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Abstract

Title: Thermodynamic Analysis and Performance Evaluation of PTC
Receiver with Annular External Fins.
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University: University of Cape Town

Department: Mechanical Engineering

Degree: Master of Science in Mechanical Engineering (M.Sc. Mech. Eng.)

Since the advent of industrial revolution, the main source of energy has been fossil
fuels, and it has resulted in adverse environmental impacts. With the depletion of fossil
fuels and greenhouse effect, the utilization of solar energy has attracted increasing
attention owing to the distinct advantages, including cleanliness, sustainability,
inexhaustibility. This has motivated extensive research and innovation to foster a shift
to renewable energies, of which concentrated solar power presents itself as the most
promising option. Given the unrivalled abundance of solar energy, the source has a
potential to meet a substantial portion of future energy demand.

This research investigates the influence of external annular fins on the thermal and
thermodynamic performance of parabolic trough collector receiver. The objective is
achieved by developing thermal and fluid flow model with geometry of varied fin length
and fin numbers in different range of Reynolds number and inlet temperature. The
model was implemented in commercial ANSYS Fluent software and validated with

existing literature—Forristall (2003) that yielded significant agreement.

The results showed that introduction of fins increases thermal efficiency of the
receiver. An increase of 2.26 percent for Tin = 350 K, 2.21 percent for Ti» = 400 K and
2.22 percent for Tin = 500 K was recorded for varying Reynolds numbers. Also, the
thermal efficiency in t = 10 mm was higher than t = 5 mm with values in the range of
88 - 90.5 percent while smooth receiver fell in the range of 84 - 86 percent. Additionally,
thermal enhancement factor showed slight improvement.



What's more, exergy efficiency showed an improvement with introduction of fins. It
was noted that the enhancement increased the exergy efficiency by 2.44 percent for
Re = 5000, 2.30 percent for Re = 10000, and 2.30 percent for Re = 20000.

Similarly, entropy generation reduced with fins variations. The entropy generation rate
decreases with increasing fin length. The smooth absorber tube has the highest
entropy generation rate whereas the absorber tube with largest fin length has the
lowest. Heat transfer irreversibility has been found to be dominant at lower turbulence

and variation of annular fin length and numbers reduces it.

In summary, the introduction of passive enhancement of external annular fins was
shown by the results to be thermally and thermodynamically favourable, regardless of
the degree of improvement. Therefore, this enhancement technique can be combined
with other methods to design a high performing PTC receiver—an endeavour that will

contribute to implementation of a stand-alone reliable PTC power plants.

Keywords: Annular fins, ANSYS Fluent, Bejan number, CFD, Concentrated
solar power, Entropy generation, Exergy, Parabolic trough
collector, PTC receiver, Renewable energy, Thermal efficiency.
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Chapter One

Chapter 1: Introduction

1.1. Background

Since the advent of industrial revolution, the main source of energy has been fossil
fuels, and it has resulted in adverse environmental impacts. With the depletion of fossil
fuels and greenhouse effect, the utilization of solar energy has attracted increasing
attention owing to the distinct advantages—cleanliness, sustainability, inexhaustibility
[1]. This has motivated extensive research and innovation to foster a shift to renewable
energies, of which concentrated solar power is the most promising option. Solar
energy positions itself to meet both present and future energy demands, given its
unparalleled abundance. The International Energy Agency (IEA) expects the
concentrated solar power (CSP) technologies to be highly competitive by 2030, and it
projects that by 2050,11.3% of total global electricity could be provided by these

means, leading to a reduction in CO2-emission of 2.1 gigaton per yeatr, if fully exploited

2].

Due to unsustainability of fossil fuels, and their adverse propagation of climate change,
it has proven necessary to evolve energy consumption towards more environmentally
friendly sources [3]. Being inexhaustible, clean, and plentiful, solar energy is the best
alternative, but its intermittency and costliness limits its widespread use [4]. The
intrinsically intermittent and diurnal nature of the solar resource and the strong
influence of meteorological phenomena drastically reduce the effective availability of
CSP power plants [5]. This problem can be solved by hybridization and increasing the

reliability of the system by optimizing the most critical components.

Notable innovations such as hybridization are still at their nascency, with investigation
being within the domain of academic investigations. Most studies focus on numerical
and theoretical assessment of thermodynamics and economics of hybridization of
diversified types of CSP system by investigating influence of the design parameters
on energy, exergy efficiencies, and cost of production of plants such as desalination

plants [6]. These kinds of CSP system tend to be on a small scale, when implemented.



To scale up the systems and ensure high reliability of the plants, the receiver needs a
study on how its performance can be maximized, since it is the most critical

component.

To ensure augmented reliability of parabolic trough collector in generating electricity,
it is coupled with heat cycle process, gas turbine plant, electric generator Stirling, and

biomass catalytic hydrothermal reforming process [7]

Although hybridization is an effective means to achieve high yield factor, it is
advantageous to have stand-alone PTC system with relatively high reliability. To
improve the performance of the system, various heat transfer enhancements are
applied. For example, a twisted tape insert in PTC receiver is usually used. The
swirling flow the tape insert generates enable effective heat exchange heat transfer,
but it equally facilitates high pressure drop [8]. Despite its effectiveness in augmenting
the performance, spike in pressure drop demands higher pumping power which is
costly. Other design parameters such as concentration ratio influence performance of
the receiver system. Increasing concentrator sizes and concentration ratios of the
collector is one way of improving performance and reducing costs [9]. Like other heat
transfer enhancement methods of performance improvement, extensive designs and

studies concentrating on concentration ratio have been conducted.

The PTC system being considered in this study is in configuration as shown in Fig.1.
1

Collector

Fig.1. 1: Parabolic trough collector system [9]



This study focuses on the receiver. The research delves into the means of passively
enhancing the geometry of the receiver to improve its performance.

1.2. Motivation

Success of energy transition depends on the capacity of the renewable energy
technologies deployed. So far, most technologies in operation are not sufficiently
efficient to independently generate power without supplement from the traditional fossil
fuels.

To achieve the robustness of renewable technologies, scientific research needs to
focus on the innovations with the highest potential. Concentrated solar power is one
of those technologies that can revolutionize the energy sector, thus curtailing the effect

of climate change.

Parabolic trough collector system as one of many CSP technologies has been
sufficiently developed and operationalized in many countries on large scale. Despite
its cost-effectiveness and ability to generate enough power, its reliability is still not at
the optimum. To ensure the maximum reliability is achieved, critical components
responsible for energy generation such as receiver should be optimally designed and

improved.

The design of the PTC receiver is done with thermal and optical losses in
consideration. The critical elements considered are composed of aggregate thermal
losses and exergy destruction, and the final useful work (exergy) as represented in
Fig.1. 2.

Qioss,tor

Qs PTC system . Qour




.“ " Exergy destruction Exergy destruction

o due to reflection due to heat loss
Exergy
i Té
dlagrathr{lp Input useful exergy — = Output useful
Sys
Y of sun and pump F 3 . exergy
-4
Exergy destruction Exergy destruction

due to heat transfer due to friction

Fig.1. 2: Energy and exergy representation as extracted from Vahedi et al. [10]

Although the schematic shown above is just a system representation, it reflects what
happens at the component level. Thermal losses and exergy destruction in individual
vital components contribute to lower performance of the whole system. The most
critical component involved in these processes in the case of the parabolic trough
collector system is the receiver. Therefore, improving its thermal and thermodynamic

performance consequently improves the aggregate system reliability.

Adding external fins to the conventional cylindrical receiver increases the surface area
and that has a potential of enhancing the conductive heat transfer. Investigating its
influence on the performance of the receiver definitively establishes its potential in

enhancing the whole system’s reliability.

At the current stage of the parabolic trough collector system operationalization, it is
oftentimes coupled with the fossil-fuel power plants as mentioned in section 1.1 due
to its unstable performance. It ensures delivery of power on demand and continuously

and reliably produces electricity [11].

In addition to many variations of heat transfer enhancements, numerous studies have
been conducted to maximize the heat transfer through appropriate receiver design
with high absorption properties and low emittance through a selective coating attached
to collector with accurate tracking mechanism [12]. This contributes to the effort of
making the system independent and thus fostering a complete shift to renewable

energy, which consequently mitigates the looming impacts of climate change.



1.3. Problem Statement

As mentioned in section 1.1 of this work, the environmental degradation because of
reliance on fossil fuels as source of the energy has made it pressing to shift to clean
and sustainable energy. It is established that if the average global temperature rises
above two degrees Celsius, the result will be catastrophic. Therefore, intensive
research has been initiated by academic institutions and governments to address the

challenge.

As illustrated in chapter 2 of this work, extensive research has been conducted on
concentrated solar power as it is the most sustainable solution due to abundance of

energy resource from the Sun.

Despite the extensive innovations, this source is still not self-sufficient as a source of
energy due to inherent factors that affect the solar radiation supply. Therefore, it is
necessary to study the means to maximize the energy generation with novel design of
the system. Such design targets critical components like the receiver system—an

element on which much of plants’ reliability depends.

This research tries to investigate some enhancements of the receiver system aimed
at the maximization of energy generation to improve the general reliability the

concentrated solar power.

1.4. Objective

The general objective of this research is to investigate the influence of external annular
fins on the thermal and thermodynamic performance of the PTC receiver. To
accomplish this objective, a comparative analysis with unenhanced receiver is carried
out. Some of the performance evaluation criteria considered include thermal and
exergy efficiencies, entropy generation, thermal enhancement factor, and Bejan

number.

1.5. Summarized Methodology

To achieve the objectives of this study, the author utilizes the following methodology:

e Thermal model and computational fluid dynamics model were developed and
implemented in a commercially available ANSYS Fluent software.
e Various simplifying assumptions were made to develop the models to reduce

the complexity.



e The numerical results obtained from the developed models were validated with
trustworthy simulation data that have extensively been used in model validation
of similar CFD studies to establish their accuracy and trustworthiness.

e Targeted geometries were subjected to iterative simulations and the results
obtained were subjected to comparative analysis using performance evaluation
criteria (PECs) based on the first and second laws of thermodynamics.

e Conclusions were then established from the analysis.

1.6. Organization of the thesis

The thesis has been laid out as follows:

Chapter 1: Introduction. It gives the background information of the study, its

motivation, the literature gap it aims to bridge, and objectives that need to be tested.

Chapter 2: Literature study. It explores the body of knowledge available on
concentrated solar power and the relevant research that has been conducted on the
design and performance of parabolic trough collector receiver. The objective of the
chapter is to offer background knowledge necessary to fully understand this source of

energy.

Chapter 3: Numerical modelling and theoretical framework. It delves into the theory
of the research and the methodology that is applied to test the specific objectives of

this study.

Chapter 4: Model validation. The chapter tests the accuracy of the developed models
by conducting comparative analysis with the well-established and trustworthy

literature.

Chapter 5: Performance evaluation based on the First Law of Thermodynamics. This
chapter utilizes the performance evaluation criteria based on the First Law of
Thermodynamics to evaluate the thermal and thermodynamic performance of the

receiver.

Chapter 6: Performance evaluation based on the Second Law of Thermodynamics.
Just like chapter 5, it uses PECs based on the Second Law of Thermodynamics to

examine the performance of the designed receiver.



Chapter 7: Summary, conclusion, and recommendations. The chapter presents a
summary of the entire work, draws conclusions from the findings, and suggests

recommendations for future study.



Chapter Two

Chapter 2: Literature Study

2.1. Background

Numerous concentrated solar power technologies have been fully developed and
deployed. The main CSP technologies includes linear Fresnel reflector, parabolic
trough collector (PTC), parabolic dish, and solar tower [13]. Extensive research has
been conducted on these technologies.

The purpose of this chapter is to offer the exploratory discussion on these technologies
and provide highlights of the most important research conducted on parabolic trough
collector (PTC) with special focus on the thermal and thermodynamic enhancements
of the receiver. It also explores various modelling techniques that have been applied

to past and ongoing research and the relevant findings generated.

At the final section of the chapter, a discussion of various performance evaluation
criteria based on the first and second laws of thermodynamics is done, among which
are utilized in this research. This establishes a better understanding of the technical

underpinnings of the considered PECs.

2.2. Concentrated solar power overview.

2.2.1. Parabolic dish

As mentioned in section 2.1, Parabolic Dish (Dish-Stirling) is one of the CSP
technologies presently deployed in either the small-scale or large-scale production of
renewable energy. The parabolic dish is a CSP technology performing an efficient
conversion of direct normal irradiance (DNI) into electricity [2]. Its major components
consist of paraboloidal dish, power conversion unit that compartmentalizes alternator,
Stirling engine and receiver, and solar tracking system.

According to Backes et al. [2] parabolic dish is made up of 104 independent glass
mirrors, installed on a steel structure that collect and focus the incident solar beam
radiation to a focal point placed at more than seven meters from its vertex, mirrors of

high reflectivity, and Stirling engines with high conversion efficiency that reach higher



that 30 % with DNI above 900 W/m?2. This optimal design ensures attainment of the
optimal specific yield of the system.

As shown in Fig.2. 1, parabolic dish is designed in a way that maximizes both optical
and thermal efficiency which translates to more power output. The parabolic dish is

usually fitted with direct steam generation receivers coupled to off-grid engines or on-

grid steam power plants [14].

Fig.2. 1: The Ominium-G Parabolic Dish collector [14]

Operationally, the receiver is placed at the focal point of the reflector and firmly
supported in that place with steel girders. It functions as a converting mechanism for
radiative energy concentrated by the reflector at the focal point. The radiation is
converted to thermal energy captured in HTF which is then transferred to module

where heat transfer is done to directly heat up the working fluid for power generation.

