is represented in this section

(Paper I; section 3.2).
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3.6.1. Leak test of the system

Leak test of the system is one of the most important tasks since it affects the overall
system efficiency and the safety of the system. The system leak tests were conducted to
examine if there was a leakage somewhere in the system. Special attention was given to
couplings, joints and the components of the system. Initially, the system was
pressurized with a compressor up to 8 bars via compressor line which was connected to
the system. Then, a stream of a foamy liquid leak detector was applied to the parts of
the system mentioned above. Unfortunately, a formation of bubbles was observed in the

expander and in the joint (Figure 3-16).

L | BB

Figure 3-16 Bubble formation in the expander and the joint

Once the leakage was detected the air was released from the system. Then the expander
and the joint were taken apart. The point where the leakage was coming out of the joint
was sealed properly. The expander was also disassembled and modified to stop leaking
(Figure 3-16).

o

4

Figure 3-17 Internal view of the expander
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Subsequently, the same procedure was followed to detect any leakage in the system.
Once there was no leak observed in the system, the compressor was turned off and the
air was released from the system. Instantly, a vacuum pump was connected to the
system via vacuum line to pull a vacuum in the cycle. Vacuum gauge was mounted to
the system to read and record the vacuum pressure. The system was vacuumed to -0.56
bar and left for 24 hours to observe for any leakage through changes in the system’s
pressure. After 24 hours the vacuum gauge checked again and it remained in the same

position as where it was.

3.6.2. Working fluid charging
The amount of the working fluid (HFE 7000) which is charged into the system must be

evaluated before any test is carried out. The procedure relies on the calculation of the
volume of each element. Since the vapour density is relatively smaller compared to the
liquid density, the regions in the components and the pipe where the fluid turns into
vapour was not taken into account in the calculations (Quoilin 2007). The volumes of
the components such as pump, collector, condenser and also the tube in the system were
evaluated. Collector volume was calculated by determining the total length of the pipe
in the collector (56m) and it was assumed that vapour region occupies 20% of the total
length of the pipe. Table 3-6 represents the calculated volumes of each component and
the tube.

Table 3-6 Volumes of each component

Volume
Component

(L)
Pump 2.84x10"
Collector 3.45
Condenser 0.645
Piping 1.08
Total volume 5.45

Then, the total volume was multiplied by the fluid density to calculate the amount of the
mass of the fluid. The total amount of working fluid that needs to be charged into the
system was found 7.64 kg. Considering the possible fluid losses in the system 8 kg (5.7
L) of HFE 7000 was introduced to the system. Initially, the vacuum line was shut off
and the vacuum pump was disconnected. Then, the vacuum line connected to the

working fluid cylinder and the valve was turned on. Subsequently, the fluid flowed into
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the system via the pressure difference between the system and the working fluid
cylinder. Finally, the vacuum line valve was shut off after 8 kg (5.7 L) of fluid was

charged into the system.

3.7. Experimental procedure

Initially, the expander by-pass line was opened and the valve on the discharge side of
the pump was set to the desired position. The data taker was turned on to monitor and
record the temperature, pressure and flow rate data. The pump was turned on and let the
fluid circulate through the system without turning any lights on for half an hour. This
was to check the system consistency and safety. Then, the lights were turned on in a
way that 890 W/m? radiation was supplied to the collector surface. As it was mentioned
previously, the solar thermal system consists of two parts which are solar organic
Rankine cycle and heat recovery unit. In the ORC unit, the pump sucked the fluid and
moved it along the system by consuming some work. Subsequently, the fluid reached
the collector as pressurized liquid. The flat plate collector was used as an evaporator of
the cycle and there was a heat addition into the system in the collector. This heat was
used to heat and vaporize the fluid in the collector. The fluid might leave the collector
as a mixture of saturated liquid and vapour, saturated vapour or superheated vapour
depending on the amount of the heat transferred to the fluid, inlet pressure and the flow
rate of the fluid. If the fluid did not reach vapour conditions, then it was by-passed via
the by-pass line and it went to the condenser. Once the fluid reached the vapour
conditions then the by-pass line was closed and let the fluid pass through the expander.
The fluid expanded in the expander and produced shaft work. In other words, the
mechanical work was generated in the expander. The lower pressure exhaust vapour at
the end of the expander was directed to the condenser where heat rejection of the system
took place. The fluid was cooled down and turned into the liquid state in the condenser.
It was also sub-cooled in the liquid reservoir depending on the level of the liquid and it
was pumped again into high pressure to complete the system. In the condenser, the
cooling water condenses the HFE 7000 by gaining some energy from it. This increases
the temperature of the cooling water. Therefore, in the heat recovery unit, the cooling
water was directed to the domestic hot water tank to recover its energy. Measured
points of temperature, pressure and flow rate of the fluid is shown in Figure 3-2. (Paper

I; section 3.2).
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3.8. Thermodynamic analysis

This section indicates the thermodynamic analysis of the solar thermal system and it is
taken from section 4 of Paper 1. The proposed low-temperature solar ORC represents a
closed loop cycle. Therefore, the performance analysis can be conducted through energy
and exergy analysis methods which base on the mass, energy and exergy balance

equations. The following assumptions were made to derive the balance equations:

e The system is in steady-state conditions
o Kinetic and potential energy changes are neglected
o Pressure of Pop=1 bar and temperature of To= 15 °C is taken as reference-dead

state

The balance equations which were applied to each component of the system are defined

as follows:
Z My, = Z Mout (3_1)
Q —-W = % Mouthour — > Minhin (3-2)

Equation (3-1) and Equation (3-2) indicates the mass balance and energy budget
equations respectively. m is the mass flow rate of the fluid, Q and W are the heat

transfer and work rate respectively and h indicates the enthalpy of the fluid.
Exheat - W+ % Exin D) Exout =2 Exdest (3-3)

Equation (3-3) indicates the exergy budget equation where Exj.,; and Exg,s; are the
exergy transfer rate by heat and exergy destruction rate respectively. Exergy transfer

rate by heat can be derived as;
Exheat =Xx1- (%) Qj (3-4)
Exergy rate is calculated by multiplying the mass flow rate by specific exergy (e).

e = (h—hy) —To(s — s0) (3-5)

3.8.1. Energy analysis

In the energy analysis, the mass and energy budget equations were applied to each
component of the solar ORC unit. Table 3-7 shows the mass and energy budget
equations for each component (for each state refer to Figure 3-2).
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Table 3-7 Mass and energy budget equations for each component (Helvaci, H. and Khan, Z. A., 2016)

Component  Mass balance equations Energy budget equations

Collector Ty = iy = 1y, (3-6) Qgain = Ty X (A3 — hy) 3-7)

Expander My = 1My = My, (3-8) Werp = iy X (hs — hy) (3-9)
M, =1, =m Qcona = Myr X (hy — hy)

Condenser ' * ' ! .Wf (3-10) .Cond . i v (3-11)
mg =meg =m,, Qcona = My, X (hcw,out - hcw,in)

Pump My = 1My = 1y, (3-12) Whump = Mugs X (hy — hy?) (3-13)

In Eq. (3-11), flow rate of the cooling water was calculated via the energy budget of the

condenser with the assumption of steady state conditions as:

Qcond = mwf X (h4 - hl) = mw X (hcw,out - hcw,in) (3'14)

mw — Qcond (3_15)

(hcw,out_hcw,in)

where Qconq IS the heat rate discarded from the condenser and h,,, ;, and h,, o,,; are the
inlet and outlet enthalpy of water respectively. Furthermore, the amount of the stored
energy in the hot water tank during the experiment can be evaluated as:

Q' _ Mew,stXCp,ewX (Tcw,st,final _Tcw,st,initial)
st —

texp (3-16)
my st = Vst X Pew (3'17)

where Q,, is the amount of heat that is transferred to the cold water in the hot water tank

from condenser. Ty, st initiar @Nd Ty st rina: INdicate the cold water temperature in the
tank at the beginning and at the end of the experiment. m,, ¢, is the mass of the water in

the hot water tank.

3.8.2. Exergy analysis

Exergy balance equations were applied to each component of the solar ORC unit and

represented in Table 3-8.
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Table 3-8 Exergy balance equations for each component (Helvaci, H. and Khan, Z. A., 2016)

Component Exergy balance equations

Collector Exgesteor = (Exy — Ex3) + Sin Acor [1 - :—" (3-18)
P
Expander EXgestexp = (Exz — Exy) - Wy (3-19)
Condenser EXgest.cona = (Exq — Exy) + 1y, X (Exs — Exg) (3-20)
Pump Exdest,pump = (Exf - Exz) + I/i/pump (3-21)
In Eq. (3-18), the term "S,,, A.o [1 —:—" " indicates the solar radiation exergy rate which
P

was absorbed on the surface of the collector (Dikici, A. and Akbulut, A., 2008). Si, and
Acol are the incoming solar radiation and the collector area respectively. T, and Ty

represent the collector plate temperature and dead state temperature respectively.

3.8.3. Efficiency calculations

Energy efficiency can be defined as the ratio of the output energy to the input energy,
whereas exergy efficiency is the ratio of the exergy output to the exergy input (Gupta,
M. and Kaushik, S., 2010). Efficiency analysis of each component was evaluated
through first and second law efficiencies of each component and was given in Table
3-9.

Table 3-9 Energy and exergy efficiency calculations of the components (Helvaci, H. and Khan, Z. A,
2016)

Component Energy efficiency Exergy efficiency

lat plate coll Ogain 3-22)  Ecol = e 3-23
= - col — -

Flat plate collector  1)0; S (3-22) 5 Acol(l—%) (3-23)
_ ha—hy _ Weyp i

Expander Nexp = 3. n, < (3-24)  Eeyp = B (3-25)

EXZ—EX1[

Cond - € = — 3-26

ondenser pump = (3-26)
_ EXG—EXS _

Pump - €cond ~ (Exa—Exy1) (3-27)

The energy and exergy efficiency of the proposed solar ORC was calculated as follows:

_ Wnet _ Wexp—Wpump
Nsore = 52 — (3-28)
Qgain Qgain
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Wnet
=—F 5~ 3-29
SinAcol(l_;:_Z) ( )
Furthermore, the energy efficiency of the heat recovery unit was calculated as follows:

Qst
Qcond

Nyec = (3'30)

Eq. (3-30) indicates the ratio of heat, which was utilised by the cold water in the hot
water tank to the available heat that can be transferred from the condenser. Finally, the
following equation was utilised to calculate the ratio of the relative exergy destruction

of each component to the total destruction.

EXgest j
R = —=L (3-31)

EXgest,tot
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Chapter 4 Experimental test results and discussion

The performance analysis of the system is explained in two sections; energy analysis
and exergy analysis results in section 4.1 and section 4.2 respectively. Experimental test

results were taken from section 5of Paper I.

The experimental data of temperature (°C), pressure (bar) and flow rate (kg/s) were
collected to evaluate the fluid states at the defined points (Table 4-1). The collected data
of HFE 7000 is also represented in the T-s diagram in Figure 4-1.

Table 4-1 Thermodynamic state properties of HFE 7000 at various points (Helvaci, H. and Khan, Z. A,,
2016)

State ) T P m h e Ex
Fluid type Phase
(No) (°C) (bar) (kg/s) (kJ/kg)  (kJ/kg) (W)
0 HFE 7000 Dead state 15 1 - 218.05 - -
0 Water Dead state 15 1 - 63.076 - -

1 HFE 7000 Liquid 19.54 0.66 0.022 223.56 0.038 0.83
r HFE 7000 Liquid 18.73 0.57 0.022 222.57 0.084 1.86

2 HFE 7000 Liquid 19.1 1.86 0.022 223.06 0.402 8.84
3 HFE 7000 Gas 45.41 1.32 0.022 385.07 15532 3417
4 HFE 7000 Gas 36.36 0.66 0.022 378.4 4542  99.98
5 Water Liquid 13.47 0.66 0.06 56.63 -0.11 -6.6

6 Water Liquid 26.88 0.66 0.06 112.75 1.002  60.12

As it was mentioned in chapter 3, the measured solar radiation on the collector surface
(condition two) was found to be 890 W/m? In the experiments, constant flow rate
conditions were supplied with an average value of 0.022 kg/s. Furthermore, the-
reference dead state conditions were assumed to be 288 K and 1 bar for the temperature
and pressure respectively. Lastly, the thermodynamic properties of HFE 7000 were
taken from REFPROP software (Lemmon, E. et al., 2013).
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Figure 4-1 T-s diagram of the experimental results (Helvaci, H. and Khan, Z. A., 2016)

4.1. Energy analysis results

This section presents the energy analysis results of the system and it was taken from

section 5.1 of Paper |I.

4.1.1. Flat plate collector results

The calculated energy on the flat plate collector surface was found to be 6194.4 W by
using Eq. (3-7). Then, 57.53% of this energy was transferred to the working fluid in the
collector which resulted in a increase in the fluid temperature from 19.1 °C to 45.41 °C.
The fluid left the collector as a superheated vapour as the fluid corresponding saturation
temperature was 41 °C at the pressure of 1.86 bar. It is worth mentioning that the chosen
flow rate of the working fluid (0.022 kg/s) was sufficient enough for the fluid to reach
saturated vapour, even superheated vapour conditions.

Table 4-2 Energy analysis of the solar collector (Helvaci, H. and Khan, Z. A., 2016)

Parameters Value Unit
Energy received by the collector ( S;,Aco) 6194.4 W
Useful heat gain of the fluid (Qgain) 3564.2 W
Collector energy loss? 2907.8 W
Collector efficiency (Texp) 57.53 %

= SinAcol — anin

As it can be seen from Figure 4-1 that HFE 7000 is a dry fluid and even small degree of
superheating should not present any risk of encountering some portion of liquid in the

expander. On the other hand, the higher degree of superheating the higher temperature
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in the collector in other words, the greater heat loss from the collector to the ambient.

Energy analysis of the solar collector is represented in Table 4-2.

4.1.2. Expander results

The generated mechanical work of the expander was calculated as 146.74 W with the
help of Eq. (3-9). Furthermore, with the assumption of the expander is adiabatic, the
isentropic efficiency of the expander was found to be 58.66%. Similar efficiency of

vane expander was obtained in the literature by (Qiu, G. et al., 2012).

4.1.3. Condenser results

The pressure at the outlet of the expander also indicates the condensing pressure (0.66
bar) as the pressure loss through the condenser was assumed to be zero. The fluid
entered the condenser with the temperature of 36.36 °C and left the condenser at 19.54
°C. Post condenser, its temperature and pressure decreased to 18.73 °C and 0.57 bar. It
is important to note that at this temperature and pressure conditions the fluid was sub-
cooled liquid at the outlet of the liquid reservoir. In other words, there was no risk of
saturate vapour of the fluid entering the pump which might have resulted in cavitation

otherwise.

4.1.4. Heat recovery unit analysis

It was mentioned in the condenser results sectioned that the working fluid temperature
was diminished from 36.36 °C to 19.54 °C. This means that 3406.48 W heat was
transferred from the working fluid to the water and as a result the water temperature
rose from 13.47 °C to 26.88 °C. As it was shown in Figure 3-2, the cooling water outlet
was connected to the hot water tank to utilise this rejected heat from the cycle. The
cooling water, which was preheated at the outlet of the condenser was directed to the
storage tank and transferred some portion of its heat to the stagnant, cold water by
circulating within the coil of the tank.
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Table 4-3 Energy analysis of the heat recovery unit (Helvaci, H. and Khan, Z. A., 2016)

Parameters Value Unit
Testing time 3600 S

Initial water temperature (T7,in) 16.65 °C
Final water temperature (T fin) 22.41 °C
Total mass of water in the tank (my, ) 118 kg
Water specific heat capacity (Cpw) 4.187 kd/kg K
Total energy gain rate in the tank 2845.82 kJ
Average energy gain rate throughout the test (Qs;) 0.79 kw
Average rejected heat rate in the condenser (Qzonq) 3.406 kw
Heat recovery efficiency in the hot water tank (1rec) 23.2 %

4.2. Exergy analysis results

This section presents the exergy analysis results of the system and it was taken from
section 5.2 of Paper |I.

The exergy destruction rate and the exergetic efficiency values of each component was
calculated by using Equations (3-23) to (3-27) and is represented in this section. The
heat recovery unit was not considered in the exergy analysis. Table 4-4 shows the

exergy destruction rate and exergy efficiency of each component.

Table 4-4 Exergy analysis of each component (Helvaci, H. and Khan, Z. A., 2016)

Component Exgese (W) £ (%)
Solar collector 431 43.57
Expander 95 60.7
Condenser 323 67.3
Pump 3.8 64.73

The greatest amount of exergy destruction took place in the flat plate collector (431 W)
(Table 4-4). Similar findings where the solar collector was found to be the highest
source of exergy destruction in solar thermal systems were reported by (Al-Sulaiman, F.
A., 2014; Elsafi, A. M., 2015; Freeman, J. et al., 2015). It can be stated that the high
difference in quality between solar radiation and the working fluid at the collector
operating temperature could be the source of this amount of exergy destruction rate in
the solar collector. The collector was followed by the expander (95 W), condenser (32.3

W) and the pump (3.8 W) respectively. Friction and thermal loss which causes
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irreversibility can be stated as the source of the expander exergy destruction (Tchanche,
B. etal., 2010).

Table 4-4 also indicates that due to the large exergy destruction rate of the collector, it
has the lowest exergy efficiency which was accounted for 43.57%. The exergy
efficiency of the expander was the second lowest among the other components (60.7%).
Then, the expander was followed by the pump (64.73%) and the condenser (67.3%)

respectively.

The relative irreversibility of the components was evaluated according to Eq. (3-31) and
was demonstrated in Figure 4-2. As it was expected, the collector showed the highest

relative irreversibility which was accounted for 76.68 %.

Collector
T6.68%

Expander
16,00

Pump Condenser
0.67% 5_?5“’;

Figure 4-2 Relative irreversibility of each component (Helvaci, H. and Khan, Z. A., 2016)

Consequently, the energy and exergy analysis results shows that the proposed system
was able to transfer 3564.2 W heat to the HFE 7000 in the collector and converted
146.74 W of this heat to the mechanical work in the expander. Furthermore, the solar
ORC unit generated 135.96 W net work output (Wpump= 10.78 W) with the first law
efficiency of 3.81 and the exergy efficiency of 17.8%.

4.3. Parametric analysis of the solar ORC

This section presents the parametric analysis results of the system. It is taken from
section 5.3 of Paper I. In order to investigate how the thermal and exergy efficiency of
the solar ORC vary with expander inlet pressure and temperature, the parametric
analysis was performed. It is important to note that in the analysis, the incoming solar
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radiation (890 W/m?), the efficiency of the collector (57.53%) and the condenser
pressure (0.66 bar) were kept constant, whereas the expander inlet pressure was ranged
from 2 bar to 5 bar and the degree of superheating at the expander inlet was changed
from 5 to 35K. The pressure loss in the collector was also neglected which make the
expander inlet pressure and collector inlet pressure equal.

The analysis shows that the mass flow rate of the fluid and the net work output of the
cycle, which are highly related to the first and exergy efficiency of the cycle were

influenced by the change in the expander inlet pressure and temperature (Figure 4-3).
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Figure 4-3 Mass flow rate and net work output versus a) expander inlet pressure b) degree of superheat

As the incoming solar radiation and the collector efficiency were kept constant, the

increase in the expander inlet pressure which also equals to the flat plate collector
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pressure enhanced the corresponding saturation pressure, as well as the saturation
temperature of the fluid. This caused a decrease in the mass flow rate of the fluid to
reach the specified conditions. The same effect was observed with the expander inlet
temperature on the mass flow rate of the fluid. On the other hand, with the constant
condenser pressure conditions, the increase in the expander inlet pressure and
temperature enhanced the enthalpy gradient between the highest (expander) and the
lowest (condenser) points of the cycle which subsequently increased the net mechanical
work output of the cycle.

Figure 4-4 shows the first law and exergy efficiencies of the cycle versus expander inlet
pressure. As it can be seen from Figure 4-4 that the thermal efficiency rose from 9.96%

to 21.63% and the exergy efficiency augmented from 36.95% to 54.07% respectively.
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Figure 4-4 Variation of the energy and exergy efficiencies of the solar ORC for various expander inlet
pressure

This trend shows that the higher pressure ratio of the cycle the more increase in the first
and exergy efficiency of the cycle (Baral, S. and Kim, K. C., 2014). A similar trend was
obtained when the degree of superheating rose from 5K to 35K the first and exergy
efficiency of the cycle reached 19.29% and 56.9% respectively (Figure 4-5). Although
the mass flow rate decreased with the increasing expander pressure and temperature, the
enhancement in the net work output was superior to the reduce in the mass flow rate.
Therefore, the first and the exergy efficiency of the cycle increased with expander inlet

pressure and temperature.
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Thermal efficiency (%)

Figure 4-5 Variation of the energy and exergy efficiencies of the solar ORC for various degree of

It should be noted that in reality, as the degree of superheating increases, in other words,
the collector temperature increases the heat loss from the collector to the atmosphere
rises. Therefore, the collector efficiency should vary with the degree of superheating.
Furthermore, there should be a practical pressure ratio limit of the system due to the
leakage and structural concerns of the expander. Tchance et al. suggested pressure ratio
value of 3.5 for positive displacement expanders (Tchanche, B. F. et al., 2009). It is also
important to take the effect of designed pressure ratio of the expander into consideration
when evaluating the expander efficiency. In conclusion, it is crucial to conduct a

parametric study considering a variable collector and expander efficiency in the

analysis.
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Chapter 5 Modelling of the proposed solar ORC

This chapter covers the modelling of the proposed solar ORC which then will be used
for simulation of the components, as well as the whole cycle. The modelling
methodology and the equations are taken from Paper Il, Paper Il and Paper IV. The

schematic diagram of the modelled solar ORC is shown in Figure 5-1.
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Figure 5-1 Schematic representation of the modelled solar ORC

5.1. Model assumptions

The solar ORC consists of the flat plate collector, the vane expander, the condenser and
the pump and it is modelled based on the following assumptions:

e All the components of the solar ORC is considered as steady-state

e Pressure drop in the collector and the condenser are assumed to be zero

e Heat losses in the expander, the condenser and the pump are neglected

e The collector tube is modelled as one flat tube when determining the heat
transfer coefficient of the fluid

e The thermal and radiation properties of the absorber and the glass cover are set
to be constant

¢ In the collector, the working fluid undergoes a phase-change when its average
temperature reaches the corresponding boiling temperature

e The heat transfer coefficient of the fluid both in single and multiphase flow
conditions varies along the tube

e The pinch point temperature difference in the condenser was assumed to be 5 °C
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5.2. Flat plate collector

The equations of the collector modelling are taken from sections 3 of Paper II, section
2.2 of Paper Il and "'THEORY"' section of Paper IV. The collector consists of a glass
cover, absorber plate, copper tube and insulation as it is shown in Figure 5-2. The flat
plate collector model is divided into two sections which are the determination of losses
and the convective heat transfer calculations. The energy budget of the collector is

represented in Figure 5-2.

Qlclss
Sin -I
\ I
<}— Glass cover
Sia(Tr) 1
Absorber plate [

> Quuas
I
I

Collector tube

Insulation

_T_

Control volume

Figure 5-2 Flat plate collector energy budget representation

5.2.1. Determination of losses

There are two types of losses occur in the flat plate collector which are heat optical loss
and thermal loss.

5.2.1.1 Optical losses of the collector

The optical loss represents the amount of the heat which is lost to the atmosphere when
the incoming solar radiation is travelling through the glass cover. Optical loss is
represented as Si, (ta), where (ta) indicates the transmittance-absorbance of the glass

cover (Figure 5-2).

5.2.1.2 Heat losses of the collector
Heat losses can take place from the top, the edge and the back of the collector. It is
important to note that the heat losses from the edge of the collector were neglected in

the flat plate collector modelling. At the top of the collector, heat losses occur through
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convection and radiation mechanism from the glass cover and the absorber plate to the

ambient. The formula which was generalised by Klein (1975) was used to evaluate the

top heat loss coefficient as (Klein, S., 1975):

-1

N, 1 O'(Tp-i-TaXsz +T32)
= —s— | +
top e
_ h , 2N +f-1+0133¢
C|T,-T, v (e, +0.00591N b, )" + L_N,
Tp Nc +f ‘gc
where
h,=2.8+(3V,)

£ =(1+0.08894, —0.11664,¢, |1+ 0.07866 V, )
C =520(1-0.0000515?) where 0°<B<70°and if 70°<<90°apply p=70°
e=0.430(L-100/T,)

Heat losses at the back of the collector were calculated as:

k:
Upack = Ll_ns

Thus, the total heat loss coefficient was evaluated as:

UT = Utop + Uback

5.2.2. Convective heat transfer calculations

(5-1)

(5-2)

(5-3)

The remaining absorbed heat energy on the collector surface now can be calculated as:

Qp =4p [Sin(’m) - UT(Tp - Ta)]

(5-4)

Then, some portion of this heat is transferred to the working fluid via heat transfer

convection as the fluid is circulated along the collector. The amount of the heat that is

transferred by the fluid is estimated as:

Qu = ApFR [Sin(Ta) - UT(Tf,in - Ta)]

(5-5)

where Fr is the collector heat removal factor and Tk, is the working fluid temperature at

the collector inlet.

Fo= s 1= e (2527

Ap mcp

(5-6)
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In Eqg. (5-6), F" indicates the collector efficiency factor and it was determined as:
r_ wp)™t
 WIUT(Do+W—-Do)P) "1+ (Cp) = +(mDihg) (5-7)

where W indicates tube spacing, D, and D; represent the outer and inner tube diameter
respectively. Cy is the bond conductance and it was not considered (1/Cp=0) in the
calculation.

F represents the fin efficiency and it is estimated by Eq. (5-8).

tanh[m(W-Dgy/2)]

F == w2

(5-8)

Ur
ké

where m =
In Eq. (5-7), hs represents the convective heat transfer coefficient of the fluid. As it can
be seen from Figure 5-1, the flat plate collector is used as an evaporator of the solar
ORC. Therefore, the phase change of the fluid takes place in the collector and the
convective heat transfer coefficient (hs) should be evaluated for single and two phase

flows individually in the model.

5.2.2.1 Single-phase flow

The heat transfer coefficient in the single phase region was evaluated based on the flow
regime of the fluid. For constant heat flux, under a laminar flow regime (Re<2300) and
under a turbulent flow regime (0.5<Pr<2000, 3x10°<Re<5x10°) Nusselt number is

represented as follows:
Nu = 4.36 (5-9)

(g)(Re—moo)Pr

1+12.7(§)0'5(Pr2/3—1)

Nu =

(5-10)

In Eg. (5-10), Re and Pr are the Reynolds and Prandtl numbers and they were

determined as:

vD

Re = (5-11)

v

pr =22 (5-12)

where V is the velocity of the fluid, D is the tube diameter, v represents the kinematic
viscosity of the fluid, k and C, are the thermal conductivity and specific heat of the
fluid.

Then the heat transfer coefficient was calculated as:
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hep = Nu“2 (5-13)

5.2.2.2 Two phase flow

In order to calculate the two phase heat transfer coefficient the model which was
proposed by Shah (1982) is utilised (Shah, M., 1982). The model includes two different
boiling mechanism which are nucleate and convective boiling. Initially, the

dimensionless parameter (N) is estimated based on the Froude number conditions;
N = 0.38(Fr;)~%3Co if Fr, < 0.04 (5-14)

N = Co if Fr, <0.04 (5-15)
and Froude number was determined as follows:

2

G
24D (5-16)

Fr; = Froude number =

The other important dimensionless parameter which should be evaluated is the
convection number (Co). The convection number was(Incropera, F. P., 2011)

calculated as:

Co = Convection number = G - 1)0'8 (%)0.5 (5-17)

Then, two boiling mechanisms nucleate and convective are determined under three

cases as:
Casel:(N>1)

Rues = (230B0%5) X h, if Bo > 0.0003 (5-18)
Rpep = (14 46B0%%) x hy if Bo < 0.0003 (5-19)
hep = (1.8N°8) x (5-20)
Case Il : (1>N >0.1)

Rnes = (CB0®®) X exp(0.47N %) x h (5-21)
hep = (1.8N%8) x Ry (5-22)
Case lll : (N<0.1)

Rpep = (CB0%%) x exp(2.47N~015) x h, (5-23)
hep = (1.8N°8) x Ry (5-24)

In the above equations h; and Bo are the liquid phase heat transfer coefficient and

boiling number respectively. Dittus-Boelter equation (Incropera, F. P., 2011) was used
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to calculate the liquid phase heat transfer coefficient. Boiling factor was estimated by

using the formula below:

_ - _ ¢
Bo = Boiling number = Gy (5-25)

Thus, constant C can be determined as follows:
C=147 if Bo > 0.0011 (5-26)
C=15.43 if Bo < 0.0011 (5-27)

Finally, both the convective boiling and nucleate boiling factor were calculated at the
appropriate case and the one which is larger than the other one was considered as two

phase heat transfer coefficient.

5.3. Vane expander

This section was taken from section 2.3 of Paper I1l. The vane expander was modelled
under two parts: geometry of the expander and thermodynamic analysis of the expander.
The modelled expander which comprises a rotor, a stator and four vanes is represented

in Figure 5-3.

Figure 5-3 Schematic of the vane expander
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The working principle of the expander is discussed comprehensively in section 2.3 of

Paper III.

In the geometrical part of the modelling, initially, the radius of the stator to the centre of
the rotor was calculated according to angular displacement as follows:

d(f) = —e X sinb + \/(rsmt)z — (e X cosB)? (5-28)

where d(6) is the radius of the stator to the centre of the rotor. e and rs indicates the

eccentricity and radius of the stator respectively.

Then, the area of the working chamber was evaluated as:

2T
A©) =3[y (@2 — 1) dE (5-29)

The volume of the working chamber was determined according to the below equation.

where L 1S the length of the stator.

The calculation of the volume of the working chamber is crucial to determine the built-

in ratio of the expander and it was calculated by using the formula below;

_ Vout
Ty, puilt—in = Vin (5-31)

Vouit and Vi, can be evaluated by introducing the intake (0in;) and the exhaust (Oexn)
angles into the Eq. (5-30).

Then, the expander design pressure ratio was evaluated by using the calculated built-in
ratio as (Gnutek, Z. and Kolasinski, P., 2013):

_ Pexp,in _ kratio
PRdsg - - (rv,built—in) (5'32)
Pexp,out:,dsg

where Pexpin and Pexp, outdsg demonstrates the expander inlet and expander designed

outlet pressure respectively.

During the expander operation, if the expander design pressure ratio is higher than the
cycle operating pressure ratio over-expansion, otherwise under-expansion takes place
(Quoilin, S. et al., 2011).

The cycle operating pressure ratio can be calculated as:

Pex ,in
PR,y = 22 (5-33)

Pexp,out
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The under and over expansion process in an isentropic expansion is demonstrated in
Figure 5-4

a) b)
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Figure 5-4 Isentropic expansion process a) under expansion b) over expansion

As the expander design pressure and the cycle pressure ratios are defined, the work that

is generated in the expander can be evaluated as:

Under-expansion case

Wexp,ud = mwf X <hexp,in - hexp,out) x 1073 + Vexp,out X <Pexp,out - Pexp,out) X 1072 | x Nmec
dsg,s dsg,s dsg

(5-34)

Over-expansion case

I/i/exp,ov = mwf X <hexp,in - hexp,out) X 1073 - Vexp,out X <P3XP'OUf - Pexp,out> x107% | x Nmec
dsg,s dsg,s dsg

(5-35)

5.4. Condenser

The condenser modelling was taken from the section 2.4 of Paper Ill. In the condenser
modelling, it was assumed that the working fluid which is coming from the expander
condenses in the condenser and leaves it as a saturated liquid. Therefore, the condenser

was divided into two sections as sensible heat and latent heat.

The total amount of condensation heat equals to the summation of the sensible and

latent heat and it was evaluated as follows:
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Qcond = mwf X <hexp,out - hg@cond) + mwf X (hg@cond - hl@cond) (5'36)

temp temp. temp.

In Eq. (5-36), the first term of the right hand side of the equation indicates the sensible
heat, whereas the second term of the right hand side of the equation represents the latent
heat.

As the considered condenser is a water-cooled heat exchanger, the smallest difference
between the working fluid and cooling water temperature which is called 'the pinch
point temperature (ATpp)' should be considered in the condenser modelling. The pinch

point (point pp) was taken as 5 °C in the modelling and it is represented in Figure 5-5.

A A

cond,in

cond,out

cw,out

cw,in

Q (kW)

Figure 5-5 Temperature profiles and the pinch point temperature in the condenser

As it can be seen from Figure 5-5, the amount of the latent heat which is transferred to
the cooling water increases the cooling water temperature from its inlet temperature to

pinch point temperature. This heat balance can be represented as follows:

mwf X (hg@cond - hl@cond) = Mg, X Cp,cw X (Tcw_pp — Tew,in) (5-37)

temp temp

In Eq. (5-37), both m,, and T,,,, are unknown. Therefore, the equation should be

solved iteratively. The procedure is explained in section 7.2.3 of Chapter 7.

Then, the cooling water outlet temperature was calculated by the use of the following:

Qcond = Mgy X Cp,cw X (Tcw,out - Tcw,in) (5_38)
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5.5. Pump

The pump modelling section was taken from the section 2.5 of Paper I11. The consumed

work by the pump was calculated from:

VVpump — mwf(vpump,in)x(Pevap_Pcond)X10_2 (5_39)

Npump,s

where v and P represents the specific volume of the working fluid and the pressure
respectively. npump,is 1S the pump isentropic efficiency.
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Chapter 6 Simulation study of the flat plate collector

This chapter covers the simulation analysis of the flat plate collector based on the
mathematical model of the collector which was proposed in chapter 5, section 5.2. The

simulation methodology and the results are taken from sections 4, 5 and 6 of Paper II.

6.1. Background of the simulation study

As previously discussed (see section 4.3), the collector operating temperature and
pressure should have an effect on the efficiency of the collector. Therefore, special
attention should be given to the collector to understand its behaviour under various
operating conditions. A numerical model of the flat plate collector was developed to
analyse the collector performance under three different operating pressures (4, 6 and 8
bar) and working fluid mass flow rates (0.001, 0.005 and 0.01 kg/s) which consequently
influences the collector operating temperature as well as, the collector efficiency. In this
study, due to its promising thermal properties HFC-134a was selected as the working
fluid of the collector. The operating conditions of the simulations are given in Table
6-1.

Table 6-1 Simulation operating conditions (Helvaci, H. and Khan, Z. A., 2015)

Fluid inlet temperature (K) 278

Fluid mass flow rate (kg/s) 0.001-0.005-0.01
Collector operating pressure (bar) 4-6-8
Incoming solar radiation (W/m?) 500
Ambient temperature (K) 275

Wind velocity (m/s) 2

6.2. Numerical procedure

In this study, the collector tube was considered as a single, flat tube and it was divided
into small elements. The collector outlet temperature, plate temperature, collector heat
loss, fluid heat transfer coefficient and heat gain were calculated at the outlet of each
element. These output conditions also represent the input conditions of the next element

as each element is connected to the next one (Figure 6-1).

71



Chapter 6 Simulation study of the flat plate collector

Qu
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Figure 6-1 Schematic of collector elements (Helvaci, H. and Khan, Z. A., 2015)

The model begins with calculating the heat loss coefficient by using equations from
(5-1) to (5-3). As it can be seen from Eq. (5-1), the collector plate temperature was
needed to calculate the top heat loss coefficient. Therefore, an arbitrary value which is 5
°C higher than the fluid temperature at the collector inlet was given. Then, the flow
regime was evaluated whether it was laminar or turbulent in order to calculate the heat
transfer coefficient of the fluid (equations from (5-9) to (5-13)). However, the fluid
properties (thermal conductivity (k), density (p), specific heat (C,), viscosity (1)) were
needed to utilise the equations from (5-9) to (5-13). The developed regression equations
were employed to determine the fluid thermal properties by introducing the data which
was taken from REFPROP 9.1 programme (Lemmon, E. et al., 2013). The fluid mean
temperature which was introduced to the regression equations was calculated by using
the formula below:

— TrintTy (6-1)

Tt m .

Once the heat transfer coefficient and heat loss coefficient was calculated, the useful
heat gain of the collector was evaluated by using Eq. (5-5). As stated previously, the
collector tube was divided into small elements and therefore, the calculated useful heat

of the fluid can be expressed as follows:

Qu = Q”uT[DinLtube (6-2)
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where Q" indicates the useful heat rate and nD;, represents the surface perimeter.

Therefore, the useful heat gain of each element can be calculated by multiplying the

useful heat rate by the surface perimeter and the length of each element.

0 " Ltube

anin = Q uT[Din fo e dx (6'3)
As the amount of the heat gained by the first element is known now, the fluid outlet
temperature can be evaluated by introducing Qgain into the following equation.

_ . anin _
Tf,out - Tf,m + mwaCp,f (6 4)

The fluid mean temperature was previously estimated by using Eq. (6-1) where the plate
temperature was used in the equation. Now, by using the calculated T¢ou, the new

value of the fluid mean temperature can be determined by the use of the following:

new __ Tf,in+Tf,out
Ty = T TE0 (6-5)

The new calculated fluid mean temperature was utilised in the regression equations to

obtain the fluid properties and the new value of Q,.. Then, the new plate temperature

was evaluated as follows:

Qu

(1 - Fg) (6-6)
T

FRX

T, =Ty +

The inner loop re-calculates the Ur, Q,, and Q 4, by employing the new plate and fluid
mean temperature till the convergence criteria which represents 0.01°C difference
between plate temperatures (T,) at n™ and (n+1)" iteration is satisfied. Once the
convergence is satisfied, the outer loop checks if the fluid outlet temperature reaches its
corresponding saturation temperature. If the fluid temperature at the outlet of an element
is lower than the corresponding fluid saturation temperature, the outer loop increases the
number of element till its temperature reaches the saturation point. When, the fluid
temperature reaches the corresponding saturation temperature, the fluid enters the multi-
phase region. In the multi-phase region, in other words in the flow boiling region the
fluid temperature remains constant. Therefore, instead of calculating the fluid outlet
temperature as it was represented in Eqg. (6-4), the fluid outlet enthalpy was evaluated
from the following equation:

Qgain (6-7)

My f

hf,out = hf,in +
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Furthermore, instead of single phase heat transfer coefficient, as it was represented in
section 5.2.2.2 of Chapter 5, the two phase heat transfer coefficient was calculated by
using the equations from (5-14) to (5-27).

Vapour quality of the fluid was calculated at each element by the use of the following:

hfour—hi
X = —fout™T (6-8)
hg—hy
B [ Set input parameters ]
g vy
‘0 | Divide collector tube into i element |
v
- A
0
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=
o 3
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= . .
g Tp=Tpnew Evaluate fluid properties ¢ |
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N

no

1o
Ti\lll > T.‘lﬂ[
o
2
=0
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Figure 6-2 Flow chart of the simulation process (Helvaci, H. and Khan, Z. A., 2015)
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Then, the outer loop increases the number of elements if the vapour quality of the fluid
does not exceed 1. This means that the fluid is still not in the superheated region and the
two -phase region calculations are valid. Once the fluid enters the superheated region,
the same calculations which were used in the single phase regions were performed (with
superheated vapour properties). The outer code increases the element number till the

end of the tube. The flow chart of the simulation model is represented in Figure 6-2.

6.3. Simulation results and discussion of the flat plate collector

The results of the proposed simulation model are taken from section 5 of Paper II.
Figure 6-3 represents the simulated fluid mean temperature and fluid heat gain along the
collector tube at the pressure of 6 bar and mass flow rate of 0.005 kg/s. As it can be seen
from Figure 6-3, the fluid entered the collector at 278 K (5 °C) and its temperature rose
till the fluid corresponding saturation temperature at 6 bar (22.2°C). Then, its
temperature remained constant until it reached the superheated region. In the
superheated region the temperature of the fluid increased till the end of the tube where it

was a superheated vapour at the temperature of 26.3°C.
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251 _ _ Heat gain - 800
Z-—= L1700
o
S 20 . - 600
B L 500 =
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5 15 - 400 2
o fu o1
= - 300
=
£ 104 T L 200
) - 100
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0 10 20 30 40 50 60
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Figure 6-3 Fluid mean temperature and heat gain variation along the collector tube (P=6 bar, m=0.005
kg/s) (Helvaci, H. and Khan, Z. A., 2015)

As it was previously stated the heat transfer coefficient of the fluid varies in single
phase and multi-phase regions. The heat transfer coefficient showed a slight increase in
the single phase flow region where it was rising from 153.54 W/m?K to 173.93 W/m?K.
In the multi phase region, it increased gradually to 610.27 W/m’K and reached a peak.
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This point represents the fluid vapour quality of 0.8. Then, it started to decrease
drastically to 498.23 W/m?K before it entered the single phase (vapour) region (Figure
6-4). This phenomenon is called 'dry out' and it is due to the lower conductivity
property of dry steam (Odeh, S. et al., 1998).

600 + —— Single phase RN

= = — Multi phase P A
Single phase (vapor) - 1

500 4 -7 i

400 -

300+

2004

Heat transfer coefficient (W/m?K)

100 +

T
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Figure 6-4 Fluid heat transfer coefficient in various flow regions (P=6 bar, m=0.005 kg/s) (Helvaci, H.
and Khan, Z. A., 2015)

It was previously mentioned that the collector efficiency vary with the parameters such
as the collector temperature, the collector pressure and the mass flow rate (see section
4.3). Therefore, the collector efficiency was evaluated by the use of the following

equation:

Qp
SinAp

Neolt = (6'9)

In Eq. (6-9), the collector efficiency was defined in terms of the collector plate
temperature in order to determine the effect of the collector pressure and the fluid mass
flow rate on the plate temperature and its subsequent effect on the efficiency. Figure 6-5
and Figure 6-6 represents the collector efficiency and collector plate temperature versus

collector operating pressure and fluid mass flow rate.
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Figure 6-5 Collector efficiency and plate temperature at various mass flow rates (P=6 bar)
(Helvaci, H. and Khan, Z. A., 2015)

Collector efficiency increased from 60.2% to 68.8% as the fluid mass flow rate rose
from 0.001 kg/s to 0.01 kg/s. This is due to the fact that at the higher mass flow rate, a
higher amount of the heat which is available on the collector plate was transferred to the
fluid. Therefore, the collector plate temperature decreases with the increasing mass flow
rate and less amount of heat was transferred from the collector to the ambient (Figure
6-5). Similarly, the collector efficiency varied with the collector operating pressure. As
the collector operating pressure increased from 4 bar to 8 bar, the fluid saturation
temperature rose from 9.6 °C to 31.9 °C. The increase in the saturation temperature of
the fluid caused the collector operate at higher temperatures, in other words, at higher
collector plate temperatures. For instance, the collector plate temperature increased from
22.1°C to 41.8°C where the collector pressure increased from 4 bar to 8 bar. Therefore,
a higher amount of heat was lost from the collector to the surroundings at a higher plate
temperature which resulted in a decrease in the collector efficiency (Figure 6-6).
Furthermore, the working fluid which is utilised in the collector has also an effect on the
collector efficiency due to the different thermal properties of fluids. Figure 6-7
demonstrates the collector efficiency for HFC-134a and HFE 7000. Because each fluid
has a different saturation temperature characteristic, HFC-134a and HFE 7000 entered
the collector at 8.6 bar and 1 bar respectively. Thus, the same saturation conditions were
obtained which is 15°C higher than the fluid temperatures at the collector inlet (20 °C).
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Figure 6-6 Collector efficiency and plate temperature at various operating pressure (m=0.005 kg/s)

(Helvaci, H. and Khan, Z. A., 2015)

The mass flow rate of each fluid and the incoming solar radiation was the same in the
simulations. As it can be seen from Figure 6-7, higher collector efficiency was obtained
when utilising HFC-134a rather than HFE 7000. One of the reasons for this issue is that
HFC-134a has a higher thermal conductivity (0.083 W/m-K) than HFE 7000 (0.0757

W/m-K).
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Figure 6-7 Collector efficiency as a function of (T;,- T,) /I for R-134a and HFE 7000 (Helvaci, H. and

Khan, Z. A., 2015)
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It is worth mentioning that although, HFC-134a provides a higher collector efficiency
than HFE 7000, it has a higher global warming potential (1370) compared to HFE 7000
(450). The effects of thermal properties of various working fluids on the solar ORC
efficiency, as well as their environmental impacts in terms of global warming potential,

toxicity and flammability are discussed in Chapter 7.

79



Chapter 7 Fluid selection study of the solar ORC

Chapter 7 Fluid selection study of the solar ORC

This chapter presents the simulation analysis of the proposed solar ORC based on the
model which was proposed in Chapter 5. The simulation methodology and the results

are taken from Paper 11l and Paper IV.

7.1. Background of the study

The mathematical model of the solar ORC was developed and demonstrated in Chapter
5 and the simulation study of the flat plate collector where the effects of the operating
conditions on the collector heat loss, the collector heat gain and the collector efficiency
was evaluated was represented in Chapter 6. It was also mentioned that not only the
operating conditions but also the working fluid that is used in the collector has an effect
on the thermal performance of the collector (see section 6.3). Therefore, the simulation
of the collector was extended to the whole solar ORC in order to evaluate the cycle
behaviour under various operating conditions with utilising different thermo-fluids. The
simulations of the cycle were performed where the condenser temperature/pressure was
set constant and the cycle operating pressure ratio, in other words the ratio of
evaporating pressure to condenser pressure varied from 1.5 to 6. In the simulations,
twenty four organic compounds including Hydrofluorocarbons (HFCs),
Perfluorocarbons (PFCs), Hydrocarbons (HCs), Hydrofluoroethers (HFEs) and
Hydrofluoroolefins (HFOs) were considered. The proposed cycle was considered as
saturated, in other words the working fluid left the collector and the condenser as
saturated vapour and saturated liquid respectively. In this study, the effect of the cycle
operating pressure on the collector, the vane expander, the cycle net work output and the
cycle efficiency was discussed. Furthermore, the investigated working fluids suitability
in terms of the fluids' thermophysical effects on the cycle and the fluids' environmental
characteristics such as global warming potential, flammability and toxicity was

examined.

7.2. Numerical procedure

The numerical methodology of each element, as well as the whole cycle is taken from
section 3 of Paper Ill. The simulation model of the cycle comprises sub-codes which
represents the calculation of output variables of each component based on the given

input and fixed variables. Calculated output variables from one component were
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transmitted to the next component as input variables as each component was connected

to the other one. The followings were kept constant during the simulations.

Component specifications

The condensing, the ambient and the cooling water temperatures
Pump isentropic efficiency

Expander mechanical efficiency

Incoming solar radiation

The operating conditions of the cycle are given in Table 7-1.

Table 7-1 Operating conditions of the saturated solar ORC

Parameter Unit Value
Incoming solar radiation W/m?® 800
Condensation temperature °C 25
Ambient temperature 0 15
Cooling water inlet temperature ~ °C 12
Pump isentropic efficiency - 0.6
Expander mechanical efficiency - 0.7
Pressure ratio of the cycle - 15-6

The REFPROP 9.1 software where the fluid properties at various conditions were taken

from was run in parallel with the code.

Initially, the condensing pressure at saturated conditions was determined for each fluid

as the condensing temperature was set constant at 25 °C (Table 7-1). Then, the

evaporating pressure was calculated as the condensing pressure and the cycle pressure

ratio are known. By use of the calculated condensing and evaporating pressures of the

cycle, the followings were read from REFPROP as:

Fluid evaporation temperature at corresponding Pevap
Fluid sat. liquid density at corresponding Peyap

Fluid sat. liquid density at corresponding Peyap

Fluid sat. vapour density at corresponding Pevap
Fluid sat. liquid conductivity at corresponding Peyap
Fluid sat. liquid viscosity at corresponding Peyap
Fluid sat. vapour viscosity at corresponding Peyap
Fluid sat. liquid enthalpy at corresponding Pevap
Fluid sat. vapour enthalpy at corresponding Pevap

Fluid saturated liquid enthalpy at 25 °C
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e Fluid saturated vapour enthalpy at 25 °C
e Fluid saturated liquid specific volume at 25 °C
Before the collector code was activated the specific pump work and the collector inlet

enthalpy was determined as:

. v i X(Pevap_Pcond)Xlo_z
Wpump — Zpump,in (7_1)
Npump,s
— : 3
hcol,in - (Wpump x 10 ) + hpump,in (7'2)

As the collector inlet enthalpy was calculated by using equations (7-1) and (7-2), the
collector inlet temperature was read with the use of known fluid enthalpy at the

collector inlet and collector pressure, in other words evaporating pressure.

7.2.1. Flat plate collector

The numerical simulation of the collector was represented previously in section 6.2. The
same approach was followed in this study. However, the only difference was the mass
flow rate for given collector inlet and collector outlet temperature (as the cycle is
saturated) was calculated in the current study whereas the collector outlet temperature
was evaluated for the given collector inlet temperature and the mass flow rate in section
6.2. The simulation continues until the difference between m,, o, and m, s, is less
than 0.0001. If the condition does not meet the convergence criterion (0.0001), the
model increases the number of elements for the single phase part region until the

condition satisfies the convergence.

The flow chart of the collector simulation is represented in Figure 7-1 and the details of
the collector simulation procedure can be found in section 3.1 of Paper IlI.

As the evaporation pressure of the cycle represents the collector outlet temperature, the

collector efficiency was calculated as follows:

mwfx[(cp(Tevap_Tcolrin)"'(hg_hl))] (7-3)
SinXAcol

Neolt =
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Figure 7-1 Flow chart of the collector simulation model

7.2.2. Expander
Initially, the parameters of the expander including the input parameters which were
calculated from the collector sub-code and transferred to the expander and the fixed
parameters such as expander specifications were introduced into the expander code. The
parameters were given as follows:

e Expander inlet pressure (Pexp,in)

e Expander outlet pressure, (Pexp.out)

e Rotor radius, (rrot)

e Stator radius, (stat)

e Eccentricity, (e)
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e Intake angle, (Oint)
e Exhaust angle, (Oexn)

e Expander mechanical efficiency, (fmec)

Then, by the use of equations from (5-28) to (5-32), the expander built-in ratio and the
expander designed outlet pressure were calculated. Based on the expander designed
pressure ratio and the cycle operating pressure ratio, the mechanical work generated in
the expander were calculated by using the equations from (5-34) to (5-35). The
efficiency of the expander for under-expansion and over expansion were calculated with

the use of equation below as:

. _ Wexpuax103 (7 4)
exp,ud mwfx(hexp,in_hexp,out,s)
_ Wexp,ovx103
77exp,ov = (7'5)

Ty £ X (hexp,in_hexp,out,s)
The flow chart of the expander simulation model is shown in Figure 7-2.
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Figure 7-2 Flow chart of the expander simulation model
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7.2.3. Condenser

In the condenser sub-code, the pinch point was defined as follows:

25 — Toypp = 5°C (7-6)

Then, by using an arbitrary value of cooling water mass flow rate (0.001 kg/s), Eq.
(5-37) was solved iteratively until the condition in Eq. (7-6) is satisfied. Thereafter,

according to Eq. (5-38), the cooling water outlet temperature was evaluated.

7.2.4. Pump

The amount of the work that is spent in the pump was evaluated by multiplying the

calculated specific pump work (see Eq. (7-1)) by the cycle mass flow rate.

7.3. Performance parameters of the solar ORC

The following parameters were used to evaluate the performance of the cycle at each
performed simulation to make a comparison of cycle operating conditions and each
considered fluid. The following equations which calculate the net work output and the

efficiency of the cycle were evaluated as follows:

Wnet = Vi/exp r Vi/pump (7-7)
Wi et X103
Nsorc = th, (7-8)
gain

7.4. Boundary conditions of the simulation model

The followings represent the constraints of the simulations as:
e Because of the leakage and safety concerns of the flat plate collector pressure in
domestic applications the maximum pressure of the cycle is limited to 1.5MPa
(15 bar).
e Minimum condenser pressure should not be lower than 0.05 bar

e Pump isentropic efficiency is 0.6

7.5. Pre-selection of working fluids

In order to limit the number of the working fluids to be considered in the analysis, some
working fluids were omitted from the analysis based on their environmental properties
and saturation pressure values. For instance Table 7-2 represents the fluids which show
a condensing pressure less that 0.05 bar at 25 °C. Furthermore, Chlorofluorocarbons

(CFCs) and hydrochlorofluorocarbons (HCFCs) which have ozone depletion potential

85



Chapter 7 Fluid selection study of the solar ORC

were eliminated from the analysis. Consequently, fluids with zero ozone depletion
potential and a saturation pressure greater than 0.05 bar at 25 °C were considered in this
analysis. The considered twenty four fluids can be categorised as Hydrocarbons (HCs),
Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), Hydrofluoroolefins (HFOs) and
Hydrofluoroethers (HFEs). Properties of the considered fluids are represented in

Appendix B.

Table 7-2 Fluids with a condensation pressure less than 0.05 bar

Condensation

Fluid pressure at 25 °C
(bar)
D4 0.0012
Decane 0.001
Dodecane 0.0001
Ethyl benzene 0.012
MDM 0.004
MD2M 0.0005
MD3M 0.00006
m-xylene 0.011
Nonane 0.005
Octane 0.018
p-xylene 0.011
Toluene 0.037

Table 7-3 List of the considered fluids

Fluid Alt. Name Type
Trans-2-butene HC
Cis-2-butene HC
1-butene HC
Isobutane R600a HC
Butane R600 HC
Neopentane HC
Isopentane R601a HC
Pentane R601 HC
Isohexane HC
Hexane HC
Cyclohexane HC
1,1,1,2-tetrafluoroethane R134a HFC
1,1-difluoroethane R152a HFC
1,1,1,2,3,3,3-heptafluoropropane R227ea HFC
1,1,1,2,3,3-hexafluoropropane R236ea HFC
1,1,1,3,3,3-hexafluoropropane R236fa HFC
1,1,1,3,3-pentafluoropropane R245fa HFC
1,1,2,2,3-pentafluoropropane R245ca HFC
Octafluorocyclobutane RC318 PFC
Methyl-heptafluoropropyl-ether RE347mcc HFE
2,2,2-trifluoroethyl-difluoromethyl-ether RE245fa2 HFE
2,3,3,3-Tetrafluoropropene R1234yf HFO
Trans-1,3,3,3-tetrafluoropropene R1234ze HFO
Trans-1-chloro-3,3,3-trifluoropropene R1233zd HFO
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7.6. Simulation results and discussion of the solar ORC

The results of the proposed simulation study of the solar ORC are taken from section 4

of Paper I11. The considered fluids in this study are given in Table 7-3.

It is worth mentioning that some of the considered fluids showed pressure values higher

than 15 bars at some cycle pressure ratio points. As the allowable maximum pressure in

the collector was set to 15 bar, the cases where fluid exceeded the limit were not taken

into account (Table 7-4).

Table 7-4 List of the fluids which showed a saturation pressure higher
ratio values

than 15 bar at various pressure

Pressure Ratio

H Pcond at
Bluid 25°C |15 |2 25 |3 35 4 45 |5 55 |6
(bar)
1-butene | 2.95 443 | 591 | 739 |887 |1035 |11.83 | 1331 | 14.79 | 1627 | 17.75
R-600a | 3.49 523 | 698 | 8.72 | 1047 | 1221 | 13.96 | 15.71 | 17.45 | 19.20 | 20.94
R-134a | 6.62 9.93 | 132 | 1656 | 19.87 | 23.18 | 26.49 | 29.80 | 33.12 | 36.43 | 39.74
R-152a | 5.93 890 | 11.8 | 14.84 | 17.81 | 20.78 | 23.75 | 26.71 | 29.68 | 32.65 | 35.62
R-227ea | 4.52 6.78 | 9.05 | 11.31 | 1357 | 15.84 | 18.10 | 20.36 | 22.63 | 24.89 | 27.15
R-236fa | 2.7 405 | 541 | 6.76 |811 |9.47 |10.82 | 1217 | 1352 | 14.88 | 16.23
RC-318 | 3.11 466 | 622 | 7.77 | 933 | 1088 |12.44 | 13.99 | 1555 | 17.10 | 18.66
R1234yf | 6.79 10.1 | 135 | 169 | 203 | 2378 | 27.18 | 305 |- - -
R1234ze | 4.96 744 | 992 | 124 | 1488 | 17.36 | 19.85 | 22.33 | 2481 | 27.29 | 29.77

7.7. Collector analysis

This section analyses the effect of cycle pressure ratio and the fluid thermophysical

properties such as saturation temperature on the collector heat loss and collector

efficiency.
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Figure 7-3 Collector efficiency versus cycle pressure ratio for a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

The simulation results indicates that the collector efficiency varied between 59.19% and

37.44% where the cycle pressure ratio increased from 1.5 to 6 considering all the

investigated fluids. Furthermore, the collector efficiency decreased with the increasing

pressure ratio of the cycle for each fluid including HCs, HFCs, PFCs, HFEs and HFOs

(Figure 7-3). This is due to the higher saturation temperature points of the fluids at

higher collector, in other words evaporation pressure points. As the collector pressure

increased with the increasing cycle pressure ratio, the collector temperature rose and

this caused a higher amount of heat to be transferred to the atmosphere (Marion, M. et

al.,, 2012). For instance, Figure 7-4 indicates the relation between the saturation

temperature and the amount of the heat loss from the collector. As it can be seen these

results are in agreement with the proposed findings in section 6.3.
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Figure 7-4 Collector heat loss and saturation temperature versus pressure ratio

7.8. Expander analysis

Figure 7-5 represents the expander efficiency values for each considered fluid with the
increasing pressure ratio values. The expander efficiency increased when the cycle
pressure ratio rose from 1.5 to 2.5 and reached its maximum at the pressure ratio of 2.5.
Then, the expander efficiency decreased as the pressure ratio increased from 2.5 to 6.
This behaviour shows that when the expander pressure ratio was lower than its designed
pressure ratio which was calculated as 2.5, the expander operated under over-expansion.
As the pressure ratio approached to 2.5 which indicates the ideal operating conditions
for the proposed expander, the efficiency increased. However, as the expander pressure
ratio became distant from 2.5, the expander operated under under-expansion and its
efficiency decreased. This shows that the expander design characteristics such as built-
in volume ratio has an effect on the operating conditions of the expander, as well as its
efficiency due to the presenting different expander losses under different operating
conditions (under and over-expansion) (Kim, Y. M. et al., 2014; Kolasinski, P., 2015).
For example, when utilising R600, the expander efficiency increased from 49.26% to
69.98% when the cycle operating pressure rose from 1.5 to 2.5. Then, its efficiency

decreased to 59.94 when the pressure ratio reached 6.
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Figure 7-5 Expander efficiency under various pressure ratio a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

It is worth mentioning that the maximum expander efficiency did not occurred at the
pressure ratio of 2.5 for the fluids such as R134a and R1234yf because of their
saturation pressure limitation. The simulation results reveal that 1-butene showed the

highest expander efficiency (70.1%) among all the investigated fluids.

7.9. Condenser analysis

Based on the Eq. (5-36), the amount of the heat that was rejected from the condenser
varied between 1729 W and 3223.96 W. That is to say that this amount of heat was
transferred to the cooling water in the condenser and subsequently, increased its
temperature at the outlet of the condenser. The mass flow rate of the cooling water and
the cooling water temperature at the outlet of the condenser was calculated according to
the equations from (5-37) to (5-38) for each considered fluid and the results are given in
Table 7-5.
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Table 7-5 Investigated cooling water mass flow rate and outlet temperature at pressure ratio of 1.5

Cooling water mass Cooling water inlet Cooling water outlet

Fluid flow rate (kg/s) temperature (°C) temperature (°C)
Trans-2-butene 0.091 12 20.21
Cis-2-butene 0.092 12 20.11
1-butene 0.091 12 20.16
R600a 0.087 12 20.25
R600 0.091 12 20.14
Neopentane 0.09 12 20.33
R601a 0.092 12 20.16
R601 0.093 12 20.14
Isohexane 0.094 12 20.18
Hexane 0.094 12 20.2
Cyclohexane 0.094 12 19.99
R134a 0.093 12 20.13
R152a 0.093 12 20
R227ea 0.09 12 20.39
R236ea 0.092 12 20.22
R236fa 0.092 12 20.23
R245fa 0.093 12 20.18
R245ca 0.093 12 20.18
RC318 0.09 12 20.45
RE347mcc 0.091 12 20.43
RE245fa2 0.093 12 20.23
R1234yf 0.091 12 19.01
R1234ze 0.091 12 20.24
R1233zd 0.09 12 18.65

For each investigated fluid, the cooling water temperature at the condenser outlet was
approximately 6-8 °C higher than that of the inlet temperature. Although, the cooling
water outlet temperature is not high enough to cover hot water needs of a household, it
can be directed to a hot water tank to supply some pre-heated water as it was

represented in section 4.1.4 of the thesis.

7.10. Solar ORC analysis

The net work output and the thermal efficiency of the solar ORC is discussed in this
section. The generated net work output initially rose, then it reached a peak and
remained almost constant with the increasing pressure ratio for 1-butene, R600a,
hexane, Isohexane, Cyclohexane, R236fa, R245fa and RE245fa2. This trend in the net
work output is due to the three mains factors which are a decrease in the working fluids
mass flow rate and an increase in the pump work and an enthalpy drop. Namely, the
enthalpy drop within the expander for each fluid augmented as the cycle operating
pressure ratio increased which enhanced the generated mechanical work in the
expander, as well as the net mechanical work of the cycle. However, at the same time

with the increasing pressure ratio of the cycle, the mass flow rate of the working fluids
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decreased and the pump work increased which have a negative effect on the net
mechanical work. The cycle net mechanical work increased when the enthalpy drop was
dominant compared to the effects of the mass flow rate and the pump work. After a
certain point, the negative effects of the mass flow rate and the pump work compensated
the positive effect of the enthalpy drop in the expander. Then, the net mechanical work
of the cycle did not show any further increase. Similar finding were reported in (Wang,
M. et al., 2013). This negative effects were even more profound for the fluids such as
trans-2-butene, cis-2-butene, R600, neo-pentane, R601a, R236ea, R245ca, RE347mcc
and R1233zd where the net mechanical work started to decrease after a certain point of

pressure ratio.
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Figure 7-6 Net work output versus pressure ratios of the cycle for a) HCs b) HFC-PFCs ¢) HFEs d) HFOs

On the other hand, the thermal efficiency of the cycle presented a different behaviour
than the net work output. Namely, the cycle efficiency increased gradually with the
increasing cycle pressure ratio (Figure 7-7) whereas the net work output showed a
maximum point (Figure 7-6). The upward trend of cycle efficiency is due to the
combined effects of the collector efficiency which is related to the cycle heat input and
the net mechanical work of the cycle. That is to say that although, the net work output
of the cycle remained constant or decreased after a certain point of the cycle pressure

92



Chapter 7 Fluid selection study of the solar ORC

ratio, the decreasing trend of the collector efficiency, in other words the cycle heat input
as the collector was utilised as an evaporator of the cycle led the cycle efficiency

increase gradually (see Eq. (7-8)). Similar trend was reported in (Zhai, H. et al., 2014).
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Figure 7-7 Solar ORC efficiency versus various pressure ratio for a) HCs b) HFC-PFCs c) HFEs d) HFOs

In general, hydrocarbons such as trans-2-butene, cis-2-butene, 1-butene, R600 and
R600a provided the highest net work output of the cycle and the highest cycle efficiency
was obtained by trans-2-butene (9.76%) and cis-2-butene (9.69%) among the
investigated fluids. The operating conditions and efficiency values of the collector, the
expander and the cycle efficiency at the maximum net work output for each investigated
fluid is represented in Appendix C

7.11. Environmental and safety aspects of the considered fluids

Previously, in section 6.3 it was stated that although R134a provides higher collector
efficiency than HFE 7000, the former has a higher global warming potential than the
latter and it would be crucial to discuss the environmental effects together with their
thermophysical properties. Table 7-6 shows the global warming potential and safety

properties of the investigated fluid. Generally, the fluids which belong to HFCs and

93



Chapter 7 Fluid selection study of the solar ORC

PFC have high global warming potential. Furthermore, hydrocarbons are more
flammable than HFCs, HFEs and HFOs.

Table 7-6 Environmental and safety properties of the considered fluids

Fluid Alt. Name Type GWP Safety
Trans-2-butene HC ~20 -
Cis-2-butene HC ~20 -
1-butene HC ~20 -
Isobutane R600a HC ~20 A3
Butane R600 HC ~20 A3
Neopentane HC ~20 -
Isopentane R601a HC ~20 A3
Pentane R601 HC ~20 A3
Isohexane HC ~20 -
Hexane HC ~20 -
Cyclohexane HC ~20 A3
1,1,1,2-tetrafluoroethane R134a HFC 1370 Al
1,1-difluoroethane R152a HFC 133 A2
11,12333- R227ea HFC 3500 Al
heptafluoropropane

111233 R236ea  HFC 1410 :
hexafluoropropane

11,1333 R236fa HFC 6300 Al
hexafluoropropane

1,1,1,3,3-pentafluoropropane  R245fa HFC 1050 B1
1,1,2,2,3-pentafluoropropane  R245ca HFC 726 -
Octafluorocyclobutane RC318 PFC 10300 Al
Methyl-heptafluoropropyl-  peaszmee HFE 450 Non-flammable

ether
2,2,2-trifluoroethyl-
difluoromethyl-ether RE245fa2  HFE 659 i
2,3,3,3-Tetrafluoropropene R1234yf HFO 4 A2L
Trans-1,3,3,3- R1234ze  HFO 6 A2L
tetrafluoropropene

Trans-1-chloro-3,3,3- R12337d HFO 7 Al
trifluoropropene

A- Lower toxicity, B: Higher toxicity, 1. Non-flammable, 2 Lower flammability 3: Higher flammability

7.12. Overall analysis of the considered thermo-fluids

It is worth mentioning that there is no one specific fluid that can satisfy all the criteria
for the proposed low-temperature solar thermal system. The decision should be made
based on the desired criteria. For instance, hydrocarbons such as R600a, R600 and
cyclohexane provide net work output and high thermal efficiency yet they have
flammability problems. Secondly, R236fa, R227ea and R134a have high GWP. Lastly,
fluids such as R134a, R152a, R1234yf, R1234ze represents high saturation pressure at
condensation temperature of 25 °C and this limits the cycle operating pressure ratio, as
well as the system performance. It is also important to note that fluid mixtures, in other

words blending a compound with other compounds that have lower flammability and

94



Chapter 7 Fluid selection study of the solar ORC

GWP could restrain the flammability and GWP issues (Wang, J. et al., 2010). This is
discussed in Chapter 10 in detail.
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Chapter 8 CFD analysis of HFE 7000 based nano-refrigerants

This chapter covers the CFD analysis of HFE 7000 based various nano-refrigerants
under four different Reynolds number and four different particle volume concentration
ratios. The detailed analysis of HFE 7000 based Al,O3, SiO,, CuO and MgO nano-
refrigerants which is taken from Paper V is discussed. In addition to that, further
analysis results of HFE 7000 based 8 nano-refrigerants where the increase in the heat

transfer coefficient is represented in this chapter.

8.1. Background of the study

It was previously mentioned that nanofluids where various nanoparticles are dispersed
in water and ethylene glycol have been used in solar thermal applications as a working
fluid. It was concluded from both experimental and theoretical studies that utilising
nanofluids which have better thermal-properties than that of a base fluid provide a
higher heat transfer mechanism. On the other hand, nano-particles could be suspended
in refrigerants and utilised in applications such as refrigeration, heat pump, air
conditioning and solar thermal. However, in the literature there are limited numbers of
numerical and experimental studies on nano-refrigerants heat transfer characteristics,

particularly convective flow characteristics of nano-refrigerants.

Table 8-1 The considered parameters of the simulation study

Base fluid HFE 7000, water
Particle Al,O3, SiO,, CuO , MgO
Reynolds number 400, 800, 1200, 1600
Volume concentration ratio (%) 0%, 2%, 4%, 6%

Heat flux (W/m?) 1000

Therefore, the laminar forced convection flow characteristics of HFE 7000 based
Al,03, SiO,, CuO and MgO nano-refrigerants in a horizontal tube under constant heat
flux is numerically analysed and represented in this section. The effects of Reynolds
number and particle volume concentration ratio on both the heat transfer coefficient and
the pressure drop of each nanofluid was investigated. Furthermore, the entropy
generation analysis is provided for each nanofluid flow to specify the most beneficial
nanofluid with optimum working conditions that minimises the total entropy generation

of the flow. The considered parameters in the simulations study is given in Table 8-1.
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8.2. Nano-refrigerant thermophysical properties

The thermophysical properties of the considered nano-refrigerants were discussed in

section 3.2 of Paper V.

Thermal and physical properties such as the thermal conductivity, density, specific heat
and viscosity of the considered nano-refrigerants were evaluated by using the formulas

below:

Thermal conductivity

[ks+(n—1D)kpp+(n—1)p(ks—kpf)]
[ks+(n—Dkpr—p(ks—kpf)]

knf = kbf (8-1)

In Eq. (8-1), kys and kys indicates the thermal conductivity of the base fluid which is
HFE 7000 and the thermal conductivity of the nanoparticles which are Al;Os3, SiO,,
CuO and MgO in this study. The nanoparticles were assumed to be spherical and

therefore, n was taken as 3 in the calculations (Hamilton, R. and Crosser, O., 1962).

Viscosity

Dynamic viscosity of the nano-refrigerants were calculated by using the equation which
was developed by Einstein depending on the kinetic theory (Einstein, A., 1906).

tns = Upr(1+ 2.5¢) (8-2)

where Ly is the dynamic viscosity of the HFE 7000.

Density

Pak and Chao developed a correlation utilising densities of base fluid and particle (Pak,
B. C.and Cho, Y. I., 1998).

Py = $ps + (1 — P)pps (8-3)

Specific heat

C — ¢(Pcp)s+(1_¢)(pcp)bf
pnf bps+(1-d)pps

(8-4)

8.3. Numerical analysis

8.3.1. Flow domain

This section is taken from section 2 of Paper V. The schematic of the flow domain is

demonstrated in Figure 8-1. The tube which has a length of 1.2 m and a diameter of
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0.00475 m was subjected to 1000 W/m? constant heat. Furthermore, the flow was
assumed to be symmetrical and the investigated nano-refrigerants and pure HFE 7000
goes into the tube at 283 K.

Constant heat flux

r
inlet R outlet
B ——— . —
‘ X axis

Figure 8-1 Schematic of the flow domain under consideration (Helvaci, H. U. and Khan, Z. A., 2017)

8.3.2. Mathematical modelling

This section is taken from section 3.1 of Paper V. The continuity, momentum and

energy equations for laminar, incompressible flow are expressed as:

Continuity equation

V. (pnsv) =0 (8-5)
Momentum equation

V. (pnfvv) = —=VP +V.(unsVv) (8-6)
Energy equation

V(pnsvCyT) = V(kyfVT) (8-7)

8.3.3. Boundary conditions

This section is taken from section 3.3 of Paper V. The boundary conditions which were

applied in the analysis are given in Table 8-2.

Table 8-2 Boundary conditions of the problem

Component v, (m/s) v; (M/s) P (bar) T (K)

Inlet u 0 1 283

Outlet ? 0 ? ?

Wall 0 0 ? ~knp 5| = 4"

u indicates the velocity component in the x direction and it was calculated for each
nano-refrigerant according to the defined Reynolds number of the flow (400, 800, 1200,
1600). The velocity at the wall was zero as no-slip boundary conditions were applied.
Finally, constant heat flux (g"") boundary conditions were utilised at the upper wall of
the tube.
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8.4. Numerical method

In this study, the single phase homogeneous model was applied in order to investigate
flow characteristics of the investigated nano-refrigerants. The finite volume solver
Fluent 6.3.26 was utilised to solve the continuity, momentum and energy equations,
with the defined boundary conditions. The convective and diffusive terms were solved
by employing the second order upwind scheme and pressure-velocity coupling was
modelled by utilising the SIMPLE algorithm.

8.5. Data reduction

The calculation of heat transfer coefficient, Nusselt number and entropy generation was
discussed in detail in section 4.1 of Paper V. The convective heat transfer coefficient
(local and average) was calculated as follows:

. Wl X 8-8
h () = Ty &9

L
have = 7 [ h(x)dx (8-9)
The entropy generation of the flow was represented as the summation of thermal and
frictional entropy generation by the use of the following as:

171\2 2 03
StOt — (@ )*nD“L + 32m°fL (8-10)

NuavekTavez 2 p2TgpeDS

where Nuae, Tave and f represents the Nusselt number, fluid average temperature and

friction factor and they can be calculated from:

Nugye = haZeD (8-11)
Tave = LTT-ZM (8-12)
)
2:AP-D
f = p-VZ-L (8'13)

8.6. Simulation results and discussion

This section discusses the effect of the Reynolds number, particle type and particle
concentration ratio on the heat transfer coefficient, pressure drop and entropy generation
analysis of the flow. All the results were taken from sections 4.2 and 4.3 and section 5

of Paper V.
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8.6.1. Grid independency test

It is important to perform a grid independency analysis to guarantee the precision of the
results. Thus, a grid independency test with various sets of uniform grids was conducted
considering both water and HFE 7000 at Reynolds number of 800 and 1600. The
analysis results are represented in Table 8-3. Grid 4 which has 2000 cells in x and 40
cell in y direction was used in the simulations as it provides satisfactory results (Table
8-3).