Just like any other system, an optimal design does not always ensure the high
efficiency over life cycle of such system. The maximum optical efficiency of the

concentrator is assured by a periodical mirror cleaning [2].

Several performance assessments have been conducted on this system and clear
mathematical parameterization has been established to accurately model the system.
Subramani et.al [15] outlines the critical parameters in eq.(2.1 and (2.2).

(2.1)



f= (2.2)

The formulae are oftentimes utilized in numerical simulations as well as in physical

designing the system.

Performance of parabolic dish has been extensively studied. For instance, Msaddak
et al. [16] utilized Lattice Boltzmann Method coupled with net radiation method to
determine heat loss from cavity receiver of the parabolic dish and concluded that
convective losses are increased by increasing the inclination angle whereas radiative
heat losses are unchanged by inclination angle changes. They also established that
while an increase in surface emissivity marginally reduced natural connective losses,
it also linearly increases the radiative losses. From this conclusion, a system can be
optimized to reduce the aggregate losses that can potentially affect the efficiency of
the cavity receiver which is widely used. Wang et al. [17] enhanced the similar system
with spillage skirts and secondary reflector and found that the spillage skirts reduced
cavity receiver dimensions while decreasing spillage loss. The secondary reflector was
found to have similar effects of reducing aperture while decreasing spillage loss. The
attempt in optimization of this system is geared toward reducing the heat losses—a
factor that has adverse effects on the general performance of the system.

Since this research is not dealing with parabolic dish systems, these highlights provide

sufficient grounding in its design, operation, and enhancement.

2.2.2. Linear Fresnel collector
Developed from the concept of linear Fresnel Lens, the collector is made of arrays of
flat, slightly curved, mirrors that reflect and concentrate solar radiation at the absorber
tube located at the focal point of the mirrors. Physically, the system is composed of
optically perfect reflecting surfaces and thermally stable secondary surfaces and a
tracking mechanism with high accuracy and reliability over time, even in adverse
environmental conditions [12]. This ensures the optical efficiency of the system is kept

in the optimal state for maximum reliability.

The linear Fresnel collector (LFC) has been harnessed and its power plants have been

constructed in some countries. Like other CSP technologies, LFC plants ensure the
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conversion of solar radiation to thermal energy that does work to generate electricity.
The main equipment are organized in four major entities: solar boiler, steam turbine
generator, cooling system, and feedwater system [18]. All the plant components

perform specialized functions that enable it to produce requisite power.

The Linear Fresnel Collector plant is conventionally configured as shown in Fig.2. 2.

Secondary reflector

Absorber tube

Reflector

Fig.2. 2: Linear Fresnel Reflector system [19]

To achieve the best configuration of the LFC plant, the following considerations are

put into account as outlined in Benmarraze et al. [18]:

e mass flow rate— This is induced in the loop by high predefined enthalpy and
loop length. For instance, too-short loops lead to low mass flow rates which
induces thermal shocks and overheating due to phase stratification; and too-
long loops result in high steam velocities that consequently raises pressure
drops and increases internal erosion.

e solar field pressure drop—Long header pipes due to wide solar field and high
mass flow rates induce head losses. This spikes pressure drops leading to
adverse high parasitic consumption for the circulation’s pumps.

e optical end losses—Low sun positions in winter lead to important end losses at

the inlet or outlet of the solar field.

Comparatively, LFC plants command an advantage over other renewable sources

such as parabolic trough collector due to relatively simple construction, low wind loads
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and significantly lower costs. Like most other concentrated solar power systems,
absorber tube is an important component that immensely contributes to reliability and
availability of LFC system. As observed by Schlipf et al. [20], the absorber tube
provides an attenuation coefficient of nearly 95 % and an emissivity factor of maximum
10 % and the amount of the reflected irradiance depends on the panel reflectivity and
glass cover transmittance and cleanliness of the components. It confirms the great
contribution of absorber tube and by extension a requisite attention it demands during

system design.

Since the inception of the LFC technology, numerous research has been conducted
on the elements that impact its performance. For example, Montes et al. [21] looked
at single-tube receiver with secondary reflector and conducted optical analysis by
tweaking geometrical parameters to determine performance and also compared
central LFC and compact LFC. The study found that in all configurations that shading
is greater for denser mirror fields. They also observed lower shading is achieved in
CLFC configurations. The results point toward the configurations that can yield the

best energy output for the system.

In separate study, Montes et al. [22] investigates thermal performance of single-tube
LFC receiver by using energy and exergy efficiency. The study reports the energy and
exergy efficiency decreases as thermal emittance increases. Both factors decrease
are due to the higher radiation losses as the temperature increases, and linear
increase of the tube thermal emittance with the temperature. The same study found
that both efficiencies remain practically constant in the evaporation zone, but they
follow opposing trends in the other zones where energy efficiency decreases, and

exergy efficiency increases with increasing temperature.

Looking at annual optical efficiency, mean flux intensity, and circumferential flux
intensity homogeneity of LFC with different secondary reflector and made comparison
to PTC receiver, Abbas et al. [23] observed higher efficiency in parabolic trough
collectors than LFC with secondary reflector. However, they also found that selected
designs of LFC achieve higher flux intensities, and thermal efficiency. This ensures

optimal performance and cost-effectiveness of the system.
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2.2.3. Central Tower Receiver

The solar tower system also known as central tower system uses series of flat mirrors
called heliostats that focus solar irradiance on receivers positioned at the center of the
heliostats arrays. The concentrated solar irradiance is converted into thermal energy
and transferred by heat transfer fluid to working fluid that generates useful work for

power generation.

The frequent heat transfer fluid used is molten salt. In a molten-salt solar power tower,
liquid salt is pumped from a “cold” storage tank through the receiver where it is heated
to 565°C and subsequently pumped to a steam generating system that produces

superheated steam for useful work [24]

The figure below shows the typical central tower system.

Sun

Hot tank [ Cold tank

. : ! I~/
TR\ — (1T~
il e [ =1 7[\'4\
ok b= g g — ~Ll
3 i oS
\ V7772 EW?/ Hdliostat

o .
565 °C I .290 oc ALY T

Power block

Fig.2. 3: Central tower system extracted from Oukili et.al [24]

As shown above, receiver plays a critical role in the availability of the central tower
system and therefore its efficiency is a pivotal factor to monitor. In Binotti et al. [25]
this factor is observed, and the obtained efficiency is comparable with the one

estimated for Rankine cycle.

Equally important is heliostats, and thus its optimization contribute to reliability of the
system. Awan et al. [26] considered an optimized plant containing 9745 heliostats
compared to 6818 heliostats in the initial design and found the year one energy output
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of the optimized plant is a 35.6% improvement. The results demonstrate the influence

of this element.

Generally, to ensure the system is at its best performance, heliostats and receiver
demands optimal design. The technology, just like other concentrated solar power,
has the advantage of generating clean renewable energy which makes it a perfect

system to utilize to maintain good environmental balance.

2.2.4. Parabolic Trough Collector System
Since this research is on the parabolic trough collector (PTC) system, an in-depth
literature study is dedicated to it. The PTC system is the most developed and
commercially harnessed. The biggest application of this type of system is the Southern

California power plants, known as Solar Electric Generating Systems (SEGS) [27].

Parabolic trough solar thermal power plant consists of reflectors, heat collector
element with HTF, Rankine steam turbines, and TES [28]. In-built tracking system
enables the PTC receiver to move in tandem with the sun as it daily crosses the sky,
from sunrise to sunset which increases the thermal efficiency and maximizing the

energy yield of the system [29]

The typical parabolic trough collector plant is configured as shown below.

Solar Field
Hot Pipe Heater Storage System _ Power Block

Solar
FERRP® ZePank; SaK Supecheates

Storage ¥
Electrical
g ol o W Rl */} _'—'77 '—.Gmm(m

Steam Turbine

Cold Pipe Heater HTF Pump

Fig.2. 4: Conventional parabolic trough collector plant as extracted from Prieto &
Cabeza [30]

The energy yield of PTC system is also influenced by the heat transfer fluid used.

Commonly, non-pressurized thermal oil with a maximum temperature of 350°C is used
as heat transfer fluid [5]. The desired characteristics of HTF are high temperature

stability, good heat transfer tendencies, and low melting point [31]. Another HTF
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applies in an equal fashion is molten salt. While current commercial projects are
dominated by DSG and molten nitrate salt concepts, more efficient systems involve

higher temperature which makes salt ineffective [31]

Power extracted from PTC technology is reliable, clean and environmentally friendly
[32]. In addition to this advantage, the flexibility of PTC helps in the integration into the
grid of other renewable energy technologies, such as solar photovoltaics. The
integration of more renewable energy help in maximizing the power production to meet
the energy demand of modern societies. What's more, the thermal energy storage
system incorporated in PTC plants enhances its performance and availability. Thermal
energy storage should characteristically accommodates large generated daily heat to
generate power at night to meet the demand [33]. Generally, high-temperature thermal
storage enhances power efficiency by producing high-temperature steam [34]. This
efficiency is not constant throughout the lifecycle of the system. It should be noted that
thermal degradation occurs in PTC power plants over the time of operation [28]. This
thermal strain amongst other factors such as state of the collectors sometimes leads

to decreasing efficiency as the system operates over the time.

Excessive use of fossil fuels in power generation and locomotive fueling has caused
serious damage to the environment [35]. The adverse effects demand a shift to
renewable energy sources and the PTC system has proven itself a valuable

alternative.

Since this research is on the numerical modelling of PTC receiver, the proceeding

sections will be exclusively dedicated to the literature exploration on the receiver.

2.3. Parabolic Trough Collector (PTC) Receiver

The receiver is a specially designed system that is placed at the focal point of the
parabolic trough collector to absorb the reflected solar radiation from the reflector and
convert it into thermal energy that does useful work to generate electricity. The
absorber tube is one of the most important elements in a PTC system because of its
influence on CSP plant reliability and the energy production cost [36]. To supplement
the reliability of the system, solar tracking system is applied to give an incident angle
that depends on the location coordinates and solar angles [37]. This maximizes the

irradiance and heat flux which contribute to maximization of the generated power.
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2.3.1. PTC Receiver Design

The PTC receiver is designed with thermal losses as the major factor in consideration.
The receiver consists of absorber composed of a stainless steel tube with high
absorptance surface and low emissivity [38]. The applied selective coatings enable
high energy absorption and minimizing energy emission [28]. In addition to absorber,
a specialized glass envelope is placed around it to create an annulus space. It
prevents oxidation, minimizes convective thermal losses, thus improving thermal and
thermodynamic performance of receiver [27], [38]. The receiver thermal loss depends
on the vacuum quality in the receiver’s annulus space, geometry of the glass envelope
and receiver ends, absorber tube temperatures, and properties of the glass [9]. The

annulus is also airtight with specially designed insulators at the ends.

The figure below illustrates the generic design of the PTC receiver.

Reflector

Glass Tube

Nanofluid

Fig.2. 5: Generic PTC receiver as extracted from Naveenkumar et al. [7]

As shown above, the glass functions as an envelope against heat losses. However, in
some cases high temperature gradients will generate large thermal stresses that
results in destructive deformation on glass cover that induces thermal loss [39]. The
problem persists to be one of the challenges when it comes to designing the most
reliable receiver that can endure a wide range of temperature and the resultant thermal

stress.

Different designs of the receiver have been proposed to foster the enhancement of

heat transfer and consequently enhance thermal and thermodynamic performance.
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Fahim et al. [40], for instance, placed a series of internal obstacles within receiver and
investigated the influence of geometrical parameter, obstacles’ orientation and
spacing on the performance of the receiver. They established obstacles in the
absorber have a favorable influence on Nusselt number, and adverse effect on friction
factor—the friction factor is inversely proportional to the value of P/D. Similarly,
Mwesigye et al. [41] examined the impact of the geometrical concentration ratios on
the general performance of an enhanced receiver and found that an increase in
concentration ratios leads to an increased entropy generation rates due to the spike

in finite temperature differences as concentration ratios increase.

The proceeding sub-sections delves in some of the influences of the heat transfer
enhancement techniques of receiver and other associated parameters such as rim
angle and concentration ratios on the general thermal and thermodynamic

performance of the system as assessed in the existing literature.

2.3.2. Receiver Geometry
Geometry influences the performance of engineering functions in thermal systems.
Different researchers have examined not only the local geometry of the receiver, but
also the geometry of the collector and interrogated how it influences the performance
of the receiver itself.

Mwesigye et al. [42] investigated the influence of a geometrical parameter of collector
known as rim angle on the receiver temperature, and observed that as the rim angle
increases, the absorber tube circumferential temperature differences reduce. This has
implications on the performance of the receiver since a high circumferential
temperature significantly enables high thermal losses. Other geometric parameters of
collector such as concentration ratio affects the receiver performance as well.
Mwesigye et al. [43] examined impacts of concentration ratio on the Reynolds number
and found that an increase in concentration ratio leads to an increase in optimal

Reynolds number.

Other researchers have modified the geometry of the absorber tube to attain the most
performing geometry. Considering the traditional cylindrical absorber tube, Zou et al.
[44] investigated the effect of the receiver diameter (D) of the SEGS LS-2 PTC module

on the local concentration ratio (Cr) and discovered inverse proportionality. This is
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because the smaller the diameter, the higher the interaction of heat transfer fluid with
the absorbed thermal energy.

2.3.3. Receiver Efficiency
The absorber tube is one of the most important elements in a PTC system whose
thermal efficiency affects both plant reliability and cost [39]. It calls for critical study of
the factors that influence not just thermal efficiency, but also exergy efficiency.
Abdulhamed et al. [45] outlines the following factors that influence the receivers’

efficiencies:

e Receiver geometrical modifications such as internal fins enhance thermal
efficiency.
e Heat transfer coefficient, optical efficiency, adsorption, heat flux, transmission,

collector length, and absorber diameter affect receiver efficiencies.

It should be noted that it is not only the above-mentioned factors that exclusively
determine the performance of receiver. Padilla et al. [38] also considered the following

operating conditions that tend to dramatically affect the efficiencies of the system:

e Inlet temperature of heat transfer fluid affects the exergy leakage due to thermal
losses.
e Friction of the viscous fluid and heat transfer from high to low temperatures

result in exergy destruction.

As Bellos et al. [46] observed for inlet temperature equal to 650 K, the exergy efficiency
for Syltherm-800 is 37.71% and for Syltherm-800-CuO is 37.98%, presenting an
enhancement of 0.72%. It proves that inlet temperatures enable higher efficiency.
Increasing the temperature to higher levels will lead higher efficiencies, but current
thermal oil based HTFs degrade at temperatures above 400 C [4]. This further implies
that efficiency and applicability of HTF for heat transfer applications is hinged on their
trade-off of thermophysical and rheological properties [47]. Therefore, different heat

transfer fluid such as water of nano-fluid are explored.

In case of water as heat transfer fluid, it is determined that as mass flow rate increases,
heat absorption is augmented because as water flows quickly, more volume of water
absorbs more heat with less heat loss, resulting in enhanced efficiency of the collector
[48]. Another limiting factor with regards to a choice of heat transfer fluid is rate of
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decomposition. Some HTF such as water decompose when temperatures exceed

about 400°C, therefore getter is provided to absorb the resultant hydrogen [43]

As previously mentioned, friction factor influences the efficiency of the receiver.
Mwesigye et al. [43] observed that fluid friction irreversibility increases with an increase
in Reynolds number but does not change with changing concentration ratio, whereas
the heat transfer irreversibility decreases with increasing Reynolds numbers and

increases significantly as the concentration ratios increase.

2.3.4. Thermal and Thermodynamic Analysis of PTC Receiver

2.3.4.1. Mathematical Modelling of the Receiver System

Like any other engineering system, the PTC receiver system has a fundamental
mathematical foundation that describes its thermal and thermodynamic behavior. As
elaborated in [49]-[52], eq. (2.3)-(2.20) lay the important foundation to mathematically

model the flow and thermodynamics of the receiver.
The collector receives the available solar irradiation described by eq. (2.3).

2.3
Qs :Aa'lb ( )

Where A, = collector aperture area, I,, = Direct beam solar irradiation

Not all the irradiations are absorbed by the absorber tube as some energy is lost
through various energy loss mechanisms. The only useful energy of solar collector

gained by the heat transfer fluid is determined by eq. (2.4).

Qu = mc'cp (Tout _Tin) (24)

Alternatively, the useful energy can be quantified by considering convective heat

transfer formulation as shown by eq. (2.5).

Qu = hA‘I (Tr _Tfm) (25)

Where Tr,,,= mean fluid temperature, which is an average of inlet and out temperature

depicted in eq. (2.6).

T :(T +T,.) (2.6)

out
fm
2
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Therefore, to determined thermal efficiency of the receiver system, a ratio of the useful
energy and available solar irradiance is taken as shown by eq. (2.7).

Q 2.7)
Q

As previously mentioned, not all the available solar energy is absorbed by the

M =

absorber. Some are lost due to optical efficiency of the collector. The amount of

absorbed solar energy from the absorber is determined by eq. (2.8) and (2.9).

2.8
Qabs = Qu + Qloss ( )

2.9
Qabs = Qs 'nopt ( )

Where 7,,. = collector optical efficiency

The thermal loss in the receiver system can be reduced by evacuating the annulus
area. With evacuated annulus, the loss is through radiation and due to steady state,

the loss to cover is equal to loss to ambient as shown here:

4 4
Quss = Avo (T -T) (2.10)
0ss 1 1_ gc AO
- 74_7
gr gc A\:i

On similar fashion, cover loss to the environment through radiation and convection is
described by eqg. (2.11).

2.11

Qloss = hco'Ato (Tc _Tam ) + '%o 0.8, (Tc4 _Ta‘rln> ( )
The same references provided mathematical formulations on the flow of the heat
transfer fluid. Three major flow parameters are Reynolds number, Prandtl number, and

Nusselt number as they describe the nature of a flow. They are formulated as follows:
Reynold number,

Re — 4m, (2.12)
D1

Prandtl number,
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H“e, (2.13)
K

Pr=

Nusselt number,

_ 2.14
NU = h.li)” (2.14)

For smooth tube, a Nusselt number can be best described by Dittus-Boelter Equation

which relates it to Prandtl number.

(2.15)
Nu = 0.023Re® . Pro*

Another important flow parameters are friction factor and pressure drop as they
indicate the amount of power required to pump the fluid. They are quantified as follows

for smooth absorber tube:

Pressure drops,

L (1 (2.16)
Ap=f.—.| =.pu?
bt (o)

ri

Where the mean velocity of fluid in the absorber tube is,

g M (2.17)

Friction factor,

1 (2.18)
[0.79In(Re) ~1.64]°

r

Sky Temperatures determined,

2.19
T,, =0.0552T, (2.19)

Coefficient of convective heat transfer as reported in Mwesigye et.al [9] given ambient

temperature 300 K.

5o (2.20)
, =VeaR”

Where V,, is wind velocity.
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Pressure drop and pumping power can be related using this formula:

2 2.21
w, =220y AP (22

4
Most of the discussed mathematical formulations will be used in the modelling and

analysis chapters of this work.

2.3.4.2. Thermal and Thermodynamic Assessment
The fundamental research that has been carried out with relation to performance and
reliability of PTC receiver has predominantly been on the how to optimize thermal and
thermodynamic performance. They have scrutinized the thermodynamic variables that
can be considered when designing the receiver. These variables include heat flux
distribution, thermal energy, heat transfer coefficient, and thermophysical parameters

of materials.

Determination of heat flux distribution on the receiver is crucial to the analysis of the
thermal performance of the system [9]. This is because the heat flux dictates the
temperature distribution whose gradient influences performance of the system.
Manipulating convective heat transfer coefficient, an appropriate temperature gradient
is achieved. Risk of breakage and hydrogen built-up in receiver can be reduced
through reduction of circumferential temperature and peak temperatures with
improved heat transfer [42]. In PTC receivers, the non-uniformity of the absorber tube's
circumferential temperature leads to thermal stresses which results in breakage and
this requires optimal design that minimizes it [9].

To minimize temperature gradient and ensure optimal thermal and thermodynamic
performance of the receiver system, an enhancement is done on the receiver system.
Mwesigye et al. [53] investigated the influence of perforated inserts on the
performance of the receiver and observed that the use of perforated plate inserts is
shown to increase the modified thermal efficiency of the receiver in the range 1.2%
and 8% depending on the insert spacing, insert size and Reynolds number. The finding
validates the fact that an enhanced heat transfer generally reduces the temperature

gradient, hence minimizing the thermal losses.

Temperature difference can also be optimized by optimizing the rim angle of the

reflector. As Mwesigye et al. [42] found that as the rim angle increases, the
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circumferential temperature reduces which consequently results in increased thermal

and thermodynamic efficiency.

Besides temperature gradient, thermal strain constitutes a factor that influences the
overall thermal performance of a PTC receiver. As investigated by Fugiang et al. [28]
with asymmetrically corrugated parabolic trough receiver, it is established that using
asymmetric outward convex corrugated metal tube to replace the smooth tube for tube
receiver as tube receiver can reduce the von-Mises thermal strain up to 26.8%. The
modification of the conventional tube that result in this improvement translates to

general reliability of the receiver.

Just as the referenced study compares the thermal and thermodynamic performance
of smooth and corrugated receiver tube, Abdullahi et al. [54] introduced a novel
concept of investigating the comparative performance of single-tube receiver to
double-tube receiver at constant optical efficiency. The study showed that double tube
configurations outperformed single counterpart with a daily average of 21%, 19.8%
and 18.3% increase in heat delivered to the cooling water for HPCPC30, HPCPC40

and HPCPCG60 respectively for seven hours of operations as indicated below.
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Fig.2. 6: Comparative rate of heat transfer in double and single tube configuration [54]
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The difference is due to the minimization of thermal losses due to increased area upon

which concentrated irradiance lands on.

Novel design of parabolic trough receiver has contributed to the overall efficiency of
the receiver system. Some studies are devoted to a design that consider the heat
transfer thermal enhancement to improve the performance of the receiver. One of the
critical studies is Bellos et al. [55] that examined the impact of longitudinal fins on the
performance of the receiver by using performance criteria such as thermal efficiency
and Nusselt number. The study established that an increase in length of the internal

fins increase thermal efficiency as indicated below.

a) t=0mm - n,, = 66.24% t=5mm-n, =67.61%
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Fig.2. 7: Influence of the length of internal longitudinal fins [49]

The same study concluded that the most suitable fin exergetically is the one with 10
mm length, and comparatively more energetically (higher thermal efficiency) is the one
with 15 mm length. In other words, the higher fin length leads to higher thermal

performance, but the exergetic performance is maximized for a specific fin length. The
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reason for this conclusion is based on the increase in pressure drop for the longer fin.
The same study looked at the pressure drop as a performance criterion and found that
it increases with the increase in the fin length which is attributable to increased

turbulence induced by decreasing internal volume.

Apart from modifying the absorber tube to improve the receiver performance, some
studies examined a modified glass cover with internal shield. Hassan et al. [56] studied

internally shielded receiver as shown in figure below.

Glass Cover— .
Shield—

Absorber Tube——

e (+ve)

<——>

e (-ve)

Fig.2. 8: Novel designed receiver with internally shielded glass cover [56].

The study concluded that:

e Absorber diameter increase reduces performance sensitivity to tubular
eccentricities hence adversely affecting thermal efficiency.

e With large heat shield, eccentricities lower than 15 mm can be acceptable.

e Shielding the receiver is favourable for opening angles of no larger than 160°

e Optical efficiency is affected by heat shield compared to thermal efficiency.
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2.3.5. Performance Evaluation Criteria

2.3.5.1. PECs based on the First Law
The First Law of Thermodynamics is pivotal in evaluating the dynamics of energy in a
thermal system. For various systems, the following performance evaluation criteria

derived from the first law are used:
% Thermal efficiency.

This performance criterion evaluates the efficiency of energy conversion. Thermal
efficiency can be improved by either enhancing the heat transfer mechanism or
devising means to reduce losses. For instance, Zhao et al. [57] cascadingly applied
selective-coatings on an absorber of PTC and performed two-dimensional model
simulation to investigate its influence on the thermal efficiency. The study found that
multi-section systems which have higher emissivity compared to conventional systems
have less heat loss which translates to higher thermal efficiency. On similar note,
Shinde et al. [58] after conducting numerical simulation of novel receiver with especial
insulation over absorber tube established that the novel receiver shows substantially
lower efficiency when compared with the Schott receiver.

As mentioned, heat transfer enhancements improve thermal performance of the
receiver. One of the enhancements is combination of inserts with special heat transfer
fluid composed of nanofluid. Mohammed et al. [59] investigated thermohydraulic and
thermodynamic performance of insert of wavy tape using numerical simulation and
found thermal efficiency rises up to a specific value and then it starts to diminish with
the increase of temperature parameter. This is due to the increment of pumping power
as Reynolds number increases which gets remarkably higher than the useful heat

gain.

In addition to using nanofluid, Samiezadeh et al. [60] placed some internal fins at the
lower interior of a the absorber tube and observed that thermal efficiency dramatically
increases as the nanopatrticles are introduced and equally increased with the fin length
and number of fins. This is due to improved heat transfer mechanism. Just like fins, a
twisted tape inserts with nanofluid improves heat transfer. It was furthermore
established that the PEC values always increase by growth of nanoparticles volume
fractions. It was clear that for all studied conditions the PEC values of model LWRC

always rise by intensification of Reynolds numbers [61].
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% Pressure drops.

Pressure drop is one of the important parameters used to measure the performance
of receiver because it determines the friction factor and pumping power of the system.
Sani et al. [62] evaluated pressure drop of absorber with wavy twisted strips insert with
hybrid nanofluid HTF which established that pressure drop increases with Reynolds
numbers and equally increases with tape height. This has implications for an elevated
pumping power of the system which could have adverse consequences on the system

performance.

Similarly, Ibrahim et al. [63] conducted numerical study combining twisted turbulator
and two-phase nanofluid. The study observed that as the pitch ratio value increases,
the curvature in the turbulator rises and, as a result, the flow lines become more
curved. Besides, the amount of pressure is intensified significantly by raising the pitch
ratio [64].