Table 8-3 Grid independency analysis results (Helvaci, H. U. and Khan, Z. A., 2017)

Number of cells Number of cells

Grid number o o h (pure water)  h (pure HFE 7000)
in x direction in y direction
Re =800
1 250 5 755.384 125.05
2 500 10 728.2 116.41
3 1000 20 720.32 114.63
4 2000 40 718.47 114.16
5 3000 40 719.26 114.21
Re = 1600
1 250 5 1120.64 158.05
2 500 10 1032.7 146.14
3 1000 20 1011.44 142.68
4 2000 40 1006.25 141.86
5 3000 40 1007.34 142

8.6.2. Validation of the model

The experimental analysis of Al,Oz/water nanofluid conducted by Anoop (2009) was
used to validate the model accuracy as there is no experimental and theoretical study of
HFE 7000 based nanofluids in the literature (Anoop, K. et al., 2009). The numerical
model results for utilising water and Al,Os/water nanofluid (¢ = 4%) were compared
with the experimental results. The simulation results of the heat transfer coefficient in
the axial direction showed a good agreement between the experimental results where the

maximum discrepancy was found to be 12% (Figure 8-2).
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Figure 8-2 Comparison between the simulated and experimental results (Helvaci, H. U. and Khan, Z. A.,

2017)

8.6.3. Temperature analysis

The temperature of Al,O3-HFE 7000 (¢ =0, 1, 4, 6%) and the wall temperature in axial
direction is represented in Figure 8-3. It can be observed from Figure 8-3 that the higher
nanoparticle volume concentration ratio the lower temperature difference between the
wall and bulk temperature. This can be explained by the fact that a higher heat transfer
rate occurred when the particle concentration ratio increased which is due to the

superior thermophysical characteristics of Al,O3-HFE 7000 nano-refrigerant at higher

concentration ratio. Similar findings were reported in (Bergman, T., 2009).
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Figure 8-3 Axial distribution of wall and fluid temperature of Al,O3; nanofluid at various volume
concentrations (Helvaci, H. U. and Khan, Z. A., 2017)

8.6.4. Convective heat transfer analysis

The heat transfer coefficients of the investigated nano-refrigerants at Reynolds number
of 400, 800, 1200 and 1600 and particle volume concentration of 0%, 1%, 4% and 6%
are demonstrated in Figure 8-4. The heat transfer coefficients of each nano-refrigerant
increased with the increasing volume concentration ratio and the Reynolds number
(Figure 8-4). This can be explained by the fact that the higher concentration ratio, the
greater enhancement in the thermal conductivity of a nanofluid. Similar results were
reported in various studies (Moraveji, M. K. and Ardehali, R. M., 2013; Moraveji, M.
K. et al., 2011; Purohit, N. et al., 2016). The highest increase in the heat transfer
coefficient was observed for MgO-HFE 7000 nano-refrigerant. For instance, the
increase in the heat transfer coefficient at Reynolds number of 400 and concentration
ratio of 6% was found to be 17.5% for MgO-HFE 7000, 16.9% for Al,O3-HFE 7000,
15.1% and 14.6% for CuO-HFE 7000 and SiO,-HFE 7000 respectively. The increase in
the heat transfer coefficient is proportional to the thermal conductivity of the
nanoparticles. In other words, the increase in the heat transfer coefficient of a nanofluid
is highly dependent of the enhancement in the thermal conductivity of a nanofluid when

utilising the single phase model in laminar flow region (Bianco, V. et al., 2009).
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Figure 8-4 Variation of the heat transfer coefficients at different Reynolds number for (a) Al,O5-HFE
7000, (b) CuO-HFE 7000, (c) SiO,-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A.,
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8.6.5. Pressure drop analysis

Pressure drop of each nano-refrigerant at various Reynolds number and concentration
ratio is shown in Figure 8-5. The increase in the Reynolds number and concentration
ratio caused an enhancement in the pressure drop of each nano-refrigerant flow (Figure
8-5). The highest amount of pressure drop was found in SiO,-HFE 7000 nanofluid
(28.2%) and it was followed by MgO-HFE 7000 which accounts for 21.5%. It can be
concluded that nano-refrigerants cause a higher pressure drop compared to that of base
fluid. Because the nano-refrigerants have a higher viscosity and they become even more

viscous as the volume concentration ratio increases (Figure 8-5) (Demir, H. et al.,

2011).
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Figure 8-5 Variation of pressure drop at different Reynolds number for (a) Al,Os;-HFE 7000, (b) CuO-
HFE 7000, (c) SiO»-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 2017)

8.6.6. Entropy generation analysis

The entropy generation of each nano-refrigerant which is caused by the thermal and
frictional irreversibilities at various Reynolds numbers (400-1200) and concentration
ratios (0%-6%) are discussed in this section. Figure 8-6 and Figure 8-7 indicates the
frictional and thermal entropy generation of the nano-refrigerants. It can be observed
from Figure 8-6 and Figure 8-7 that the increase in the Reynolds number enhanced the
frictional irreversibility whereas decreased the thermal irreversibility for each nano-
refrigerant and base fluid. The decrease in the thermal entropy generation can be
explained by the fact that the heat transfer coefficient, as well as the heat transfer
mechanism increased in parallel with the increasing Reynolds number (Figure 8-4). On
the other hand, the higher Reynolds number caused higher velocity profiles which
resulted in a greater frictional irreversibility (Saha, G. and Paul, M. C., 2015). Similarly,
the increase in the volumetric concentration ratio resulted in a decrease in the thermal
entropy generation whereas an increase in the frictional entropy generation. This is due
to the fact that a higher thermal conductivity obtained for nano-refrigerants with a

higher volumetric concentration ratio. In other words, a higher thermal conductivity
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resulted in a decrease in the thermal dissipation between the nano-refrigerants and the

wall due to the increase in the heat transfer mechanism.
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Figure 8-6 Variation of frictional entropy generation at different Reynolds number for (a) Al,O5-HFE
7000, (b) CuO-HFE 7000, (c) SiO,-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A.,
2017)

However, the viscosity of nanofluids rose with the increasing volume concentration

ratio which caused a higher frictional entropy generation (Bianco, V. et al., 2014).

Furthermore, the total entropy generation of each nano-refrigerant was divided by the
entropy generation of the base fluid in order to define the thermodynamic performance
of the flows. This is called exergy efficiency ratio of a flow and it was evaluated by the

following equation:

S

__ 2gentotnf

Sgen,ratio 5 (8-14)
gentotbf

where Sgen totnf aNd Sgentotbs are the nanofluid and the base fluid total entropy generation
respectively. As it is expected from EQq. (8-14), Sgenraiio IS 1for pure HFE 7000 which
shows there is no contribution to the flow. Thus, the Sgen raiio Values close to zero shows

great amount of contribution of nano particles to the flow.

105



Chapter 8 CFD analysis of HFE-7000 based nano-refrigerants
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(b) CuO-HFE 7000, (c) SiO,-HFE 7000, (d) MgO-HFE 7000 (Helvaci, H. U. and Khan, Z. A., 2017)

At Reynolds number of 800, the Sgen ratio Of €ach nanofluid is represented in Figure 8-8.
For each investigated nano-refrigerant, the addition of nanoparticles has a beneficial
effect on the entropy generation reduction and this effect was more pronounced at

higher volumetric concentration ratios.

gen, ratio

v

AI303 - HFE 7000

095!
09. I I I
0.85' - L

CuO - HFE 7000

$i0, - HFE 7000

M o-1%
M o=4%
Clo=6%

I | 1

MgO - HFE 7000

Figure 8-8 Entropy generation ratio of the nanofluids at Re = 800
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For instance, the Sgen ratio at concentration ratio of 1% was found to be 0.97 where as it
decreased to 0.85 as the concentration ratio rose to 6% for MgO-HFE 7000 nano-
refrigerant. Furthermore, for SiO,-HFE 7000, entropy generation ratio decreased from
0.97 to 0.87 as the concentration ratio increased from 1% to 6%. It is important to note
that as it was previously mentioned and also represented in Figure 8-6 and Figure 8-7,
the frictional entropy generation and thermal entropy generation showed an opposite
trend with the increasing concentration ratio. However, the total entropy generation
decreased with the rising volumetric concentration ratio. Therefore, it can be concluded
that the thermal entropy generation dominated the total entropy generation as the
entropy generation due to the friction is smaller compared to the thermal entropy
generation (Moghaddami, M. et al., 2012; Zhao, N. et al., 2016).

In conclusion, the dispersion of the nanoparticles such as Al,O3, CuO, SiO, and MgO in
HFE 7000 resulted in an increase in the heat transfer coefficient of HFE 7000 which
enhanced the heat transfer mechanism and decreased the total entropy generation of the
flow. It can be also concluded that the HFE 7000 based Al,O3, CuO, SiO, and MgO
nano-refrigerants with the volumetric concentration ratio up to 6% offers a promising

alternative to be utilised as a working fluid in the proposed solar thermal system.

8.7. Analysis of further HFE 7000 based nano-refrigerants

In addition to the considered particles (Al,O3, MgO, CuO and SiO,), eight nanoparticles
which were studied in several nano fluid applications in the literature were analysed and
represented in this section. Table 8-4 shows the increase in the average heat transfer
coefficient of HFE 7000 based twelve nano-refrigerants including (Al,Os, MgO, CuO
and SiO,) at 1%, 4% and 6% volumetric concentration ratio and Reynolds number of
1200. It can be observed that in general, all the investigated nano-refrigerants show a
beneficial effect on the average heat transfer coefficient. For instance, heat transfer
coefficient of boron carbide (B4C) + HFE 7000 nano-refrigerant increased by 18.17% at
particle volumetric concentration of 6%. Furthermore, HFE 7000 based boron nitride
(BN) and beryllium oxide (BeO) nano-refrigerants could also be considered as potential

thermo-fluids.
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Table 8-4 Heat transfer coefficient augmentation at Re = 1200

Particle 1 e o%
Nave (%0) Nave (%0) Pave (%0)
Boron carbide (B4,C) + HFE 7000 2.912 11.923 18.170
Boron nitride (BN) + HFE 7000 2.861 11.708 17.834
Beryllium oxide (BeO) + HFE 7000 2.761 11.293 17.193
Magnesium oxide (MgO) + HFE 7000 2.723 11.130 16.950
Graphite + HFE 7000 2.712 11.068 16.831
Silicon (Si) + HFE 7000 2.690 10.969 16.679
Aluminium nitride (AIN) + HFE 7000 2.671 10.915 16.609
Silicon carbide (SiC) + HFE 7000 2.663 10.876 16.548
Aluminium oxide (Al,O3) + HFE 7000 2.580 10.543 16.051
Titanium dioxide (TiO,) + HFE 7000 2.461 10.056 15.305
Silicon dioxide (SiO,) + HFE 7000 2.315 9.396 14.240
Copper (11) oxide (CuO) + HFE 7000 2.149 8.858 13.555

8.8. Analysis of the proposed solar ORC employing twelve nano-
refrigerants
Previously, the solar ORC was mathematically modelled and simulated with 24 zero-
ODP refrigerants including HFE 7000. Furthermore, CFD simulations of HFE-7000
based 12 nano-refrigerants were conducted and the particles effect on the heat transfer
characteristics of HFE 7000

discussed in section 8.7. As it can be seen from Table 8-4, addition of the particles into
pure HFE 7000 increased the heat transfer coefficient. Previously, it was mentioned
that nano-refrigerants can be used in ORC application such as working fluid and higher
performance values can be obtained thanks to the improved thermo-physical properties
of nano-refrigerants such as thermal conductivity compared to the that of base
refrigerant. Therefore, it is important to evaluate the effect of nano-refrigerants on the
net mechanical work of the solar ORC when they are used as working fluid of the cycle.

This section reports the simulation analysis of the proposed ORC employing 12 HFE
7000 based nano-refrigerants and their effect on the net generated mechanical work

output. Operating conditions of the cycle simulation is given in Table 8-5.
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Table 8-5 Operating conditions of the simulation

Parameter Description

Cycle Saturated

Working fluid 12 HFE-7000 based nano-refrigerants
Incoming solar radiation 800 W/m?

Pressure ratio 5

It is worth mentioning that the enhancement in the thermal properties of pure HFE 7000
such as thermal conductivity, density, specific heat and viscosity only considered when
the fluid is liquid, in other words when it is not saturated. Secondly, to make a
benchmark analysis the fluid collector inlet temperature and fluid saturation temperature
were assumed to be the same for each investigated nano-refrigerant, in other words the
temperature difference between fluid saturation temperature in the collector and

collector inlet temperature were the same for each nano-refrigerant.

It can be seen from Table 8-6 that all the investigated nano-refrigerants lead a higher net
work output compared to the pure HFE 7000. The highest improvement was obtained
by TiO2 + HFE 7000 where the net work output increased from 170.08 W to 180.33 W.
It was followed by SiO2 + HFE 7000 and Silicon (Si) + HFE 7000. This could be
explained by the fact that all the considered nano-refrigerants have superior thermal
conductivity values compared to pure HFE 7000. Consequently, this leads a higher heat
transfer mechanism in the proposed cycle. However, it is important to note that thermal
conductivity is not the only source of the enhancement in the net mechanical work
output. Namely, a higher net work output was obtained with SiO2 + HFE 7000 (180.33
W) than MgO + HFE 7000 (176.44 W) although, the thermal conductivity of MgO (45
W/m K) particle is higher than SiO2 (1.2 W/m K). The reason for that could be the
combined effect of thermal conductivity and specific heat of the nano-refrigerants.

For instance, higher thermal conductivity of nano-refrigerants resulted in higher heat
gained by the fluid in the collector. On the other hand, the nanoparticles have lower
specific heat values compared to the pure HFE 7000. Thus, the increased heat gain of
the fluid and the decreased specific heat of the nano-refrigerants resulted in higher mass
flow rate values of the cycle as the temperature difference was kept constant in the
collector (see Eg. 8.15). The heat balance of the collector in the single phase liquid

region is calculated by the equation given below;
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Quain = r.nwf xC, x AT (8-15)
Therefore, it can be concluded that the increased thermal conductivity and decreased
specific heat characteristics of the nano-refrigerants showed a beneficial effect on the
cycle. It is also important to mention that the proposed simulation only considers the
thermo-physical properties in the single phase flow. Therefore, in reality higher

beneficial effects of the nano particles should be observed.

Table 8-6 Simulation results of the solar ORC

Fluid Net work output of the cycle (W)
Pure HFE 7000 170.08
Boron carbide (B4C) + HFE 7000 178.22
Boron nitride (BN) + HFE 7000 179.32
Beryllium oxide (BeO) + HFE 7000 176.23
Magnesium oxide (MgO) + HFE 7000 176.44
Graphite + HFE 7000 179.6
Silicon (Si) + HFE 7000 180.19
Aluminium nitride (AIN) + HFE 7000 178.53
Silicon carbide (SiC) + HFE 7000 178.85
Aluminium oxide (Al,O5) + HFE 7000 179.9
Titanium dioxide (TiO,) + HFE 7000 180.66
Silicon dioxide (SiO,) + HFE 7000 180.33
Copper (1I) oxide (CuO) + HFE 7000 183.1

110



Chapter 9 Conclusions

Chapter 9 Conclusions

9.1. Fulfilling the objectives of the thesis

9.1.1. To conduct an experimental analysis of the low-temperature solar thermal
system

These conclusions are based on the work conducted in Chapter 3 and Chapter 4.
Initially, a low-temperature solar thermal system which consists of a solar ORC and
heat recovery units were designed commissioned and tested experimentally. A novel
and environmentally friendly thermal fluid HFE 7000 was employed in the ORC unit.
The flat plate collector was utilised as an evaporator in the ORC unit to provide
sufficient heat to the fluid. Therefore, the collector was used as a vapour generator of
the cycle. Then, the generated vapour in the collector expanded in the expander and
generated mechanical work. A heat recovery unit was connected to the ORC unit to
recover some portions of the rejected heat from the condenser. The experimental data
was analysed through the first and second law analysis of thermodynamics. The
experimental results showed that the collector with a thermal efficiency of 57.53% was
able to provide a superheated vapour at 45.41°C to the expander. In the expander 146.74
W of mechanical energy was generated and the expander efficiency was calculated to be
58.66%. An average amount of 3406 W heat was transferred to the cooling water in
condenser and 23.2% of this heat was recovered in the hot water storage tank for further
uses. The second law analysis results indicated that the highest amount of exergy
destruction was observed in the collector (431W) and this was followed by the expander
(95W). The solar ORC was able to generate 135.96 W of net mechanical work with a
thermal and exergy efficiency of 3.81% and 17.8% respectively. Furthermore, it was
highlighted in the parametric analysis of the solar ORC that the cycle operating pressure
ratio and the degree of superheat play an important role on the first and second law of
the cycle. In conclusion, this experimental work demonstrated that the proposed low-
temperature solar thermal cycle, employing new generation and environmentally
friendly thermo-fluid HFE 7000 is a feasible option for mechanical and heat energy

generation.

9.1.2. To mathematical model the solar ORC
These conclusions are based on the work conducted in Chapter 5. The proposed solar
ORC was mathematically modelled where the flat plate solar energy collector and the

vane expander were utilised as the heat source and the prime mover of the cycle similar
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to the work which was represented in Chapter 3 and Chapter 4. In accordance with the
findings of section 4.3, both the collector and the expander efficiencies are varied
according to the fluid thermophysical properties and cycle operating conditions. This
was done to take these effects into consideration when analysing the performance of the
solar ORC.

9.1.3. To conduct a simulation study of the flat plate collector and the solar ORC

These conclusions are based on the work conducted in Chapter 6 and Chapter 7. The
numerical analysis of the modelled collector was conducted to analyse the collector
performance under various operating conditions by determining the fluid mean
temperature, fluid heat gain and the collector heat loss. In the analysis, HFC-134a which
was utilised as the working fluid of the collector entered the collector as a sub-cooled
liquid and left the collector as a superheated vapour. The simulation results showed that
a higher heat transfer coefficient of the fluid was obtained in the flow boiling region
compared to the single phase (liquid and vapour) region. Furthermore, it was
highlighted in the study that collector operating conditions such as the collector
pressure, the fluid mass flow rate and the fluid thermal properties have an effect on the
collector performance. In Chapter 7, the solar ORC was simulated under various
operating conditions with twenty four thermo-fluids. In the simulations, the effect of
each fluid's thermophysical property and cycle operating conditions were discussed. In
addition to that the environmental impacts of the considered fluids were also considered
in the analysis. A significant effect of the cycle pressure ratio on the collector, expander
efficiency, as well as the cycle efficiency was observed from the analysis. In general,
similar findings were reported in this study where the cycle pressure and the physical
properties of the fluids play an important role on the component efficiencies, therefore

the cycle performance.

The simulation results revealed that among the investigated fluids trans-2-butene, cis-2-
butene, 1-butene, R600a, R600, R601, R601a, neopentane, R227ea, R236fa, RC318 and
R1234ze provided higher values of net work output of the cycle. However, fluids such
as trans-2-butene, cis-2-butene, 1-butene, R600a, R600, R601, R601a are hydrocarbons
and they have flammability issues. Having a high global warming potential is also the
disadvantages of RC 318and R236fa. Furthermore, R134a, R152a, R227ea, R1234yf,
and R1234ze have a considerably high saturation pressure at the designed condenser

temperature which limits their utilisation at higher cycle operating pressure conditions.
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On the other hand, HFEs such as RE347mcc and RE245fa2 and HFOs such as R1234yf
andR1233zd are environmentally friendly fluids in terms of global warming potential
and have reliable safety characteristics such as flammability and toxicity yet they offer a
moderate system performance and could be considered in low-temperature solar thermal

systems.

9.1.4. To perform a CFD analysis of HFE 7000 based various nano-refrigerants

These conclusions are based on the work conducted in Chapter 8. CFD analysis where
the convective heat transfer, pressure drop and entropy generation characteristics of
HFE 7000 based Al,03, CuO, SiO; and MgO nanofluids were discussed. In addition to
the considered nanorefrigerants, eight nano-refrigerants where boron carbide (B4C),
boron nitride (BN), beryllium oxide (BeO), graphite, silicon, aluminium nitride (AIN),
silicon carbide (SiC), titanium dioxide (TiO,) were dispersed in HFE 7000 was analysed
in terms of the augmentation in the heat transfer coefficient of the nano-refrigerants
compared to HFE 7000 base fluid. The simulation results showed that all the
investigated nano-refrigerants showed an increased value of heat transfer coefficient and
a decreased value of total entropy generation. This indicates that adding the above nano
particles in HFE 7000 enhanced its thermophysical properties. Furthermore, increasing
Reynolds number and particle volume concentration ratio has a positive effect on the
heat transfer coefficient, as well as the thermal entropy generation of the flows.
However, these effects also increase the pressure drop and frictional entropy generation
of the flow. Because the thermal entropy generation effect was more pronounced
compared to the frictional entropy generation, as a result the total entropy generation of
the nano-refrigerant was diminished compared to the base fluid, therefore, it was
observed that addition of the considered nanoparticles into the HFE 7000 was

beneficial.

This study also showed that the considered nano particles could be added into a thermo-
fluid which is environmentally friendly but has moderate thermophysical properties
such as HFE 7000 to enhance its heat transfer properties that could be utilised in low-

temperature solar thermal systems.
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Chapter 10 Future work

In undertaking the present work a number of recommendations have become apparent

for further research. These are briefly summarised here:

10.1. A theoretical and experimental study of potential working fluid mixtures
for the proposed solar thermal system

The proposed solar thermal system was modelled in Chapter 5 and a simulation study of
the system employing twenty four pure thermal fluids was conducted in Chapter 7. The
current simulation study with the appropriate modifications in the mathematical model
of the system should be extended for the investigation of working fluid mixtures
(azeotropes, near-azeotropes and zeotropoes). This could demonstrate the potential
advantages of utilising mixtures as a working fluid such as an increase in the system
efficiency, a decrease in the condenser duty and obtaining a working fluid mixture

which has negligible global warming potential.

Furthermore, based on the simulation results, experimental study should be conducted
to support the theoretical findings and investigate the possible disadvantages of fluid
mixtures such as high temperature glide and leakage due to the possessing different

vapour pressures.

10.2. Numerical analysis of HFE 7000 based nano-refrigerants using two phase
models

CFD analysis of HFE 7000 based various nano-refrigerants was investigated and the
results were discussed in Chapter 8. In the performed study, the single phase
(homogeneous) model was utilised for the convective flow analysis of the considered
refrigerants. However, the accuracy of the single phase model highly depends on the
calculated effective thermophysical properties of the nanofluids. Furthermore, in the
single phase model the slip velocity between the base fluid and the particles were
assumed to be zero. Therefore, the convective flow analysis of the investigated
nanorefrigerants should be investigated considering the two-phase models such as
Eulerian and Langerian models and the results should be compared with the current

findings.

Furthermore, considering that turbulent flow regime is more desired in heat transfer
applications, the analysis of the nano-refrigerants should also be considered under

turbulent flow to investigate different mechanism for heat transfer augmentation.
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10.3. Experimental investigation of the considered nano-refrigerants

Experimental study should be performed in order to support the findings which were
obtained from the CFD analysis. This would show if the nanorefrigerants are practically
beneficial in heat transfer applications such as the proposed solar thermal system.
Furthermore, it is also important to analyse the considered nanorefrigerants
experimentally in multi-phase, in other words flow boiling conditions. This would
demonstrate if the considered particles cause clogging due to the depositions of the

particles especially when evaporation arises.
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In this study, a scaled solar thermal system, which utilises HFE 7000, an environmentally friendly organic
fluid has been designed, commissioned and tested to investigate the system performance. The proposed
system comprises a flat-plate solar energy collector, a rotary vane expander, a brazed type water-cooled
condenser, a pump and a heat recovery unit. In the experimental system, the flat-plate collector is
employed to convert HFE-7000 into high temperature superheated vapour, which is then used to drive
the rotary vane expander, as well as to generate mechanical work.

Furthermore, a heat recovery unit is employed to utilise the condensation heat. This heat recovery unit
consists of a domestic hot water tank which is connected to the condenser. Energy and exergy analysis
have been conducted to assess the thermodynamic performance of the system. It has been found that
the collector can transfer 3564.2 W heat to the working fluid (HFE 7000) which accounts for the
57.53% of the total energy on the collector surface. The rotary vane expander generates 146,74 W
mechanical work with an isentropic efficiency of 58.66%. In the heat recovery unit, 23.2% of the total
rejected heat (3406.48 W) from the condenser is recovered in the hot water tank and it is harnessed to
heat the water temperature in the domestic hot water tank up to 22.41 °C which subsequently will be
utilised for secondary applications. The net work output and the first law efficiency of the solar ORC is
found to be 13596 W and 3.81% respectively. Exergy analysis demonstrates that the most exergy
destruction rate takes place in the flat plate collector (431 W), which is the thermal source of the system.
Post collector, it is followed by the expander (95 W), the condenser (32.3 W) and the pump (3.8 W)
respectively. Exergy analysis results also show that the second law efficiency of the solar ORC is 17.8%
at reference temperature of 15 °C, Parametric study analysis reveals that both increase in the expander
inlet pressure and the degree of superheat enhances the thermodynamic performance of the solar ORC.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

rural areas, high costs of PV panels, limited efficiency and require-
ment of expensive batteries are the main disadvantages of such

Large scale energy utilisation has become a vital concern due to
the increase in the demand of energy use in the last decades. At the
same time, use of conventional energy sources such as fossil fuels
has brought many environmental problems. Climate change and
global warming, which is the main issues resulted from the release
of harmful substances into the atmosphere have been forcing us to
explore alternative energy sources [1,2].

Solar energy is a free, clean and abundant alternative energy
source and it can be utilised by means of solar photovoltaic (PV)
and solar thermal systems [3]. Although solar PVs have become
one of the most representative ways of electricity generation in

* Corresponding author at: Faculty of Science and Technology, Fern Barrow,
Talbot Campus, Bournemouth University, Poole, Dorset BH12 5BB, UK.
E-mail address: hhelvaci@bournemouth.ac.uk (H.U. Helvaci).

http://dx.dolorg/10.1016/j.enconman.2016.03.050
0196-8904/© 2016 The Authors. Published by Elsevier Ltd.

systems [4].

Medium and high temperature solar thermal systems where
concentrated solar collectors such as parabolic through [5,6], linear
Fresnel [ 7] and parabolic dish [8] are used have been suggested and
developed over the last decades. However, these systems need
high initial cost and complex tracking devices |9].

An organic Rankine cycle, which has the same system configu-
ration as conventional Rankine cycle uses organic substances
(refrigerants or hydrocarbons) instead of water as a working fluid
[10]. Using organic fluids with a lower boiling temperature than
water allows these systems to utilise low temperature heat from
various renewable energy sources [11]. As a result, non-
concentrated low temperature flat plate collectors can be
employed in organic Rankine cycles to generate power and heat
simultaneously [12].

This is an open access article under the CC BY-NC-ND license (http://creativecommons.orgjlicenses/by-nc-nd/4.0/).
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Nomenclature
A area (m®) ool collector
CFCs chlorofluorocarbons cond condenser
e specific exergy {J/kg) dest destruction
Ex exergy rate (W) exp expander
h enthalpy (J/kg) fin final
HCFCs  hydrochlorofluorocarbons in inlet
HFCs hydrofluorocarbons int initial
HFEs hydroflucroethers out outlet
L litre P plate
m mass (kg) rec recovery
h mass flow rate (kg/s) 5 isentropic
I solar radiation (W/m?) sat saturation
ORC organic Rankine cycle sol solar
0 heat transler rate (W) st storage
Qu useful heat gain (W) u useful
PFCs perfluorocarbons w walter
PV photovoltaic wf working fluid
RO reverse osmosis 0 reference {dead) state
5 entropy (Jfkg K)
t time (s) Greek symbols
T temperature (°C) P density {kg/m®)
v volume (m®) ] first law efficiency
w work rate (W) € second law efficiency
Subscripts
amb ambient

Various refrigerants have been used and analysed in solar
organic Rankine cycles for both mechanical work and heat genera-
tion. Manolakos et al. [13-15] suggested a low-temperature solar
thermal power system utilising HFC-134a for reverse osmosis
{RO) desalination. The mechanical work generated in the expander
of the cycle is used for the pumping purpose of the RO desalination.
An experimental study of solar orzanic Rankine cycle using HFC-
2450 was conducted by |9]. In this study, two stationary collectors
which are flat-plate and evacuated tube were employed in the
experiments. Collector efficiencies of evacuated tube and flat-
plate were found 71.6% and 55.2% respectively. The solar thermal
power system, including heat regeneration was also analysed in
[16]. In this study R-245fa was used as a working fluid of the cycle
and maximum thermal efficiency of 9% was obtained with heat
regeneration [1G]. In another study, recuperative solar thermal
cycle with HFC-245fa was designed and constructed by Wang
etal. [ 17]. It was found that the recuperator did not have any effect
on the improvement of the system thermal efficiency, which was
about 3.67% [17]. Not only pure refrigerants but also zeotropic
mixtures were studied in solar thermal systems. Wang et al. [15]
carried out an experimental study of low-temperature solar ther-
mal system considering pure HFC-245fa, a zeotropic mixture of
{HFC-245fa/HFC-152a, 09/0.1) and another mixture of {HFC-
245fafHFC-152a, 0.7/0.3). Since the efficiency of the collector and
the system found higher in zeotropic mixtures it is concluded that
zeotropic mixtures have a potential to improve the overall effi-
ciency of such systems [ 18].

In addition to refrigerants, CO; which is a natural fluid was also
examined in many solar powered supercritical cycle studies. Zhang
et al. [19] carried out an experimental study to examine a solar
thermal power cycle performance where supercritical CO» was uti-
lised as a working fluid. They concluded that the heat collection
effliciency of the collector reached 70% and the system achieved
8.78-9.45% power generation efficiency [19]. Another solar ther-
mal power systemn using COz was proposed and built in Yamaguchi

et al. [ 20]. A throttling valve was used in order to simulate pressure
drop in turbine and to study the system performance. They con-
cluded that solar collector can be used for heating of CO; in the
cycle up to 165 °C. The power generation efficiency of the cycle
is estimated for 25% and the heat recovery efficiency for 65% [20].

Thermodynamic analysis considering energy and exergy meth-
ods is an essential tool to investigate not only the quantity, but also
the quality of energy used in a system [21] and it is also important
for designing and analysing thermal systems [22].

Many studies, including energy and exergy analysis of solar
thermal power systems have been conducted by various research-
ers. Singh et al. [23] conducted the first and second laws analysis of
a solar thermal power system integrated with parabolic through
collector. It is reported that the highest energy loss occurred in
the condenser whereas parabolic through collector/receiver com-
ponent was found to be the source of main exergy losses in the sys-
tem |22, Exergy analysis of parabolic through collector combined
with steam and organic Rankine cycle has been examined by [24].
Among the considered various refrigerants R-134a gives the best
exergetic performance with an efficiency of 26% [24]. Combined
exergetic and exergoeconomic analysis of an integrated solar cycle
system was carried out by [25]. In this study, genetic algorithm
was utilised for the optimisation procedure to minimise the invest-
ment cost of equipment and the cost of exergy destruction. Results
showed that for optimum operation, total cost rate decreased by
11% [25]. Elsafi [26] applied exergy and exergoeconomic analysis
methods to a commercial-size solar power plant using parabolic
through collectors. Exergy and exergy costing balance equations
are formulated for each component. It is reported that the highest
exergy destruction was calculated for the solar field (63,319 kw)
and it was followed by the condenser (4187.5 kw) [26].

Although numerous experimental and simulation studies have
been reported on the thermal performance evaluation of small
scale solar orzanic Rankine cycles, detailed thermodynamic analy-
sis of such systems considering energy and exergy methods has
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been of interest to a limited number of papers. Previously, a flat
plate solar collector was numerically modelled and simulated to
investigate the collector performance for two working fluids
{HFC-134a and HFE-7000) under various operating conditions
[27]. In this study, a scaled solar thermal cycle where the flat plate
solar collector is utilised as a direct vapour generator of the system
was designed and commissioned. An experimental study using
working thermo-fluid (HFE-7000) was performed. To understand
the performance characteristics of the solar ORC, the first and sec-
ond law analyses of each component, as well as the whole system,
is evaluated by using experimental data. To utilise the rejected
heat from the system, the solar ORC is integrated with a heat
recovery unit and the findings is represented in the energy analysis
of the system.

In the exergy analysis of the solar organic Rankine cycle, exergy
destruction rate and the second law efficiency of each component
is investigated. Furthermore, a parametric analysis is carried out in
order to evaluate the effects of expander inlet pressure and the
degree of superheat on the system performance.

2. Working fluids for solar ORC

Working fluid selection is an important task in ORCs since it
affects the performance of a system, as well as it is essential for
environmental concerns [28]. Chloroflucrocarbons {CFCs) and
hydrochlorefluorecarbons {HCFCs) are conventional refrigerants
and they have high potential to deplete the ozone layer [29].
Therefore, perflucrocarbons {PFCs) and hydrofluorocarbons (HFCs)
have been used as a promising alternative since they have near-
zero ozone depletion potential {ODP). However, PFCs and some
HFCs have a relatively high global warming potential [30]. Alterna-
tively, hydrofluoroethers {HFEs) which have zero ozone depletion
factor and low global warming potential can be used as candidates
for CFCs, HCFCs and PFCs [21] and HFEs can be utilised as a work-
ing fluid in ORCs [32,33]. Tahle 1 shows the properties of conven-
tional and novel organic fluids that have been used in ORCs and
refrigeration cycles.

In this study, HFE-7000 is utilised as a working fluid of the solar
thermal cycle as it has zerc ODP, relatively low value of GWP and
reasonable boiling temperature,

3. Experimental bench testing

Experimental system evaluates the performance of a small scale
solar thermal technology which employs HFE 7000 as a working
fAuid.

3.1. Description of the system

The proposed experimental solar thermal system consists of
two units: (i) Selar organic Rankine cycle unit which has main
components of a flat-plate solar collector, an air motor, a plate-
type heat exchanger, a liquid reservoir and a positive displacement
pump. (ii) Heat recovery unit with a domestic hot water tank, as

Table 1

Properties of conventional and novel organic fluids,
Working fluid Thotting' (°C) opp GCWP Reference
CFC R-11 23.37 1 SE00 134]
HCFC R-141h 3167 012 725 135]
HFC R-245fa 14.81 0 G50 [35]
HFE-7000 RE34¥mec 34 o 450 [30]

* Fluids beiling temperature data was taken frem REFPROP 9.1 programme |36]
at 1 bar.

shown in Fig. 1. The test rig operates on an ORC principle where
the working fluid {HFE-7000) is compressed by the pump and is
sent to the fat-plate collector {Fig. 1, state 2). The solar radiation
is converted to heat in the collector and it is transferred to the hizgh
pressure fluid in the collector tubes where the phase change
occurs. Therefore, the collector acts as an evaporator, in other
words pressurised vapour generator of the cycle. The fluid might
leave the collector as liguid-vapour mixture, saturated vapour or
superheated vapour depending on the operating conditions of the
system (Fig. 1, state 3).

Pressurised vapour is directed to the turbine where the fluid
expands and generates mechanical work. Then, the lower pressure
exhaust vapour at the end of the expander goes to the condenser to
reject some of its heat from the system (Fig. 1, state 4). The mains
water {with an average temperature of 10-13 °C) is used to cool
the working fluid and turn it into the liquid state in the condenser
{Fig. 1, state 1). Then, liquefied working fluid is pumped again into
high pressure to complete the cycle. As shown in Fig. 1 the con-
denser outlet is connected to the heat recovery unit where the
domestic hot water tank is utilised to recover the energy content
of rejected heat from the solar ORC.

Flat-plate collector which is formed of a glass cover, a stainless
steel absorber plate and a 56 m copper tube in length is used in the
experiments. A diaphragm pump which is employed in the exper-
iments to compress the working fluid and it can provide a maxi-
mum flow rate of 3 Limin. To adjust the flow rate of the fluid by
throttling on the discharge side of the pump a valve is mounted
in the system. The condenser utilised in the experiments is a
brazed plate heat exchanger and it is fed by mains water to cool
the working fluid as mentioned previously. Twelve litre vertical
liquid reservoir which provides a steady supply of the fluid was
placed after the condenser. A rotary vane air motor is modified
and used as an expander of the cycle. Rotary vane expanders can
be utilised in ORC applications [37] since they have simpler struc-
ture, easy manufacturing and low cost [28]. The air motor used in
the experiments can supply a maximum power output of 0.8 kw
and maximum rotational speed of 4000rpm. A 118 L copper-
coiled hot water tank is selected to deliver the energy of the pre-
heated water coming out of the condenser to the stagnant, stored
water in the storage tank (Fig. 1, heat recovery unit).

3.2 Experimental method

Leak test of the system is one of the most important tasks as it
affects the overall efficiency and the safety of the system. The sys-
tem leak test was conducted to examine if there was any leakage
somewhere in the cycle. Special attention was given to couplings,
joints and the components of the cycle. Initially, a vacuum pump
was connected to the system via a vacuum line to pull a vacuum
in the cycle. Vacuum gauge was mounted to the system to record
the pressure. The system was evacuated and left for 24 h to observe
for any leakage through changes in the system pressure. As no
change observed in the pressure of the system the line was shut
off and the vacuum pump was disconnected. Then, the same line
was connected to the working fluid cylinder and the valve was
turned on for the subsequent flow of the working fluid into the
cycle due to the pressure difference between the system and the
working fluid cylinder. 8 kg (5.7 L) of HFE-7000 was introduced
to the system. Evaluation of the amount of working fluid to be
charged relies on the calculation of the volume of each component
and the tube of the cycle. Since the vapour density of the fluid is
relatively smaller than the liquid density, the regions in the com-
ponents and the pipe where the fluid turns into vapour is neglected
in the calculation. After the calculation of the volume of each com-
ponent and the tube, the total volume of the system is multiplied
by the fluid density to evaluate the total mass of the working fluid
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Fig. 1. Schematic layout of the solar thermal system.

[38]. Then, the condenser and the pump were turned on to circu-
late the water and the fluid through the system without supplying
any heat input to check the system consistency and safety. The
data acquisition unit was turned on to monitor and record the tem-
perature, pressure and flow rate data. In order to supply steady
radiant energy to the collector a solar simulator was utilised in
the experiment. Initially, the solar simulator was switched on
and the expander by-pass line was opened so the fluid reaches
the condenser directly after the solar collector. Once the fluid
reaches the vapour conditions the by-pass line was closed and
let the fluid pass through the expander. The fluid expands in the
rotary vane air motor and produces mechanical work by rotating
the motor shaft. Then it is condensed by the help of cooling water
in the condenser and is sent back to the solar collector.

In the data measurement system, K-type thermocouples and
pressure transmitters are mounted in the experimental prototype
to measure temperature and pressure values of HFE-7000 and tem-
perature values of water at specified points as represented in Fig. 1.
Thermocouples and pressure transmitters have an accuracy of
+0.18 and +0.5% respectively. A turbine flow meter with an accu-
racy of 2% was used to measure the volumetric flow rate of the
fluid and the measured flow rate was multiplied by the fluid den-
sity (p,g) to calculate the mass flow rate of the working fluid. All
the data is taken and recorded in a time step of 10 s and transmit-
ted to the computer by an Agilent 34972A data acquisition unit.
Although it was not shown in Fig. 1, a pyranometer is mounted
in the collector to measure the average irradiance on the collector
surface. The collector was marked at every 48 cm in height and at
every 58 cm in width. 10 KW heat was supplied from the solar sim-
ulator and the radiation data was measured at the specified points
via the pyranometer on the collector surface. Detailed representa-
tion of the measured points on the collector surface can be found in
[27]. During the measurements the solar simulator was located
2 m away from the collector surface and the measured radiation
was assumed to be constant at each point. According to the mea-
surement results the calculated average radiation on the collector
surface was found to be 890 W/m?. This value of average radiation
on the collector surface is in the range of solar radiation intensity

which is used both in experimental and theoretical studies
reported previously [9,17,20,24,39].

4. Thermodynamic analysis

Based on the measured temperature, pressure and flow rate val-
ues of the working fluid at the defined locations (Fig. 1) it is possi-
ble to gain an understanding of performance of the proposed solar
thermal cycle by applying the first and second law analysis of ther-
modynamics. Since the proposed solar thermal system is a closed
loop cycle the calculations rely on the application of mass, energy
and exergy balance equations at steady state on the each
component.

The balance equations in the rate form for any open system at
steady state, steady-flow condition with negligible kinetic and
potential energy changes are expressed in Eqs. (1)-(3) [40,41].

>t =3 Hilow (1)
where ri1 is the mass flow rate and the subscripts “in” and “out” rep-

resent inlet and outlet respectively.
The energy balance equation can be defined as:

Q —-W= Z mau(haut - Z mi"hi" (2)

In Eq. (2), his the enthalpy, Q and W are the heat and work transfer
rates of the system.
The exergy balance equation is expressed as:

Exheat -W Z Exin - Z Exuur = Z Exdest (3)

where Ex indicates the exergy rate and the subscript “dest” repre-
sents the exergy destruction rate of the system.

In Eq. (3), Exjeq represents the exergy transfer rate by heat and
it can be calculated as:

Exhear = Z 1- (T_T?) Qj 4

and the specific exergy (k]/kg) is given by:
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Table 2
Balance equations for each component (2141 42]

Component Mass balance equaticns Energy balance equations Exergy balance equaticns
Collector thy =ty =ty Qu =ty % (ha ) EXgg ot = (B0 — %3 + mﬂ,[l —.{.:]
Expander g = tg = tug Weg = g (s = ha) BXgestonp = (B3 = EXy) = Weg
Condenser g = iy = Mgy Qeond = Mg % (g = ty) Exgoseons = (Exq = Exy) + (Exs — Exg)
g = mg = ”_i* Qeena = g % (Rusgue — )
Pump po= My = My Wiump = tivwy % (g — hy) gt pump = (Exy — Btz) + Woump
e={h—ho)—To(s - 50} (5} Solar ORC

Therefore, the total exergy rate {W) can be calculated by using
the following equation:

Ex=mxe (6)

The balance equations {mass, energy and exergy) for each
component are derived with the following assumptions by using
Eqs. {1)-16) and given in Table 2.

« All the components in the system are at steady state.

+ Changes in kinetic and potential energy are neglected.

o The reference-dead state has a pressure of Py=1bar=
101.325 kPa and temperature of 15°C.

In the exergy destruction equation of the collector, the term
(MW[['I —%D represents the exergy rate of the solar radiation
absorbed on the collector surface where [ is the incoming solar
radiation, A.y is the collector area, Ty and T, are the dead state tem-
perature and the collector plate temperature respectively [42].

Furthermore, water flow rate through the condenser is evalu-
ated via the energy balance in the condenser. Considering the
steady state conditions:

Qnuﬂd = Iile" x ':h‘l - hl) = Pi’lw x {hw.uu( - hw.l'u) (?}

and water mass [low rate can be evaluated as:

Qeont

= L 3
(hw,mrr hw,l'ﬂ:l ( }

ri'!w
where Qupng represents the amount of heat rate rejected in the con-
denser and Ry, g and Ry, represents the outlet and inlet enthalpy of
the water respectively.

4.1. Energy efficiencies

First law efficiency, in other words energy efficiency of a system
or system component represents the ratio of energy output to the
energy input and it can be calculated as [43];

Desired output energy

Supplied energy input )

Flat-plate collector

Collector efficiency can be defined as the ratio of useful col-
lected heat rate of the working fluid {Q,) to the solar radiation
absorbed on the collector surface ().

Qy
=" (10
Ml = Q. (10}
where
Quor = 1 % Ay (11}
Expander
h; - hq i
12
'?np f!_-‘ _ h‘ﬁ L }

The thermal {first law) efficiency of the proposed solar organic
Rankine cycle can be expressed as the ratio of the net work output
to the useful heat zain of the working fluid and it is calculated as
below:

Mo = Wiet — Wew WPV-“"P

Qy Qy

Heat recovery

Heat recovery efficiency can be expressed as the ratio of the
amount of heat which is gained by the water in the hot water tank
te the maximum amount of heat that can be utilised from the
condenser.

(13)

oo = A (a4)
Qron!
where
Q“ _ Myse % Cpe = (];wahﬁnul Tw.sl‘l‘m‘n‘ul') (15)
exp
My 5 Vi = P (1 6)

4.2, Exergy efficiencies

Second law efficiency is defined as the ratio of the output
exergy Lo the exergy input and it is given as:
Exergy output

Exergy input a7

Flat-plate collector

Exergy efficiency of the collector is the ratio between the exergy
aain of the fluid and exergy content of the incoming solar radiation
and it is calculated as:
= M (18)

A1 - 1)

Expander
W ey,
Loy = —————— 19
e (Exy — Exyq) as)

col

Pump
Fx; — Exy

== (20)
W pimp

Epumyp

Condenser
Exg — Exs
Solar ORC
The exergy efficiency of the system is written as;
Wnﬂ

Eyare :
Ex;,

Econd (21 )

(22)
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Taking the exergy of the solar radiation as an exergy input to
the solar organic Rankine cycle Eq. (22) becomes;

Woet

A1~ 1) @

Esorc =

Furthermore, in order to calculate the relative ratio of the
exergy destruction of jy, component to the total exergy destruction,
the following expression is used:

_ Exdestj

RI;
Ex dest,tot

(24)

5. Results and discussion

In performing the first and second law analysis of the small
scale solar thermal system, the experimental values of temperature
(°C), pressure (bar) and flow rate (kg/s) were collected in order to
determine fluid state where gas refers to superheated vapour,
specific enthalpy (kJ/kg), specific exergy and exergy rate associated
with each of the state of the proposed cycle (Table 3). T-s diagram
of the working fluid at each state is also shown in Fig. 2.

During the experiments the average value of I =890 W/m? of
solar radiation was supplied to the collector and the flow rate of
the working fluid was held constant with an average value of
0.022 kgfs. In the analysis, the-reference dead state conditions for
temperature and pressure are taken to be 288 K and 1 bar respec-
tively. All the data monitored and analysed in this study when the
expansion takes place in the expander and thermodynamic state
properties of HFE 7000 were extracted from Ref. [36].

5.1. Energy analysis results

In this section the performance of the proposed solar thermal
cycle through the collector efficiency, expander efficiency, heat
recovery efficiency, net work output and the system thermal effi-
ciency are examined by the measured temperature, pressure and
flow rate values.

Energy rate analysis of the solar collector is shown in Table 4.

The energy received on the collector surface is calculated as
6194.4 W with the help of Eq. (11). In the collector, 57.53% of this
energy is utilised to heat the working fluid from 19.1 °C at the col-
lector inlet to 45.41 °C at the collector outlet. The working fluid
temperature at the outlet of the collector is almost 4 °C higher than
the corresponding saturation temperature (T, = 41 °C) of the fluid.
This shows that with the constant flow rate of 0.022 kg/s, HFE-
7000 was able to finish its phase change and leave the collector
as a superheated vapour state (Fig. 2). Since HFE 7000 is a dry fluid
according to its saturation vapour line, a small degree of super-
heating would not cause any risk of encountering some portion
of liquid in the expander. Furthermore, higher degree of superheat-
ing at the collector outlet might lead to an excessive increase in the

H.U. Helvaci, ZA. Khan/Energy Conversion and Management 117 (2016) 567-576

170
O asa
= 363
1954 0.66 bar
"
-10 ; :
1.07 1.15 1.25 135 1.45 1.591.61
s (k1/kg-K)
Fig. 2. T-s diagram of the experimental results.
Table 4
Energy rate analysis of the solar collector.
Parameters Value Unit
Energy received by the collector (Qs.r) 6194.4 w
Useful heat gain of the fluid (Q.,) 3564.2 w
Collector energy loss” 2907.8 w
Collector efficiency (Hexp) 57.53 %
* Qor = Qu-
Table 5
Energy rate analysis of the expander.
Parameters. Value Unit
Worl output of the expander (W) 146.74 w
Isentropic efficiency of the expander (yexp) 58.66 %

fluid temperature as well as the heat loss from the system to the
atmosphere. Energy rate analysis of the expander can be found in
Table 5. Assuming that the expander is adiabatic, according to
Eq.(12) the isentropic efficiency of the expander and the work out-
put are found to be 58.66% and 146.74 W respectively. This isen-
tropic efficiency value is similar to the reported efficiency of
rotary vane expander using HFE 7000 in [32].

As it can also be seen from Fig. 1, pressure loss through the con-
denser is neglected. Therefore, the outlet pressure of the expander
also represents the condensing pressure of the cycle (Psq = 0.66 -
bar). The working fluid leaves the expander at 36.36 °C and it
transfers its heat to the cooling water and leaves the condenser
at 19.54 °C. According to the corresponding saturation temperature
at 0.66 bar (Ty, = 22.93 °C), the fluid is below the saturation tem-
perature, in other words it is sub-cooled at the outlet of the con-
denser. Then its temperature decreases to 18.73 °C after the
liquid reservoir. Although there is a slight decrease in pressure
after the liquid reservoir, it can be seen that with the temperature
of 18.73 °C and a pressure of 0.57 bar, the fluid is sub-cooled at the

Table 3

Thermodynamic state properties of HFE-7000 at various points.
State (No) Fluid type Phase T(°C) P (bar) m (kg/fs) h(kJfkg) e (kl/kg) Ex (W)
0 HFE-7000 Dead state 15 1 - 218.05 - -
0 Water Dead state 15 1 - 63.076 - -
1 HFE-7000 Liquid 19.54 0.66 0.022 22356 0.038 0.83
1 HFE-7000 Liquid 18.73 0.57 0.022 222.57 0.084 1.86
2 HFE-7000 Liquid 19.1 1.86 0.022 223.06 0.402 8.84
3 HFE-7000 Gas 4541 1.32 0.022 385.07 15.532 3417
4 HFE-7000 Gas 36.36 0.66 0.022 3784 4.542 99.98
5 Water Liquid 1347 0.66 .06 56.63 -0.11 —66
6 Water Liquid 26.88 0.66 0.06 112.75 1.002 60.12
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outlet of the reservoir. This shows that there is no vapour flowing
through the pump which might cause a cavitation problem other-
wise. Since water-cooling system is used to reject some portion of
heat from the solar ORC unit, it is found that in the condenser an
average amount of 3406.48 W heat is transferred to the cooling
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Table 6
Analysis results of the heat recovery unit.
Parameters Value Unit
Testing time 3600 s
Initial water temperature (T7,pnr) 16.65 °C
Final water temperature (T g,) 2241 °C

water and increased its temperature from 13.47 °C to 26.88 °C.
As mentioned above, in order to recover the dissipated heat the
condenser outlet (Fig. 1, state 6) is connected to the hot water stor-
age tank. This pre-heated water circulates within the coil of the
water tank and delivers its heat energy to the stored cold water
(Fig. 1, state 7) in the tank. Fig. 3 shows the cooling water inlet
and outlet temperature and the temperature change of the stored
water in the tank during the experiment. It is seen from Fig. 3 that
at the beginning of the experiment stored water temperature was
16.65 °C and its final temperature reached 22.41 °C by the end of
the experiment. This utilised heat in the hot water tank is supplied
by the waste cooling water coming out of the condenser with an
average temperature of 26.88 °C,

By using Eqs (14)-(16) heat gain rate of the hot water tank and
the heat recovery efficiency of the system are calculated and the
analysis results are given in Table 6. It is shown that 23.2% of the
total rejected heat (Q,,,,,d = 3.406 kW) is recovered and is used to
pre-heat the stored water in the hot water storage tank.

Consequently, the proposed solar ORC extracts 3564.2 W heat
from the solar source and it converts 146.74 W of this heat to
the mechanical work. Considering the average pump consumption
rate in the analysis (V‘v'pu,,“J =10,78 W), the net work output of the
proposed solar ORC is found to be 135,96 W. Therefore, by using
Eq. (13), the first law efficiency of the cycle is calculated as
3.81%. In the condenser, 340648 W of heat, which represent
95.5% of the total heat input of the cycle is rejected from the sys-
tem. Then, 23.2% of this rejected heat is recovered in the domestic
hot water tank for secondary uses.

5.2. Exergy analysis results

The exergy destruction rate and the exergetic efficiency values
are represented in Table 7 and relative irreversibility of each com-
ponent is represented in Fig. 4. It should be noted that heat recov-
ery unit is neglected in the calculation of exergy analysis.
Therefore, the causes of the exergy destruction in the solar ORC
include flat-plate solar collector, expander, pump and condenser.

As it can be seen from Table 7 the highest exergy loss occurs in
the collector (431 W) and this represents 76.68% of the total exergy

40 T T r T
- - T5
T6
wi =T 1

Temperature ( °C )
(=]
(=]

0 1200
Time (s)

2400 3600

Fig. 3. Water temperature at condenser inlet, outlet and hot water tank.

Total mass of water in the tank (M) 118 kg

Water specific heat capacity (Cpuw) 4.187 Kifkg K
Total energy gain rate in the tank 2845.82 k]
Average energy gain rate throughout the test (Qg) 0.79 kw
Average rejected heat rate in the condenser (Qqua) 3.406 kW
Heat recovery efficiency in the hot water tank (#ye.) 232 %
Table 7
Exergy performance data for the cycle.
Component Exgest (W) & (%)
Solar collector 431 4357
Expander 95 60.7
Condenser 323 67.3
Pump 38 64.73
Collector
76.68%
~
Expander
/ . 16.9%
Pump Condenser
0.67% 5.75%

Fig. 4. Relative irreversibilities of each component.

destruction rate in the system (Fig. 4). This large amount of exergy
destruction rate in the solar collector could be explained by the
high difference in quality between solar radiation and the working
fluid at collector operating temperature. The same trend can be
found in Ref. [24,26,44] where the solar collector that represents
the thermal source of the cycle is the main source of exergy
destruction. The next largest exergy destruction rate appeared to
be in the expander (95 W), representing 16.9% of total exergy
destruction rate (Fig. 4). Then the expander is followed by con-
denser and pump, accounting for 32.36 W and 3.8 W respectively.
The second law efficiencies of each component and the system are
calculated by using Egs. (17)-(23) and are represented in Table 7.
As it can be seen from Table 7 that solar collector has the lowest
second law efficiency (43.57%) due to its large exergy destruction.
Another exergy efficiency value at the expander was calculated as
60.69%. This low exergetic efficiency value could be explained by
the irreversibilities in the expander such as internal leakage and
thermal loss [45]. This also leads a low expander isentropic effi-
ciency which is found to be 58.66% for the present expander.
Finally, according to Eq. (23) the exergy efficiency of the whole sys-
tem is calculated as 17.8%. The overall exergy efficiency of the sys-
tem can be improved by reducing the exergy destruction rate of
the flat-plate collector and the expander as these components are
the main source of the irreversibilities of the system. This will also
diminish the overall exergy destruction rate of the system and will
lead to an increase in the exergy efficiency of these components, as
well as the whole system.
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Fig. 7. Variation of the energy and exergy efficiencies of the solar ORC for various
expander inlet pressure.

5.3. Parametric analysis

As a part of the analysis the effects of expander inlet pressure
and the degree of superheat on the first and second law efficiency
of the solar ORC are investigated. Figs. 5 and 6 demonstrate the
effect of expander inlet pressure and superheat at the expander
inlet on working fluid mass flow rate and the net work output of
the solar ORC respectively.

Degree of superheat (K)

Fig. 8. Variation of the energy and exergy efficiencies of the solar ORC for various
degree of superheat.

Since the incoming solar radiation and the collector efficiency
were kept constant, increase in expander inlet pressure and degree
of superheat reduce the working fluid mass flow rate. At the same
time, increase in the both pressure and temperature leads an
improvement in the enthalpy gradient at the expander which
results in higher amount of net work output of the system. Fig. 7
shows the variation of the first and second law efficiency of the
solar ORC with increasing expander inlet pressure.

As it can be seen from Fig. 7 that for the constant condenser
pressure of 0.66 bar, when the expander inlet pressure increases
from 2 bar to 5 bar, the first and second law efficiency of the sys-
tem increase from 9.96% to 21.63% and from 36.95% to 54.07%
respectively. As expected this trend shows that higher pressure
ratio of the cycle leads to an increase in the efficiency of the system
[34].

Similar trend is observed with the increasing expander inlet
temperature. At the constant expander inlet pressure (1.32 bar)
when the degree of superheating is increased to 35 K the thermal
efficiency of the system rises and finally reaches 19.29% while
the exergy efficiency reaches 56.9% (Fig. 8).

Improvements in the first and second law efficiency of the sys-
tem with increasing both expander pressure and the degree of
superheat could be explained by the improvement in the amount
of net work output which is superior to the decrease in the flow
rate of the system. However, during the parametric analysis some
limitations of the cycle such as the pressure ratio of the cycle and
heat losses from the collector to the ambient were neglected. For
instance, in real conditions due to leakage and structural preblems
there should be a reasonable pressure ratio value which was stated
as about 3.5 by Tchanche et al. [46]. Furthermore, it is expected
that as the degree of superheating and pressure at the expander
inlet increases, in other words the collector temperature increases,
the higher amount of thermal losses takes place from the collector
to the ambient and this would cause a decrease in the collector
efficiency [27]. Therefore, it is important to conduct an optimisa-
tion study considering all the limitations mentioned above in order
to define optimum operating conditions of the cycle.

6. Conclusions

In this study, a small scale solar thermal cycle which employs
HFE 7000 as a working fluid is designed, commissioned and tested
experimentally. The proposed cycle is comprised of solar ORC and
heat recovery units. The solar ORC uses a solar flat-plate collector
as an evaporator in order to supply sufficient heat to the fluid
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and it acts as a direct vapour generator in the cycle. This high pres-
sure vapour in the collector expands and generates mechanical
work through the rotary vane expander. Some portion of the heat
is rejected from the solar ORC in the condenser. In order to utilise
this waste heat, the condenser is connected to the heat recovery
unit where the domestic hot water tank is placed.

Experimental results have been discussed through the first and
second law analysis of thermodynamics using mass, energy and
exergy balance equations in this paper. The results reveal that
the flat plate collector can provide sufficient heat to increase the
working fluid temperature up to 45.41 C and turn it into super-
heated vapour at the expander inlet with an average solar radiation
of 880 W/m®. In the energy analysis, average heat collection effi-
ciency of the collector is estimated as 57.53% The rotary vane
expander which is used in the experiments generates average
mechanical work of 146.74 W, with an isentropic efficiency of
58.66%. In the condenser 3.406 kW heat is rejected from the sys-
tem and 23.2% of this condensation heat is re-used in the heat
recovery unit. It is recovered to increase the temperature of 113
L water in the tank from 16.65°C to 22.41 °C in 60 min. Exergy
analysis results show that the maximum exergy destruction rate
occurs in the flat plate collector with 431 W which also accounts
for around 76.68% of the total exergy destruction rate of the solar
ORC. The expander is the second highest source of the exergy
destruction rate with a value of 95 W and this value represents
16.9% of the total exergy destruction rate. It is followed by the con-
denser {32.3 W) and the pump {3.8 W) respectively. These results
highlight that more attention should be given to the flat plate col-
lector which is the heat source of the solar ORC in order to enhance
the system efficiency. The components of the cycle: flat-plate col-
lector, expander, condenser and pump exergy efficiencies are esti-
mated at 43.57%, 60.7%, 67.3% and 64.73% respectively. The overall
energy and exergy efficiency of the solar ORC is calculated as 3.81%
and 17.8% respectively. The parametric analysis study also demon-
strates that an increase in expander inlet pressure and the degree
of superheat have a positive impact on the first and second law
efficiency of the solar ORC, Finally, these results show that small
scale solar thermal systems, which utilises a flat plate collector
can be used to generate not only mechanical work but also heat
energy at the same time. Furthermore, environmentally friendly
working fluid HFE 7000 offers a feasible alternative to be utilised
in small scale solar thermal systems.

Acknowledgement

The authors acknowledge full financial and in-kind support pro-
vided by Future Energy Source {FES) Ltd., UK and are thankful to
Bournemouth University for their support.

References

[1] Reddy VS, Kaushik 5, Ranjan K, Tyagi 5 State-of-the-art of solar thermal power
plants—a review. Renew Sustain Energy Rev 2013;27:258-73.

[2] Baharcon DA, Rahman HA, Omar WZW, Fadhl 50. Historical development of
concentrating solar power technologies to generate clean electricity efficiently
- a review. Renew Sustain Energy Rev 2015;41:996- 1027,

[3] Mekhilel S, Saidur R, Safari A. A review on solar energy use in industries.
Renew Sustain Energy Rev 2011;15:1777-90,

[4] Garcia-Redriguez L, Blanco-Gélvez |, Solar-heated Rankine cycles forwater and
electricity preduction: POWERSOL preject. Desalination 2007;212:311-8.

[5] Zarza E, Valenzuela L, Leon |, Hennecke K, Eck M, Weyers H-D, et al. Direct
steam generation in parabolic troughs: final results and conclusions of the DISS
project. Energy 2004;29:635-44,

[6] Fernandez-Garcia A, Zarza E, Valenzuela L, Pérez M. Farabolic-trough selar
collectors  and  their  applications.  Renew  Sustain Energy  Rev
2010;14:1695-721.

[7] Abbas R, Martinez-Val |. Analytic optical design of linear Fresnel collectors
with variable widths and shifts of mirrors. Renew Energy 2015;75:81-92,

w
=
=

(8] Yaqi L Yaling H, Weiwei W. Optimization of solar-powered Stirling heat
engine with finite-time thermodynamics. Renew Energy 2011,36:421-7,

(9] Wang X, Zhao L, Wang |, Zhang W, Zhao X, Wu W. Performance evaluation of a
lew-temperature solar Rankine cycle system utilizing R245fa Sol Energy
2010;84:353-b4.

[10] Tchanche BF, Lambrinos G, Frangeudakis A, Papadakis G. Low-grade heat
conversion into power using organic Rankine cycles - a review of various
applications, Renew Sustain Energy Rev 2011;15:3963-79,

[11] Ravegan R, Tac Y. A procedure to select working fluids for Sclar Organic
Rankine Cycles (ORCs). Renew Energy 2011;36: 0.

[12] Marion M, Voicu [, Tiffennet A-L. Study and optimization of a solar subcritical
organic Rankine cycle. Renew Energy 201248 100-5.

[13] Manolakos D, Papadakis G, Mohamed ES, Kyritsis 5, Bouzianas K. Design of an
autonomous low-temperature solar Rankine cycle system for reverse osmosis
desalination. Desalination 2005;183:73-80,

[14] Manolakes D, Papadakis G, Kyritsis 5, Bouzianas K. Experimental evaluation of
an autonomous low-temperature solar Rankine cycle system for reverse
osmesis desalination. Desalination 2007;203:366-74.

[15] Manoclakos D, Kesmadakis G, Kyritsis 5, Papadakis G. On site experimental
evaluation of a low-temperature sclar organic Rankine cycle system for RO
desalination. Sol Energy 200983 :646-56.

[16] Bryszewska-Mazurek A, Swieboda T, Mazurek W. Performance analysis of a
solar-pewered organic rankine cycle engine. | Air Waste Manage Assoc
20116136

[17] Wang |, Zhao I, Wang X. An experimental study on the recuperative low
temperature solar Rankine cycle using R245fa. Appl Energy 2012;94:34-40,

[18] Wang |, Zhao |, Wang X. A comparative study of pure and zectropic mixtures
in low-temperature solar Kankine cycle, Appl Energy 2010;87:3366-73,

[19] Zhang X-R, Yamaguchi H, Uneno D. Experimental study on the performance of
solar  Rankine system  using  supercritical €Oz  Renew  Energy
2007;32:2617-28.

[20] Yamaguchi H, Zhang X, Fujima K, Enomoto M, Sawada M. Solar energy powered
Rankine cycle using supercritical CO.. Appl Therm Eng 2006;26:2345-54.

[21] Dincer 1, Kosen MA. Exerzmy: energy, environment and sustainable
development, Newnes; 2012,

[22]) Helvact HU, Akkurt GG, Thermedynamic performance evaluation of a
geothermal drying system. In: Progress in exergy, energy, and the
environment Springer; 2014. p. 331-41.

[23] Singh N, Kaushik S, Misra R Exergetic analysis of a solar thermal power
system. Kenew Energy 2000;19:135-43,

[24] Al-Sulaiman FA. Exergy analysis of parabolic trough solar collectors integrated
with combined steam and organic Rankine cycles. Energy Convers Manage
2004;77:441 -5,

[25] Baghernejad A, Yaghoubi M. Exergoeconomic analysis and optimization of an
Integrated Sclar Combined Cycle System (ISCCS) using genetic algorithm.
Energy Convers Manage 2011:52:2193-203,

[26] Elsafi AM. Exergy and exergoeconomic analysis of sustainable direct steam
generation solar power plants. Energy Convers Manage 2015;103:338-47.

[27] Helvaci H, Khan ZA. Mathematical modelling and simulation of multiphase
flow in a flat plate sclar energy cellector. Energy Convers Manage
2015;106:1359-50.

[28] Bac |, Zhac L A review of working fluid and expander selections for erganic
Rankine cycle, Renew Sustain Energy Rey 2013;24:325-42,

[28] Hushand W, Beyene A Low-grade heat-driven Rankine cycle, a feasibility
study. Int | Energy Res 2008;32:1373-82.

[30] Tsai W-T. Envirenmental risk assessment of hydrofluercethers (HFEs). |
Hazard Mater 2005;119:68-78.

[31] Sekiya A, Misaki S The potential of hydroflueroethers to replace CFCs, HCFCs
and PFCs. | Fluorine Chem 2000;101:215-21.

[32] Qiu G, Shao ¥, Li ], Liu H, Riffat SB. Experimental investigation of a biomass-
fired ORC-based micro-CHP for domestic applications, Fuel 2012;96:374-82,

[33] Jradi M, Li J, Liu H, Riffar 5. Micro-scale ORC-based combined heat and power
system using a novel scroll expander. Int ] Low-Carbon Technol 20014:ctu012,

[34] Baral 5, Kim KC. Thermodynamic medeling of the solar erganic Rankine cycle
with selected organic working fluids for cogeneration. Distrib Gener Altern
Energy J 2014;29:7-34,

[35] Wang Z, Zhou N, Guo |, Wang X. Fluid selection and parametric optimization of
organic Rankine cycle using low temperature waste heat. Energy
2012;40:107-15.

[36] Lemmen E, Huber M, McLinden M. NIST reference database 23: reference fluid
thermodynamic and transport properties-REFPROF, version 9.1, Standard
Reference Data Program; 2013.

[37] Liv H, Qi G, Shao Y, Daminabo F, Riffat SB. Preliminary experimental
investigations of a biomass-fired micro-scale CHF with organic Rankine cycle.
Int ] Low-Carbon Technol 2010:ctg005.

[38] Quoilin 5 Experimental study and modeling of a low temperature Rankine
cycle for small scale cogeneration. University of Liege; 2007,

[39] Li ¥, Wang R, Wu ], Xu Y. Experimental perfermance analysis on a direct
expansion solar-assisted heat pump water heater. Appl Therm Eng
2007;27:2858-68.

[40] Bejan A, Advanced
York: Interscience; 1996,

[41] Cengel YA, Boles MA, Kanoflu M. Thermodynamics:
approach. New York: McGraw-Hill; 2002,

[42] Dikici A, Akbulut A Performance characteristics and energy-exergy analysis of
solar-assisted heat pump system. Build Environ 2008:43:1561-72.

engineering  thermodynamics, 1597, New

an  engineering

133



Appendix A Paper Il

Paper
||

134



Appendix A Paper Il

Energy Conversion and Management 106 (2015) 139-150

Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Mathematical modelling and simulation of multiphase flow in a flat
plate solar energy collector

@ CrossMark

H.U. Helvaci *, Z.A. Khan

Bournemouth University, Sustainable Design Research Centre (SDRC), Faculty of Science and Technology, Bowrnemouth BH12 588, UK

ARTICLE INFO ABSTRACT

Article history:
Received 26 May 2015
Accepted 10 September 2015

Non-conventional collectors where organic fluid or refrigerant experience a phase change have many
advantages over conventional collectors which have either air or relatively high temperature boiling
liquid. Increase in heat transfer coefficient and system efficiency, corrosion prevention and freeze
protection are the main benefits of the first type. In this study, a detailed numerical model of a flat plate
collector is developed to investigate the fluid mean temperature, useful heat gain and heat transfer

]f:fJ’W”l"ds¢ I coefficient along the collector tube. The refrigerant HFC-134a was used in the simulation as the working
si;:uplaattizrfn ector fluid of the collector. The model can both predict the location where the fluid undergoes a phase change

in the tube and the state at the exit under given inlet conditions. The effect of boiling on the heat transfer
coefficient of the fluid is also investigated. Simulations were performed at three different mass flow rates
(0.001, 0.005 and 0.01 kg/s) and three different operating pressures (4, 6 and 8 bar) to be able to see the
effect of mass flow rate and pressure on plate temperature, heat loss coefficient, efficiency of the collector
and the heat transfer coefficient of the fluid. The simulation results indicate that the heat transfer
coefficient of the fluid increases from 153.54 W/m? K to 610.27 W/m?K in multiphase flow region. [n
the liquid single phase region, the collector efficiency rises from 60.2% to 68.8% and the heat transfer
coefficient of the fluid increases from 39,24 W/m? K to 392,31 W/m? K with an increased flow rate
whereas the collector efficiency decreases from 72.5% to 62.3% as the operating pressure increases from
4 bar to 8 bar. In order to validate the simulation model an experimental test rig was built and the exper-
iments were performed with HFE 7000 as working thermo-fluid. A new simulation model utilizing HFE
7000 has been developed and the outlet temperature of the fluid was compared with the measured outlet
temperature. Both measured and simulated results have shown close conformity.
@ 2015 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

Multiphase flow
Heat transfer coefficient

1. Introduction conducted by [4]. The thermal behaviour of volumetric solar recei-

ver with double-layer of porous media and the effects of geometry

Utilization of fossil fuels has caused many problems such as the
release of CO, to the atmosphere and its subsequent effects on our
environment. This can be changed if our dependence is decreased
on fossil fuels by using alternative renewable energy sources [1].
Due to its lower impacts on environment solar energy can be con-
sidered as one of the most favourable option to contribute to the
energy demand with extensive applications in industry [2]. There
has been an upward trend in various kinds of solar energy harvest-
ing systems. A dynamic model of a solar pond was developed in
order to investigate the effect of the sunny area ratios on the effi-
ciency by [3]. Experimental and simulation studies on the thermal
performance of a room heated with an attached sunspace were
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Talbot Campus, Bournemouth University, Poole, Dorset BH12 5BB, UK. Tel.: +44
7473 770009.

E-mail address: hhelvaci@bournemouth.ac.uk (H.U. Helvaci).

http://dx.doi.org{10.1016/j.enconman.2015.09.028
0196-8904/© 2015 The Authors. Published by Elsevier Ltd.
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of each layer on the performance was numerically studied by [5].
Dehghan et al. |6] analysed the effect of radiation heat transfer
on forced convective heat transfer mechanism through cellular
porous media confined by two parallel plates. The plates subjected
to constant heat flux and the Darcy-Brinkman equation was uti-
lized to model the flow through the porous medium [6]. In another
study the effects of thermal radiation on the forced convection
through cellular porous media considering a combined conduc-
tive-convective-radiation heat transfer model were studied by [7].

Solar collectors which convert solar energy into heat produce
either hot water or air depending on the working fluid of the col-
lector [8]. Recently, many studies have focused on increasing the
efficiency of solar water heaters. An experimental study to investi-
gate the effect of using a mixture of ethylene glycol and copper
nanoparticles as a working fluid on the collector efficiency was
conducted by [9]. In another study it is reported that using

creativecommons.org/licenses /by/4.0f).
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Nomenclature
Ay collector plate area, m* Ur total heat loss coefficient of the collector, Wim® K
Bo boiling number w tube spacing, m
o bond conductance X vapour quality
[ specific heat of the working fluid, J/kg K
Co convection number Subscripts
D tube diameter, m a ambient
D tube inner diameter, m c glass cover
D, tube outer diameter, m col collector
f friction factor ch convective boiling
F fin efficiency [ fluid
Fg collector heat removal factor g gas
Fr Froude number in inlet
G mass flux, kg/m® s ) ins insolation
h heat transfer coelficient, W/m~ K 1 liquid
H enthalpy, Jikg m mean
Hy heat of vaporization, ]/kg mp multiphase
thermal conductivity, Wim K nb nucleate boiling
L Length, m out outlet
m mass flow rate, kgjs P plate
N dimensionless parameter sat saturation
Ne number of glass cover sp single phase
Nu Nusselt number w wind
P pressure, bar wi working fluid
Pr Prandtl number
Qgain  heat gain of the fluid, W Greek symbols
Q h"f:; 11“;5- w T transmittance-absorbance product
Qu 1l§ef1l1 hE-“- w ) 8 collector tilt angle, ©
Q2 useful heat rate, Wfm & absorber plate thickness, m
Re Reynolds number : emissivity
Sin incoming solar radiation, Wm® P density, kg/m®
T temperature, K . & Stefan-Boltzmann constant, Wjm® K
Upacs: heat loss coefficient for the back of the collector, Ny enhancement factor
Wim® K o .
i d scosity, k; 3
Uadge heat loss coeflicdent for the edge of the collector, ; h;nf?::x v;;joms; ¥ kgfms
Wim” K . a2 H efficiency, %
Usop heat loss coefficient for the top of the collector, W/m* K

Al:O5-distillated water nanofluid in the collector increased the
thermal efficiency up to 11.7% [10].

Alternatively, collectors using organic fluid or refrigerant pro-
vide higher performance than conventional collectors where water
or air is used. Because organic fluid or refrigerant undergoes a
phase change, this phenomenon increases the heat transfer
coefficient of the fluid and leads to an increase in the system
performance [11). Reduced parasitic energy use and freeze
protection are the other benefits of such collectors [ 12].

Collectors using organic fluid or refrigerant can be used for fur-
ther applications. Evacuated solar collector was used to generate
vapour in the solar Rankine system where CO; was utilized as
the working fluid [1%]. Marion et al. [14| conducted both theoret-
ical and experimental studies to indicate the potential mechanical
energy generation by using selar thermal collectors which are
combined with an organic Rankine cycle {ORC). The system was
simulated for three organic fluids R134a, R227ea and R365mfc
and the simulation model wag validated against experi using
glycol-water mixture | 14]. An optimization study of a solar organic
Rankine cycle was conducted hy [15]. In this study authors
considered various models of stationary solar collectors such as a
flat-plate collector, compound parabolic collector, and evacuated
tube collector. Twelve substances, including dry, wet and
isentropic organic fluids were taken into account as working fluids
of the system and aperture area of the collector needed per unit of
mechanical power output of the cycle was considered as a
comparison criteria for different operating conditions of ORC

|15]. Wang et al. [16] carried out an experimental study of a
low-temperature solar Rankine cycle system where flat plate col-
lectors are used. Pure R245fa, zeotropic mixture of R245fajR152a
{0.9/0.1) and another mixture of R245fafR152a, (0.7/0.3) were
considered in the analyses [1G]. An experimental study of a solar
thermal system utilizing R245fa was conducted by [17]. Two
stationary collectors which are evacuated tube and flat-plate
collector were used in the experiments. Results showed that
collector efficiencies of evacuated tube and solar collector were
found 71.6% and 55.2% respectively [17].