2.3.5.2. PEC based on the Second Law

s Exergy efficiency

Exergy of a receiver system determines its effectiveness in maximizing useful energy.
For receiver system, many studies have been conducted to evaluate its performance
using this parameter. For instance, Allouhi et al. [65] performed numerical study using
nanofluid as HTF and observed that the exergy efficiency varied between 3.05% and
8.5 % for the base fluid case and gets improved more remarkably when nanofluids are
employed. The study discovered the peak exergy efficiency is attained by the CuO
based nanofluid and is about 9.05%. This means the useful energy absorbed

significantly increase with introduction of nanofluid as heat transfer fluid.
% Entropy generation rate

Like exergy efficiency, entropy generation rate and by extension entropy generation
number are performance evaluation criteria hinged on the Second Law of
Thermodynamics. They examine influences of irreversibility on the performance of a
system. Many studies, experimental and numerical studies, have been done on these
factors. For example, Goyal & Reddy [66] numerically studied entropy by modelling a
receiver with supercritical carbon dioxide. The study observed that the rate of entropy

generated due to heat transfer irreversibility dominates at low Reynolds number, and
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with increasing Reynolds number, the contribution of heat transfer reduces and the
contribution of fluid friction on the entropy generation increases.

2.4. Summary and conclusion

The chapter has explored the fundamentals of concentrated solar thermal power and
the development it has undergone to be proven as a promising and reliable source of
energy. Different types of CSP technologies have been discussed to give an
appreciation of the applicability of each with regards to the capabilities to supply

demanded energy.

Thermal and thermodynamic analysis and the mathematical models that underpin it
have been discussed to lay foundation for the framework needed in the subsequent
chapters of this work. Some of these formulations will be necessary in the construction
of thermal and CDF models and later in analysis and synthesis of the simulation

results.

Since research is usually a tangential deviation from the existing literature, various
relevant previous research has been highlighted to establish the unique niche for this
work. By so doing, credence is afforded to the work and its importance established.

As a conclusion, the chapter examine various performance evaluation criteria that are
often used to evaluate the thermal and thermodynamic performance of concentrated
solar thermal system. Some of these criteria will be applied in this work.

The subsequent chapters involve using the general knowledge assessed here to

develop the framework, test it, and evaluate the results.
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Chapter Three

Chapter 3: Numerical Modelling and  Theoretical
Framework
3.1. Introduction

Computational fluid dynamics utilizes complex tools in solving physical problems. The
usefulness and applicability of the tools can be appreciated by comprehensively
understanding the underpinning theories. This research uses a CFD tool called
ANSYS Fluent in performing the numerical simulation. To appreciate its power in
modelling the considered flow regime and the thermal models applied, this chapter

delves into the relevant theoretical framework that forms the basis of this study.

It explores mathematical equations applied, CFD and thermal models, Finite Volume

Method (FVM), and mesh generator analysis.

3.2. Mathematical Formulation

Fluid flow is one of prevalent natural phenomena. The process is precisely modelled
to determine the behaviour and how it influences the state of nature and subsequently
its harnessing. Three major mathematical formulations that fully describe fluid flow of
any nature and form the basis of the Navier's Stokes equations are: continuity
equation, momentum equation, and energy equation. Not only do they precisely
determine the nature of the flow, but also model vital elements of flow that are utilized

in fluid flow applications.

3.2.1. Conservation of Mass
The conservation of mass hinges on the law that states the mass in a domain cannot
be created nor destroyed. It models the flow with the mass continuum in consideration.
Also known as continuity equation, it has different variation, but its generic form is as
ineq. (3.1)

(3. 1)

dp
—/—+V.(pu)=0
it (pu)

The equation describes the conservation of mass which posits that the mass inflow

equals the mass outflow. This is underpinned by the mass balance described by the
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mass balance equation that forms the basis of eq. (3. 1). From it, some of the Navier’s

Stokes equations—system of formulations that describes fluid flow—are derived.

For steady state, extensive and intensive properties are time-independent, therefore

the terms in the equation that depend on time disappears.

3.2.2. Conservation of momentum
Also referred to as momentum equation, it is an expression of the second law of motion
that represents force balance in a flow. It describes the action of all forces on the flow.
The equation posits that a rate of change of momentum of micro unit in flow field
equals all the external forces acting on the unit [67]. It is derived from the Newton

Second law of motion.

The generic form of momentum equation can be either represented in differential or
vector form. Due to its compactness, it is the vector form that is usually reported as

shown in eq. (3. 2).

v 3.2)
p(E+V.VVj =-Vp+ V¥V + pg

Just like in continuity equation of the fluid flow, some of the Navier's Stokes are

derived.

3.2.3. Energy Equation

Derived from the First Law of Thermodynamics, energy equation describes the
conservation of energy in the fluid flow. It relates the behaviour of internal energy of

the system and the external energy that influences energy transport of the system.
The compact generic vector form of the energy equation is as shown in eqg. (3. 3)

De (3.3)
pa =—pVU+V.(KVT)+¢

3.3. Turbulent Modelling

3.3.1. Reynolds Average Navier’s Stokes Equation

As mentioned previously, Navier-Stokes equations are the fundamental mathematical
formulations of the fluid dynamics. They are derived from the governing equations
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briefly discussed in section 3.2 of this work. Despite the robustness of the Navier-
Stokes equations, their application in CFD modelling in their original form proves to be
challenging due to time-dependence in some of the terms. To circumvent the
challenge, time-averaging of the terms has been carried out and the resultant set of
equations are referred to as Reynolds Average Navier-Stokes (RANS) equations. The
simplification is done by neglecting the correlations with fluctuations of molecular
transport and thermodynamics coefficients such as viscosity and specific heat capacity
[68]. These equations effectively govern steady and fully developed flow. As reported
in Mwesigye et al. [43] the continuity equation, and momentum equation take the

following differential forms shown in eq. (3. 4) and (3. 5).

Continuity equation

Apu) (3.4)
OX;

Momentum equation

O )P0 [ ) 2 e (3.5)

X, pUU; ox o H ox, | ox Bﬂaxi i — PUU;

Similarly, the conservation of energy equation is time-averaged to conform with the
RANS equations presented in eq. (3. 4) and (3. 5).

Energy equation

a, (3. 6)

OX.

J

5. - pui'u'j

0 o, 0T yocT)| oP
~ _+_— +u lu _Iu 1)
X, ox 3 ox

ox, Ty o, x| o

]

a2 —]

Where T is time-averaged temperature, P is time-averaged pressure, A is the fluid
thermal conductivity and U;, U;, are respectively time-averaged velocity components

in i~and-j directions. Thermal stress term (—pTu'j) shows up in both momentum and

energy equation and is defined according to Boussinesq approach.

- ou. 6uj y ou (3.7)
—oul. = | —+—L |—=| pk+ 1 K |5,
p 17 ﬂt[ax 6X} 3(/) ll'l'[ an] 1)

] 1

Turbulent kinetic energy per unit mass (k) in eq. (3. 7) is given by:
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. (3. 8)

k= i(u'2 +v? +W'2)
2

From numerous CFD simulations of fluid flow, it has been established that Boussinesq

approach, especially k-€ model, is computationally less costly and is therefore usually
a popular choice for numerical study. In this approach, standard k-€ model and
realisable k-€ model present themselves equally robust. However, since realisable k-
€ model is based on analytic method, its results tend to be more accurate. In realizable

k-€ model additional equations of kinetic dissipation and kinetic energy are solved.

Turbulent kinetic dissipation,

3.9)
0 9 ) oe & (

2 (peu )= | us 2|2 |4 pes - pC, —E
axj(p ) axj[[ a]@x} Pooe P e

& j

Turbulent kinetic energy Kk,

(3. 10)
i(pkuj)iH,qu&J%}+Gk - pe

OX; X; o ) OX;

Where G, is production turbulent kinetic energy, which is a function of thermal stress.

— au, (3. 11)

Gk = —puiuj a—x

Further simplification of eq. (3. 11) using thermal stress equation yields the following

relation:

(3. 12)
G, = uS°

Where |l; is eddy viscosity which is a function of turbulent dissipation and kinetic

energy.

= pC,—
&
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Additional constants are required to fully solve all the governing equation in realizable

k-€ model. As presented in Ref. [67], these constants are defined as follow:

Clzmax{0.43,is] n=sX, s=fss, C,=19, 0,=1 o,=12
n+ &g

Where S;; is the rate of linear deformation of fluid element represented according to

Ref. [69].

1(ou ou. (3. 14)
Sij:_ _'+_J
2\ ax, ox

Eq.(3. 14) being a tensor, it has nine components decomposable into shearing and

elongation deformation.

3.3.2. Near-wall Treatment

For turbulence flow, the near-wall region is critical as shear stress and viscosity are
prominent. At the wall-fluid interface, viscous damping reduces tangential velocity
variation and kinematic blacking equally affects normal velocity gradient [67]. Because
of that influence, viscosity, velocity, and length in the near-wall region are defined as
shown in eq.(3. 15)-(3. 17).

Cell-wall distance (Length):

v (3. 15)

pu‘[

y:

Where U, is the average turbulent velocity in the region and is function of wall shear

stress and fluid density.

- (3. 16)
u =, [*%
Yo
Wall shear stress
(3.17)

Tw = OSCpri
Where C is the fluid skin friction defined as:
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0.026 (3.18)

©1 T Re

Determining cell-wall distance helps in ensuring the first node of the flow lies between
viscous sublayer and outer layer which ensures accurate prediction of pressure drop
and velocities of the turbulence flow. It is computationally determined by the non-
dimensional y* value. In CFD modelling of flow, appropriate y* values are

approximated using the wall function represented in figure below.

A

UfUr = 2.5 In{UT y/v) +5.45

-————  jnnerlayer —————| e o

Uidr = Ur yiv

é outer layer
=2
buffer layer fully turbulent
Viscous or blending region or upper limit depends
sublayer region log-law region on Reynolds number
+ +_
= =60
y 5 ¥ In Ut yiv

Fig.3. 1: Y-plus function as distributed in viscous layer [67]

As shown in the above logarithmic function, the appropriate y* value is dictated by the
nature of the turbulence. For instance, a fully developed turbulence would
appropriately do well with the value greater the 60. The choice of y* value is

nonetheless determined by the turbulent model being used.

3.4. Computational Fluid Dynamics Thermal Model
All CFD thermal models are based on the heat transfer mechanisms of conduction,

convection, and radiation.
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Thermal conduction involves spontaneous heat transfer from hot region to cold region
all governed by the natural law of thermodynamics. In CFD model, the thermal
conduction is modelled using the heat equation (Fourier law of conduction).

(3.19)
q =—kAT

Eq. (3. 19) implies that the heat transfer rate in the media is proportional to the
temperature difference, which means the greater the temperature differences of
participating media the higher the rate of heat transfer through conduction. That has

direct implication in designing thermal system.

Convective mechanism, similarly, naturally occurs or forced. Although most practical
engineering simulations are forced, naturally convection inherently occurs depending
on the Reynolds number of the flow. Natural convection is heat transfer caused by
fluid buoyancy forces that result from local temperature difference [70]. Both natural
and forced convection are mathematically modelled using Newton law of cooling

(3. 20)
g = hAAT

As depicted by eq.(3. 20), the heat transfer through convective mechanism is
influenced explicitly by the surface area and the temperature difference between the
surface and the fluid. In most flow regime, the velocity at the contact of surface and
the fluid is zero due to viscous effects. The phenomenon results into convective heat
transfer by heat diffusion (conduction) and heat transfer by fluid bulk flow (advection).

In case of highly turbulent flow advection tends to be prominent.

Both conductive and convective heat transfer mechanisms rely on the medium.
However, not all heat transfer mechanisms that need media; some occur through
electromagnetic mechanisms. This constitutes radiative heat transfer. Despite
inherent ability to occur in absence of media, radiation also occurs in porous media,
and this is indeed the realm where most engineering applications lies. Porous media
radiative heat transfer are generally high [71]. This is modelled using the Boltzmann’s

radiation formulation and its modification.

E=cA(T*-T,) (3.21)
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Just like convective heat transfer, the areas and temperatures of the surfaces involved

play defining role in radiative mechanism of heat transfer.

Based on the abovementioned heat transfer mechanism, useful CFD thermal models
have been developed to study complex thermal system. The most powerful models
are radiation models. They include Discrete ordinate radiation model, Rosseland
radiation model, and Surface-to-surface radiation model. All the models solve the

radiative transport equation (RTE) shown in equation below under different conditions.

o (3. 22)

E(T’#’¢): |(T,,U,¢)_J(Ta/11¢)

7]

Where; I is the diffuse radiance, T is the optical depth, L is cosine of zenith angle, ®
is Zenith angle, and J is source function.
A choice of the appropriate model to apply usually depends on the optical depth. For

instance, Surface-to-surface model is applicable in a case with thin optical depth

whereas Discrete Ordinates (DO) model works best in a relatively longer optical depth.

Given the fact that most radiation phenomenon model has longer optical depth,
discrete ordinate tends to be a useful tool. In computational domain using DO model,
the directional relation of the RTE is taken care of by executing an angular
discretization followed by an integral over the solid angle through numerical

quadrature [67]. This positively affects computational cost.

3.5. Modelling of Fluid Flow

Most of real-world fluid dynamics tends to be turbulent. To model them, scientists have

devised CFD models to accurately predict the flow behaviour.

One of the most useful turbulence models include: Standard k-€ model, RNG k-€

model, and realizable k-€ model. Although the models operate on similar principles of

solving additional turbulent kinetic energy and dissipation equation in addition to the

global governing equations, they possess inherent differences in their designed. While

standard and RNG k=€ models are formulated from stochastic relations, realizable k-
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€ model is derived from the exact equation for the mean-square vorticity fluctuation

and Reynolds stresses constraints to the physics of the model with an assumption of
fully-developed turbulence and effect of molecular viscosity being negligible [67]. The
deterministic nature of the model which capture the actual physics of the problem

makes it more accurate and therefore a popular choice in model turbulence flow.

3.6. Finite Volume Method

Finite Volume Method (FVM) is a numerical method used to solve complex partial
differential equations. Given the prevalence of these equations in engineering
applications, the method is very handy in engineering simulations, especially in

complex system involving fluid flow, heat transfer, and electromagnetics.

Major components of FVM include discretization over computational domain, flux

calculation on discrete volume, and application of those fluxes to the whole system.

The method procedurally performs discretization on structured and unstructured grids
with exceptional versatility and geometric adaptability [72]. It enables efficient
simulation of complex fluid flow system. Unlike Finite Difference Method (FDM), this
numerical method is relatively flexible and can be applied to complex systems such as
fluid flow, heat transfer, electromagnetics, and acoustics. Its versatility results from its

unstructured grids.

Most engineering simulations tools available such as ANSYS Fluent utilizes FVM in its

computation.

3.7. Solution Algorithms and Discretization Schemes

For computational solver to solve complex differential equations at computational
domain, an algorithm is required to perform integrations of velocity. In CFD codes,

ANSYS Fluent, pressure-based and density-based algorithms are available.

The algorithms are designed for specific suitability. While pressure-based algorithm is
developed for low incompressible flow, the density-based algorithm is meant for
compressible flow. Another difference lies in the extraction of velocity and pressure
fields. In density-based approach, the velocity field is extracted from momentum

equation, whereas in pressure-based approach, the pressure field is extracted by
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solving a pressure or pressure correction equation which is obtained by manipulating

continuity and momentum equations [67].

Despite the differences in the structure and suitability, both algorithms operate on
similar techniques of control-volume. This involves division of the domain into discrete
control volumes using a computational grid and apply the following procedure
according to Ref. [67]:

e Integration of the governing equations on the individual control volumes to
construct algebraic equations for the discrete dependent variables.
e Linearization of the discretized equations and simultaneously solve them.
As mentioned above, pressure-based approach suits incompressible flow and since
many of engineering simulations involve incompressible fluid owing to it less
complexity in modelling, this algorithm is commonly used. Therefore, it is worth delving

into its procedural structure. As present in Ref. [67], the flow chart looks as follows:

Pressure—Based Segregated Algorithm Pressure—Based Coupled Algorithm

l Update properties

| Update properties

1

Solve sequentially:
U, N W,

Solve simultaneously:
system of momentum

l and pressure—based

continuity equanons

Solve pressure—correction
(continuity ) equation

l

Update mass flux,

pressure. and velocity

l l

Solve energy. species, Solve energy. species,
turbulence. and other turbulence. and other
scalar equations scalar equations

N ~ l e - I ~ s 7 by
2 converged? L _Yes _ ¢ I Converged? —YL-— Stop >

Update mass flux

No

Fig.3. 2: Pressure-based couple algorithm as extracted from Ref. [67].

As show in the figure above, the pressure-based approach can be either segregated
or coupled. For segregated approach, the momentum equation and continuity
equation are solved separately, whereas in coupled scheme, both momentum and
continuity equations are solved simultaneously. The segregation of these governing

equations induces difficulties in the convergence of the solution thus making it less
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appealing. On the other hand, pressure-based coupled algorithm exhibits more

robustness.

As discussed in section 3.6 of this work, the Finite Volume Method operates on the
principle of discretization. The process integrates and converts scalar transport
equations into linear equations to be iteratively solved over computational domain. The
types of discretization used in most CFD codes are spatial discretization and temporal
discretization. In spatial discretization, the operation is done in space within the

element whereas in temporal discretization a time dimension is introduced.

In steady flow, spatial discretization is usually appropriate. It can be visualized in
presentation of generic control volume as shown in figure below illustrating the centre-

oriented discretization.

Fig.3. 3: Spatial discretization illustration as extracted from ANSYS, (2013)

In discretization process an upwind scheme is used to integrate the pressure and
velocity. It can be first-order or second-order upwind. First-order upwind set face value
of Q angle equal to cell-centre value of Q. That means, all the operations carried out
with centre of the cell as a reference. Second-order upwind, on the other hand, applies
multidimensional linear reconstruction. This makes the solution obtained more
accurate and subsequently eases the solution convergence. Since the accuracy of
solution bears an importance in any simulation, second upwind proves to be more

robust and a better choice.
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3.8. Pressure-volume Coupling
As mentioned in section 3.7 of this work, using pressure-based coupled algorithms is
more desirable as it simultaneously solve both momentum and continuity equations.

The operation is possible because of pressure-velocity coupling.

Many algorithms available for CFD simulation such as Simple, Simplec, PISO, and
Fractional Step Method and Coupled algorithm are all pressure-based segregated
algorithm. To improve their robustness, especially when dealing with incompressible

flow, pressure-velocity coupling is performed.

Improved velocity—pressure coupling is achieved by making use of a regularized form
of the divergence-free constraint, which recognizes the pressure as a Lagrange

multiplier enforcing the divergence-free constraint [73]

3.9. Summary and conclusion
The chapter delved into theoretical underpinnings of the computational fluid dynamics.
It explored the fundamental governing equations of a flow regime and their explicit

applications.

To develop theoretical framework that will be tested in this research, a concept of
Reynolds (ensembled) averaging was discussed. These results in an in-depth
exploration Reynold Average Navier’'s Stokes (RANS) equations that are essentially

modified versions of governing equations applicable for turbulence flow.

Due to pervasive applications of Finite Volume Method in numerical modelling of fluid
flow, this concept has been briefly examined. Some of its off-shooting elements such

as discretization schemes and pressure-velocity coupling have also been discussed.

In conclusion, the chapter lays a conceptual foundation that will be the basis for the
subsequent part of this work. The conceptual framework of numerical modelling of

turbulence flow will be tested in the proceeding chapters.
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Chapter Four

Chapter 4: Model Validation

4.1. Introduction

Computational Fluid Dynamics (CFD) is a complex field whose tools iteratively solve
complex equations that defines physical phenomena. The tool used in this
investigation, ANSYS Fluent, works on the similar principle. It solves Navier’s Stokes
equations in combination with other complementary equations under specified

boundary conditions.

Operationally, the system has a capacity to produce a solution, however inaccurate.
To build a trust in the sensibility and accuracy of obtained solution, a validation must
be carried out. It involves comparing the solutions of a developed model with the
similar existing solutions in literature. This chapter is dedicated to the validation

process of the developed models for this study.

Parabolic trough collector being an extensively researched technology, there are
several experimental and numerical studies on the performance of its receiver system
available in literature. In this study, Forristall [74] is used to validate the developed
models. Due to the precise accuracy and extensiveness of the study, it has been a
popular validating literature on the performance evaluation and optimization of novel
PTC receivers. Most of the literature cited in chapter two of this work have been
validated using this literature. Moreover, the study is a pioneering numerical
investigation of PTC receiver system carried out by National Renewable Energy
Laboratory (NREL) operated by the US Department of Energy and the models were
verified and validated using experiment data from Dudley et al. [75], an experimental
study conducted at the Sandia National Laboratory on SEGS LS-2. These make it a
trustworthy literature to check the accuracy of results obtained from numerical study

of the system.
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4.2. Description of the Validating Simulation

The validating literature [74] as mentioned in the introduction is a numerical study
carried out at NREL and its results rigorously validated with experimental data from
SEGS LS-2 experiments presented in Dudley et al. [75]. The computational model was

constructed in EES.

Just like several other models conducted in investigating the improvement of
performance of the PTC receiver system, the model used here is comprehensive and
it consists of thermodynamic elements: forced convection between heat transfer fluid
and inner surface of absorber, conduction within the walls of absorber, natural
convection, radiation and/or vacuum in the annulus space, conduction within the walls
of glass envelope, and radiation and/or natural convection on the outer wall of the
glass cover. This model offers all comprehensive cases possible for holistic
examination of the receiver performance. It examines the thermal and thermodynamic

performance in the case where:

e Annulus space is filled with air, hydrogen, or Argon.

¢ Annulus space is evacuated.

e Glass cover is removed.
Additionally, the outer surface of absorber tube is covered with selective coating whose
optical and thermal properties influence the overall performance. The selective

coatings include:

e Luz black chrome

e Luz Cermet

e Solel UVAC Cermet
For the computational setup, one-dimensional and two-dimensional energy balance
models were performed. The dimensions, optical, and physical properties of the

modelled system is represented in Table 4. 1.
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Table 4. 1: Model dimensions and optical and physical properties [74]

Properties Values
e Absorber inner diameter (m) e 0.066
e Absorber outer diameter (m) e 0.070
e Glass envelope inner diameter (m) e 0.109
e Glass envelope outer diameter (m) e 0.115
e Projected aperture width (m) e 50
e Mirror reflectivity e 0.90
e Optical efficiency (%) e 7413
e Coating absorbance e 0.98
e Glass envelope transmittance o 097
e Coating emittance at 100 C, 400 C e 0.04,01

The geometry described by the dimensions illustrated in the Table 4. 1 is shown by

this physical model represented by Fig.4. 1.

Fig.4. 1: Physical model [74]

Considering all the assumptions and simplifications, simulations for these two models
were performed and the results validated with experimental results from Dudley et al
[75] and perfect accuracy was established. The relevant results are reported in sub-

section 4.3.

The heat transfer fluid used here was Syltherm-800 whose physical properties are

temperature-dependent as reported in Mwesigye et al. [43]
For;

233.15<T <673K
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¢, =1.10787 +1.70736x10°T (kJkg *K %)

=1.2691x10° —1.52115T +1.7913x10°T2 —1.67145x10 °T3(kgm )
4 =1.90134x10" —1.88053x107*T (Wm 'k %)

Viscosity is given by piecewise polynomials.

For;
233.15<T <343K
11=5.14887x10° ~0,61656X10°T +7.50207T% -3.12468x107T° +7.32194X10°T* -9.14636x10°T° + 4.75624x10‘“T5(mPas)

For;

11=9.88562x10~7.30024x10°T +2.21917x107°T*~3.42377X10°°T° + 2.66836x10°°T * ~8.37194X 10T ° (mPas)

4.3. Results of the Validating Simulation

Under various operating and boundary conditions, number of simulation trials were
performed, and the consistent results obtained are reported in Table 4. 4. Two major
boundary conditions were that the upper half periphery of the absorber tube receives
the direct normal irradiance (DNI) whereas the lower half is subjected to non-uniform

heat flux modelled from optical ray tracing method (Monte Carlo Ray Tracing).

Table 4. 2: Simulation results from the NREL study conducted by Forristall [74]

Case b (Wim2) Tam(K) |V Tin(K) | Toue(K) | AT (C) Nth
(L/min)
1 933.7 294.4 47.7 375.4 397.2 21.80 72.51
2 968.2 295.6 47.8 424.2 446.5 22.30 70.90
3 982.3 297.5 49.1 470.7 492.7 22.00 70.17
4 909.5 299.5 54.7 527.9 542.6 14.70 70.25
5 937.9 299.4 55.5 571.0 589.6 18.60 67.98
6 880.6 302.0 55.6 570.2 590.4 20.20 68.92
7 903.2 300.7 56.3 629.1 647.2 18.10 63.82

To complete the validation of the developed model in this work, some of these results

are juxtaposed with results obtained in section 4.4.
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4.4. The Developed Model for This Work
4.4.1. Model Description

Physically, the receiver system is composed of absorber tube and glass cover as

described in section 4.2.

The model developed in this work is a simplified model that consider forced convective
heat transfer in absorber tube, conduction in the walls of the absorber tube, and
radiative heat transfer between outer surface of absorber tube and inner surface of
glass cover. An important assumption regarding the annulus space between absorber
tube and glass cover is that it is evacuated to eliminate natural convective heat loss,

thus allowing only radiative heat exchange between absorber and glass cover.

Just as presented in Section 4.2 of this work, the absorber tube is made of stainless
steel and glass cover of Pyrex glass. Unlike in that work, the physical and optical
properties of the material are temperature-independent, and no special coating
applied. These assumptions were made for simplification purpose. The lateral and

cross-sectional representation of the described model is shown in the figure below.
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Fig.4. 2: Literal and cross-sectional representation of physical model [53]

4.4.2. Boundary Conditions and Solution Methodology
The computational simulation was implemented in engineering simulation software,
ANSYS Fluent R2, that utilizes CFD codes. The physical geometry, a three-
dimensional physical model of the absorber tube, was constructed in the SpaceClaim.
Discretization and meshing were conducted using hexahedral element in the software

meshing environment.
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Turbulence flow was modelled using realizable k-¢ model and radiative exchange
between outer surface of the absorber and inner surface of the glass cover modelled
using discrete ordinate (DO) model. Enhanced wall-treatment was chosen to model
near-wall functional behaviour of the turbulence due to relatively low Reynold number
of the flow and y* values were not specified because the model is insensitive to y*
values as discussed in chapter 3, and thus failure to specify it does not affect the

solution accuracy [67].

Boundary conditions for the simulation were applied over computational domain.
Dimensions and operational conditions applied to the geometric construction and the
subsequent boundary conditions are represented in table 4.3. The constants were

extracted from Forristall [74].

Table 4. 3: Dimension, optical and thermal properties of receiver system

Properties Values
e Absorber inner diameter (m) e 0.066
e Absorber outer diameter (m) e 0.070
e Glass envelope inner diameter (m) e 0.109
e Glass envelope outer diameter (m) e 0.115
e Projected aperture width (m) o 7.8
e Aperture area m? e 39.0
e Mirror reflectivity e 090
e Optical efficiency (%) e 50
e Absorber absorbance e 097
e Glass envelope transmittance e 0.96
e Glass envelope emittance e 0.86
e Absorber emittance e 0.075
e Rim angle e 90°
e Concentration ratio o 71

To computationally set up the simulation, simplifying assumptions were made. They

include:

e Uniform heat flux
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e The lower half of the absorber tube receives concentrated heat flux from the
collector and the upper half receives flux from direct normal irradiation from the

sun. These fluxes were calculated using the following formulae:

= Flux applied on upper half.
q =arl, [28] 4. 1)

Where a is permittivity of the absorber.