Solar collectors using organic refrigerants also have been utilized
in solar assisted heat pump systems. The thermal performance
of direct expansion solar assisted heat pump system using two
collector configurations which are bare collector and one cover
collector were analysed in [ 158]. Several refrigerants were used to
analyse the performance of the system. Authors reported that
R-12 gives the highest performance value, followed by R-22 and
R-134a [18]. Zhang et al. [19] studied the effects of refrigerant
charge, solar collector area and solar collector thickness on the
thermal performance of direct-expansion solar assisted heat pump
system [ 19]. Solar assisted heat pump system for low temperature
water heating application where solar collector is used as the evap-
orator of the heat pump was investigated by [20]. A simulation
model in order to show the potential use of solar assisted heat
pump system for hot water production was conducted by [21].
Authors found that the system can achieve a higher performance
than conventional heat pump system [21].
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Furthermore, various studies have been conducted to analyse
solar collectors theoretically where the fluid undergoes a phase
change.

An extended mathematical model of a boiling flat plate collector
in which fluid and plate temperatures, heat transfer coefficient and
vapour quality can be predicted along the collector tube was devel-
oped by [11]. Various organic fluids {R-113, n-pentane, methanol,
acetone, diethyl ether) and water as a working fluid were used
and the effect of transition from single phase flow to the boiling
flow was taken into account in the study [11]. Results showed that
no matter what working fluid was used, a higher thermal efficiency
was obtained in a boiling flow as compared to single phase flow in
the collector. Analysis of the boiling collector was studied by [12]
where operating characteristics of condenser were also considered
in their analysis. The refrigerant R-11 was utilized in a two-phase
collector which operates in a thermo syphon mode. TRNSYS
simulation program was used for modelling the boiling
collector-condenser system which also accounted for heat losses
and pressure drops in the vapour and liquid line [12].

Aziz et al. [22], conducted a numerical analysis of a solar
collector which was employed as an evaporator of a heat pump
cycle. In order to evaluate the size of a solar collector multiphase
flow of (R-123-R134a) mixture is analysed, thermodynamic and
heat transfer characteristics were calculated. The effect of various
mass flow rate of the mixture, solar radiation and inlet pressure
on the heat transfer coefficient and collector tube length was also
taken into account. Authors concluded that both mass flow rate
and solar radiation have important effects on the collector size
and heat transfer coefficient of the mixture where operating
pressure does not have any significant effect on the tube length
of collector [22].

R134ais a hydrofluorocarbon (HFC) refrigerant and has been of
interest to Sustainable Design Research Centre (SDRC), Bourne-
mouth University in terms of industrial applications [23,24].

In this study, a detailed numerical model of a flat plate collector
is developed to investigate mean temperature, useful heat gain and
heat transfer coefficient of HFC-134a along the collector tube. The
model can predict both the location where the fluid undergoes a
phase change in the tube and the fluid exit state. The effect of mass
flow rate of the fluid and operating pressure on the collector effi-
ciency, outlet fluid temperature, absorber plate temperature and
heat transfer coefficient of the fluid is also investigated. Further-
more, the model was utilized with novel-thermo fluid (HFE
7000) in order to compare the collector performance between
two working fluids. Also, simulation results using HFE 7000 was
validated against experimental results.

2. Collector specifications

Serpentine type flat plate collector was used to conduct this
simulation and it consists of a cover, absorber, copper tube and
insulation at the backend and edges of the collector. Cover (1) with
3 mm thick is used for reducing both radiation and convection loss
from the collector. Absorber (2) is a coated stainless steel sheet, of
which surface has dark-coloured paint for high absorption
property. The thickness of the absorber plate is 1 mm. The fluid
is circulated in the copper tubes (3) where the heat is gained from
the absorber to the fluid. Conduction loss from the backend and
edges of the collector is reduced by insulation (4). The schematic
description of the collector is shown in Fig. 1.

3. Mathematical modelling
Developed analytical model of serpentine flat plate collector

under a phase change is based on the model represented by [25].
The model is modified and used under following assumptions:

Fig. 1. Schematic of serpentine tube flat plate collector.

o Steady-state conditions.

« Absorber and glass cover thermal and radiation properties are
constant {independent of temperature).

e Uniform heat flux conditions are granted instead of uniform
wall temperature.

« Entry regions effects are neglected (Lype/D = 7000).

e The fluid undergoes a phase-change as the average fluid
temperature reaches the boiling temperature of the fluid at
corresponding pressure.

« Both single and multiphase heat transfer coefficient of the fluid
varies along the tube.

« Serpentine tube considered as one flat tube to calculate heat
transfer coefficients for both single and multiphase flows,

3.1. Heat loss calculation

There are mainly two types of losses accur in a flat plate collec-
tor which are optical and thermal losses, respectively. Optical
losses can be shown as S, (to), where (ta) is the transmittance-
absorbance of the glass cover depending on the material proper-
ties. Thermal losses can be divided into three parts which are heat
loss from the top of the collector Uy,p, from the back Up,q and the
edge of the collector Uegge respectively. During the calculations
heat loss through the edges has been ignored. Heat loss from the
top of the collector can take place by means of radiation and
convection heat transfer mechanism from the glass cover to the
atmosphere and from the absorber plate to the cover. Klein [26]
generalized formula to calculate the top heat loss coefficient which
is shown in Eq. (1).

1
Uop = S
(T + T)(To + T2) )
(£p + 0.00591Nch, )~ 4 Dt 10130 _ N
where

f=(1+0.0889h,, — 0.1166h,e,}(1 + 0.07866N, )

C=520(1-0.0000514%) for0° < p<70°and if 70° < p < 90" apply f = 70°

e =0.430(1 - 100/T})

Heat losses from the back of the collector is

lkins
Upack = (2)

Lins

Therefore, total heat loss coefficient of the collector becomes

137



Appendix A

Paper Il

142 H.U. Helvaci, ZA. Khan /Energy Conversion and Management 106 (2015) 139-150

UT = U(Dp + leu:k {3)

Absorbed solar energy on the surface of the plate can be written
as

Q, = ASi (T} — Q 4)

When plate temperature {T;,) and heat loss coefficient {U;) are
taken into account, then the absorbed solar energy on the plate
surface can be calculated as;

Qp =4, [sill(ra) = Up(T;; - Td)] (3}

3.2. Convective heat transfer to the fluid

Since there is incident solar energy on the absorber of the
collector some portions of that will be transferred to the fluid by
convection along the collector tube. This energy is called the useful
energy and can be expressed as:

Qq = ApFg [Sin(er) = Ur(Tgin — To)] (6}
In Eq. (&), T, is replaced by fluid inlet temperature T;;, and the

new term Fp which is heat removal factor is introduced and is
found to be as below:

e, —AUrF’
FR_A'pUT 1 —cxp(—mcp ) (7}
{F'} is the collector efficiency factor and can be expressed as;
1
‘ {Ur) 8)

F= -

W[Ur(Dy + W — Do)F)]™" + (Co) ™" + (mDihe) !
where (, represents the bond conductance and it can be neglected
{1/C, =0} as it is assumed to be very large.

And Fis the fin efficiency is

tanh [m(W — D,/2)] Uy
ST 2ol wh | 9
mW —D,2) e m TS 9)

In Eq. (8), hy represents the convective heat transfer coefficient

for both single and multi-phase conditions. The determination of

heat transfer coefficient in single and multiphase flows is analysed
in the following section.

3.2.1. Single-phase flow

For constant surface heat flux and fully developed single-phase
laminar flow {Re < 2200) in a circular tube, Musselt {Nu) number is
constant and independent from Reynolds (Re) and Prandtl {Fr)
numbers [27].

_ hgD

Nu =436

(10)

For fully developed turbulent flow where 0.5 < Pr <2000 and
3%« 107 <Re <5« 10% in a circular tube, Nusselt number can be
obtained by Gnielinski equation which is a modification of Petu-
khov correlation [28].

(£} (re — 1000)Pr

Nu 0ns
1 |12.?(§) (P 1)

an

3.2.2. Multiphase flow

A large number of theoretical and experimental studies have
been conducted to calculate saturated flow hoiling coefficient since
itis important to reduce cost and gain better design of evaporators,
boilers and other multiphase process components [29]. Among
many studies a general and reliable correlation was investigated

by [20]. However, it was limited to vertical flows. Another correla-
tion which is valid for both horizontal and vertical flows was gen-
erated by [21]. In this study, the chart correlation for the
estimation of saturated boiling heat transfer coefficient that
includes a comparison with 800 data points from 18 experimental
studies is represented. Due to the difficulties of graphical form of
correlations researchers have presented equations which express
these chart correlations [32].

Following the Shah’s method the procedure to calculate two-
phase heat transfer coefficient is represented in this section. The
correlations mainly consist of four dimensionless parameters in
order to estimate heat transfer coefficient. The Froude number is
aiven by the following equation [31];

Gl

pieD;
Froude number is calculated to determine if the surface is fully
wet or not. For vertical tubes the surface is fully wet independently
of Froude number. However, for horizontal tubes if Fr;> 0.04 the
surface is fully wet otherwise {Fr; < 0.04) the surface is partly dry.
Once Froude number is determined then the dimensionless param-
eter N can be calculated for two different conditions;

Fry (12)

3.2.3. Vertical and horizontal tubes

For vertical tubes at all conditions of Fr; values and for horizon-
tal tubes when Fr; > 0.04 dimensionless parameter {N) equals to the
convection number {Co).

3.2.4. Horizontal tubes
For horizontal tubes when Fr; < 0.04, then the following relation
is applicable.

N = 0.38Fr;**Co 13)

The next dimensionless parameter is the convection number
{Co) and this can be calculated as [31];

0g 05
-G ()
* 1

Another parameter is the enhancement factor () and it repre-
sents the ratio of multiphase flow heat transfer coefficient { by} to
the liquid phase heat transfer coefficient {h,). Dittus-Boelter equa-
tion is used to calculate liquid phase heat transfer coefficient in
this analysis [31].

Then, the calculation is followed by the evaluation of both
nucleate and convective boiling factor. For the calculation of nucle-
ate boiling factor three applicability conditions of the dimension-
less number {N] are represented below [33];

(14)

For N =1

Vo = 230B0"™  If Bo > 0.3 = 107*

Y = 14+46B0™ IfBo < 0.3 » 107

e and Bo represents nucleate boiling factor and boiling number
respectively. Bo is calculated as [31];

¢

BO:W{;

(15)

where & is the heat flux, G is the mass {lux and Hy, represents heat
of vaporization.
Convective boiling factor i, is given by the following Eq. { 16).

Wy = 1.8N 0% (16)
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As both nucleate boiling factor y,, and convective hoiling factor
W are calculated, the larger value is taken as enhancement factor
and is used to calculate multi phase heat transfer coefficient {hy,,).

For 0.1 <N=<1

W, = FBO™ exp(2.74N ") (17)
Wi o 15 determined from Eq. { 16) and v equals to the larger value

Of thy, OF Y.
For N<0.1

Vo = FBO™ exp(2.47N"17} (18)

W 15 evaluated from Eq. ( 16) and i equals to the larger value of
Y OF Yy, -
The constant F is as follows [33];

Bo>0.0011, F=14.7.
Bo <0.0011, F=15.43.

4. lteration procedure

During the research a numerical model is developed to simulate
flat plate collector performance, fluid temperature and heat trans-
fer coefficient along the tube. Collector specifications and operat-
ing parameters are shown in Tables 1 and 2.

Basically, the model relies on dividing the collector tube into
small finite elements and calculating the fluid outlet temperature,
plate temperature, the heat loss coefficient, the useful heat, the
heat gain and the enthalpy values iteratively. As shown in Fig. 2
for each element the outlet temperature and enthalpy values are
set equal to the inlet conditions of the next element till the end
of the last element.

Initially, the model starts with calculating the heat loss
coefficient by using Eq. {1). As it can be seen from Eq. (1) plate
temperature {T,) is necessary to determine the heat loss coefficient
{Ur). Since T, is an unknown an arbitrary value which is estimated
as 5°C higher than inlet fluid temperature is given in order to
calculate U, Then, the model evaluates useful heat {Q,) by
introducing the calculated Ur into Eq. (G). In order to determine heat
transfer coefficient, the fluid flow is defined whether it is laminar
or turbulence by calculating Reynolds (Re) number. Depending
on the flow type, Nusselt {Nu) number is determined and heat
transfer coefficient is calculated by using Eqs. (10) and {11). Fluid
thermodynamic properties such as saturation temperature {Te,.),

Table 1
Collector specifications.
Collector area (m*) G.Y96
Absorber plate thermal conductivity (W/m K) 50
Absorber plate thickness (m) 0,001
Total length of twbe (m}) 56
Tube inner diameter (m) 00,008
Tube outer diameter (m) 0.01
Effective transmittance-absorbance product (-} 0.81
Table 2
Syslem paramelers.
Fluid inlet temperature (K) 278
Fluid mass flow rate (kg/s) QL0 - 0005 0001
Ambient temperature (K) 275
Operating pressure | bar) 4-6-8
Incoming solar radiation (W/m?®) 500
wind velocity (m/s) 2

143

thermal conductivity {k), density { g}, specific heat {Cp), viscosity
() and enthalpy (H) are calculated by developed regression
equations. Data for the regression analysis is taken from REFPROP
9.1 programme |[34] for various temperature values. Desired
properties of the fluid are estimated by introducing fluid mean
temperature into the regression equations. The estimated plate
temperature is used to determine initial fluid mean temperature
as the outlet temperature of the fluid is not known. Initial fluid
mean temperature is defined as;
Ty =1 'ZT”“ (19)

However, calculated @, represents the amount of useful heat for
the whole collector tube. This can be represented by Eq. (20).

Q, = QDL

where O_: is the useful heat rate and nDj; is the surface perimeter. In
other words, the useful heat rate can be obtained by dividing useful
heat {(,) by the surface area of the collector { nD;,L;pe). To calculate
heat gain for each small element the rate of useful heat is multiplied
by the surface perimeter and the length of each element which is
deflined previously by dividing total collector length into small finite
elements. Therefore, heat gain of each element can be evaluated by;

(20)

L
Quuin = QD 1_ dx (21)

Once the heat gain is evaluated for the first element the fluid
outlet temperature is calculated by introducing Qgain into Eq. {22

anin

T, ;
fin+ m(.p

Tt out (22)

Calculated fluid outlet temperature Ty, i5 intreduced into Eq.
{24) to determine new fluid mean temperature. The new mean
fluid temperature can be determined as;

Tein + Ty
Tf,m - fin 5 fout (23}

The new mean temperature calculated by Eq. {23, is used for
determining the new . After calculating the new @, a new plate
temperature is calculated as;

U.u.-'lfAF
FrlUs

Then, the algorithm re-evaluates Uy, @, and Q. by utilizing the
new plate temperature and the new fluid mean temperature in
Eqs. (3, (6] and {21). This process is repeated in the first loop until
the difference between T, and its value in the previous iteration
and T, and its value in the previous iteration is lower than
convergence criteria. Convergence criterion of 0.01 °C was selected
for the iterated indicaters mentioned above and the results
converge within 10 iterations.

Second loop checks if the outlet temperature of the element
reaches the saturation temperature of the fluid at corresponding
pressure. Il the exit temperature does not provide saturation
conditions then algorithm increases the number of element. In
other words, the length of the tube is increased and the same
calculations are performed for the next element. Once the outlet
temperature reaches the saturation temperature then flow beiling
occurs in the collector tube. In the flow boiling calculations same
steps are followed with the exception of calculating single phase
heat transfer coefficient, multiphase heat transfer coefficient is cal-
culated. Since the fluid temperature is constant in beiling outlet
enthalpy is determined as;

Tp =T+ (1 - Fr) (24)

Qi .
Hiou = Hiia +—fi;'“ (25}
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Fig. 2. Schematic of collector elements.

In boiling region vapour quality of the fluid is calculated at each
element using Eq. (26).

Hf,mlt - Hl
X= W (26)
where H; and Hg represent saturated liquid and saturated vapour
enthalpy of the fluid, respectively. The third loop also checks if
the vapour quality reaches 1 at the end of each element. Multiphase
flow calculations continue with the increase of elements since the
fluid become superheated vapour {x > 1). At this point same calcu-
lations are performed with the single phase heat transfer coefficient
which was mentioned above. The only difference is superheated

vapour properties of the fluid are determined and used in the
calculations.

A computer code is developed via Matlab software to perform
iterative computations. Flowchart of the computer code is repre-
sented in Fig, 3.

5. Results and discussion

The simulation study is conducted with HFC-134a and its trans-
port and thermodynamic properties can be found in [34]. Fig. 4
shows that the fluid enters to the collector at 5°C temperature
and 6 bar pressure, Its mean temperature increases along the col-

Multi phase region

Single phase region

r Set input parametcrs l

- I

._Tc‘, Divide collector tube into i element I
& }

]
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]

=
£ 1
2 Calculate heat loss coefficient Ut
é" Tp= Taew Evaluate fluid propertics
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»

Calculate heat loss coefficient Ut
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Tp= Tpnew Evaluate fluid propertics
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By 1S
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I
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Element number =i

Fig. 3. Flow chart of the simulation study.
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lector tube as the useful heat gain of the fluid raises. The increment
in fluid mean temperature continues until it reaches the corre-
sponding boiling temperature (22.2 °C). This region is called liquid
single-phase flow which corresponds to 29% of total length of the
collector tube. If the fluid reaches its saturation point, the fluid
mean temperature remains constant and the fluid undergoes a
phase-change. The region where saturated liquid turns into satu-
rated vapour indicates multiphase flow or flow boiling. Boiling
region occupies 58% of the tube. The heat gain of the fluid also
increases during the flow boiling and this heat is used to generate
vapour in the tube. Once the liquid completely turns into saturated
vapour where the vapour quality equals to 1 represents the end of
the boiling region. As the fluid continues gaining the heat its tem-
perature increases again along the collector tube. This region is
called vapour single-phase flow in which saturated vapour turns
into superheated vapour, This phenomena proceeds till the end
of the collector tube. The fluid temperature reaches 26.3 °C at the
end of the tube and leaves the collector as a superheated vapour.

Fig. 5 represents the convective heat transfer coefficient of HFC-
134a in both single-phase (liquid and vapour) and multiphase
flows. In the liquid single phase region, the heat transfer coefficient
ranged from 153.54 W/m? K to 173.93 W/m? K where as it changed
from 375.2 W/m? K to 416.66 W/m? K in multiphase region. This
indicates that in flow boiling the heat transfer coefficient is consid-
erably higher than in single-phase region. Fig. 5 is generally in
agreement with the studies [11,12]. In superheated vapour region,
the heat transfer coefficient decreased to 73.4 W/m?K and
remained almost constant.

The variation of flow boiling heat transfer coefficient versus
vapour quality is shown in Fig. 6. Heat transfer coefficient increases

from 3752W/m?K to 498.23 W/m2K as the vapour quality
increases. The maximum heat transfer coefficient (610.27 W/m? K)
is observed at a quality of x = 0.8 then it decreased gradually to
498.23 W/m? K.

This could be explained by the occurrence of dry out which
results in a decrease in the heat transfer coefficient due to the
low conductivity of dry steam | 35]. Fig. 7 indicates that at constant
pressure {6 bars), liquid single phase heat transfer coefficient and
useful heat gain of the fluid increases with the increasing mass
flow rate.

As the mass flow rate increases from 0.001 kg/s to 0.01 kg/s heat
transfer coefficient and heat gain of the fluid increases from
39.24 Wim? K to 392.31 W/m? K and from 61.17 W to 535.13 W
respectively. An increase in mass flow rate yields to a rise in
Reynolds number, in other words a transition from laminar flow
to turbulent flow in collector tubes, This results in a greater value
of heat transfer coefficient and more heat which transferred to the
working fluid. Instead of conventional fluid temperature absorber
temperature is considered to develop efficiency equation for the
collector. Collector efficiency #c, can be determined as follows:

" _ Qp :Ap [Sm(fﬁ) - UT(Tp - TA)J
col Siuiﬂlp SinAp

(27)

It can be seen from Fig. 8 that the collector efficiency increases
from 60.2% to 68.8% while absorber plate temperature decreases
from 45.53 °C to 29.7 °C. This phenomenon indicates that the more
heat is gained by the fluid the more heat which is absorbed on the
absorber plate is transferred to the fluid. Increase in heat transfer
from the absorber plate to the working fluid yields to a decrease
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Fig. 4. Fluid mean temperature and heat gain variation along the collector tube (P= 6 bar, m = 0.005 kg/s).
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Fig. 5. Fluid heat transfer coefficient in various flow regions (P = 6 bar, m =0.005 kg/s).

141



Appendix A

Paper Il

146 H.U. Helvaci, Z.A. Khan/Energy Conversion and Management 106 (2015) 139-150
600
)
g 550
.
-] 500
-1
o
7]
“g 4504
g
T 400
02 03 04 0.5 0.6 07 08 0.9 10
Vapor quality (x)

Fig. 6. Boiling heat transfer coefficient versus vapour quality (P =6 bar, m = 0.005 kg/s).
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Fig. 8. Collector efficiency and plate temperature at various mass flow rates (P = 6 bar).

in the absorber plate temperature which brings less heat loss from
the collector plate to the surroundings. As a result higher collector
efficiency value is abserved.

Fig. 9 represents the effect of inlet pressure of the fluid on the
plate temperature and collector efficiency at constant mass flow
rate (m = 0.005 kg/s).

It can be seen from Fig. 9 that saturation temperature increases
from 9.6 °C to 31.9 °C as the operating pressure of the collector
increases from 4 bars to 8bars. At saturation temperature of
9.6 °C plate temperature is found 22.1 °C whereas plate tempera-
ture is found 41.8 °C at 31.9 °C saturation temperature. Moreover,
a decrease in the collector efficiency from 72.5% to 62.3% is due
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Fig. 11. Schematic of the experimental rest rig.

to the increase in the plate temperature and thus causes thermal
loss from the collector.

In Fig. 10 the efficiency of the flat-plate collector using both
R-134a and HFE-7000 versus reduced temperature (Tj, — T,)/I is
represented. In the analysis fluid saturation temperature for both

fluids are 15 °C higher than the fluid inlet temperature at corre-
sponding collector operating pressures. As it can be seen from
Fig. 10 that for the same incident radiation (I = 500 W/m?), mass
flow rate (rit = 0.005 kg/s) and inlet temperature (20 °C) R-134a
gives higher collector performance than HFE-7000 in both
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Fig. 12. (a) Measured points on the collector surface and (b) solar radiation distribution on the collector surface.

Table 3

Experimental conditions.
Parameter Unit Value
Collector inlet temperature °C 28.4-47.9
Ambient temperature °C 18
Collector inlet pressure bar 14-21
Fluid mass flow rate kgjs 0.012-0.013
Solar radiation Wim? 550

non-boiling and boiling region. This could be explained by relatively
higher thermal conductivity of R-134a (k=0.083 W/mK) than
HFE-7000 (k = 0.0757 W/m K) at given conditions.

6. Experimental validation

In order to validate the proposed mathematical and numerical
models an experimental test rig was designed and commissioned.
The test rig consists of a flat plate collector, a circulation pump, a
reservoir and a heat exchanger (Fig. 11).

The flat plate collector specifications are given in Table 1 previ-
ously. A solar simulator was employed as an artificial source of
radiation to provide steady radiant energy to the collector. Solar
simulator consists of 12 glare lamps and each lamp can provide
1 kW heat output. In the experiments 6 kW heat is supplied from

the simulator to the collector. A pyranometer (Kipp&Zonen
CMP3) was used to measure the irradiance on the collector surface.
The solar simulator placed 2 m away from the collector surface
during the measurements. Fig. 12{a) shows the measured points
on the collector surface. It is found that the distributed heat flux
ranged from 518 to 572 W/m? on the collector surface and the
average irradiance over the collector surface (2.9 x 2.4m) is
550 W/m? (Fig. 12(b)).

Although HFC 134a was used in the simulation study, in order
to check the compatibility of the mathematical and the numerical
models a novel working thermo-fluid (HFE 7000) was utilized in
the experiment. The new simulation study using HFE 7000 was
conducted and the fluid outlet temperature of the simulation
was compared with the experimental data. The required thermo-
dynamic and transport properties of HFE 7000 were taken from
REFPROP 9.1 programme. Furthermore, HFE 7000 has a higher boil-
ing point temperature {34 °C at 1 atm) than HFC 134a (26 °C at
1 atm) and therefore it is easier to handle at atmospheric condi-
tions. Initially 8 kg of HFE 7000 was charged in the system and it
was compressed by the pump and sent to the collector. The
absorbed heat which is converted from simulated solar radiation
in the collector is transferred to the fluid via convective heat
transfer mechanism. The fluid exits the collector with a higher
temperature and reaches the heat exchanger. Some portion of its
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Fig. 13. Fluid temperatures at the inlet and outlet of the collector.
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Table A1
Measured parameters and their uncertainties.
Instruments Measured Range Uncertainty (%)
parameters
Thermoecouples (°C) Collector inlet temperature 0-100 (°C) 25
Collector outlet temperature 0-100 (°C) 2
Pressure transmitters (bar) Collector inlet pressure 0-10 (bar) 30
Collector autlet pressure 0=10 (bar) 35
Flow meter (1/min) Fluid flow rate 0.12- 1.6 (Yfmin} 3.2
heat is rejected from the system and therefore its temperature Acknowledgment
decreases in the heat exchanger. Tap water is used to cool and con-
dense the working fluid. The fluid is collected in the reservoir and This research is funded by Future Energy Source (FES) Ltd, UK.

i5 then compressed by the pump again to complete the cycle.

In order to measure temperature and pressure values of the
fluid, K-type thermocouples with an accuracy of £0.158% and pres-
sure transmitters with an accuracy of £0.5% are mounted at the
inlet and outlet of the collector. A flow meter is placed 65 cm away
from the pump to measure the volumetric flow rate of the fluid and
the accuracy of the flow meter is £2%. Temperature, pressure and
flow rate data of the fluid are recorded and transmitted to a com-
puter by a data acquisition unit. Table 3 represents the environ-
mental and the inlet conditions of the experiment.

It can be seen from Fig. 13 that the model can predict the outlet
temperature of the fluid with a small range of deviation. The
deviation for the outlet temperature of the fluid between the
simmulation and the experimental results ranged from 0.45% to 4.9%.

7. Conclusions

A numerical model for the flat plate collector was developed to
simulate the collector performance under various conditions. The
derived algorithm can sclve the model and can iteratively evaluate
the fluid mean temperature, fluid heat gain, absorber temperature
and the heat transfer coefficient of the fluid at any point along the
flow direction. The model is capable ol calculating single phase
heat transfer coefficient, as well as the multiphase heat transfer
coefficient of the fluid if its temperature surpasses its boiling
ternperature in the collector. The algorithm was implemented by
utilizing the MATLAE programme. The model was solved with
HFC-134a refrigerant. The simulation results showed that in the
flow boiling region the heat transfer coefficient {375.2-416.6 W/
m?) is higher than in single phase liquid (153.54-173.93 W/m?)
and single phase vapour {73.4 W/m?) regions. Effect of the mass
flow rate and the pressure on the heat transfer coefficient, collector
efficiency and heat gain of the fluid is also taken into account in the
simulation study. It is found that heat transfer coefficient have
shown a dependency on the flow rate of the flow. As the mass flow
rate, as well as the Reynolds number of the flow increases, the flow
becomes turbulent. In turbulent region higher heat transfer coeffi-
cient is obtained than laminar region which leads to an increase in
the heat gain of the fluid and the efficiency of the collector. Analy-
sis of the simulation results also showed that operating pressure, in
other words saturation pressure of the fluid has an effect on the
collector efficiency. In higher saturation pressure condition in the
collector saturation temperature becomes further from the inlet
fluid temperature and the efficiency of the collecior decreases.
Furthermore, the collector efficiency with two working fluids
{R-134a and HFE-7000) is compared for the same inlet conditions.
It is found that R-134a gives higher collector efficiency due to its
superior properties compared to the HFE-7000 at given conditions.
An experimental test rig was built in order to validate the simula-
tion model against experimental results. HFE-7000 was utilized in
the experiment and the simulation results for HFE-7000 show good
agreement with the experimental results.

The authors acknowledge in-kind support provided by Mr Brian
Camfield and Mr Tony Camfield.

Appendix A. Uncertainty analysis

In order to evaluate the accuracy and the reliability of the mea-
sured parameters an uncertainty analysis is conducted. The mea-
sured instruments and their uncertainties are shown in Table A1,
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This paper presents thermodynamic modelling and simulation study of a small scale saturated solar
organic Rankine cycle (ORC) which consists of a stationary, flat plate solar energy collector that is utilised
as a vapour generator, a vane expander, a water-cooled condenser and a pump, Simulations are con-
ducted under constant condensing temperature/pressure and various cycle pressure ratios (PR) for 24
organic thermofluids including Hydrocarbons (HCs), Hydrofluorocarbons (HFCs), Perfluorocarbons
(PFCs), Hydrofluoroethers (HFEs) and Hydroflucroolefins (HFOs). Special attention is given to the influ-
ence of PR and physical properties on the solar ORC performance as well as Muids' environmental
and safety impacts including global warming potential {GWP), lammability and toxicity. The simulation
results indicate that when the same fluid is considered, pressure ratio of the cycle leads to various oper
ating conditions such as collector (evaporating) pressure which results in various collector, expander and
cycle efficiency, For instance, increasing the pressure ratio of the cycle enhances the net work output and
the thermal efficiency of the cycle, whereas it decreases the Nat plate collector efficiency. The results also
indicate that the proposed system produces Lhe maximum net work output of 210,45 W with a thermal
efficiency of 9.64% by using 1-butene. Furthermore, trans-2-butene, cis-2-butene, RE00, R600a, R601,
RG01a and neopentane {HC), R227ea and R2360a (HFC), RC318 (PFC) and R1234z¢ (HFO) show promising
solar ORC thermal performances. However, the flammability problem of HCs and global warming poten-
tial issue of HFCs and PFCs limit their applications, owing to the safety and environmental concerns,

On the other hand, in terms of the environmental impact. thermofluids such as RE347mcc, RE245fa2
{HFEs) and R1234ze, R12332zd (HFOs) offer an attractive alternative, yet they were neither the most effi-
cient, nor generated the highest amount of net work output, This paper provides thermofluids” selection

idelines o achieve n effliciency within solar thermal energy technologies while keeping envi-
ronmental impacts into considerations.

Keywaords:

Solar thermal energy

Saturated organic Rankine cyele
Vane expander

Thermolluids

@ 2017 Elsevier Lud, All rights reserved.

1. Introduction

The World has been facing numerous environmental problems
such as air pollution, ozone layer depletion, acid rain and global
warming, mainly due to increasing consumption of fossil fuels
|1]. Extracting fossil fuels in the future will become gradually
challenging. Increasing demands of energy from non-renewable
sources remain  unsustainable. Therefore utilising renewable
energy sources as an alternative has been of great importance for
domestic heating and electricity generation |2,3].

Renewable energy sources such as solar thermal, geothermal,
biomass and waste heat can be categorised as low-grade

# Corresponding author at: Faculty of Science and Technology, Fern Barrow,
Talbot Campus, Bournemouth University, Poole, Dorset, BH12 5BB, UK.
E-mail address: hhelvaci@bournemoutliac.uk (HU. Helvaci)

Lorg/10.101M6/).enconman.201 7.02.011

2017 Elsevier Lid. All rights reserved.

temperature energy sources and they have potential in reducing
consumption of fossil fuels [4.5]). However, conventional Rankine
cycle is not an economical and efficient alternative for the conver-
sion of heat from renewable energy sources [4]. A conventional
Rankine cycle employing organic compounds rather than water is
called as organic Rankine cycle {ORC) and it is the most accepted
technology for converting low-grade heat energy source into
mechanical work |G,

A considerable amount of research has been conducted on the
installation of solar ORCs where non-stationary flat plate collectors
are used as a heat source of the cycle. Experimental study on the
performance of such systems with a selected pure fluid including
various types of organic compounds such as HFCs {R134a,
R245fa), HFEs (HFE 7000) and inorganic compounds (CO4) has been
conducted. Manolakos et al. conducted an experimental study on a
low-grade solar ORC using pure R-134a as the working fluid.

148



Appendix A

Paper Il

4894 H.U. Helvaci, ZA, Khan/Energy Conversion and Monagement 138 (2017) 483-510
Nomenclature
A area, m? cod collector
Bo boiling number cond condensation
C constant crit critical
Gy bond conductance o cooling water
G specific heat, Jfkg K cye cycle
Co convection number dsg designed
d radius of the stator to the centre of the rotor evap evaporation
D diameter, m exh exhaust
e eccentricity, m exp expander
f friction factor f fluid
F fin efficiency £ vapour
F collector elficiency factor i inner
Fr heat removal factor in inlet, incoming
Fr Froude number int intake
G mass flux, kgfm?s is isentropic
hep single phase heat transfer coefficient, W/m* K 1 liquid
hep two phase heat transfer coefficient, W/m® K lat latent
huce nucleate boiling factor friling MaXimum
heg convective boiling factor mec mechanical
h enthalpy, J{kg nbp normal boiling point
hyg heat of vaporisation, ]/kg [ outer
k thermal conductivity, W/m K out outlet
Kratin heat capacity ratio ov aver
m mass flow rate, kg/s i plate
M molecular weight, gimol p pinch point
N dimensionless parameter ot rotor
n number of vanes 5 isentropic
Nu Nusselt number snbh sensible
ORC organic Rankine cycle sp single phase
P Pressure, bar stat stator
PR pressure ratio t top
Pr Prandtl number tp two phase
r radius, m T total
Fypbuite-n  DUILE-in ratio of the expander u useful
Re Reynolds number ud under
s solar radiation, Wjm?® wf working fluid
T temperature, “C
u heat loss coefficient, Wim? K Greek symbols
Q heat, W v kinematic viscosity, m*fs
v velocity, mfs v specific volume, m*/kg
% volume, m? & heat flux, W/m?
w tube spacing P density, kg/m?
w work, kW ¥ angle between the vanes, deg
X vapour quality # angle of a specific vane from the origin
Subscripts
a ambient

The generated mechanical work is utilised for reverse osmosis {RO)
desalination [7-9]. Wang et al. designed and constructed a solar
sourced ORC, where R245fa is used as the working fluid of the sys-
tem. They reported that 1.64 kW average shaft output was obtained
from the new designed R245fa expander [ 10]. Another experimen-
tal study of a small scale solar ORC using R245fa is established by
| 11]. The effect of a recuperator for the constant flow rate condition
was analysed in their study, and it was concluded that the recuper-
ator does not lead to an increase in the thermal efficiency of the sys-
tem [11]. Yamaguchi et al. conducted an experimental study on
supercritical solar ORCs, using CO» [12]. Another solar ORC, utilising
inorganic fluid {CO, ) was also investigated in Ref. | 12 ]. In both stud-
iesitis concluded that CO; offers a feasible alternative to be used in
solar thermal power applications.

On the other hand, selection of the most suitable working fluid
for solar ORCs and optimisation of the systemn for various operating
conditions, including both simulation and experimental studies
has attracted many researchers. Rayegan [14] compared 117
arganic fluids on the basis of their effects on thermal efficiency,
net power output and exergetic efficiency of the solar ORC. They
claimed that fluids with higher critical temperature were consid-
ered to be the best [14]. Torres [15] presented a theoretical study
of solar ORC where solar collector is used as thermal energy source
of the cycle. In their analysis, they considered four different models
of stationary solar collectors with twelve substances, including
organic {HCs and HFCs) and inorganic {ammonia) fluids. Aperture
area needed per unit of mechanical power output was set as a com-
parison criteria and it was generalised that dry fluids need lower
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values of the unit aperture area than wet fluids. Marion et al. car

ried out both theoretical and experimental analyses to show the
potential of generating mechanical energy by combining a solar
thermal flat plate collector with an organic Rankine cycle. The cycle
was simulated by using three organic fluids which were R134a,
R227ea and R365mfc. In order to investigate the optimum operat

ing conditions, a parametric optimisation was conducted. It was
found that R365mfc gives the highest performance and it is fol

lowed by R134a and R227ea. They also reported that net mechan-
ical power work generation highly depends on the working fluid
flow rate [16]. A mathematical model was presented to simulate
a solar-sourced regenerative ORC by [17]. In their study they per-
formed a parametric analysis of the system by using different
working fluids. They also presented an optimisation study where
the daily average efficiency was set as the objective function. It
was reported that R245fa and R123 was recommended as the most
suitable fluids for the proposed system. They also claimed that tur-
bine inlet pressure and condensation temperature have an effect
on the system performance [17]. Another working fluid selection
study was conducted by [18]. They modelled the solar organic
Rankine cycle with fifteen organic fluids and evaluated the thermo-
dynamic performance of the system for each case. It was reported
that R134a and R245fa are the most suitable working fluids [18]. In
another study of working fluid selection for solar ORC, R134a was
found to be the most appropriate working fluid [19]. It is also con-
cluded that although hydrocarbons such as R600, R600a and R290
show good performance characteristics they need safety measures
due to their high flammable nature.

Previously, a theoretical and simulation study of multiphase
flow {single and two-phase) in a flat plate collector was conducted
and the effect of single and two-phase flows on the heat transfer
coefficients, as well as the collector performance was investigated
for two working fluids {R134a and HFE 7000) [20]. In the current
study, the previous work is extended by modelling a small scale
solar ORC, where the flat plate collector is connected directly to
the cycle. The simulation analysis of the cycle, using 24 working
fluids is conducted under various pressure ratio points. Special
attention is given to the effect of the system pressure ratio on
the collector efficiency, expander efficiency, net work output of
the cycle and the cycle efficiency. Investigation of the most suitable
working fluid for a small scale solar ORC is also discussed in terms
of its thermo-physical and environmental properties. This research
is also expected to demonstrate the potential of solar ORCs where
flat-plate collectors can be either mounted on or integrated into a
roof of a commercial or residential building to generate mechanical
and heat energy simultancously by utilising environmentally
friendly thermo-fluids.