T4 is transmissivity of the glass.

I, is direct normal irradiance.

= Flux applied on the lower half.

q"=nCel, [43] (4.2)

Where 1), is optical efficiency of the collector.
Cy is concentration ratio.
I, is direct normal irradiance.
e Fully developed turbulent flow.
¢ No-slip boundary conditions.
e Evacuated annulus space and no wind on the outside of the glass cover with
negligible natural convective loss. (Meaning: the only thermal loss to be

accounted for is radiative loss between the absorber and glass cover)

The operating and boundary conditions specified in section 4.3 of this work were
applied. Heat flux on the upper and lower halves of the absorber tube were calculated

in accordance with eq. (4. 1) and (4. 2) and respectively applied.

The exterior of glass cover was assumed to be taking the ambient temperature. The
rest of boundaries were coupled with the system to interact according to the other
applied boundary conditions. The Simple algorithm was chosen to integrate pressure
and velocity fields, and hybrid initialization was chosen to initialize the solution.
Continuity, momentum, DO, and k-¢ equations convergence was obtained at residual

less than 10-° and energy at less than 10.
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4.5.

Numerical Solutions and Comparison

Based on the operating and boundary conditions discussed, the simulations were

carried out and the results obtained are presented in Table 4. 4.

Table 4. 4: Results of the developed model for this study

Case |1 (Wm?) | Tun(K) |V Tin(K) Tout(K) AT (C) Nen
(L/min)
1 933.7 294.4 | 47.7 375.4 397.7 22.28 73.27
2 968.2 2956 | 47.8 424.2 447.0 22.80 71.97
3 982.3 297.5 | 49.1 470.7 493.3 22.65 71.43
4 909.5 299.5 | 54.7 527.9 547.2 19.25 71.09
5 937.9 299.4 | 55.5 571.0 591.1 20.11 70.68
6 880.6 302.0 | 55.6 570.2 589.0 18.84 70.78
7 903.2 300.7 | 56.3 629.1 649.3 20.24 70.21

To check the accuracy and correlation of the results, a comparison to the results

presented in Table 4. 2 in section 4.3 of this work was carried out. The juxtaposition

was done using the outlet temperatures, change in temperature, and thermal

efficiency. The charts below represent the comparison.
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Fig.4. 3: Comparison of outlet temperature of the developed model and Forristall,

(2003)
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Fig.4. 4: Comparison of temperature change of the developed model and Forristall,
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Fig.4. 5: Comparison of Thermal Efficiency of the developed model and Forristall,
(2003)

4.6. Discussion

As shown by the results, the outlet temperatures, temperature gains, and thermal

efficiencies in the two studies significantly correlate.
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Table 4. 5: Error distribution for the tested parameters

For. This For. This For. This
(2003) | Model (2003) | Model (2003) | Model
Toue (K) | Toue(K) | Error | AT (°C) | AT (°C) | Error Nen Nen Error
(%) (%) (%)
397.2 397.7 [0.12 21.80 [22.28 |2.19 7251 |73.27 |1.05
446.5 447.0 |0.11 22.30 [22.80 |2.22 70.90 |71.97 |1.51
492.7 493.3 |0.13 2200 [2265 |2.94 70.17 | 7143 |1.80
542.6 547.2 |0.84 1470 [19.25 |3095 |70.25 |71.09 |1.19
589.6 591.1 |0.26 18.60 |20.11 |8.10 67.98 |70.68 |3.97
590.4 589.0 [-0.23 |[20.20 |18.84 |-6.71 68.92 |70.78 |2.69
647.2 649.3 |0.33 18.10 |20.24 |11.85 |63.82 |70.21 |10.01
Average 0.22 7.36 3.17

The average percentage deviation of outlet temperature, temperature gain, and

thermal efficiency are 0.22 %, 7.3% and 3.17% respectively as shown in Table 4. 5,

which are minimal. The deviation is due to the difference in the some of the boundary

conditions in the two studies. The consequential differences are shown in Table 4. 6.

Table 4. 6 : Differences in the models that result in deviation.

Forristall (2003)

This model

Absorber tube
special coatings.
Physical properties of absorber
tube and glass cover are
temperature-dependent.

Heat flux applied was non-uniform
and it was modelled using MC
Ray Tracing.

Included the convective and
radiative loss outside of the glass
cover

is coated with

Polished stainless steel without
special coatings.

Physical properties of absorber
tube and glass cover
temperature-independent

The model assumed uniform heat
flux that are calculated out of
assumed optical and thermal
parameters of reflector.

Neglect the convective and
radiative loss outside the glass
cover

The differences mentioned in the Table 4. 6 have significant implications in the

deviations obtained in the two models. However conspicuous the percentage error in

some of the cases above, the trend remains consistent in both studies. For instance,
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the assumption of insignificant convective and radiative loss outside the glass cover
ensures higher values of the heat gain in the developed model, hence higher outlet
temperature, heat gain, and thermal efficiency. The similarity in the trend and the
closeness of the values of the parameters examined validate the accuracy of the

developed model and the result obtained from it can be scientifically trusted.

4.7. Summary and Conclusion

Having looked at the correlation between the developed model and the existing
literature, the results from model can be trusted and thus replicable. Therefore, the
geometry of the novel receiver model with annular fins will be inserted into the model
and simulation carried out with consideration of specific parameters, some of which

include Reynolds numbers and inlet temperatures, and other boundary conditions.

This chapter lays the foundation for the subsequent part of this research as the
theoretical framework developed in chapter three has been successfully tested here,

and therefore can be used in the proceeding chapters.
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Chapter Five

Chapter 5: Performance Evaluation Based on the First
Law of Thermodynamics

5.1. Introduction

First law of thermodynamics contextually examines thermodynamic processes using
the lens of energy conservation. By thermodynamically enhancing the receiver, some
of these processes are influenced. This chapter evaluates the performance of the PTC

receiver by applying criteria based on the First Law of Thermodynamics.

The chosen performance evaluation criteria include, entropy generation rate, entropy
distribution along the length of the receiver, entropy generation number, Bejan

number, exergy efficiency, and exergy destruction rate.

5.2. Model Description
5.2.1. Physical Model

The physical model investigated is as described in sub-section 4.4.1 of this work. It
consists of an absorber tube with external annular fins arbitrarily placed along its
length at equal distance. The number of fins used in this study are 9 fins and 19 fins.
The numbers were arbitrarily chosen to investigate the effect of changing the number
of fins.

The fin length was equally varied by choosing 5 mm and 10 mm. Just as the fin number
was varied, this fin length variation is aimed at studying the influence of changing the
fin length on the performance of the receiver. The dimensions, thermal and optical

properties of the absorber as presented in Table 5. 1.

The absorber tube is enveloped in glass cover with dimensions, thermal and optical
properties also listed in Table 5. 1. The glass cover is meant to reduce convective heat
loss, as this improves the performance of the receiver. The sample physical

representations of this model are shown in appendix A.6.1 to A.6.3
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The collector was constructed in a way its rim angle (¢) is 90° and geometrical
concentration ratio (C;) of 86 as reported by Mwesigye et al [43]. As presented in
Table 4. 3, some of these dimensions, optical, and thermal properties extracted from
the cited literature has been combined with fittingly chosen properties and applied to

this physical model. All the dimensions and material properties are listed in Table 5. 1

Table 5. 1: Dimension, optical and physical properties

Properties Values
e Absorber inner diameter (m) e 0.066
e Absorber outer diameter (m) e 0.070
e Glass envelope inner diameter (m) e 0.109
e Glass envelope outer diameter (m) e 0.115
e Aperture length (m) e 50
e Aperture area (m?) e 4458
e Mirror reflectivity e 0.90
e Optical efficiency (%) e 754
e Direct Normal Irradiance (W/m?) e 1000
e Absorber absorbance e 0.97
e Glass envelope transmittance e 0.96
e Glass envelope emittance e 0.86
e Absorber emittance (polished stainless steel) e 0.075
e Rim angle e 90°
e Concentration ratio, Cr e 86
e Fin length (mm) e 510
e Fin width (mm) e 10
e Number of fins (~) e 9,19

The physical model constructed using these dimensions and physical properties is
used in the subsequent part of this work.

5.2.2.

The operating conditions of the model are set at atmospheric pressure, and ambient

Boundary conditions

temperature of 300 K.
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The simulation was set up such that the inlet mass flow rate is calculated from the
targeted Reynolds number based on eq. (2.12). The Reynolds numbers in the range
of 5000-35000 were considered for this model. The turbulence flow was chosen
because most flow regime in this kind of problem tends to be fully developed
turbulence. As stated in sub-section 4.4.2 of this work, the flow was subjected to no-
slip boundary constraint. Also, at inlet the gauge pressure was constrained at zero and
therefore the static pressure at the inlet is the resultant pressure due to the inlet flow

rate. The inlet temperatures varied in the range of 350-600 K.
All the simplifying assumptions discussed in sub-section 4.4.2 were applied.

Heat flux was computed using eq. (4.1 and 4.2) and applied at the lower and upper

peripheries of the absorber tube as discussed in sub-section 4.4.2.

5.2.3.

To ensure the variation in number of elements in the simulation does not influence the

Grid Independence Test

accuracy of the results, a grid independence test was carried out with inlet temperature
of 350 K and Reynolds number of 5000 with varied number of elements in the range
of 190,000 - 1,000,000 cells and the results are presented in Table 5. 2.

Table 5. 2: Parameters considered for the grid-independence test.

Parameters | Mesh1 | Mesh2 | Mesh3 | Mesh4 | Mesh5 | Mesh 6 | Mesh 7
Cells 194799 | 246313 | 302104 | 400620 | 546761 | 693960 | 957822
T, 377.96 |378.13 |378.25 |378.49 |378.69 |378.83 |378.94
Error (%) 0.04 0.03 0.06 0.05 0.04 0.03 Baseline
'|'r 489.15 | 492.01 |493.92 |496.79 |497.70 |497.57 |497.29
Error (%) 0.58 0.39 0.58 0.18 -0.03 -0.06 Baseline
AP 139.83 | 13590 |132.96 |125.98 |118.42 |113.59 |109.56
Error (%) -2.81 -2.16 -5.25 -6.00 -4.08 -3.55 Baseline

As observed in Table 5. 2, the percentage error induced by changing the number of
elements of mesh is minimal across all the tested parameters and using all the cells

tested does not induce any substantial error in the solution. Therefore, the range of
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the number of elements chosen for this work was 200,000 - 600,000 since this range

ensure the computational cost is minimized.

5.2.4. Solution Procedure

As mentioned in sub-section 4.4.2, the numerical simulation was implemented in
engineering simulations software, ANSYS Fluent R2, that utilizes CFD codes.
Discretization, meshing, and radiative model was implemented as described in the

same sub-section.

Dimensions, material properties, and operational conditions applied to the geometric
construction are discussed in sub-section 5.2.1 of this work, and were extracted from
Refs. [74]-[76] as previously mentioned.

The first batch of simulation involved varying Reynolds number ranging from 5000-
35000 at inlet temperature 350 K, 400 K and 500 K.

The operating, boundary conditions, and assumptions are discussed in sub-section
5.2.2 of this work.

Regarding thermal model, the calculated heat fluxes are applied at outer surface of
the respective halves of the absorber tube. The rest of the absorber tube is coupled

with the system to freely interact with the rest thermally and thermodynamically.

For radiation model, the Discrete Ordinate (DO) model is applied to the receiver
system with absorber tube and glass cover as the participating agents. The
temperature outside the glass cover is set to a temperature equaling the ambient
temperature of 300 K. Emissivity of the Pyrex glass is assumed to be 0.86 whereas
that of the polished stainless steel used in absorber tube is set at 0.075 as used in

various literature.

The Simple algorithm was chosen to integrate pressure and velocity fields. The

solution was initialized using hybrid initialization.

Scaled residuals were used to monitor the convergence. Convergence was achieved

at scaled residuals less than 10-° for continuity, momentum, discrete ordinate, and k-¢
equations, while energy converged at the residuals less than 107", The sample of the

scaled residual is shown in Appendix A.1 of this work. In addition to scaled residual,

mass imbalance was monitored to ensure the conservation of mass was achieved.
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The simulations were iteratively run for varied inlet temperatures in 350 - 600 K range
for Reynolds number 5000, 10000 and 20000 for externally enhanced absorber tube
and smooth one for comparison. The same was done for Reynolds numbers in 5000-
35000 range at inlet temperature of 350 K, 400 K and 500 K. The number of fins was
then arbitrarily increased from 9 to 19 and fin length at 5 mm to 10 mm and subjected
to previous boundary conditions.

5.3. Effect of Fins on Thermal Efficiency

To investigate the effect of fins and their variations on the thermal efficiency of the
receiver, inlet temperature is varied in the range of 350 - 600 K at Reynolds numbers
of 5000, 10000, and 20000 for both smooth absorber tube and absorber tube with nine
annular fins with fin length of 5 mm arbitrarily placed at equal distance along its length.
As shown in Fig. 5. 1, the thermal efficiency for Re = 5000 steadily decreases for inlet
temperature in the range of 350 - 400 K and no significant change for 400 - 500 K.
Exponential increase in thermal efficiency occurs at 500 K inlet temperature. As
expected, the enhanced receiver has higher thermal efficiency. This is because fins
increase the surface area for the applied heat flux hence, higher conductive heat
transfer. The results of Re = 10000 and 20000 exhibit similar trend but with higher
thermal efficiency, and smooth exponential behaviour. With increase in flow
turbulence, the convective heat transfer increases therefore high energy is transferred

to the heat transfer fluid thus increasing thermal efficiency.