2. Mathematical modelling
2.1. Solar organic Rankine cycle

The proposed small scale saturated solar ORC is made up of four
components which are a solar collector, a pump, a condenser and
an expander (Fig. 1).

In the proposed system, the solar collector is utilised as an
evaporator of the cycle where pressurised vapour is directly gener-
ated. This configuration is called ‘Direct vapour generation’ (DVG)
and has been studied and recommended by various researchers
|15,16] due to its advantage of eliminating additional heat exchan-
ger (evaporator) which would cause extra cost and heat losses. As
represented in Fig. 1, the liquid working fluid is pressurised by the
pump and is then sent to the flat plate collector (1 — 2). In the col-
lector, solar radiations are converted to thermal energy and this
energy is then transferred to the working fluid. The working fluid

(6)

(3) »a—ron

Condenser

(U Punp @

- Ty !

Fig. 1. A schematic diagram ol the proposed solar ORC

is preheated and evaporated within the collector tube (2 — 3).

Then, the pressurised saturated vapour reaches the expander and

turns the expander shaft to generate mechanical energy. This
mechanical work could be used to produce electricity when the
expander shaft is connected to a generator (3 —+ 4). In the con-
denser, low pressure exhaust vapour coming from the expander
is condensed to saturated liquid with a constant pressure
{4 — 1). The working fluid is cooled by cold water as it circulates
through the condenser {5 — 6). Finally, the working fluid is
pumped back to the collector to start a new cycle {1 — 2). The ther-
modynamic process of the saturated organic Rankine cycle on T-s
diagram is represented in Fig, 2.

Each component of the system is modelled by considering the
following assumptions:

« The system is considered as a steady state.
» Pressure drops in the collector, condenser and the pipelines
have been neglected.

2.2. Flat plate collector

The serpentine flat plate collector is previously modelled and
represented comprehensively in [20]. The collector consists of a
glass cover, absorber plate, copper tube and insulation as it is
shown in Fig. 3.

As the incoming solar radiation travels through the glass cover
(1) some portion of this heat is lost to the atmosphere and the
remaining is absorbed on the absorber plate (2). Solar energy on
the absorber plate surface is calculated as;

Qp = AylSu(72) — Us(T, ~ T,)] M

where A, is the collector plate area, S;, is the incoming solar radia-
tion on the collector and (te) is the transmittance-absorbance prod-
uct. Uy represents the total heat loss coefficient, T, and T, represent

Fig. 2. A typical T-s diagram of saturated ORC (for HFE 7000).
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Fig. 3. Schematic of the serpentine tube flat plate collector [20].

the plate and ambient temperature respectively. Since the heat loss
through the edges has been neglected in this study, the total heat
loss coefficient is found to be below:

Us = Upop + Upaer (2)

Uop and Up,e can be calculated by the formula developed by
Klein [21].

Absorbed solar energy on the collector plate {2) is transferred to
the working fluid as it circulates along the collector tube (3). This is
called “useful energy zain” of the fluid and it is estimated as;

Qu = ApFg[Sin(t00) = Ur(Tran = Ta)) 3)

where Fy represents the collector heat removal factor and Ty, rep-
resents the working fluid collector inlet temperature.
Collector heat removal factor is found to be as below:

G, AUF ,
Fr AUr [1 —exp(— me, )] @

In Eq. (4), F' is the collector efficiency factor and it can be calcu-
lated as:

P Uy~

W(Ur(Dy + (W = Do)F)]" + (Cy)™" + (mDify)
where W is tube spacing, D, and D; is the outer and inner tube
diameter respectively. C,, represents the bond conductance and it

is neglected {1/Cy, =0) in the calculation.
F is the fin efficiency and it is determined by Eq. (6):

(5)

Fe tanh/m(W — Dy/2)]
m{W = Dy/2)

In Eq. (5}, hy represents the convective heat transfer coefficient
of the fluid in the collector tube. As mentioned previously, the flat
plate collector is utilised as an evaporator of the solar thermal cycle
where the phase change of the fluid takes place. Therefore, the con-
vective heat transfer coefficient (he) is evaluated for both single and
two phase flows separately in the model.

fUr .
where m= Vs 6)

2.2.1. Single-phase flow

The heat transfer coefficient in the single phase region for fully
developed laminar flow and for fully developed turbulent flow are
calculated respectively as follows [22]:

Nu =436 where Re < 2300 (7

(£) Re — 1000)Pr
05
14 12.7(&) (PP -1y
where {3 = 103 < Re < 5 = 106), (0.5 < Pr < 2000) 8)

Nu =

In the calculations the Reynolds number is estimated as:

vD
Re =~ ()]
and the Prandt] number is defined as:
vG,
pr =P (10)

k

where v is the flow velocity, v is the kinematic viscosity, g is the
density, C, is the specific heat of the working fluid and k is the ther
mal conductivity.

The single phase heat transfer coefficient of the working fluid in
the collector tube is calculated with the following equation:

k

hy = Nus (11)

2.2.2. Two-phase flow
Calculation of two-phase flow heat transfer coefficient (h,) is
based on the model represented by Shah [23]. The model consists
of two distinct boiling mechanisms {(nucleate and convective)
relies on the calculation of a range of dimensionless parameters.
The dimensionless parameter (N) is calculated according to the
conditions of Froude number Fr,.

2

Fry = Froude her = —— 12)
T roude number 778D (12
where
Frl <004 N =0.38(Fr) “*Co (13)
Frl > 0.04 N=Co (14
Convection number is calculated as follows;
1 08 rp 05
Co = Convection number = (;— 1) (3“) (15)
1

Then, nucleate boiling (h,. ) and convective boiling (h. z) factors
are determined at the following cases;
Case 1 (N>1)

fpep = (230B0%) x Iy where Bo > 0.0003 (16a)

hyen = (1~ 46Ba”%) < hy where Bo < 0.0003 (16b)

her = (18N8 s iy (16¢)
Case 2 (1>N>0.1)

fes = (CBO®®) x exp(0.47N ) = hy (17a)

hep = (1.8N%%) x Iy (17b)
Case 3 (N<0.1)

Ry s = (CB0%%) s exp(2.47N°"%) x Iy (18a)

hes = (1.8N"%) < by (18b)

In all three cases, Iy represents the liquid phase heat transfer
coefficient and it is calculated by using Dittus-Boelter equation.
The constant C is calculated by using the following equations:

Bo > 00011 C=147 (19a)

Bo < 0.0011 C=1543 (19b)

where

Bo — Boiling number — 2 {209
Chy,

151



Appendix A

Paper 11

HU. Helvaci, ZA. Khan/Energy Conversion and Management 138 (2017) 463-510 497

Finally, for each case the nucleate hailing and convective boiling
factors are calculated and the larger value is selected. In other
words, the larger represents the boiling mechanism and is taken
as two-phase flow heat transfer coefficient.

2.3. Expander

The expander is mathematically modelled in the current study,
was tested experimentally in a small scale solar organic Rankine
cycle using HFE 7000 refrigerant in |24]. The mathematical mod-
elling is divided into two parts which are geometrical and thermody-
namic analyses respectively. The former is developed in order to
determine the design characteristics and the built-in volume ratio
of the expander, whereas the latter is built up to evaluate the expan-
der expansion losses {under or over expansion) where the effect of
the operating conditions of the system is taken into account.

The multi-vane expander mainly consists of a stator {cylinder),
a rotor and four vanes Fig. 4. The rotor is mounted eccentrically in
the stator, has radial slots where the vanes are positioned. As the
working fluid enters the expander through the inlet port, the rotor
as well as the vanes move and compose a working chamber. Due to
the continuous rotational movement of the rotor, the area of the
working chamber increases until the working fluid begins flowing

Fig. 4. Schematic of the multi-vane expander.

toward the outlet port, Since then, the area of the working chamhber
starts to decrease and eventually the vanes close the working
chamber. When the fluid begins filling the chamber again after
the minimum area of the working chamber is reached, the cycle
of the expander is completed [25].

In order to evaluate the volume of a working chamber as a func-
tion of angular displacement, initially, the radius of the stator to
the centre of the rotor is calculated by using the following formula;
d(8) = —e x sin# + \/ (rm)® — (€ x cos 6)? (21)

The area of a working chamber can be evaluated if the geomet-
rical parameters of the expander such as stator radius (I'eeae), rotor
radius {4, eccentricity (e) and number of the vanes (n) are known.

1 =5
A0y = —f (d* —12,)do (22)
2 Jy
The volume of a working chamber can be given as;
V() = A % Lyar (23)

Volume ratio or built-in ratio of an expander can be defined as
the ratio between the volume of the working chambers at the end
and at the beginning of an expansion process [26]. The volume of
the working chambers can be calculated by introducing the intake
(Bint) and the exhaust (8.,) angles into the Eq. (22) and (23 ). Thus,
built-in ratio is calculated by using the formula below;

V, A
Ty built-in = volu( [24)
n

Following the built-in ratio of the expander, expander designed
pressure ratio can be calculated as [27];

Pi'xp.n: {25)

Ko
= (T puittin)

PRng Pexp.nur.dgg
where k represents the heat capacity ratio of the fluid.

As it is stated in [28,29] that during the expansion process,
under-expansion occurs if the designed pressure ratio imposed
by the expander is lower than the operating pressure ratio of the
system whereas over-expansion happens when the designed pres-
sure ratio is higher than the operating pressure ratio, The operating
pressure ratio of the system is the pressure ratio of the collector
outletfexpander inlet and expander outlet/condenser inlet.

PRy = Pespin

Prxp.oui

(26)

Fig. 5 represents the isentropic expansion process on a P-V dia-
gram for both under and over expansion cases [29].

(@ P by P
4 4
expin exp.in
Aud.]
D
exp.out.dsg | expout
A
ud2 L Au..l.!
exp.out exp.out.dsg
v . v v y
exp.out.dsg.s exp.out v exp,oul exp.out dsg.s v

Fig. 5. Isentropic expansion process (a) under expansion, (b} over expansion.
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Then, the work during the expansion process can be calculated
according to the areas represented in Fig. 5.

2.3.1. Under-expansion

. . 3
Wopua = Awin + Auga = Tituy x hr‘xrlirl - hexp‘ out | * 10

dsg.s
Vexp,out * | Pexp. out — Pexpour $ 1077 | e
dsg. s dsg

27

The efficiency of the expander for under-expansion case is cal
culated as;

W«xp ud X 103

i = 28
Texp.ud My % {het.pm - hexp.am.i.:,] (28)
2.3.2. Over-expansion
Wrxp.or = (Aoe + Aop2) = (Aowz + Aor) = rrllt;lr

* | | hewpin = hexp, out | * 1072

dsg.s
= Zexp, out * | Pexp, out = Pexpour | | » 10 -
dsg.s dsg
(29)

The efficiency of the expander for over-expansion case is
calculated as;

Wm‘pn!r * 103
mw_r’ x [hexp.iil — Rexp oueis)

Hexpon = (30)

InEq. (27) and (29), Bexp,in a0 Ry our,asz5 Fepresent the enthalpy
at the expander inlet and expander designed outlet isentropic
enthalpy respectively. Pog o sy and Poy, o are the designed expan-
der outlet pressure and expander outlet pressure at operating con
ditions respectively. tegpourdsgs and fmec indicates expander
designed outlet isentropic specific volume and the mechanical effi-
ciency of the expander respectively. Expander mechanical effi-
ciency, which represents the frictional, leakage and heat
dissipation losses is assumed to be 0.7 [25].

To validate the expander simulation, the model is utilised by
using the same expander input conditions as those in [24];
Texpin=45.41 °C, Peygpin = 1.32bar and myy = 0.022 kgjs. A good
agreement between the simulation and experimental results are
obtained (Table 1).

Table 1

Expander model validation results.
Conditions Current study 124]
Texpin (°C) 4541 4541
Texpout {°C) 16.36 3636
Fexpin (bar) 1.32 1.32
Py our {Dar) 0.66 0.66
ity (legfs) 0.022 0.022
Wi (W) 1303 146.74

24. Condenser

The modelled condenser is a water-cooled heat exchanger in
which the cooling water circulates to condense working fluid at
desired conditions. The condenser is divided into 2 zones during
the analysis, which are sensible heat and latent heat rejection
respectively. As it is previously mentioned, the working fluid
leaves the condenser as saturated liquid at corresponding temper-
ature. The total amount of condensation heat can be calculated as
the sum of the sensible and latent heat rejection of the working
fluid in the condenser.

Qeora = Mg | Respous = hg@cond | M % | Ngaicond = Niacond
temp temp.  temp.
31)

The first and the second terms of the right hand side of Eq. {31)
represent the sensible and latent heat rejection respectively.

In the condenser modelling, the pinch point temperature (AT,;,)
which is the smallest difference between the working fluid and
cooling water temperature is imposed (Fig. 6) [20]. The pinch point
{point pp) takes place at where the working fluid starts to con-
dense and the pinch point difference at this point is assumed to
be 5°C.

Trnud' - T('hr”i = ATﬂp EBZJ
Latent heat rejection represents the enthalpy change of the
working fluid from the pinch point to the end of the condenser.
This latent heat is equal to the amount of heat that increased the
cooling water temperature from the inlet to the pinch point

iy > | Ngacond = Macond | = Mew X Coew % (Tavgp = Tawin)
temp temp
(33)

As the condensation temperature and the minimum pinch point
temperature are defined as 25 °C and 5 °C respectively, the cooling
water pinch point temperature and the cooling water mass flow
rate can be evaluated by utilising Eq. (33 iteratively.

Then, the cooling water outlet temperature is calculated by
using the formula below;

(34)

Qcond =My % Cpow % (Tewour = Tewin)

2.5, Pump

The consumed work by the pump is determined by the follow-
ing equation [31].

T

eond.in

Ewoul

G (W)

Fig. 6. Temperature profiles and the pinch point in the condenser.
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Table 2 Table 4
Operating conditions of the saturated solar ORC Collector specifications.
Parameter Unit Value Collector area (m?¥) 6.96
. o Absorber plane th | ductvity (W/m K) 50
Incoming solar radiation Wim? 800 m:m. r pla:: lh.‘_’:“‘ mn ]lrnvury (W/mK) [;001
Condensation femperature C 25 saruer pafe thickness tm .

. Tetal length of tube (m) 56
Ambient temperature “C 15 . . & e 0.008
Ceoling water inlet temperature “C 12 € IRREr Clameler (m) y

H . . . ¢ outer diameter (m) 0.01
Pump isentropic elficiency 0.6 Effective ¢ iltance ahsorb duct (-) 081
Expander mechanical efficiency - 0y ective transmittance-absorbance product { B
Pressure ratio of the cycle 1.5-6
ey n) < (P Prond) % 10°2 Thus, the collector inlet enthalpy can be calculated as the pump
W pimp = Wi pumpin? % \ezap — “cond (35) inlet enthalpy and the pump specific work is known.

Tluuu!.u.\

where v is the specilic volume of the working (luid, P is the pressure
and Mgymp,is 15 the pump isentropic efficiency. It is important to note
that in Eq. {35}, the specific volume at the inlet of the pump is used
instead of the average of the specific volume at the inlet and outlet
of the pump as the difference is small.

3. Numerical process

The simulation model which utilises the developed Matlab
computer code is explained in terms of the iteration procedure of
the components as well as the whole system in this section. The
proposed solar ORC model consists of specific sub-codes which
are developed to simulate each component according to the
defined input, cutput and fixed variables. Each component calcu-
lates output variables which are utilised as input variables of
another component as each sub-code is connected to each other.
In the simulations, the component specifications, the condensing
temperature, the ambient and the cooling water temperature, the
pump isentropic efficiency, the expander mechanical efficiency
and the incoming solar radiation were kept constant whereas the
pressure ratio of the cycle was the only selected control variable
of the cycle. Properties of each fluid at various operating conditions
were taken from REFPROP 9.1 [22] which was developed by the
National Institute of Standards and Technology was run in parallel
with the computer code. Operating conditions of the system are
given in Table 2.

As the condensing temperature is set constant at 25 °C, the cor-
responding condensing pressure at saturated conditions can be
determined. The system operating pressure ratio represents the
ratio between the evaporation and the condensation pressure
Thus, the evaporating pressure of each fluid at saturated conditions
is determined for each pressure ratio value.

Initially, the fluid properties at given operating conditions is
taken from REFPROP {Table 2).

As all the necessary fluid data is derived by the computer code,
the simulation starts with the determination of the specific pump
work by using the following equation;

Vpurnpin > (Penp = Peond) % 1072

(K/kg} (36)

W, =
pump
r’pump 5

Table 3
Fluid data taken from EEFPROF at given operating conditions,

Rotin = {Wpump 10.!) b Rpwmpin (J/KE)

According to the calculated collector inlet enthalpy and given
collector {evaporation) pressure, the collector inlet temperature
is identified and sent to the computer code.

(37)

3.1. Flat plate collector

Previously, a numerical model of the serpentine flat plate col-
lector was developed and experimentally validated [20]. The col-
lector specifications which are also used in this study are given
in Table 4.

In the model, the collector tube was considered as a single flat
tube and was divided into small finite elements. Then, the outlet
temperature of the fluid, collector plate temperature, useful heat
gain and the collector heat loss at the end of each element and also
at the collector outlet was evaluated iteratively for given fluid inlet
temperature and fluid mass flow rate. In this study, the same
approach is followed by the difference of investigating the mass
flow rate for given collector inlet and collector outlet temperature
{as the cycle is saturated). Basically, the collector iteration model
consists of two parts which are single phase and two phase flow
calculations. Single phase flow represents the region from the fluid
temperature at the collector inlet to its saturation temperature at
corresponding saturation pressure. Two phase flow indicates the
region between saturated liquid and saturated vapour points of
the fluid. Initially, the simulation considers only the first element
in the single phase region and the rest of the elements in the
two phase region. Then, after each iteration, the model increases
the number of elements in the single phase region until the desired
criteria is satisfied. Fig. 7 demonstrates the elements and their
regions {single or two phase) at two various iteration steps.

At the start, the flow rate of fluid as well as at which element
the fluid goes into the saturated region is not known. Therefore,
an arbitrary value of the fluid mass flow rate for the first element
which represents the single phase flow region is given. Then, in
order to calculate the fluid heat transfer coefficient in the single
phase region, the flow type is determined whether it is laminar
or turbulent by using Eq. (7] and {8). In the inner loop, the heat loss
coefficient is calculated with the given initial plate temperature

.

{Ty) value. (T, value is considered as 5 °C higher than the fluid inlet

Fluid data

Fluid evaporation temperature at corresponding Peap
Fluid sat. liquid density at corresponding Peag

Fluid sat. liquid density at correspending Pey

Fluid sat. vapour density at corresponding Peap

Fluid sat. liquid conductivity at corresponding Peyap
Fluid sat. liguid viscosity at correspending Puysp

Fluid sat. vapour viscosity at correspending Poogp

Fluid sat. liguid enthalpy at corresponding Pouap
Fluid sat. vapour enthalpy at corresponding Puyap
Fluid condensaticn pressure at 25 °C

Fluid saturated hquid enthalpy at 25 °C

Fluid saturated vapour enthalpy at 25 °C

Fluid saturated liquid specific volume at 25 “C
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(a) Two phase
A
Istel ~ ~
(i = D)th element

Single phase

(b)

Two phase
A

nth element -~

— .l- —

[ [ +—

Single phase

(i = n)th element

Fig. 7. Simulation iteration steps {a) first iteration, (b) xth iteration.

temperature for the first iteration) | 20]. After the calculation of col-

lector heat loss coefficient, the useful gain of the fluid Q, is evalu-

ated by using Eq. (3). With the calculated value of Q,, the new plate

temperature is evaluated by using the following equation;
%

Tp = Teoiin WH —Fg)

This process is repeated until the difference of two consecutive
values of T, is less than 0.01 °C. When the condition of I}, is satis-
fied in the inner loop, the last value of the useful heat gain of the
fluid represents the amount of the heat for the whole collector tube
and it can be shown as;

Qn = Q:ﬂDJrJL:ubr‘

where Q; represents the useful heat rate, D, and Ly, indicate the
surface perimeter and the length of the collector tube, Then, the
heat gain of each element is calculated by using the formula below;

(38)

(39)

L
Qg = QD [ e (40)

In Eq. (40), dx is the length of each element which is obtained
by dividing the whole collector tube into 'n’ number of small ele-
ments. Using Eq. (40), the length of the first element is multiplied
by useful heat rate and surface perimeter to evaluate the heat gain
of the first element. As the collector inlet temperature and the sat-
uration temperature of the fluid is known, the amount of the sen-
sible heat transfer can be calculated as;

erm = 'i'lng‘,sp x Cp x (Tl'mp = Teatin) (41)

Then, the mass flow rate for single phase flow is calculated as
the sensible heat transfer is equal to the heat gain of the first
element.

Qgainsp

—_— (42
Cp *x (Tl't-ﬂr.l = L golin) ‘ }

g sp =

New calculated mass flow rate value of the fluid in the single
phase region indicates that the first iteration assumes that the fluid
undergoes a phase change in other words reaches its saturation
points after the first element with the calculated mass flow rate.
Then, the second loop starts where the two phase flow calculations
are performed. In this loop, again the heat loss coefficient is evalu-
ated by using the latest calculated T;, value. The useful heat gain of
the fluid is evaluated (Eq. (3)) with another arbitrary value of the
fluid mass flow rate for two phase region. Similar to the single
phase part of the code, the new plate temperature is evaluated
with the calculated value of useful heat (Eq. (38)). The process is

repeated until the same convergence criterion is met (0.01 °C).
Then, the heat gain of the fluid for the rest of the collector elements
is calculated again by using Eq. (39). Differently from the first part,
useful heat rate and surface perimeter are multiplied by another
figure which equals to the length of the first element subtracted
from the total length of the tube. Then, similar to the sensible heat,
the amount of the latent heat transfer can be calculated as;

Qlar = ”le’.m x ‘hg - hl) (43)
and the mass flow rate for the two phase region;
ng'u.lp (44,1

Ly )

At the end of the second loop, the model checks if the difference
between rh,; o and 1,z is less than 0.0001. If the condition does
not meet the convergence criterion (0.0001), the model increases
the number of elements for the single phase part region and the
same calculations are performed. This is continued until the condi-
tion satisfies the convergence. This point represents the element
where the flow reaches the saturation point with corresponding
mass flow rate. Finally, the collector efficiency is determined as;

rjlnj’ * [(cp(Trmp — Teolin) + lhg - h!}‘.']
8§ = A

The flow chart of the simulation model is represented in Fig. 8.

(45)

Heat =

3.2, Expander

The iteration begins with setting the parameters and the inputs
of the expander. The parameters of the expander, inputs and out-
puts of the expander model are given in Table 5. Then the expander
built-in ratio and expander designed outlet pressure are calculated
by using Eq. (24) and {25). As it is previously mentioned, the fluid
at the inlet of the expander is saturated vapour at corresponding
evaporation pressure. This means the entropy at the outlet of the
expander is equal to the entropy at the inlet of the expander as
long as the expansion process is isentropic. Therefore, at the given
entropy and expander designed outlet pressure, expander designed
outlet isentropic enthalpy and isentropic specific volume can be
calculated.

As all the unknowns in Eq. (27)-(30) are evaluated, now the
model compares the designed and system operating pressure ratio
values. Then, the mechanical work generated in the expander and
the expander efficiencies are calculated according to the conditions
of under and over expansion. The flow chart of the expander model
is given in Fig. 9.
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(S

Impose collector parameters and fluid properties

—

¥

| Divide collector tube into i element

| Set guess values for plate temperature and_single phase mass flow rate |

Myt sp — Mupep | < 0.0001

L'}
" | Calculate heat loss coefficient and useful heat gain |
| Evaluate heat loss coefficient and useful heat gain |
2 - =
z | Determine new plate temperature |
= Tp= Tp.newsp
5 =
1]
- =
2 P
: Ves
£ l Calculate heat gain of the n_element ]
H
5 L | Calculate single phase mass flow rate |
° f
2 ~ | Calculate heat loss coefficient and usefial heat gain |
5
= l Evaluate heat loss coefficient and useful heat gain ]
N
8 l Determine new plate tem ]
= Tp= Tp.newtp
(-9 o N
4 ) - No
2 Tpamewtp-Tp< 001 °C
=
.
| Calculate heat gain of the (i - n)_element |
L |1 Calculate two phase mass flow rate |
No

Yes

Calculate collector efficiency

|

End of the collector calculation

Fig. 8. Flow chart of the simulation model.

Table 5
Expander mode! specifications.

Parameters Inputs

Outpuls

Rotor radius, (To)

Stator radius, (T

Eecentricity, (e)

Intake angle, (D)

Exhaust angle, (O]

Expander mechanical efficiency, (M mec)

Inlet pressure, {Poypin)
Outlet pressure, (Payp our)

Built-in volume ratio, (Ty g in)

Expander desigred outlet pressure, {Pep aurasg)

Expander designed outlet isentropic enthalpy, (Hapourdags)
Expander designed outlet isentropic specific volume, (S, euntsgs)
FExpander mechanical warl, [L"I.r’nwj

Expander efficiency, (1up)

3.3. Condenser

In the condenser simulations, cooling water mass flow rate and
outlet temperature are aimed to be determined. Initially, pinch
point condition in the code is set as;

25 =Tewm 2 5°C (46)

This is to evaluate the cooling water mass flow rate. Then, with
the given initial cooling water mass flow rate (0.001 kg/s), cooling
water pinch point temperature is calculated by using Eq. (33) iter
atively where the mass flow rate is increased by 0.001 intervals

until the condition {(Eq. (4G)) is satisfied. This point provides the
real value of the cooling water mass flow rate and cooling water
pinch point temperature. Thereafter, the cooling water outlet tem-
perature is evaluated with the use of Eq. (34) as the cooling water
mass flow rate is determined previously. It is important to note
that Eq. (31) is valid as long as the fluid leaves the expander as
superheated vapour. However, if the fluid falls in the saturation
region after the expansion process, the first term of the right hand
side of Eq. (31) which represents the sensible heat rejection is
omitted and the following equation is utilised to calculate the total
amount of the condensation heat.
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Impose expander parameters and
fluid properties

N

Calculate expande
expander designed outlet pressure

r built-in ratio and

Tar d

Update

d outlet i pi halpy

and

expander designed outlet isentropic specific volume

Calculate generated work and expander efficiency
for under expansion

Designed PR

System PR

Calculate generated work and expander efficiency
for over expansion

End of the expander calculation

Fig. 9. Flow chart of the expander simulation model,

Qmﬂd mwj’ x hﬂp_nu( = h!uvc‘ond {47)

temp

As the sensible heat rejection does not occur, the smallest dif-
ference between the working fluid and cooling water temperature
takes place at the point where the cooling water leaves the con
denser. Therefore, Eq. (33) can be rewritten as:

Tty % | Moo = i cond | = e * Cpow % (Towoue = Towin)  (48)

temp

Then, Eq. (48) is solved iteratively with the same condition {Eq.
(46)) to calculate the cooling water mass flow rate and outlet
temperature.

3.4. The saturated solar ORC

The model of the whole solar ORC is developed by interconnect-
ing all the components with the given input parameters. The per-
formance analysis of the cycle is evaluated through the
performance parameters.

The first performance parameter is the net work output of the
system and it is defined as;

Wrm Woxp - Wpruum (49)

The other parameter is the solar ORC efficiency and it is calcu-
lated as;
Wie > 10°

(50)
Qain

Heome =

3.5. Simulation model constraints

The boundary conditions of the saturated solar ORC model are
listed below;

s Superheating at the expander inlet and sub-cooling at the
condenser outlet are zero, in other words working fluid
leaves the collector as saturated vapour and leaves the con-
denser as saturated liquid in order to reduce total irreversibil-
ity of the cycle [33].

« The saturated solar ORC is simulated at constant condensing
temperature of 25 °C

« As the fluids undergo a phase change in the collector, the max-
imum pressure of the cycle is limited to 1.5 MPa (15 bar) due to
the leakage and safety concerns of the maximum flat plate col-
lector pressure in domestic applications.

« Minimum condenser pressure should be higher than 0.05 bar
[34].

« Pump isentropic efficiency is 0.6 [35].

3.6. Fluid pre-selection

In order to narrow down the list of the potential candidates to be
used in the proposed solar ORC, some of the compounds were elim-
inated, according to their environmental parameter (ODP) and their
corresponding saturation pressure at 25 °C in the condenser.

Several Hydrocarbons and Siloxanes have been discarded from
the analysis due to having corresponding condensation pressure
less than 0.05 bar at 25 °C {Table 6).

Ozone depletion potential {ODP) states compound's potential to
contribute ozone degradation is one of the vital environmental fac-
tors for working fluid selection [34,36]. Due to their high ODP val-

157



Appendix A

Paper Il

H.UL Hebvaci, ZA. Khan/ Energy Conversion and Management 138 [2017) 453-510 503

Table 6
Fluids with a condensaltion pressure less than 0.05 bar,

Fluid Condensation pressure at 25 °C (bar)
Dt GO012
Decane 0.001
Dodecane 0.0001
Ethyl benzene 0012
MDM (002
MD2 M 00005
MD3 M OO0
m-xylene 0011
Monane 0.005
Octane 0018
p-xylene 0011
Toluene 0.037

ues Chlorofluorocarbons {CFCs) and hydrochlorofluorocarbons
{HCFCs) are discarded from the analysis. Thus, the fluids belong
to Hydrocarbons {HCs), Hydrofluorocarbons {(HFCs), Perfluorocar-
bons (PFCs), Hydrofluoroolefins (HFOs) and Hydrofluorcethers
{HFEs) are considered and analysed in this study and 24 fluids

4. Results and discussion

In this section, the simulation results of the proposed saturated
solar ORC at various pressure ratio, using 24 working fluids are
presented. It is well known that the net work output and the
thermal efficiency of an ORC increase with the increasing
difference of condenser and evaporator pressure and temperature.
However, as it is previously stated, the flat plate collector is utilised
as the evaporator (heat source) of the cycle in this study and the
collector efficiency, in other words the amount of the heat that is
recovered by the working fluid in the collector is highly related
to the collector temperature due to the heat losses to the atmo-
sphere as the collector efficiency is not set constant. Furthermore,
unlike many studies in the literature, turbinefexpander efficiency
was not fixed and it varied as the expander inlet pressure changes
due to the different behaviour of expansion {underfover) losses in
the expander. Therefore, special attention is given to the collector
and expander characteristics under various pressure ratio values of
the system when the whele system is analysed in this section.

As it is stated previously, the maximum collector pressure is set
to 15 bars. However, fluids such as R-134a, R-152a, R-227ea,

given in Table 7 are considered as potential candidates. R-236fa, RC-318, 1-butene, R-600a and RE-170 have an
Table 7
Properties of the investigated fluids [32].
Fluid AlL name Type Tean (°C) Peeir (bar) Toeiting (“C) Molar Mass (keg/kmol)
Trans-2-butene HC 15546 4027 11 56.106
Cis-2-butene HC 162.6 4225 372 56.106
1-butene HC 146.14 40,05 631 k.10
Izobutane RE00a HC 134.66 36.29 =11.74 58.122
Butane RGO HC 151.88 37.56 —0.49 58.122
Meopentane HC 160.5% 31.56 a5 72,149
lsopentane RG:01a HC 1872 33978 2783 2148
Pentane RE01 HC 15655 337 36.06 72149
Ischexane HC 22455 304 60.21 #6175
Hexane HC 23467 3034 G871 86175
Cyclohexane HC 28045 40.805 8071 84,1548
1,1,1.2-tetraflucroethane R134a HFC 101.06 40553 2607 102.03
1, 1-difluoroethane R152a HFC 113.26 45.168 —2402 B6.05
1,1,1,2,3,33-heptalluoropropane R227ea HFC 101.75 2525 =16.34 170003
1,1,1,2,3,3-hexaflucropropane R236ea HFC 135.29 342 6.17 152.04
1,1,1,3,3,3-hexafluoropropane R23Gla HFC 12492 32.0 148 152.04
1,1,1.3 3-pentaflucroprepane R245fa HFC 154.01 36.51 15.14 13405
1,1,2,2 3-pentaflucropropane R245ca HFC 17442 35.40 25.26 13405
Octafluorocyclobutane RC318 PEC 115.23 27775 5497 200,03
Methyl-heptafluerepropyl-ether RE347mcc HFE 164.55 24762 3419 200,05
2,2.2-trifluorvethyl-difluoromethyl-ether RE2450a2 HFE 171.73 34.33 28,25 150,05
2,33, 3-Terrafluoropropene R1234yT HFO 947 3382 —25.45 11404
Trans-1,3 3,3 tetraflluoropropene R1234ze HFO 10936 36.34 18.97 114.04
Trans-1-chloro-3,3 3-trifluoropropene R1233zd HFO 165.6 35.70 18.32 130.5
* Normal boiling temperature at 1 bar.
Table 8
Fluid corresponding evaporation pressures at various pressure ratio values.
Fluid Pressure ratio
Prong at 25 °C (bar) 15 2 25 35 4 45 5 55 6
1-hutene 285 443 53 738 A7 10.35 11.83 1331 14.79 16.27 17.75
R-GO0a 348 53.23 LG58 872 1047 12.21 1386 1371 1745 18.20 20.84
R-134a 662 9.93 13.2 16.56 19.87 2318 2649 29.80 3312 3643 3974
R-152a 593 5.50 118 1484 17.81 20,78 2375 26.71 2968 32.65 35.62
R-227ea 4.52 6.78 .05 11.31 13.57 1584 1810 2036 2263 24.89 27.15
R-236fa 27 4.05 541 LG 811 547 10.82 1217 13.52 14 88 16.23
RC-318 in 466 622 37 933 1088 12.44 13.589 15.55 17.10 18.66
R1234yt 6.7% 101 135 1659 203 2378 2718 305 - - -
R1234ze 4.96 744 9.92 124 14,88 1736 1985 2233 2481 27.29 2077

The numbers in bold represent the pressure points greater than 1.5 MPa £ 0,75,
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Fig. 10. Collector efficiency {a) HCs, (b) HFC-FFCs, (¢} HFEs, (d) HFOs.

evaporation/collector pressure greater than 1.5 MPa at some pres-
sure ratio points. This is due to their low saturation temperature
behaviour, In the analysis, only the cases where the evaporation
pressure is less than 1.5 MPa + 0.75 is taken into account for these
fluids (l'able 8).

4.1. Collector analysis

The efficiency of the collector for each fluid category {HC, HCF,
PFC, HFE and HFO) at various pressure ratios is represented in
Fig. 10. It can be seen that the collector efficiency decreases
independently of the fluid category as the pressure ratio of the sys

_
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tem increases. This can be explained by the fact that the higher
pressure ratio leads to an increase in the saturation pressure, as
well as saturation temperature in the collector (saturated QRC).
As a result, higher collector temperature causes greater heat loss
from the collector to the ambient [16,20].

Fig. 11 shows the collector heat loss and the saturation tem-
perature of the fluids R600a, R236ea, RE245fa2 and R1234ze as
an example. In general, the collector efficiency for all the inves-
tigated fluids varied between 59.19% and 37.44% and the highest
and the lowest efficiency value is obtained from Hexane and R-
600a which ranged from 59.19% to 44.12% and 55.18% to 37.44%
respectively.

(b) 1007
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Fig. 11. Collector heat loss and saturation temperature with pressure ratio.
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Fig. 12. Expander efficiency under various pressure ratio (a) HCs, [(b) HFC-PFCs, [c) HFEs, (d) HFOs.

4.2, Expander analysis

In this section, the vane expander efficiency is analysed in terms
of investigating the relation between the expander designed pres-
sure ratio PR,., and the system pressure ratio PR.,.. It can be seen
from Fig. 12 that for each investigated fluid, the maximum expander
efficiency occurred at the pressure ratio of 2.5 which also represents
the designed expander pressure ratio (PRg.). The only exception
was R134a and R1234yf where the pressure ratio of 2 provides the
highest efficiency due to their saturation pressure limitation.

For instance, the efficiency of RG00 was to be 49.26% at pressure
ratio of 1.5 which is lower than its designed pressure ratio and
results in over-expansion. Then, the efficiency increases to 68.2%
as the pressure ratio rises to 2 and the efficiency reaches its max-
imum {69.98%) at PR of 2.5. After N, achieves the maximum
value, it decreases gradually with the increasing pressure ratio.
This is because further increase in PR causes the expander to oper-
ate under the under-expansion zone.

The minimum expander efficiency {35.61%) is obtained from
the pressure ratio of 1.5 with R134a and the maximum expander
efficiency (70.1%) is observed for the pressure ratio of 2.5 with 1-
butene among the considered fluids. It is important to note that
the analysis shows that the design parameters of a vane expander
and the operating parameters of the cycle has a significant influ-
ence on the expander performance as it is also stated by [2529],
It is also worth mentioning that all the investigated fluids except
HFC-152a left the expander as a superheated vapour which shows
that there is no risk of encountering any liquid droplet in the
expander. The only exception was HFC-152a which was in the
superheated vapour region at the pressure ratio of 1.5, then fell
into the saturated region and had vapour quality of 0.997, 0.988
and 0.982 at the pressure ratio of 2, 2.5 and 3 respectively. Thereby,
superheating might be necessary when utilising HFC-152a in order
to avoid liquid formation in the expander.