56



1.00 7

0.98
0.96
kS 0.94 —@— Smooth (Re = 5000) abs
> Y. :
) —@— Finned (Re = 5000) abs
5] 0.92 —@— Smooth (Re = 10000) abs
2o :
= Finned (Re = 10000) abs
@ 0.90 —@— Smooth (Re = 20000) abs
g ' —@—Finned (Re = 20000) abs
T 0.88
_C
|_
0.86
0.84
0.82 L] T T T L)
350 400 450 500 550 600

Tin (K)

Fig. 5. 1: Thermal efficiencies as function of inlet temperatures for Re = 5000, 10000,
20000

For comprehensiveness, thermal efficiency of enhanced and smooth receiver was
comparatively examined as functions of Reynolds numbers. This was done by varying
the turbulence at inlet temperatures of 350 K, 400 K, and 500 K.
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Fig. 5. 2: Thermal efficiencies as function of Reynold numbers for Tin = 350 K, 400 K,
500 K
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As shown in Fig. 5. 2, the thermal efficiency steadily decreases with increase in
Reynolds number for 350 K inlet temperature. An increase of 2.26 percent for Tin =
350 K, 2.21 percent for Tin = 400 K and 2.22 percent for Tin = 500 K is recorded. The
increase, though not substantial, is due to the increase in conductive heat transfer

owing to increased surface area.

Unlike Tin = 350 K, the results of Tin = 400K, 500 K show a rather constant thermal
efficiency with increase in Reynolds numbers. The trend is due to relatively high
turbulence caused by high inlet temperature. Since the heat transfer fluid properties
are temperature-dependent, no significant change in thermal efficiency is expected as

both inlet temperature and Reynolds number increase.

Despite the constancy of the thermal efficiency with increasing inlet temperatures and
Reynolds numbers, the introduction of fins increases the thermal efficiency due to

similar reasons mentioned in this section and that influence is shown in Fig. 5. 3.

Looking at influence of introducing just external annular fins is insufficient. A variation
in the number of fins and their fin lengths further paint clearer picture. To implement
this, the number of fins were arbitrarily increased from nine to nineteen and placed at
equal distance along the absorber tube. Similarly, the fin length was increased from 5
mm to 10 mm. Inlet temperatures and Reynolds numbers were varied accordingly to
generate the turbulence and the results are shown in Fig. 5. 3 and Fig. 5. 4. The tests

were carried out at Tin = 350 K while varying the Reynolds number.
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Fig. 5. 3: Variation of thermal efficiency from increasing the number of the external

annular fins at Tin = 350 K.
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Doubling the number of fins has positive impact on thermal efficiency. Thermal
efficiency in the receiver with 19 fins is higher than the one with 9 fins and smooth one
has the lowest as depicted in Fig. 5. 3. Increasing the number of fins increases the
external surface area of the absorber tube and that allows more heat flux to be
absorbed and conducted to the heat transfer fluid. Consequently, an increase in the
amount of energy absorbed in HTF increases thermal efficiency due to their direct

proportionality formulated in eq. (2.7).
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Fig. 5. 4: Thermal efficiency as influenced by increase fin length at Tin = 350 K.

Similar trend is observed in Fig. 5. 4 with a doubling of the fin length. As depicted on
the graph, the efficiency in t = 10 mm is higher than the t = 5 mm with efficiencies lying
in the range of 88 - 90.5 percent while smooth receiver falls in the range of 84 - 86
percent. The appreciation in thermal efficiency is the positive influence of increasing

absorber surface area on the heat transfer.

5.4. Influence of Fins on Thermal Enhancement Factor

The motivation for introducing external annular fins hinges on enhancing thermal heat
transfer. One of the criteria to measure this is thermal enhancement factor. To
determine how the novel receiver perform against this performance evaluation criteria,
a simulation was conducted by varying Reynolds number at inlet temperatures of 350
K and 400 K. As Fig. 5. 5 shows, the thermal enhancement factor peaks at 15,000
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Reynolds number while at the minimum at 25,000. Its average thermal enhancement
factor is 1.0042, which indicates 0.42 percent thermal enhancement.
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Fig. 5. 5: Thermal enhancement factor at 350 K inlet temperature

The results of 400 K inlet temperature show, an average thermal enhancement factor
at 1.0036 which reflects 0.36 percent thermal enhancement with maximum and

minimum as depicted in Fig. 5. 6.
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Fig. 5. 6: Thermal enhancement factor at 400 K inlet temperature

Considering the percentage thermal enhancement of both, it is apparent that an
increase in inlet temperature reduces thermal enhancement factor. This is because

the tremendous turbulence, that is, increase in fluid bulk velocity with temperature,
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allows minimal time for heat transfer fluid to gain sufficient heat energy before exiting
the absorber tube given its relatively shorter length.

Since examining just influence of 9-fins receiver at various turbulence state is not
conclusive, it was necessary to test the impact of increasing the number of fins. The

results are as presented in Fig. 5. 7.
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Fig. 5. 7: Comparison of thermal enhancement factors with 9 fins and 19 fins

As observed, an increase in the number of fins increases thermal enhancement factor.
As shown in Fig. 5. 7, the thermal enhancement factor at the Reynolds number 5000
depicts the highest thermal enhancement factor and the average thermal
enhancement factors for 9-fins and 19-fins absorber tube are 1.0042 and 1.0088
respectively, which comparatively implies enhancement percentage of 0.42% and
0.88%. Therefore, increasing the number of fins improves thermal performance of the
receiver. This is because fins naturally increase the surface area that consequently

increases the amount of heat flux absorbed by the absorber tube.

5.5. Thermal Loss, and Circumferential Temperature Gradient in

Relation to Fin Variations
Thermal stress and strain are critical elements that determine failure of thermal
system. This demands an attention to investigate factors that influence them. One of

the factors is circumferential temperature gradient. What’s more, in designing thermal
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system, thermal loss is put into consideration. This section is examining the influence

of fins on these two critical factors.

To objectively determine the influence of fins, a test is carried out at different outlet
temperatures and Reynolds numbers. As shown in Fig. 5. 8 and Fig. 5. 9, thermal loss
in smooth reciever is higher than the enhanced one. This is because although the fins
increase the surface area that may inherently increase the radiative loss, the increased
surface area also enhances heat conduction and the rate of heat absorption is
relatively high hence reducing the losses.

In Fig. 5. 8, thermal loss for both smooth and enhanced reciever tested at Re = 5,000
steadly decreases from Tin = 350 - 450 K and exponentially increases after that point.
Increasing the Reynolds number decreases the thermal loss and at the lower
temperature and the functions of thermal loss in terms of inlet temperature transform
into an a positive exponent. The increase of thermal loss with inlet temperature is due
to the fact that an increase in inlet temperature increases the temperature gradient
between inner wall of the glass cover and outer surface of the absorber thus increasing

the heat loss due to radiation (the only considered heat loss mechanism in this study).
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Fig. 5. 8: Thermal loss as function of inlet temperature tested at Re = 5000, 10,000,
20,000 for both smooth and finned absorber

For inlet temperatures of 350 K and 400 K, thermal loss decreases with Reynolds
number as shown in Fig. 5. 9. This is because as Reynolds number increases, the

turbulence of flow proportionally increases and therefore improving convective heat
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transfer hence less heat loss. At higher inlet temperatures as tested at Tin = 500 K,
no substantial change in thermal loss has been observed,; it tends to be constant but
higher that the one at lower inlet temperatures. This comparatively greater thermal
loss is the relative higher temperature gradient between the two surfaces participating

in the radiation.
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Fig. 5. 9: Thermal loss as functions of Reynold number test at Tin = 350 K, 400 K, 500

K for both smooth and finned absorber

As previously mentioned, circumferential temperature gradient influence performance
of thermal system as it may lead to deformation of the reciever. At Re = 5000, 10000,
and 20000, circumferential temperature gradient for both smooth and enhanced
reciever has been examined as a function of inlet temperature as presented in Fig. 5.
10. As shown, the circumferential temperature gradient decreases with increase in
inlet temperature. The observed trend is due to the fact that increasing inlet
temperature leads to increase in fluid flow rate because of temperature-dependence
of fluid properties which consequently ensure the higher convective heat transfer thus

reducing temperature difference on the absorber tube.
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Fig. 5. 10: Circumferential temperature gradient as function of inlet temperature for Re
= 5,000, 10,000, 20,000 for both smooth and finned absorber tube

Similar trend is observed with varying Reynolds number at inlet temperature 350 K,
400 K and 500 K. The reason for the decrease in the circumferential temperature
gradient with increasing Reynolds number is owing to the increase turbulence that

increases the flow rate which dampens the temperature difference on the absorber.
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Fig. 5. 11: Circumferential temperature gradient as function of Reynolds number at Tin
=350 K, 400 K, 500 K for both smooth and finned absorber tube
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In both cases of varying inlet temperatures and Reynolds numbers, it is observed that
the circumferential temperature gradient is higher for the enhanced receiver than
smooth one. It is also shown that low Reynolds numbers exhibit higher circumferential
temperature gradient. The spike in the circumferential temperature gradient for
enhanced receiver is because an induced extrusion that facilitates higher absorption
of heat energy which raises temperature at this fin position thus increasing the

maximum temperature there as shown in appendix A.2.

A variation of the fins number and fin length was done and their impact on
circumferential temperature gradient and thermal loss observed. These tests were

carried out at inlet temperature of 350 K.

As depicted in Fig. 5. 12, using fewer fins do not significantly impact the thermal loss,
but significantly increasing number of fins leads to increase in the thermal loss. As
observed, 19-fins reciever has the highest thermal loss compared to both smooth and
9-fins reciever. This increase in thermal loss with increased number of fins is due to
inherent increase of surface area offered by additional fins which increases the

radiative thermal loss.
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Fig. 5. 12: Thermal loss as examined for increased number of fins at Ti» = 350 K for

varied Reynold number
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In Fig. 5. 13, circumferential temperature gradient increases with number of fins, with
both 9 fins and 19 fins having higher but indistinguishable temperature differences
from 5000-25000 Reynolds number range. After 25000 Reynolds number, the the
reciever with larger number of fins acquires higher circumferential temperature
gradient. This direct proportionality is due to varied convection due to increased
amount of heat absorbed by the absorber tube.
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Fig. 5. 13: Circumferential temperature gradient examined for increased number of

fins at Tin= 350 K for varied Reynolds number.

Increasing number of fins increases both thermal loss and circumferential temperature
gradient, just as fins length influences. Fig. 5. 14 and Fig. 5. 15 show the highest
thermal loss and circumferential temperature gradient for t = 10 mm and the lowest for

smooth absorber tube.

66



500.00

450.00

—@— 19 Fins (t=10mm) abs
400.00 —®— Smooth abs
—®—19 Fins (t=5mm) abs

— 350.00

300.00

250.00

Thermal Loss (W

200.00

150.00

100.00

5000 e ey
5000 10000 15000 20000 25000 30000 35000

Re [*]

Fig. 5. 14: Influence of fins length for varied Reynold numbers tested at Tin = 350 K
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Fig. 5. 15: Influence of fins length for varied Reynold numbers tested at Tin = 350 K

67



The reason for this variation is due to the incremental influence of surface area on

heat energy absorption of the system.

5.6. Nusselt Number and Fluid Friction

Nusselt number and fluid friction determine the flow regime as they model the flow
resistance which has influence on the pressure variation. While the Nusselt number
defined the degree of dominance of convective heat transfer over the conductive heat
transfer, the fluid friction depicts the resistance in the flow.

Therefore, the Nusselt number and fluid friction has been considered in this work for
the variation of the number of fins for different Reynolds numbers at Tin = 350. As
shown in Fig. 5. 16 and Fig. 5. 17, the fluid friction and Nusselt number are respectively
indistinguishable for varied number of fins. This means, the enhancement does not

significantly impact these non-dimensional numbers.
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Fig. 5. 16: Impact of number of fins on the friction factor
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The minimal variation in the Nusselt number and fluid friction is that the difference in

temperature due to heat transfer fluid is not very significant. Therefore, the difference

in the parameters is minimal.
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Fig. 5. 18: Influence of change of fin length on the friction factor

Changing the fin length at Tin = 350 K shows a similar trend. At lower Reynolds
numbers, it is observed that the friction factor decreases with increase in the fin length.

However, the increase in the turbulence as shown above makes the friction factor to
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be indistinguishable. The indistinguishability of the friction factor at high Reynold
number is that the viscosity tends to dissipate with increased turbulence and therefore

making the friction factor near-zero relatively close.

5.7. Pumping Power and Pressure Drops

Pumping power and pressure drop interrelate and they are critically observed when
designing a thermal system. They are mathematically related using eq. (2.21). As
depicted in this equation and reflected in Fig. 5. 19 and Fig. 5. 20 , an increase in
pressure drop demands higher pumping power. Since pumping power saps energy
resources, it is necessary to minimize it. The minimization is achievable with trade-off

of pressure.
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Fig. 5. 19:Variation of pumping power with inlet temperature

Fig. 5. 19 shows the increase in inlet temperature increases the pumping power.
What's more, introducing fins reduces it. The reason for direct proportionality of the
inlet temperature with pumping power is because the heat transfer fluid properties are
dependent on temperature, and this consequently increases the pressure as shown in
Fig. 5. 20
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Fig. 5. 20: Variation of pressure with changing inlet temperature

Pressure drops and pumping power also increases with increase in Reynold number

as shown above.