Table 9
Calculated cooling water mass flow rate and outlet temperature at pressure ratio of
1.5

Fluid Cooling water  Cooling Cooling water
mass fMow water inlet outlet
rate (kefs) temperature (“C) temperature [“C)

Trans-2-butene o091 12 201

Cis-2-butene 0092 12 2001

1-butene 0.0a1 12 20016

R&00a 0.087 12 2025

RE00 0.091 12 20,14

Meopentane 009 12 20.33

R&01a 0092 12 20016

R&01 0.093 12 2014

Isohexane 0.094 12 2018

Hexane 0.094 12 202

Cyclohexane 0.094 12 19.99

R134a 0.093 12 20,13

R152a 0.093 12 20

R227ea 0.09 12 2039

R236ca 0.092 12 2022

R2360a 0092 12 2023

R245fa 0.093 12 20,18

R245¢ca 0.0a93 12 20018

RC218 0.09 12 2045

RE347mcc 0.091 12 2043

RE245(a2 0.093 12 2023

R1234yf 0.091 12 19.0

R1234ze 0.091 12 20.24

R1233zd 0.09 12 18.65

4.3, Condenser analysis

It was previously mentioned that the heat rejection from the
proposed cycle was carried out in the condenser. The warking fluid
was cooled by water which has an inlet temperature of 12 °C. The
amount of the calculated condensation heat varied between
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1729 W and 3223.96 W, Thus, this amount of heat was transferred
from the system to the cooling water which subsequently
increased the water temperature at the outlet of the condenser.
The cooling water mass flow rate and the cooling water tempera-
ture at the exit of the condenser was calculated for each considered
fluid. The results at pressure ratio of 1.5 are represented in Table 9,
As it can be seen from Table 9 that the cooling water mass flow rate
varied from 0.087 kg/fs to 0.094 kgfs and the cooling water outlet
temperature varied between 18.65 °C and 20.45 °C. Furthermore,
the increased temperature of cooling water at the collector outlet
can be utilised for secondary uses. For instance, the cooling water
flow can be directed to a hot water tank to recover some portion of
its heat [24].

4.4. Solar ORC analysis

In this section the net work output of the cycle with the thermal
efficiency of the solar ORC is investigated. Fig. 13 shows the net
work output of the cycle for each investigated fluid. It can be
observed that the net work output of the cycle augments initially,
reaches its peak and remains almost constant with the increasing
pressure ratio for 1-butene, R600a, hexane, Ischexane, Cyclohex-
ane, R236fa, R245fa and RE245fa2.

The reason for this behaviour can be explained by the decrease
in the mass flow rate of the cycle and increase in the consumed
pump work. The former is due to the rise in the pressure ratio of
the system at a constant condensation pressure, which augments
the difference between the collector and condenser pressure that
represent the highest and the lowest points of the cycle respec-
tively. This results in an increase in the enthalpy difference
between the two points and causes the mass flow rate to decrease
due to the energy balance of the cycle, Fiz. 14 represents the mass
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Fig. 14. Mass flow rate of R600, R236ea, RE245fa2 and R1234ze versus pressure
ratio.

flow rate of four working fluids versus pressure ratio as an
example,

It can be observed that initially, the effect of the increase in the
enthalpy drop across the expander is higher than the decrease in
the mass flow rate and the increase in the consumed pump work.
However, after a certain point of the pressure ratio the increase in
the enthalpy drop does not dominate the decrease in the mass flow
rate and the rise in the consumed pump work. This is even more
pronounced for the fluids such as trans-2-butene, cis-2-butene,
R600, neo-pentane, R601a, R236ea, R245ca, RE347moc and
R1233zd where the net work output starts to decline beyond the
pressure ratio of the maximum net work output. The same trend
can be found in [17,30]. On the other hand, fluids such as R134a,
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Fig. 13. Met work output versus pressure ratio for {a) HCs, (b) HFC-PFCs, (c) HFEs, (d) HFOs.
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Fig. 15. Solar ORC efficiency varies with pressure ratio for {a) HCs, (b) HFC-PFCs, (¢} HFEs, (d) HFOs.

R152a, R227ea, RC318, R1234yf, R1234ze shows an increasing
tendency with the rising pressure ratio owing to the limitations
of their saturation pressure points higher than 15 bars.

Another parameter which is investigated in this section is the
thermal efficiency of the solar ORC. As it is stated by [14] it is
important to consider net work output along with the thermal effi
ciency when comparing various working fluids. It is apparent from
Fig. 15 that the cycle efficiency increases with increasing pressure
ratio for each investigated fluid. Similar trend can be found in [19].

This behaviour is different from the net work output of the cycle
as it is demonstrated previously in Fig. 13. The reason for the
upward trend of cycle efficiency when there is a maximum point
for the net work output is the decrease in the amount of the heat
gained by the fluid in the collector. Similar results were reported
in [33] for R134a refrigerant. The highest cycle efficiency is
obtained by trans-2-butene (9.76%) and cis-2-butene (9.69%)
among the investigated fluids.

Figs. 13 and 15 represents that generally, HCs provide higher
net work output and cycle efficiency compared to the others ther-
mofluids and among the hydrocarbons, trans-2-butene, cis-2-
butene, 1-butene, RG00 and RG00a gives the highest results. For
HCFs, HFEs and HFOs R227ea, R236fa, RC318 and R1234ze gener-
ate more net power output, whereas R227ea, R236ea, R236fa and
RC318 provide higher thermal efficiency.

It is important to note that the net mechanical work output of
R236ea (60.57-19039W) is found to be less than R227ea
(58.18-205.06 W) and RC318 (62.94-206.34 W). However, the
cycle efficiency of R236ea (1.87-8.4%) is greater that of R227ea
(1.81-7.75%) and RC318 {1.94-8.25). This can be explained by
the fact that R236ea provides less collector efficiency
(58.15-40.72%) compared to R227ea (57.69-47.57%) and RC318
(58.16-44.93%). In other words, less amount of useful heat is trans-
ferred to R236ea owing to its higher saturation (collector) temper
ature. According to Eq. {50), the higher cycle efficiency of R236ea

shows an interesting potential of converting the heat energy into
the mechanical work.

In addition to the thermal efficiency of the proposed solar ORC,
the overall efficiency which represents the ratio of the net power
output of the cycle to the incoming solar radiation is calculated as:

Woer
=N (51
nss Sﬂmg )

The overall efficiency shows similar trend with the net work
output of the solar ORC {Fig. 16). The highest overall efficiency is
obtained by 1-butene (3.78%) and this is followed by trans-2-
butene {3.69%) and cis-2-butene (3.72%).

4.5. Environmental and safety impacts

In this section, the environmental impact of the fluids in terms
of the contribution to the global warming and the safety character-
istics of the fluids such as flammability and toxicity are discussed
and the properties of the fluids are given in Table 10. It can be seen
from Table 10 that some refrigerants such as HFCs and PFC have
considerably high global warming potential. As an example,
R236fa and RC318 have GWP of 6300 and 10,300 respectively.
On the other hand, HFEs, HFOs and HCs have a negligible global
warming potential [37-39]. Another environmental concern of
the fluids is the flammability and toxicity. Hydrocarbons are more
flammable compared to the other fluid categories such as HFCs,
HFEs and HFOs,

4.6. Overall analysis of the thermofluids

In general, as it is stated by several researchers there is no fluid
which can satisfy all the conditions such as providing high thermal
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Table 10
Environmental and safety data of the considered Muids.
Fluid Alt. name Type GWP Safety
Trans-2-butene HC ~20[33] -
Cis-2-butene HC ~20[33] -
1-butene HC ~20[33] -
Isobutane RG600a HC ~20(33] A3 [19]
Butane R600 HC ~20 (23] A3 [19]
Neopentane HC ~20[33] -
Isopentane R601a HC ~20[33] A3 [40]
Pentane RGO1 HC ~201(33] A3 |41]
Isohexane HC ~20[33] -
Hexane HC ~20[33] -
Cyclohexane HC ~20[33] A3 [19]
1,1,1,2-tetralluoroethane R134a HFC 137032 Al [19]
1.1-difluoreethane R152a HFC 13333 A2 [19]
1,1,1,2,333-heptafluoropropane R227ea HFC 3500 |42] Al 18]
1,1,1,2,3,3-hexafluoropropane R236ea HFC 1410 [32]
1,1,1,3,3,3-hexalluoropropane k2360 HFC 6300 |42] Al [43]
1,1,1,3 3-pentalluoropropanc R2450a HFC 1050 |32 B1 18]
1,122, 3-pentafluoropropane R245¢ca HFC 726 (33) -
Qctafluorocyclobutane RC318 PFC 10,300 |35) Al [19]
Methyl-heptafluoropropyl-ether RE347mec HFE 450 |44] Non-flammable |44
2.2 2-wrilluoroethyl-difluoromethyl-ether RE245fa2 HFE 659 |45] -
2,33 3-Tetralluoropropene R1234yl HFO 4 [46] AZL [35]
Trans-1,3.3,3-tetrafluoropropene R1234ze HFO 6|47 AZL |35
Trans-1-chlaro-3,3 3-trifluoropropene R1233zd HFO 748 Al [48]

Ar Lower toxicity, B: Higher toxicity, 1: Non-llammable, 2: Lower flammability 3: Higher flammability.

efficiency and net work output, having reasonable saturation
points and low GWP and being non-flammable |[19,28].

The selection of the most suitable thermofluid for the proposed
solar ORC depends on the decision criteria. For instance, R600a,

R600 and cyclohexane show high thermal efficiency and net work
output but they have flammability problems. Furthermore, R236fa,
R227ea have high GWP, R134a, R152a, R1234yf, R1234z¢ repre-
sents high saturation pressure, and R245fa has toxicity issue, One
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way to restrain the flammability and GWP of the compounds is
blending them with other compounds that have lower flammabil-
ity and GWP.

In addition to the environmental benefits, the system
performance could also be improved by using a mixture as the
limitations on the cycle operating conditions and thermodynamic
and physical properties are enhanced [49,50]. Lastly, the selected
fluid should not be corrosive to eliminate major corrosion prob-
lems in the cycle components in terms of the durability of the
systemmn.

5. Conclusion

A small scale solar ORC has heen modelled thermodynamically
and the cycle simulations with 24 working fluids are studied in this
research. In the simulation analyses, the effect of each working
fluid en each component as well as the whole cycle at various pres-
sure ratios of the cycle is investigated.

The simulation results reveal that pressure ratio, in other words
evaporating pressure of the cycle, has a significant effect on the
collector and expander efficiency and therefore, on the net work
output and thermal efficiency of the cycle.

The simulation results also showed that in general, HCs such as
frans-2-butene, cis-2-butene, 1-butene, R600a, RE00, R601, R601a,
neopentane, HFCs such as R227ea, R236fa, and RC313 {PFC) and
R1234ze (HFO) yield higher values of net work output of the cycle.

Furthermore, the working fluid plays a key role in the operation
of the solar ORC. For instance, fluids with relatively low boiling
temperature, such as R134a, R152a, R227ea, R1234yf, and
R1234ze, lead to an increase in the evaporation pressure that
might limit their application in the collector. The other important
parameter is the environmental impacts of the thermo-fluids.
For example, although the HCs provide high solar ORC perfor-
mance, one of the disadvantages of hydrocarbons is their high
flammability. In addition to the flaimmability issue of the fluids,
toxicity for R245fa and global warming potential for RC318,
R124a and R226fai are the other environmmental limitations of
these fluids. On the other hand, although, HFEs {RE347mcc and
RE245fa2) and HFOs (R1234yf andR1233zd) offer a moderate
system performance, they are viable thermo-fluids for the pro-
posed solar ORC based on their thermo-physical characteristics,
low GWP and safely issues.

Finally, it is suggested that a mixture of two components can he
used in order to eliminate the problems such as flammability, tox-
icity and global warming potential that might occur when pure
components are utilised in the solar ORC.
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ABSTRACT

Renewable energy technologies and sources have been
playing a key role in reducing reliance on fossil fuels and
significantly reducing CO, emissions and its footprint."EUF
initiative of generating 50% of the energy needs Adhrough
sustainable sources by 2050 needs a direct responsedn terms of
providing applied solutions to realize this target @n time. Solar
energy is one of the major and abundantly renewable energy
sources which are free and clean. Solar enérgy can be utilized
by means of solar Photovoltaic (PW) or solar collectors.
Concentrating solar collectors supply thermal energy from
medium to hgh grade where as non-concentrating collectors
(flat plate) delivers low-grade thermal energy. The use of
thermofluids with boiling temperatures lower than the water,
allows the operation of lew grade'solar thermal systems on an
Organic Rankine Cycle {ORC) to generate both.mechanigal and
heat energy. At the same time, the selection of appropriate
thermofluid is an important process and hasya significant effect
both on the system ‘performance and the environment.
Conventional thermofluids'such as Chloroflugrocarbons (CFCs)
and Hydroehlorofluorocarbons (HCFCs) have high ozone
depletion (ODP) and. high global warming (GWP) potential. It
is therefore important to investigate novel and environmentally
friendly thermofluids’to “address” environmental impacts as
global warming antl ozone layer depletion. Hydrofluoroethers
(HFEs) are non-ozone depleting substances and they have
relatively low GWER Therefore, HFEs can be used as a
replacement for CFCs and HCFCs. In this study, a solar ORC 15
designed and commissioned to use HFE 7000 as a thermofluid.
The proposed system consists of a flat-plate solar collector, a
vane expander, a condenser and a pump where the collector and
the expander are used as the heat source and prime mover of the
cycle respectively. The performance of the system is determined
through energy analysis. Then, a mathematical model of the
cycle is developed to perform the simulations using HFE-7000
at various expander pressure. Experimental data indicated that

Zulfigar Ahmad Khan

Nano Corr, Energy and Modelling.Research Group

Bournemouth University
Bournemeuth, UK

the ‘efficiency and the net mechanical work output of the cycle
was, found to he 3.81% and 13596 W respectively. The
simulation results showed that increasing the pressure ratio of
the eycle decreased the amount of the heat that is transferred to
HEE 7000 in the collector due to the increased heat loss from
the collector to the environment. Furthermore, net output of the
system followed a linear augmentation as the pressure ratio of
the systemyincreased. In conclusion, both the experimental and
theoretical research indicates that HFE 7000 offers a viable
alternative to be used efficiently in small scale solar ORCs to
generate mechanical and heat energy.

INTRODUCTION

Renewable energy sources such as solar energy can be
classified as a low-grade temperature heat source and it is
crucial to utilize low-grade heat sources in terms of meeting the
World electricity demand [ 1]. Organic Rankine cycle (ORC) has
the same configuration as the conventional Rankine cycle with
the exception of working fluid that is used in the cyele [2]
Organic compounds with lower boiling temperature allow
ORCs to utilize low-grade temperature heat sources elficiently
[3]. Solar sourced ORC which consists of solar collectors such
as evacuated tube (ETC), flat-plate (FPC) and parabolic trough
collectors (PTC) combined with ORC unit can generate heat
with temperature ranging from 80-150 °C to generate
mechanical power [4].

An important number of experimental studies have been
conducted to convert solar thermal energy into mechanical, as
well as electric power by using solar sourced ORCs.
Manolakos et al. conducted an experimental study to investigate
the performance of a solar ORC employing HFC-134a for
reverse osmosis desalination [5-7]. A solar ORC considering
FPC and ETC was investigated in [8]. In their study, HFC-
245fa refrigerant was used as a working fluid and the collector
efficiencies were found to be 55.2% and 71.6% respectively. A
thermal efficiency of a solar ORC, including heat regeneration

1 Copyright © 2017 by ASME
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with the working fluid of HFC-245fa was found to be 9% n [9].
In addition to HFC-134a and HFC-245fa, CO; was also utihzed
as a working fluid in several solar ORC applications. For
instance, Zhang et al. analyzed the performance of supercritical
solar ORC, using CO, [10]. They revealed that the cycle
efficiency was found to be 8.78-9.45%. Another solar ORC
system, using CO, was examined by [11]. They reported that
the solar collector generated heat with temperature of 165 °C
and the cycle efficiency was 25%. In order to address the
variability nature of solar energy sensible heat storage (SHS)
system has been used in solar ORCs [12]. For instance., a
dynamic simulation study of flat-plate collectors based solar
ORC system using an oil storage tank was conducted by [12].
Another solar ORC analysis, including SHS was performed in
Refl [13]. Wang et al. presented a regenerative solar ORC,
where a thermal storage system was utihzed to store the
collected heat in the system [14]. In addition to SHSs, latent
heat storage (LHS) systems can also be applied to solar thermal
power applications [15, 16].

Selection of an appropriate working fluid 15 an important
process as it has a crucial effect on the performance of ORCs.
In addition to this, environmental and safety impacts of a fluid
such as ozone depletion potential (ODP). global warming
potential (GWP), flammability and toxicity should” be
considered. Therefore, working fluid selection studies for a
small scale solar ORC have been conducted by seveéral
researchers [17]. A theoretical study of a solag/ORC, where
solar collector was employed as thermal energy source of the
ORC was conducted by [18]. In their study, twelve themmofluids
including hydrocarbons (HCs), Hydrofluorocarbens (HFCs).and
ammonia were analyzed. A theorétical and experintental
analysis of a solar ORC with FPC using HFC-134a, HFC-227ea
and HFC-365mfc was performed by [19]. The results showed
that HFC-365mfc was the most efficient fluid. Rayegan
simulated a solar ORC, using 117organic.compounds. Tt was
claimed that compounds with higher criticalstemperature are
better options for ORC applications [3]. In another simulation
study of a solar thermal power cycle, HFC-245fa and HFC-134a
were recommended to be utilized as the working fluids of the
cyele [20],

1t is statedsthat for an efficient. ORC application in terms of
obtaining maximum,. power output from a heat source, the
challenge lies'in choosing an appropriate working fluid and
defining the cyele parameters according to the selected fluid
[21]. A small scale'solar ORC. where a flat-plate collector was
employed as the direct heat source was constructed and the
experimental tests of the cycle were conducted in order to
evaluate the performance characteristics of the cycle through
energy analysis in this study. As the working fluid of the cvele,
new generation HFE-7000 refrigerant was utihzed. Then, the
solar ORC was mathematically modeled to simulate the cycle
using the same working fluid (HFE-7000). The simulations
were performed under various expander pressures to determine
its effect on the collector, the expander and the whole cycle
performance. Finally, the optimum expander pressure that

provides the maximum amount of net work output of the cycle
was evaluated.

NOMENCLATURE

Nomenclature

A area, m” I fluid

C, specific heat, J/kg K g vapor

D diameter, m i Inner

e eccentricity, m in inlet, incoming

F fin efficiency ini mtake

Fy heat removal [acter I liquid

h }"’%?:érlznsfer coefficient, mee  mechahical

H Enthalpyy J'kg o outer

Hg Heat of vaporization,J'kg  out outlet

k thermal conductivity. & over

Win K

}‘;i Mass flow rate, kg/fs P plate

n number of vanes rot rotor

r radius, m s isentropic

S solar radiation, W/m* sp single phase

T temperature, °C stat stator

U }\l::f?;lzifs coefficient, ip two phate

(e} heat, W T total

2 Volume, m? u useful

W waork, kKW ud under

wf working fluid

Subscripts

a Ambient Greek symbols
transmittance -

col Collector o absorbance
product

cond  Condensation ) ?:J:E::;S‘p;:

. . , specific volume,

dsg designed v mke
angle of a specific

evap  evaporation a vane from the
origin

exh exhaust 7 efficiency

exp expander

EXPERIMENTAL

Acsolar organic Rankine cyele test rig, utilizing HFE-7000
was built and commissioned to evaluate the cycle performance
in  this section HFE-7000 refrigerant which 1s a
Hydrofluoroether (HFE) is a non-ozone depleting refrigerant. It
also has relatively low GWP [22]. The proposed system consists
of a collector, a vane expander, a condenser, a liquid reservoir
and a pump (Figure 1). The cycle operates on four main
processes which are:

e compression of the liquid HFE-7000 from low

pressure to high pressure (Figure 1, state 2)

b2
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e conversion of solar radiation into heat and heat
addition to the working fluid in the collector (Figure
1, state 3)
e Expansion of HFE-7000 in the expander and
generation of mechanical energy (Figure 1, state 4)
¢ Heat rejection and condensation of the working fluid
in the condenser (Figure 1, state 1)
The specifications of each component of the solar ORC can be
found in Ref. [23].

| Mains water

Condenser —
Expander

By-pass line

O}

(1 Pump
290

Reservoir

Solar organic Rankine cycle unit

i@ valve
Figure 1 Schematic diagram of the solar ORC [23]

[ @ Thermocouple © Pressure transmiitter 00 Flow meter |

Initially, the leak test of the system was conducted prior to
the system experiments to observe if there was any leakage
somewhere in the system. As the cycle did not show any sign of
leakage, 8 kg (5.7 L) of working fluid was introduced into the
cycle through the liquid reservoir. Then, the pump and the
condenser were turned on to let the water and HFE-7000
circulates in the system with no heat input. This was performed
to check the reliability of the system. Then, the data acquisition
unit and the solar simulator were tumed on to initiate the
experiment. During the experiments, a solar simulator was used
to provide a stable energy to the cycle. Initially, the expander
by-pass line of the expander was on to aveid any liquid going
through the expander As the HFE-7000 temperature and
pressures were monitored, the by-pass line of the expander was
closed when the liquid reached the vapor conditions. Thus, the
vapor expands in the expander and generates mechanical energy
by rotating the expander shaft. Finally, post the expander, the
fluid condensed in the condenser and was pumped to the flat-
plate collector to complete the cycle. The experimental
methodology, including the locations of the thermocouples and
pressure transmitters, specification of the flow meter is
comprehensively reported in Ref. [23]. During the experiment,
an average radiation of 890 W/m2 was supplied on the collector
surface. A detailed description of the measurement of the
radiation on the surface of the collector by using a pyranometer
can be found in Ref. [23].

THEORY

Flat-plate collector:

Previously, the serpentine tube flat-plate collector which is

utilized in this study was modeled and wvalidated against
experimental data in Ref. [24]. Initially, the solar energy on the
absorber plate (Q,) and the useful energy (Q,) are calculated by
using the formulas below;
Qp :AP (Sm (ra)fUT(Tp 7Ta)) (1)
0, = A4, B8 (r0) U, (T, - 1.) @
Ay, S and 7o represent the collector area, incoming solar
radiation and transmittance-absorbance product respectively.
The collector heat balance is shown in Figure 2.

Quoss

“— Glass cover
Sylta) .

Absorber plate |

Collector tubg

S
1

Control volume

Figure 2 Collector heat balance
Therefore, the first product of the right hand side of Eq. (1-
2) indicates the solar radiation travelling through the glass cover
where some portion of the heat is lost to the ambient. T is the
total heat loss coefficient and it consists of the top and the back
heat losses. The calculation of the total heat transfer coefficient
was explained by Klein [25]. It is important to note that the
edge heat transfer loss was neglected in this study. Then, some
portion of the energy that is absorbed on the collector surface is
also lost to the atmosphere through the convection losses and
the remaining is transferred to the working fluid. The amount of
the heat that is transferred to the working fluid is called wusefid
energy’ and it is calculated by using Eq. (2). The difference
between Eq. (1) and Eq. (2) is that instead of the plate
temperature T, fluid inlet temperature T, is taken into account
to calculate the heat transfer losses with the addition of the
collector heat removal factor (Fr). Equation (3) estimates the
heat removal factor as:
7, = mc, 1o 7APDUTF

4,0

where F’ represents the collector efficiency factor and it is
calculated by Equation (4);

3

me,
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o v,)*
WD, + @ -D,F)" +(c,)" + (D)’
where F indicates the fin efficiency.
. tanh{m{W - D, /2))
mW-n,/2)
In Equation (4), h;represents the heat transfer coefficient of the
working fluid and it is estimated under two cases which are
single phase and two-phase flow. The calculation of the heat
transfer coelficient was explained comprehensively in Ref. [24].

O

Vane expander:

In the mathematical modelling of the expander, initially, the
built-in volume ratio, which 1s the ratio of the working
chambers' volumes at the end and of the expansion process and
at the beginning of the expansion process was evaluated
according to the geometrical characteristics of the expander
[26]. The following formula was used to calculate the radius of
the stator to the center of the rotor:
d6)= —exsind + (1. - (excoso) (6)
where » and e represent the eccentricity and radius. The volume
of the working chamber as a function of the angular movement
was calculated by using the formula below:
v(9)= Al0)~ L., ¢
where A4¢f) 1s the area of the working chamber and it can be
determined as:

2%

Ae)=7 [y -1 yalo) ®
[
As the radius of the stator (7,,,} and the rotor (#,,,), length of the
stator (,;), the eccentricity {(e), intake (@) and exhaust angles
(8.4) are the known parameters, expander built-in volume ratio
can be evaluated by using the formula below:
L ©
Vie
In order to calculate the expander under and over- expansion
losses, the designed pressure ratio of the expander was
estimated as [27]:
PR, =(r,) a1
Under-expansion occurs if the operating pressure of the cyele
(Pexpin/Fexpout) 15 greater than the designed pressure ratio of the
expander, otherwise over-expansion arises. As the designed
pressure ratio was caleulated (Eq. 10), the work output and the
losses of the expander under the under-expansion and over-
expansion cases can be determined as [28]:

. 3
. (m, -H. .. !
Wetpm = Hyr o i e (1 1
(vm,zu N epane drg Pexpm’.' ]]X 1001
. H H
g = g e~ Homi) 1. (12)
.I - vatp.w: * Peup.m;l’sﬁ - }.Lm.mr )))\r 100 )

where /7 and v are the enthalpy and specific volume of the
working fluid. #,,.. represents the mechanical efficiency of the
expander after frictional and heat transfer losses of the
expander. In this study, the mechanical efficiency of the
expander was taken as 0.7 [29].

Condenser:

The amount of the heat that is rejected from the condenser
was calculated by using the following formula:

Qmm =in wf X (J‘!rr:mid,m - Ifg,c.md )

et o =H, 00

(13)

Pump:

The consumed work in the pump was estimated as follows:
’ Mhaf XV s i ® ‘pev - ;}(_Un’:l'

pump

qpump,?
Iump.» Tepresents the isentropic pump efficiency and it was
taken as 0.6.

Simulation procedure:

A computer code was developed in Matlab environment in
order to simulate the proposed solar ORC. The fluid properties
were taken from REFPROP 9.1 [30]. It is important to note that
as HFE-7000 is a dry fluid, the system was modeled as a
saturated cycle in other words, the fluid is saturated vapor and
saturated liquid at the outlet of the collector and the condenser
respectively. The pressure losses within the collector and the
condenser were neglected. The simulations were performed at
constant condensing temperature of 25 °C and various
collector/expander pressure (1.06 - 4.27 bar). As it was
mentioned that the pressure losses were assumed to be zero,
corresponding  saturation pressure at 25 °C represents the
condensing pressure of the cycle. Smmilarly, corresponding
temperature  at  collector/expander  pressure  indicates the
evaporating temperature of the cycle. The simulation procedure
starts with the calculation of the fluid properties at the collector
mlet. As the fluid 1s saturated liquid at 25 °C at the condenser
outlet, the enthalpy at the collector inlet was calculated by using
the formula below:

et = Wy + (s % 1000) (s)
where Woump TEPTESENts the specific pump work and it can be
determined as:
Vi AP P,
S fring R (smp cuwd) (16)
pum My -

The collector inlet temperature can be evaluated as the
collector inlet enthalpy and the collector pressure are known
The numerical procedure was based on dividing the collector
tube into small elements and determining the fluid outlet
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temperature, collector plate temperature, the working fluid heat
gain and the collector heat loss at the end of each element, as
well as the collector outlet by using the known fluid temperature
at the collector inlet and the fluid mass flow rate. The (luid
entered the collector as a sub-cooled liquid and 1t gained energy
as it circulated in the collector tube. The single-phase flow
calculations were applied as the fluid remains in the sub-cooled
region. When the fluid temperature reached the corresponding
saturation temperature, then the two-phase flow calculations
were utilized in the analysis. As the fluid vapor quality reached
1 before the end of the collector tube, the single phase flow
calculations were applied again. Therefore, the flud left the
collector as a super-heated vapor at the evaluated temperature.
However, in this study, the collector inlet and outlet
temperatures and the collector inlet and outlet enthalpies are the
known parameters as it was assumed that the fluid leaves the
collector as saturated vapor at the corresponding collector
pressure whereas the flow rate of the working fluid 15 an
unknown parameter. Therefore, it is crucial to determine at
which element the fluid reaches the saturation points to apply
corresponding flow calculations (single or two-phase flow).
Initially, the collector tube was considered as two regions which
are single-phase and two-phase. In order to determine the
transition element where the fluid goes into the saturated region,
the iteration begins by assuming that the fluid reaches the
saturation conditions after the first element. This means that, if
it is assumed that the tube was divided into °j" elements, the
single phase region covers 1 element, whereas the two-phase
region covers j-1 elements. Then, the mass flow rate was
calculated iteratively for both the single-phase and two-phase
regions:

° [

Muyfzp = (17
(Hcc!.m _HE )

- 2 inn

Muftp = {; e (18)

(t,-1,)
The iteration continued until the [ollowing criterion was
satisfied:

<0.0001 (19)

Moy sp = Mowf o

This point represents the number of elements where HFE-
7000 reached saturation condition. The collector specifications,
the description of the iterative method for the fluid and plate
temperature calculations, heat gain of the fluid and the collector
heat loss determinations were described comprehensively in
Ref. [24]. Once the, working fluid mass flow rate was
calculated, the expander calculations were started to determine
the built-in volume ratio and the expander designed outlet
pressure with the help of Eq. (9-10). Then, the code evaluated
the mechanical work of the expander according to its operating
case (under or over expansion) by using Eq. (11-12). Post
expander, the amount of the rejected heat and the consumed

pump work was determied by using Eq. (13-14) respectively.
The simulation conditions were given in Table 1.

Table 1 Parameters of the solar ORC simulations

Parameter Value
Solar radiation (5;,) 800 W/m
Condenser temperature (T cona) 25°C
Ambient temperature (T,) 15°C

Expander pressure (P,) 1.068 - 4271 bar
Expander mechanical efficiency (nge.) 0.7
Pump isentropic efficiency (M) 0.6

Performance indicators:
The efficiency of the collector, the expander and the solar
ORC were evaluated according to the equations below:

_ ";1"3" [[CP(TW _Teo.'_m]]+(Hg -1, ]]

Neat 20
fec S, %A, (0)
ernpxd
qmt_p =
Py % (f[npm - [Ia'zp'.wd o )
ar
W,
Ty =~ @1
Mg X (Hra'p;n - Haxp_pm,c)
-
Msore = Wi 22)
- diw

where W, is the net work output of the solar ORC and it was
estimated as:

Hjﬂe! = erxp - ”;pmjp (21})
RESULTS AND DISCUSSION

Experimental results:

The working fluid flow rate was held constant at 0.022 kg/s
during the experiments and all the thermodynamie properties of
HFE-7000 at various states were taken from REFPROP 9.1
[30]. The temperature, pressure and enthalpy values of HFE-
7000 at vanous states are given in Table 2.

Table 2 State properties of HFE-7000 and water [23]

‘("I‘:":; Phase i (kg/sy T (°C) P (bar) (H];kg)
] Liqud 0022 1954 066 22356
' Liqud 0022 1873 057 22257
2 Liquid 002 191 186 223.06
3 Gas 002 4541 132 38507
4 Gas 002 3636 066 3784
5 Liquid 006 1347 066 5663
6  Liquid 006 2688 066 11275
5 Copyright © 2017 by ASME
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It can be seen that HFE-7000 entered the collector at 1.86 bar
and 19.1 °C as a sub-cooled liquid. Then, its temperature
increased to 45.41 °C and whereas its pressure decreased to
1.32 bar due to the friction losses in the collector. According to
the corresponding temperature and pressure values, the fluid left
the collector as a superheated vapor and flows through the
expander. In the expander, HFE-7000 expanded and its
temperature and pressure reduced to 36.36 °C and 0.66 bar
respectively. This is where the mechanical energy was generated
by rotating the expander shaft. All the state points of HFE-7000
are represented on a T-s diagram Figure 3.

170

0.66 bar

19.54

107 115 1.25 1.35 Ill‘ 1.59 161
s (k)kg-K)
Figure 3 T-s diagram of HFE-7000 at various points [23]

Table 3 indicates that in the experiment, the collector
received a 6194.4 W energy on its surface and 57.53% of this
energy was transferred to the fluid as the useful heat gain of the
fluid. The expander generated 146.74 W mechanical energy
with an isentropic efficiency of 58.66 %. The similar efficiency
value for a vane expander was reported in Ref. [31]. Finally, the
net work output of the cycle was calculated as 13596 W
(Wpump= 10.78 W) and the thermal efficiency of the cycle was
found to be 3.81% (Table 3).

Table 3 Collector and expander analysis [23]

Component Parameter Value
Incoming solar radiation 6194.4 (W)
Flat-plate collector ~ Collector useful heat gain ~ 3564.2 (W)
Collector efficiency 57.53 (%)
Expander work output 146.74 (W)
Expander Expander efficiency 58.66 (%)
Net work output 135.96 (W)
Solar ORC Thermal efficiency 3.81 (%)

Simulation results:

Figure 4 shows the variation of the collector efficiency,
collector heat gain, the collector temperature and collector heat
loss with the expander pressure. As it can be observed that
collector efficiency and collector heat gain decreased from
57.81% and 3219W to 41.95% and 2335.9W respectively as the
expander pressure rose from 1.068 bar to 4.271 bar.

a) 60 T T T T T T
—— Collector eff
\‘ —-  Collector heat gain 3200
g L3000 Z
3 L2800 5
2 504 S
E <
B 2600 2
ER .
O L2400 ©
40 +— T T T T T T — 2200
1.0 1.5 20 25 3.0 35 40 45
Expander pressure (bar)
b) 360 T T T T — 3400
—— Collector temperature
— - Collector heat loss an,
— 350 3200 _
g :
‘_:% 3404 3000 E
3 b
= 2800
£ 330 2
g 5
% L2600 3
o 3204 =
= o]
Q +2400
3104
2200

1.0 155 2.0 2i5 3.0 335 4‘.0 4?5
Expander pressure (bar)
Figure 4 Collector analysis a) efficiency - heat gain b)
temperature - heat loss
This can be explained by the fact that the increase in the
expander inlet pressure in other words, in the collector pressure
(the cycle is saturated) increased the fluid saturation points
which resulted in a higher saturation temperature of the fluid, as
well as a higher collector temperature. Due to the heat transfer
losses from the collector to the ambient, the collector
temperature and the collector heat losses augmented
correspondingly as it can be seen from Figure 4. Similar
findings were reported in Ref. [24].
The efficiency of the expander versus expander pressure is
represented in Figure 5. The expander efficiency was 53.48% at
1.068 bar of expander pressure. This value increased to 69.13%
as the expander pressure rose to 1.424 bar. These two expander
pressure values fell on the left side of the dashed line which
represents the over expansion case of the expander. Then, the
expander efficiency reached its maximum value (69.67%) at
expander pressure of 1.78 bar. This is where the expander
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begins operating in under expansion case. After this point, the
expander pressure decreased to 56.76% with the further
increase in the expander pressure (Figure 5).
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Figure 5 Expander efficiency versus expander pressure

Figure 6 represents the generated net work and the solar
ORC thermal efficiency. The net work of the cycle rose from
56.78 W to 170.08 W as the expander pressure increased from
1.068 bar to 3.55 bar. This is also where the net work output
reached its maximum point.

180 T T T T T T T T 8
"0,

160 P = 7
-/ Pt &
- 1404 - F6 =
S / R 5
= % 5
2 1204 . Ls ‘é
= . 1-3
.: 100 La o
5 g
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o 80 L3 E
“ E

604 —@— Net work output L2

=+ solar ORC efficiency
40 T T 1

1.0 1.5 Ej(J 215 3:() 3,‘5 4:(] 4f5
Expander pressure (bar)

Figure 6 Solar ORC net work output and thermal efficiency
This augmentation can be explained by the fact that as the
condenser temperature/pressure is constant, the increase in the
expander pressure caused a higher enthalpy drop in the
expander which resulted in an higher net work output of the
cycle. Although, the pump work was augmented and the flow
rate of HFE-7000 decreased with the increase in the pressure,
the negative effects of the increased pump work and diminished
flow rate was smaller than the increase in the amount of the
enthalpy drop. However, this trend has changed since the
expander pressure increased from 3.55 bar to 4.27 bar as the net
work output decreased to 166.8 W. On the other hand, the
thermal efficiency of the solar ORC continued to increase, yet

the generated net work of the cycle did not enhance after the
expander pressure of 3.55 bar This is due to the drop in the
amount of useful heat gain, which caused a gradual increase in
the thermal efficiency of the cycle. Therefore, it is important to
consider the thermal efficiency and the net work output of the
cycle together where the collector (the direct heat source of the
cycle) varies with the operating conditions such as expander
pressure of the cycle.

Table 4 Optimiz ation results of HFE-7000

Parameter Value
Expander pressure (bar) 3.04
Collector efficiency (%0) 46.16
Expander efficiency (%) 62.67
Cycle efficiency (%6) 6.62
Net work cutput (W) 170.43

Regression analysis was conducted to predict net work
output of the system, according to the expander pressure. The
regression equation and the fitted line of the equation is
represented in Figure 7. Optimization analysis was also
performed to determine the optimum expander pressure value
that provides the highest amount of the generated net work of
the cycle. The optimization results were presented in Table 4.
Optimization analysis indicated that the proposed cycle could
generate 17043 W of net work output with the thermal
efficiency of 6.62% at 3.04 expander pressure.

2001 Wit = 2054 + 3582 Py 1082 (Poy ) +1081 (P )
180
e & o
160 yel ) *
s v R™ =99 (%)
= 1404 (Rygj)” = 98.5 (%)
=4 / ’
Z 120 o
= /
§ 1004 |
3 80 "_,f
/ @ Net work output
604 o Fitted line
40 +— T T T T T T T
1.0 1.5 20 25 30 35 40 45
Expander pressure (bar)
Figure 7 Fitted line plot
CONCLUSION

A small scale solar organic Rankine cycle was constructed
and tested in this study. The cycle consists of a collector, an
expander, a condenser and a pump. HFE-7000 was chosen as
the working fluid of the cycle. Then, the system was
numerically modeled as a saturated solar ORC and the
simulations of the cycle were performed at a constant condenser
temperature and various expander pressures. The experimental
results showed that the flat-plate collector transferred 3564.2W
heat to the working fluid with the efficiency of 57.53%. The

7 Copyright © 2017 by ASME
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expander efficiency was found to be 58.66%. The proposed
solar ORC provided 135.96W with a thermal efficiency of
381%. It was found from the simulation results that the
expander pressure has a significant effect on the flat-plate
collector, vane expander, as well as the cycle performance. For
instance, increasing the expander pressure, which resulted in a
rise in the collector saturation pressure/temperature, augmented
the heat losses from the collector. Thus, the collector efficiency
decreased with the increasing expander pressure (41.95%).
Similarly, the variation in the expander pressure caused the
expander to operate under two expansion cases (under and over
expansion) which resulted in various expander efficiencies
(53.48-69.67%). Therefore, the net work output of the cycle
varied from 56.78W to 170.08W as the expander pressure
increased from 1.068 bar to 4.271. The optimization analysis
showed that the cycle generated the highest amount of the net
work output (170.43W) at the expander pressure of 3.04 bar
and the corresponding cycle efficiency was found to be 6.62. In
overall, both the experimental and simulation results revealed
that HFE-7000 provides a moderate cycle performance and
offers a viable alternative to be utilized in such cycles.
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[n this study, two dimensional numerical simulations of forced convection flow of HFE 7000 based
nanofluids in a horizontal circular tube subjected to a constant and uniform heat flux in laminar flow
were performed by using single phase homogeneous model. Four different nanofluids considered in
the present study are Al,03, Cu0Q, Si0; and MgO nanoparticles dispersed in pure HFE 7000. The simula-
tions were performed with particle volumetric concentrations of 0, 1, 4 and 6% and Reynolds number
of 400, 800, 1200 and 1600. Most of the previous studies on the forced convective flow of nanofluids have
been investigated through hydrodynamic and heat transfer analysis. Therefore, there is limited number of
numerical studies which include both heat transfer and entropy generation investigations of the convec-
tive flow of nanofluids. The objective of the present work is to study the influence of each dispersed par-
ticles, their volume concentrations and Reynolds number on the hydrodynamic and thermal
characteristics as well as the entropy generation of the flow. [n addition, experimental data for Al,O;-wa-
ter nanofluid was compared with the simulation model and high level agreement was found between the
simulation and experimental results. The numerical results reveal that the average heat transfer coeffi-
cient augments with an increase in Reynolds number and the volume concentration for all the above con-
sidered nanofluids. It is found that the highest increase in the average heat transfer coefficient is obtained
at the highest volume concentration ratio (6%) for each nanofluids. The increase in the average heat trans-
fer coefficient is found to be 17.5% for MgO-HFE 7000 nanofluid, followed by Al,05-HFE 7000 (16.9%),
CuO-HFE 7000 (15.1%) and SiO,-HFE 7000 (14.6%). However, the results show that the enhancement in
heat transfer coelficient is accompanied by the increase in pressure drop, which is about (9.3-28.2%).
Furthermore, the results demonstrate that total entropy generation reduces with the rising Reynolds
number and particle volume concentration for each nanofluid. Therefore, the use of HFE 7000 based
MgO, Al;05, CuO and SiO; nanofluids in the laminar flow regime is beneficial and enhances the thermal
performance.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

observed when particles of the order of millimetres and microme-
tres are suspended in a liquid.

The low thermal conductivity of traditional fluids for instance,
water, mineral oil and ethylene glycol is one of the obstacles to
higher compactness and efficiency of heat exchangers [1] and it
is crucial to develop more efficient heat transfer fluids with sub-
stantially higher thermal conductivity [2]. Therefore, micro/
millimetre-sized solid particles which have considerably higher
thermal conductivity than those fluids have been suspended in
them to cause an enhancement in the thermal conductivity [3,4].
However, significant problems such as abrasion and clogging were

* Corresponding author at: Faculty of Science and Technology, Fern Barrow,
Talbot Campus, Bournemouth University, Poole, Dorset BH12 5BB, UK.
E-mail address: hhelvaci@bournemouth.ac.uk (H.U. Helvaci).

http:{/dx.doi.org/10.1016/j.1jheatmasstransfer.2016.08.053
0017-9310{/@ 2016 Elsevier Ltd. All rights reserved.

Alternatively, nano-sized particles suspended in conventional
fluids can provide an improvement in the performance of these flu-
ids. Such novel liquid suspensions that consist of solid particles at
nanometric scale are called nanofluids and have become popular in
terms of its utilisation in various practices such as heat transfer,
thermal energy storage and industrial cooling [5,6]. Nanofluids
have superior heat transfer performance than conventional fluids
because of the improved effective thermal conductivity of the fluid
[7]. As a consequence, several studies have been conducted on the
investigation of thermo-physical properties of nanofluids, particu-
larly the effective thermal conductivity and viscosity [8-13]. Supe-
rior thermal conductivity and viscosity of nanofluids in comparison
to the base fluids were reported in the above studies. However, in
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Nomenclature

A area, m’

G specific heat, ]Jfkg K

D diameter, m

f friction factor

Gwp global warming potential

h heat transfer coefficient, Wj{m?® K)
HFE hydrofluoroether

k thermal conductivity, W/m K
L length, m

Nu Nusselt number

opp ozone depletion potential

R radius of the tubg, m

P pressure, Pa

q heat flux, W/m®

Re Reynolds umber

5 entropy, W/K

T temperature, K

u Velocity in axial direction, mjs
W work rate, W

Subscripts

amb ambient

ave average
bf base fluid

f fluid

I frictional
gen generation
in inlet

m mean

nf nanofluid
ot outlet

5 nanoparticle
th thermal

tot total

w wall

Greek symbols

P density, kg/m®

" first law efficiency

& second law efficiency

u dynamic viscosity, kg/m s

¢ particle volume concentration (%)

addition to the thermo-physical properties, forced convection
{laminar and turbulent flow) heat transfer characteristics of
nanofluids need to be investizgated as it is important for their prac-
tical applications [ 14]. One of the earliest experimental work on
forced convection of nanofluids was conducted by Xuan and Li
[7]. In their study, Cu-water nanofluid was used to examine the
heat transfer process of the nanofluid. They obtained higher heat
transfer performance for the nanofluid compared to that of the
base liquid. Another experimental study was conducted by Wen
et al. [15] where the effect of the laminar flow of water-Al;05
nanefluid was analysed. They stated that the heat transfer rate rose
by addition of nanoparticles, especially at the entrance region of
the tube. The relation between the heat transfer coefficient and
nanoparticle size and Peclet number was studied by Heris et al.
[16] for Al;03-water and CuO-water nanofluids in a circular tube.
It was found that the heat transfer coefficient soared with increas-
ing particle size and Peclet number for both nanofluids.

In addition to experimental studies, numerical analysis of
forced convection of nancofluids has been of interest to many
researchers. Numerical analysis in the literature consists of two
different approaches for evaluating the heat transfer correlations
of nanofluids which are single phase (homogenous) and two-
phase (mixture) models. In the former model, nanofluid is assumed
as a single fluid rather than a solid-fluid mixture and it is also
assumed that there is no motion slip between particles and fluid.
Moraveji et al. [ 17] numerically studied the convective heat trans-
fer coefficient of Al>05; nanofluid along a tube using single phase
model. It was observed that the heat transfer coefficient rose with
increasing nanoparticle volume fraction ratio and the Reynolds
number. Demir et al. [ 18] investigated the forced convection flow
of nanofluids in a horizontal tube subjected to constant wall tem-
perature, They utilised homogensous model with two-dimensional
equations in order to study the effects of TiO; and Al;O3 nanopar-
ticles and Reynolds number on the convective heat transfer coeffi-
cient, Musselt number and pressure drop. The results revealed that
nanofluids with a higher volume ratio showed a higher improve-
ment of heat transfer rate. Salman et al. [19] investigated the lam-
inar forced convective flow of water based AlO; and Si0,

nanofluids numerically. The results indicated that S10;-water
and Al:Os-water nanofluids have better heat transfer properties
compared to pure water.

In order to take the effect of nanoparticle chaotic movements
into account in single phase model, thermal dispersion approach
is proposed by several researchers [20-22]. These researchers also
concluded that increasing particle volume concentration enhances
the heat transfer rate. Furthermore, the mixture model approach
where the interactions between the particle and fluid are consid-
ered is also proposed in several numerical analyses in the literature
|23-26].

As previously mentioned suspending nano-scale particles in a
base fluid enhances the thermal conductivity but also increases
the viscosity. An augmentation in the thermal conductivity leads
a better heat transfer rate, whereas an increase in the viscosity
leads an enhancement in pressure drop. Consequently, the addition
of the particles changes the thermophysical properties of a fluid as
well as the irreversibility of a system [27]. Entropy generation
demonstrates the irreversibility of a system thus, it is important
to minimise the entropy generation to obtain better working con-
ditions [28,29]. As a result, entropy generation analysis has heen
considered in nanofluid flow analysis in order to find the optimum
working conditions by several researchers |[27,30-37]. For
instance, Moghaddami et al. [31] studied the estimation of the
entropy generation of Al,0; particles suspended in water and ethy-
lene glycol in a circular tube for both laminar and turbulent flows.
They revealed that the entropy generation is diminished by the
addition of the particles at any Reynolds number for laminar flow.
However, for turbulent flow it is stated that utilising the nanopar-
ticles in the base fluid is beneficial only at Reynolds number smal-
ler than 40,000. Biancoa et al. [25] studied the numerical entropy
generation of AlaOs-water nanofluids under the turbulent forced
convection flow for fixed Reynolds number, mass flow rate and
velocity. Their numerical outcomes reveal that at constant velocity
condition, lower concentration of nanoparticles can minimise the
total entropy generation. In another study, Saha et al. [33] evalu-
ated the entropy generation of water based Ti0, and Al,0,
nanofluids for turbulent flow in a heated pipe. It was found that
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there is an optimum Reynolds number where the entropy genera-
tion is minimised. They also showed that the use of TiO; nanofluid
is more beneficial than Al;O3 nanofluid.

Hydrofluoroethers (HFEs) which are the new generation refrig-
erants have zero Ozone Depletion Potential (ODP) and relatively
low Global Warming Potential (GWP). Therefore, they have been
used in various applications as a replacement to conventional
refrigerants such as Chlorofluorocarbons (CFCs) and hydrochlo-
rofluorocarbons {HCFCs) [38]. In addition to that HFE 7100 based
nanofluids have been of interest to various researchers in terms
of convective heat transfer analysis [39-41]. Previously, HFE
7000 (RE 347mcc) refrigerant has been studied both experimen-
tally and numerically in terms of its utilisation in various solar
thermal applications [42,43]. In this study, laminar forced convec-
tion flow characteristics of HFE 7000 (RE 347mcc) based Al,Os,
$i03, CuO and MgO nanofluids in a horizontal tube under constant
heat flux is analysed numerically. Single phase homogeneous
approach is applied in order to investigate the effects of Reynolds
number and particle volume concentration ratio on both the heat
transfer coefficient and the pressure drop of each nanofluid. Fur-
thermore, the entropy generation analysis is provided for each
nanofluid flow to specify the most beneficial nanofluid with opti-
mum working conditions that minimises the total entropy genera-
tion of the flow.

2. Problem definition

In this study, two dimensional, steady state, laminar flow in a
circular tube, subjected to constant heat flux is investigated. The
geometry of the considered problem is represented in Fig. 1. As it
can be seen from the figure, the computational domain consists
of a tube with a length of 1.2 m and a diameter of 0.00475 m. In
the analysis, only the top half of the tube is considered as the flow
is presumed to be symmetrical. In the simulations, 1000 W/m?
constant heat is supplied on the upper wall of the tube. Also, the
base and nanofluids enters the tube at temperature of 283 K and
the pressure of 1 bar. This inlet temperature is chosen due to the
HFE 7000 saturation pressure-temperature conditions.

3. Numerical analysis

The defined problem is solved using single phase approach
where the base fluid HFE 7000 (RE 347mcc) and the particles are
assumed to be in equilibrium and there is no relative velocity
between the two of them.

3.1. Mathematical modelling

The following equations (continuity, momentum and energy)
for laminar, incompressible flow can be expressed as follows:
Continuity equation:

V- (pyV)=0 1
Momentum equation:
Vo (pyWV) = =VP + V- (1, VV) 2)

Energy equation:
V{pyVCT) = V (ke VT) (3)

3.2. Thermo-physical properties of nanofluids

The thermal and physical properties of nanofluids are investi-
gated using the formulas below:

The density of nanofluid can be calculated by the equation
developed by Pak and Chao [44]:

Pop = b0+ (1 = d)py 4)
where ¢ is the nanoparticle volume concentration, p; and p,, are
the nanoparticle and base fluid densities respectively.

Mass-averaged calculation of specific heat which is based on
heat capacity concept of nanofluid is shown below [29];

P(pCp); + (1 = )(pCy)y
ops+ (1 - ¢)py
where C,s and Gy are particles and base fluid heat capacity

respectively.
Effective thermal conductivity of nanofluid is obtained in the
following form [45]:

[ks + (n = Dy + (n = Dbk — ki) |
[ks -+ (ﬂ — 1)kbf — (f)(k; — khf)]

where ki and k; are the thermal conductivities of the base fluid and
solid particles and n =3 for spherical solid particles.

Dynamic viscosity of nanofluid is estimated by using Einstein’s
equation which is based on kinetic theory [46]:

My = (1 +2.5¢) (7)

In Eq. (7), g,y and g, are the dynamic viscosity of the nanofluid
and base fluid respectively.

The thermo-physical properties of two base fluids {water and
HFE 7000) and the particles used in this study are given in Table 1.

Cp\nj = (5)

loy = Ky 6)

3.3. Boundary conditions

In order to solve the governing equations given above, the
appropriate boundary conditions are applied and expressed as
follows;

Uniform velocity boundary condition depending on the value of
the flow Reynolds number and inlet temperature are defined at the
inlet of the tube.

u(0,ry=U, v0,r)=0

T0,r) =T

No-slip boundary conditions at the wall (r = D/2) is imposed. There-
fore, the velocity at the upper wall becomes;

u(x,R)=v(x,R)=0

The upper surface of the tube is subjected to a constant heat
flux and it is expressed as;

Constant heat flux

[

Fig. 1. Schematic of the flow domain under consideration.

179



Appendix A

Paper V

H.AL Helvaci, ZA. Khan / International jowrnal of Heat and Mass Transfer 104 (2017) 318-327

Table 1
Thermo-physical properties
nanoparticles.

of the base fluids (water and HFE 7000} and the

Fluid/particle  Density  Specific  Thermal Viscosity  Reference
(keg/m*)  heat conductivity  (kg/m s)
UlkgK)  (WimK)
Pure water G98.2 4182 06 noolons  [47]
HFE 7000° 1446.1 1204.6 0.07% 0.00058 [48]
AlyO3 3970 765 4l - [49]
Si0; 2200 703 1.2
MgO 35060 835 43
Cul G500 5356 20 -

" The data is taken at 1 bar and 283 K

ar

k
Vo,

q
Finally, at the exit section of the tube pressure outlet condition
is applied.

4. Numerical procedure

In this study, the governing equations {continuity, momentum
and energy) with appropriate boundary conditions are sclved by
employing the finite volume solver Fluent 6.3.26 [51]. Second
order upwind scheme is applied for solving the convective and dif-
fusive terms. The SIMPLE algorithm is used to model pressure-ve-
locity coupling. The residue of 107° is defined as convergence
criteria for all the dependent variables as mass, velocity and
energy.

4.1. Data reduction
The local heat transfer coefficient is expressed as:

q (8)

) = oo, — 00, )

where T{x),, represents the wall temperature at a given location {x)
along the tube and it is calculated as:
Tix, R} = T(x), (9)
where x represents any given axial position along the tube and R is
the radius of the tube.

T(x)rm is the fluid mean temperature at any {x), which can be
found via integration:

jﬁ urTdr
j: urdr

where u is the velocity in axial (x) direction.
The average convective heat transfer coefficient is calculated as:

X (10)

ol
o =1 [ hixiax (1)
Llo

In addition to heat transfer coefficient, the total entropy gener-
ation rate of the fluid flow is evaluated in order to determine the
benefits of using nanofluid in terms of thermodynamic analysis.
The total entropy generation rate of a flow in a circular tube which
consists of two parts: (i) thermal entropy generation (ii) frictional
entropy generation is calculated as follows [22]:

_(@YaDL 32
T ONukT?,,  mpiT.D”

ot (12

In Eq. {12), the first term of the left hand side represents the
thermal entropy generation and the second term represents the
frictional entropy generation.

3

In the first term, [ indicates the diameter of the tube, Nu is the
Nusselt number, k and Ty, are the thermal conductivity and the
average temperature of fluid.

Average Nussell number and fluid temperature are given by:

hayeld .
Nugye - k__ {13)
Tave =@ (14}
In(ﬂn;}

In the second term i is the mass flow rate, fand p represent the
friction factor and the density of fluid respectively.

Friction factor {f) can be calculated using the following
equation:

2-AP.-D

f=E

15
PR (15)

4.2, Grid independency test

A grid independency test is conducted to guarantee the accu-
racy of the numerical results. Five different sets of uniform grids
have been used to check for grid independency. The tests were car-
ried out for both pure water and HFE 7000 at Re =500 and
Re = 1600 for each of the grids. Table 2 shows the comparison of
the results for each fluid. It can be seen that the value of the heat
transfer coefficient converges as the number of grid cells increases.
Grid 4 shows little difference (0.25% for water and 0.41% for HFE
7000) from the results obtained for Grid 4. Therefore, in the pre-
sent study, Grid 4 is utilised for the numerical analysis.

It is also important to ensure the appropriate grid cell size in
order to obtain accurate simulation results. Therefore, y* value
for Grid 4 is calculated and given in Table 3 at each Reynolds num-
ber. As it can be seen from Table 3 that y* in the laminar flow
region at any Reynolds number remains less than 11.63 for Grid
452,53).

4.3. Validation of the computational mode!

Due to the absence of experimental and numerical studies for
HFE 7000 based nanofluids, the experimental data of the local heat
transfer coefficients of pure water and Al;O3fwater nanofluid in
laminar developing region represented by |54] was compared to
the corresponding mumerical results in order to validate the accu-
racy of the model. In the experimental work | 54|, a test rig was set-
up in order to investigate the heat transfer characteristics of Al,04f
water nanofluid with particle sizes of 45 nm and 150 nm in a
straight tube under constant heat flux conditions. The experimen-
tal test loop comprises a pump, a heated test section, a cooling sec-

Table 2

Grid independency test results.
Grid MNumber of cells in - Mumber of cells in & (pure it (pure
number  x direction y direction water) HFE 7000)
Re =800
1 250 5 755384  125.05
Z 500 1] 7282 11641
3 1000 20 72032 114.63
4 2000 40 718.47 114.16
5 J000 40 719.26 114.21
Re = 1600
1 250 5 112054 158.05
2 S00 10 10327 146.14
3 1000 20 101144 14268
4 2000 40 100625 141.86
5 3000 40 1007.34 142

180



Appendix A

Paper V

322 H.U. Helvaci, Z.A. Khan/International Journal of Heat and Mass Transfer 104 (2017) 318-327

Table 3
y" values versus Reynolds number.

Reynolds number Grid 4 (2000 x 40)

400 1.32
800 243
1200 347
1600 446

tion and a collecting tank. In the test section a straight tube with
4.75 mm inner diameter and 1200 mm long was utilised and con-
stant heat flux was provided by wounding a Nickel-chrome wire
that can give maximum power of 200 W along the tube.

Fig. 2 shows the comparison of the experimental heat transfer
coefficient for both pure water and Al,0sfwater nanofluid (with
the particle diameter of 45 nm and the volume concentration ratio
of 4%) at Re=1580 and Re =1588 versus simulation results. It
should be noted that the effect of various particle size was not con-
sidered in this study and the simulation results are only compared
with the experimental results of Al,Os;/water nanofluid with parti-
cle diameter of 45 nm as it is widely accepted that solid particles
which have a diameter less than 100 nm can be easily fluidised
and be treated as a single fluid.

As it is shown in Fig. 2, the axial variation of the heat transfer
coefficient using numerical results is in good agreement with the
experimental data. The maximum discrepancy between the exper-
imental data and numerical model is found to be 12%. As the heat
transfer enhancement is highly related to the accuracy of the effec-
tive properties of nanofluid, namely thermal conductivity in
homogenous model, several factors such as particle size, tempera-
ture dependent properties, random movement of particles and
thermal dispersion, which might have an impact on the accurate
determination of the effective thermal conductivity could be
attributed to the reason of the deviation between the simulation
and the experimental results [7,55].

5. Results and discussion

In this section, the simulations of Al,03-HFE 7000, CuO-HFE
7000, SiO,-HFE 7000 and MgO-HFE 7000 nanofluids at various
Reynolds numbers (Re = 400-1600) and particle volume fraction
(¢ =1-6%) under constant heat flux conditions were conducted
and the effect of Reynolds number and particle volume concentra-
tion ratio of the nanofluids on the flow and heat transfer character-

Experimental results (pure water)
1400+

o Experimental results (Al,O3-water, ¢ = 4%)
- - Simulation results (pure water)
12004 —-—-Simulation results (Al,O3-water, ¢ = 4%)
[
2210004 s, 5
= ~
= 800 N el
Tml T
i R - |
600
T T T T 1
0.2 0.4 0.6 0.8 1.0 1.2
X
(m)

Fig. 2. Comparison between the simulated and experimental results.

istics as well as the entropy generation is represented and
discussed.

5.1. Temperature profiles

Fig. 3 shows the axial bulk and wall temperature distributions
of Al;05-HFE 7000 nanofluids at Re = 800 and at ¢ =0, 1, 4, 6%. It
can be observed that increasing nanoparticle concentration
decreases the temperature differences between the wall and bulk
temperature of nanofluids. A similar trend is obtained in Ref. [40]
for Al,O3-HFE 7100 with ¢ = 0 and 5%. This behaviour of the wall
and bulk temperatures shows the beneficial effects of the nanoflu-
ids in terms of having superior thermal properties in comparison to
that of the base fluid which leads higher heat transfer coefficients
consequently.

The effect of particle volume concentration on the temperature
distribution of Al,05-HFE 7000 nanofluids at Re = 800 is also repre-
sented in Fig. 4.

5.2. Convective heat transfer coefficient

Fig. 5 illustrates the heat transfer coefficient of the investigated
nanofluids and the base fluid at various Reynolds numbers and vol-
umetric concentration ratio. It can be observed from Fig. 5 that in
general, the average heat transfer coefficient of each nanofluid is
greater than the base fluid at any volumetric ratio and Reynolds
number. The heat transfer coefficients of four nanofluids rise as
the volume concentration ratio increases in the laminar flow
regime. This is reasonable because the higher volume concentra-
tion ratios of nanoparticles lead a higher thermal conductivity in
nanofluid than the conventional fluid which results in higher
thermal-energy transfer. Similar findings were reported by previ-
ous researchers [17,25,3G]. Among all the investigated nanofluids,
MgO-HFE 7000 shows the highest heat transfer enhancement, at
any given Reynolds number and particle volume fraction. For
example, at Re =400 and ¢ = 6% for the MgO-HFE 7000 nanofluid
the enhancement in the heat transfer coefficient is approximately
17.5%, whereas for Al,03-HFE 7000, CuO-HFE 7000 and SiO,-HFE
7000, it is found to be 16.9%, 15.1% and 14.6% respectively.

This could be explained by the superior physical properties such
as thermal conductivity of MgO compared to the other particles
(Table 1). As it is reported previously, in the single phase laminar
flow model, the enhancement in the heat transfer coefficient of
nanofluid is proportional to the increase in thermal conductivity

—— HFE 7000
— = ALO;- HFE 7000, @ = 1%)
3059 . ... ALO;- HFE 7000, ¢ = 4%)
—-= Al,O5- HFE 7000, ¢ = 6%) T
300
2 295
w
E
g
2 290
5
&
2851 T,
280 . . ‘ y . \
00 ©02 04 06 08 10 12

X (m)

Fig. 3. Axial distribution of wall and fluid temperature of Al;05 nanofluid at various
volume concentrations.
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Fig. 4. Temperature distribution of Al;05-HFE 7000 nanofluids along the tube at (a) 1% volume concentration, (b) 4% volume concentration, (¢) 6% volume concentration.
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Fig. 5. Variation of the heat transfer coefficients at different Reynolds number for (a) Al,05-HFE 7000, (b) CuO-HFE 7000, (c) Si0,-HFE 7000, (d) MgO-HFE 7000.

of corresponding nanofluid [55]. This dependency of the heat
transfer mechanism on the nanofluid effective properties might
cause single-phase model to under-predict the heat transfer
enhancement [24]. Alternatively, two phase models can be utilised
in order to evaluate the heat transfer characteristics of nanofluids.

However, they are more complicated and need higher computa-
tional cost [37]. In order to compare both the experimental results
with the current model and two-phase models, it is necessary to
conduct further theoretical study including two-phase models
and experimental work.
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5.3. Pressure drop analysis

It is also important to study the flow characteristics of nanoflu-
ids such as pressure drop in order to investigate their potential for
practical applications [56]. Pressure drop within the tube at differ-
ent Reynolds number and the volume concentration is demon-
strated in Fig. 6.

It is shown that pressure drop increases as the Reynolds num-
ber grows from 400 to 1600 and volume concentration from 1%
to 6% for each nanofluid. The obtained results reveal that at
Re = 1600 and ¢ = 6%, SiO,-HFE 7000 nanofluid caused the highest
enhancement in pressure drop (28.2%) among the four nanofluids.
It is followed by MgO-HFE 7000 (21.5%), Al,Os-HFE 7600 (19.7%)
and CuO-HFE 7000 {9.3%). This is due to the fact that nanofluids
become more viscous at higher volume concentration ratios which
in turn results in higher pressure drop [18].

5.4. Entropy generation analysis

Entropy generation of the considered nanofluids in terms of
irreversibility that was caused by thermal and frictional gradients
with Reynolds number from 400 to 1600 and at four different vol-
ume fractions (0%, 1%, 4% and 6%) is demonstrated in Figs. 7 and 8.

It is visible from Figs. 7 and 8 that the growth in Reynolds num-
ber for both the base fluid and the nanofluids diminishes the ther-
mal irreversibility whereas enhances the frictional entropy
generation.

The reason for that is the higher Reynolds number leads to a
growth in the heat transfer coefficient. However, the higher veloc-
ity profile of the fluids at higher Reynolds number improves
entropy generation due to the friction [33]. Similarly, the opposite
trend between the thermal and frictional irreversibility for volume
fraction can be found in Figs. 7 and 8. Namely, the thermal entropy
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generation diminishes with increasing volume concentration ratio.
This can be explained by the fact that higher particle volume frac-
tion leads higher nanofluid effective thermal conductivity and bet-
ter heat transfer mechanism between the wall and the fluid which
corresponds a decline in thermal dissipation and an improvement
in the heat transfer mechanism. On the contrary, frictional entropy
generation is increased with the volume concentration ratio. This is
due to the growth of the viscosity of nanofluids as the nanoparticle
volume fraction increases [28]. As it can be seen from Figs. 7 and 8
the magnitude of the thermal irreversibility is relatively higher
than the irreversibility due to the friction.

In order to define the thermodynamic performance of the flow
in terms of the second law efficiency the ratio of the total entropy
generation of nanofluid to that of base fluid (Sgen,ratio) is defined as
follows [35].

_ Sgen,mlglf

(16)

Sgen Jratio 3
'gen,tot,bf

where Sgep tot,nr aNd Sgen torpr represent the total entropy generation
of the nanofluid and the base fluid respectively. As it is stated in Eq.
(16), Sgen,ratio €quals to 1 for pure HFE 7000 (¢ = 0%) which shows
that there is no contribution to entropy generation. Therefore, the
lower the value of Sgepratio the better the thermodynamic perfor-
mance of the flow.

Fig. 9 indicates the entropy generation ratio of the investigated
nanofluids for the volume concentration ratios. It can be high-
lighted from the figure that each nanofluid at any volume fraction
has a lower value of the entropy generation rate in comparison to
that of the base fluid (Sgen ratio = 1) which indicates the advantage of
adding nanoparticles in terms of a reduction in total entropy gen-
eration. Additionally, the entropy generation rate decreases with
increasing volume concentration and the decrease is more pro-
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Fig. 6. Variation of pressure drop at different Reynolds number for (a) Al,03-HFE 7000, (b) CuO-HFE 7000, (c) 5i0,-HFE 7000, (d) MgO-HFE 7000.
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Fig. 9. Entropy generation ratio of the nanofluids at Re = 800.

nounced at 6% volume concentration ratio. For instance, the
entropy generation rate drops from 0.97 to 0.85 and from 0.97 to
0.87 for MgO-HFE 7000 and SiO,-HFE 7000 respectively as the vol-
ume concentration rises from 1% to 6%. This trend can be explained
by the fact that higher volume concentration determines a reduc-
tion in thermal entropy generation. Although there is an opposite
trend between the frictional and thermal entropy generation
(Figs. 7 and 8) the effect of the former is relatively small compared
to the latter. Thus, the overall behaviour of the total entropy gen-
eration is dominated by the thermal effects. Similar results were
reported by [27,31,34] for Al,O3;-water nanofluid. As a result, it
can be concluded that the utilisation of Al,0:-HFE 7000, CuO-
HFE 7000, SiO,-HFE 7000 and MgO-HFE 7000 nanofluids is benefi-
cial where the total entropy generation is dominated by the contri-
bution of thermal irreversibility.

5.5. Correlations

Non-linear regression analysis is applied to the simulation
results to derive the following correlations which can predict the
average Nusselt number and friction factor for each investigated
nanofluid. The evaluated equations are valid for 400 < Re < 1600
and 0% < ¢ < 6%. The average Nusselt number is modelled as a
function of Reynolds number, Prandtl number and volumetric con-
centration ratio whereas friction factor as a function of Reynolds
number and volumetric concentration ratio.

Nusselt number

Al;Os-HFE 7000 :  Nuae = 0.576(Re Pr)"¥(1 + ¢)* ' a7
CuO-HFE 7000 :  Nu,,. = 0.591(Re Pr)°#8(1 4 )63 (18)
Si0,-HFE 7000 :  Nu,e = 0.567(Re Pr)"?%2(1 + ¢)*7* (19)
MgO-HFE 7000 :  Nu,,. = 0.571(Re Pr)***!(1 + ¢)*'# (20)
Friction factor
ALO;-HFE 7000 :  f = 48.492Re %M (1 4 )00 @1
CuO-HFE 7000 : f =48.197Re *%4(1 1 )5 22)
Si0,-HFE7000: f = 48.696Re™*(1 + ¢)"*"! (23)
MgO-HFE 7000 :  f = 48.056Re 0%3(1 + ¢)°*% (24)

The maximum deviation between the simulated and the pre-
dicted results are found to be 1.74% and 3% for Nusselt number
and friction factor of CuQ-HFE 7000 nanofluid respectively.

6. Conclusions

This paper investigates the convective heat transfer, pressure
drop and entropy generation characteristics of HFE-7000 based
Al,03, Cu0, Si0, and MgO nanofluids, using the single phase
approach in a circular tube with constant heat flux boundary con-
ditions in laminar flow region. It was found that the inclusion of
nanoparticles (Al,03, CuO, SiO, and MgO) increased the heat trans-
fer coefficient (2.1-17.5%). This augmentation is attributed to the
enhancement in the thermal conductivity of nanofluids. However,
heat transfer enhancement is accompanied by increasing viscosity
as well as an increase in pressure drop (1.5-28.2%). The enhance-
ment in heat transfer and pressure drop found to be more pro-
nounced with the increase in particle concentration and Reynolds
number. Entropy generation results also demonstrated that when
operating with constant Reynolds number, the thermal entropy
generation tends to decrease whereas the frictional entropy gener-
ation tends to increase for each investigated nanofluid. However,
using nanofluids caused a lower total entropy generation due to
the superior contribution of thermal entropy generation compared
to the frictional entropy generation. It can be concluded that in the
laminar flow regime, for any Reynolds number adding nanoparti-
cles of Al;03, CuQ, SiO, and MgO into the HFE 7000 is beneficial
where the contribution of fluid friction is adequately less than
the contribution of heat transfer to the total entropy generation
of the flow. Finally, the current research provides a guideline to
heat transfer applications on nano additives for enhanced thermal
efficiency of solar thermal systems. Overall, this contribution will
bring significant impacts to renewable energy technology research
and development where novel and environmentally friendly
thermo-fluids have been deployed.
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Appendix B: Properties of the considered fluids

T. P T Molar

Fluid Alt. Name Type (Og')t (bcg'rt) (02;’)'51“9 Mass
(kg/kmol)

Trans-2-butene HC 155.46 40.27 0.88 56.106
Cis-2-butene HC 162.6 4225 3.72 56.106
1-butene HC 146.14 40.05 -6.31 56.10
Isobutane R600a HC 134.66 36.29 -11.74 58.122
Butane R600 HC 15198 37.96 -0.49 58.122
Neopentane HC 160.59 3196 9.5 72.149
Isopentane R601a HC 187.2 33.78 27.83 72.149
Pentane R601 HC 196.55 33.7 36.06 72.149
Isohexane HC 22455 304 60.21 86.175
Hexane HC 23467 30.34 68.71 86.175
Cyclohexane HC 280.45 40.805 80.71 84.159
111,.2- R134a  HFC 10106 40.593 -26.07 102.03
tetrafluoroethane
1,1-difluoroethane R152a HFC 113.26 45.168 -24.02 66.05
1,1,1,2,33,3- R227ea  HEC 10175 2925 -16.34 170.03
heptafluoropropane
1,1,1233- R236ea HFC 139.29 34.2 6.17 152.04
hexafluoropropane
111,333 R236fa  HEC 12492 320 -149 15204
hexafluoropropane
1,1,133- R245fa HFC 154.01 36,51 15.14 134.05
pentafluoropropane
1,1,2,2,3- R245ca  HEC 17442 3940 2526 134.05
pentafluoropropane
Octafluorocyclobutane  RC318 PFC  115.23 27.775 -597 200.03
Methyl- RE347mcc HFE  164.55 24.762 34.19 200.05
heptafluoropropyl-ether
2,2,2-trifluoroethyl- RE245fa2 HFE 17173 3433 2925 150.05
difluoromethyl-ether
2,3,3,3- R1234yf HFO 94.7 33.82 -29.45 114.04
Tetrafluoropropene
Trans-1,3,3,3- R1234ze HFO 109.36 36.34 -18.97 114.04
tetrafluoropropene
Trans-1-chloro-3,3.3-  p1oa94  HEo 1656 3570 1832 1305

trifluoropropene
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Appendix C

Appendix C: Cycle conditions at maximum net work output

for each fluid

Fluid Pressure Il Texp ?jﬁpﬁ?" TNsorc
ratio (%) (%) (W) (%)
Trans-2- 45 4141 6422  205.58 8.92
butene
Cis-2-butene 4.5 4151 64.27 204.69 8.86
1-butene 45 40.8 64.86  210.45 9.64
R600a 45 37.44 651 195.82 9.39
R600 45 4159 6378  204.80 8.84
Neo-pentane 4 4423 6439  196.35 7.97
R601a 45 44 62.24  190.51 7.78
R601 5 4337 6045  186.62 7.73
Isohexane 5 455 60.45  176.12 6.95
Hexane 55 4515 5842  173.07 6.88
Cyclohexane 5.5 4325 5896  166.98 6.93
R134a 2 53.69  63.33  133.39 4.46
R152a 25 4966  68.78  177.54 6.42
R227¢a 25 51.4 7462  210.02 7.34
R236ea 5 4329  61.63  193.12 8.01
R236fa 55 4183 6221  202.69 8.7
R245fa 5 4369  61.62  191.38 7.87
R245ca 5 4415  60.65  183.81 7.48
RC318 5 4493 6317  206.34 8.25
RE347mcc 5 4431  59.8 170.08 6.89
RE245fa2 5 4462  60.3 180.49 7.27
R1234yf 2 5315  63.13  136.36 4.61
R1234ze 3 48.2 69.88 197.68 7.37
R1233zd 45 4056  63.02  176.83 7.83
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