5.8. Summary and Conclusion

This chapter has examined some critical performance criteria based on the First Law
of Thermodynamics. They include thermal efficiency, circumferential temperature
gradient, thermal loss, thermal enhancement factor, Nusselt number, fluid friction,
pressure drop and pumping power in varied Reynold numbers, inlet temperature,

number of fins, and fin length.
The following conclusions were drawn:

e Both increase in the number of fins and fins length improve thermal efficiency.
An increase of 2.26 % for Tin = 350 K, 2.21 % for Tin = 400 K and 2.22 % for Tin
=500 K and t = 5 mm was recorded. The increase is due to the increase in
conductive heat transfer owing to increased surface area due to increased
number of fins. Similar trend is observed with the efficiency in t = 10 mm being
higher than the t = 5 mm with efficiencies lying in the range of 88 - 90.5 percent
while unenhanced receiver falls in the range of 84 - 86 percent

71



There is marginal increase in thermal enhancement factor, which implies the
introduction of fins, and its variation is thermally favourable.

It is observed the fins increase heat loss and this has adverse influence on
thermal enhancement factor.

Simultaneously increasing inlet temperature and Reynolds number increases
thermal loss. This is because increased inlet temperature influences the HTF
properties that contribute to thermal loss.

Fins and their variations do not have significant influence on the Nusselt
number and fluid friction. That is, the values of Nusselt number and friction
factor of the enhanced and smooth absorber are relatively indistinguishable.
Pumping power and pressure drop has been observed to be spiking with

introduction of fins.
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Chapter Six

Chapter 6: Performance Evaluation Based on the
Second Law of Thermodynamics

6.1. Introduction

Despite effectiveness of the First Law of Thermodynamics in analysing the thermal
performance of a system as far as energy conservation is concerned, it does not
conclusively elaborate the dynamics of available useful work of the system. This

demands utilization of the Second Law of Thermodynamics.

This section delves into the performance evaluation criteria based on the Second Law
of Thermodynamics. The criteria have been divided into those that hinge on entropy

generation and those dependent on the exergy of the system.

6.2. Entropy Generation Analysis

This sub-section examines entropy generation rate, entropy generation distribution
along the length of the receiver, non-dimensional entropy generation number, and
Bejan number as critical performance criteria of measuring entropy of the system. The
results presented here are extracted from the simulation methodology discussed in

chapter five of this work.

6.2.1. Entropy Generation Rate
Entropy generation influences the useful work of thermal system. This makes it a
critical factor to consider when evaluating the system performance. The entropy

generation rate is examined for the receiver (entire collector system).

The entropy generation rate for the entire collector system was determined by
formulation derived from Gouy-Stodola Theorem as presented in Refs.([77], [78])

s -2, .Q (6. 1)

T T T
Where Qo is heat loss, Q is energy gain by HTF, Q" is Sun’s heat discharge rate, To is

ambient temperature, T, is average absorber temperature, T" is adjusted Sun

temperature.
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Fig. 6. 1 shows the collector entropy generation rate for smooth receiver is greater
than an enhanced one for all inlet temperatures for all considered Reynolds numbers.
It also shows entropy generation rate steadily increases in range of 350 — 450 K inlet
temperature for Re = 5000 and thereafter starts to decrease. The similar trend is
observed for Re = 10000, but the increase of entropy generation rate is slow for lower
inlet temperature and for Re = 20000 it tends to decrease from the onset with an
increase in inlet temperature. The same graph also shows the entropy generation rate
for higher Reynolds numbers is greater for lower inlet temperatures; while at higher
inlet temperatures, the entropy generation rate for lower Reynolds numbers from 500-
600 K inlet temperatures tends to be higher than the ones with higher Reynolds
numbers.

Higher inlet temperatures tend to have lower entropy because higher inlet
temperatures ensure high bulk temperature of the heat transfer fluid. At higher bulk
temperatures, the entropy generation due to heat transfer is low because of their
inverse proportionality. It is established that the entropy generation for Re = 5000 is

reduced by 1.44 % across all inlet temperatures.

110

—@— Smooth (Re = 5000) abs
Finned (Re = 5000) abs
Smooth (Re = 10000) abs
Finned (Re = 10000) abs

- —@— Smooth (Re = 20000) abs

95 N —@— Finned (Re = 20000) abs

) \

85

105

100

S gen (W/K)

80

75

70

65—ttty
350 400 450 500 550 600

Fig. 6. 1: Collector entropy generation rate as function of inlet temperatures at Re =
5000, 10000, 20000 for smooth and finned absorber
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To test the influence of fins on the collector's entropy generation rate, Reynolds
number was varied for inlet temperature 350 K, 400 K and 500 K. As shown in Fig. 6.
2, the collector generation rate increases with increase in Reynolds number numbers
for Tin = 350 K, 400 K with smooth absorber having higher entropy generation rate.
For Tin = 500, no noticeable change is observed with increasing Reynolds number, but
the smooth absorber tube similarly has higher entropy generation rate.
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Fig. 6. 2: Collector entropy generation rate as function of Reynold number at Ti, = 350
K, 400 K, 500 K for smooth and finned absorber

The entropy of the system increases with increasing turbulence for lower inlet
temperature because as the Reynolds number increase, fluid thermal resistance
relatively increases, and this generates entropy. As bulk temperatures increase, this
resistance dissipate, and the entropy generation reduces and that is why the entropy

generation rate for Tin = 500 K is comparatively low.

Changing fin length also has influence on the collector entropy generation rate.

Increasing the fin length reduces the entropy generation rate as shown in Fig. 6. 3.
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This is due to the increase in conductive heat transfer that elevates heat transfer rate,

thus increasing useful energy.

To holistically determine the entropy generation behaviour of the receiver system a fin
length was varied. As shown in Fig. 6. 3, the entropy generation rate decreases with
increasing fin length. The smooth absorber tube has the highest entropy generation

rate whereas the absorber tube with t = 10 mm has the lowest.
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Fig. 6. 3: Collector entropy generation rate variation with different length of fins tested
at Tin =350 K

The trend is as discussed in this sub-section. Increasing the fin length augments the
surface area that enables higher conductive heat transfer which consequently
influence entropy generation as reflected by the presented results.

6.2.2. Entropy Variation Along the Length of the Receiver

In Fig. 6. 4, entropy distribution along the length of absorber tube as measure of heat
transfer irreversibility is examined as a function of inlet temperature for Re = 5000,

10000, 20000 for smooth and enhanced geometry.

This local entropy generation in the absorber was computed using Adrian Bejan's
formulation presented in Bejan [79].
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g q° 32m’ C; (6. 2)
= +
. ”ﬂ“Tbilk Nu ﬂzpszulk D°

Where ¢, = A;gD and g = 4™

2 7D

The first term of this formula represents the heat transfer irreversibility, and the second

term represents fluid friction irreversibility.

As shown, the heat transfer irreversibility is dominant for lower inlet temperatures. The
irreversibility gradually dissipates after Tin = 450 K, after which fluid friction
irreversibility takes over. On the same graph, it is observed that the enhanced
absorber tube exhibits higher heat transfer irreversibility compared to smooth one. It
is also noted that as the turbulence increases, that is, as the Reynolds number

increases, the entropy generation per unit length decreases.

The heat transfer irreversibility per unit length is pronounced in the enhanced absorber
tube because of the high heat transfer to HTF because of the increased heat

absorption due to increased surface area.
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Fig. 6. 4. Heat transfer entropy distribution along length of absorber

Just as the entropy distribution along the absorber tube has been tested, the entropy

generated along the length of the entire collector has equally been scrutinized. The
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total entropy generated per unit length of collector has been tested by varying the
Reynolds number at inlet temperatures 350 K, 400 K, 500 K.

As Fig. 6. 5 shows, the total entropy generation per unit length of the collector with
enhanced absorber tube is lower than the one for with the smooth one. For Ti, = 350
K, 400 K, the entropy generation per unit length increases with increase in Reynolds
numbers. 500 K inlet temperature does not exhibit any noticeable change in the

entropy generation per unit length—it remains constant.

The reason why there is no substantial change in entropy generation per unit length
of the collector for higher inlet temperatures is that heat transfer rate is relatively low
therefore both the heat transfer irreversibility and fluid flow irreversibility are equally

low.
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Fig. 6. 5: Total entropy distribution along the length of entire collector

With lower total entropy distribution along the length of enhanced collector, it implies
that it is thermodynamically favourable as less exergy is destroyed. It therefore offers

optimal available useful energy for the system.

6.2.3. Non-dimensional Entropy Generation Number

Non-dimensional entropy generation number is one of the holistic approaches to
evaluate entropy generation. It evaluates entropy generation relative to inlet
temperature and heat transfer rate. This offers quick glimpse of how entropy of the
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system changes with change in heat transfer rate and inlet temperature of the fluid

flow.

This entropy parameter is calculated according to this formulation.

N, = q-ge” 6.3
.

Following the similar test for entropy generation as discussed above, the entropy

generation number is examined for an entire collector as function of Reynolds number
and inlet temperature as shown in Fig. 6. 6 and Fig. 6. 7. As depicted in Fig. 6. 6, the
trend for entropy generation number follows the similar trend with the entropy
generation discussed in sub-section 6.2.2. The entropy numbers increase with
increasing turbulence for lower inlet temperatures whereas it turns to be constant for
all Reynolds numbers for Tin = 500 K. Notably, the entropy generation numbers for
enhanced collector are lower than unenhanced one just as observed in the entropy

parameters discussed.

This exhibition of lower entropy numbers in enhanced -collector implies the
enhancement improve thermodynamic performance of the collector, therefore it is
thermodynamically sensible to introduce external fins to for thermodynamic

enhancement.
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Fig. 6. 6: Non-dimensional entropy generation number as function of Reynolds number

for entire collector
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For lower inlet temperatures and lower Reynolds number, the entropy generation
numbers are low as shown in Fig. 6. 7. This low entropy generation shows that more
exergy is conserved therefore the thermodynamic performance of the system is

appreciable.
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Fig. 6. 7: Non-dimensional entropy generation number as function of inlet temperature

for entire collector

It is sensible to examine the parametric response to the change in fin length for both

absorber as well as the collector.
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Fig. 6. 8: Non-dimensional entropy generation number as function of Reynolds number
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Fig. 6. 9: Non-dimensional entropy generation number as function of Reynolds number

for double fin length for entire collector tested at Tin = 350 K

The results show the opposite behaviour of the entropy generation as function of
Reynolds number for both absorber and the entire collector system as presented in
Fig. 6. 8 and Fig. 6. 9. Just as conventional entropy generation rate exhibits, the non-

dimensional entropy generation number of absorber decreases with increase in
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turbulence. However, the entire collector’s entropy generation number tells different

story. This trend is due to the dominant influence of heat transfer rate in the collectors.

6.2.4. Bejan Number

Heat transfer irreversibility and fluid friction irreversibility are critical determinants of
the performance of thermal systems and need examinations. To determine the
dominance of these factors a Bejan number proves to be the most convenient
parameter to visualize them. It is a ratio of heat transfer irreversibility to total entropy

generation rate. This dimensionless number is presented by Adrian Bejan [77]

Be — (Sgen)H (6 4)
S

gen

As observed in Fig. 6. 10 and Fig. 6. 11, the heat transfer irreversibility is dominant at
the lower Reynolds numbers and starts to dissipate at the higher turbulence as fluid
friction irreversibility takes over.

From the same figures, it is also observed that both increase in number of fins and fin
length reduces the heat transfer irreversibility which consequently minimises the
entropy generation—a phenomenon which is thermodynamically favourable to the

system.
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Fig. 6. 10: Bejan number as function of Reynold number for varied number of fins
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Fig. 6. 11: Bejan number as function of Reynold number for varied fin length

The degree at which the enhancement techniques achieve it varies. As shown Fig. 6.
11, the entropy generation minimization is more prominent in increasing fin length than
varying fins numbers, which proves the thermodynamic favourability of increasing the

fin length as mean of performance enhancement.

6.3. Exergy Analysis

Exergy quantifies the available useful work of a system. Since system as the one being
studied here aims at maximizing the energy available to do work to generate electricity,
exergy presents itself as potent tool to precisely determine its thermodynamic

performance.

This subsection examines the global exergy efficiency of entire collector and the
absorber, and the exergy destruction rate of both considering the applied
enhancements. Like the discussion in the entropy generation, the results reported and
discussed here are from the solution methodology presented in chapter five of this

work.

6.3.1. Exergy Efficiency

Exergy efficiency captures the quality of the energy dynamics in the system. This

makes it a useful tool in measuring the energy performance of a thermal system.

Like other performance criteria examined in this work, the global exergy efficiency of
the entire collector has been examined. As depicted in Fig. 6. 12, the exergy efficiency
is greater in the enhanced receiver compared to smooth one. It is also shown that the
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exergy efficiency in lower inlet temperatures (350 K, 400 K) decreases with increase
in Reynolds number whereas the one at inlet temperature 500 K has rather constant

exergy. The exergy at 500 K inlet temperature is found to be larger than the rest.
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Fig. 6. 12: Collector exergy efficiency as function of Reynold numbers for various inlet

temperature (350 K, 400 K, 500 K) for smooth and enhanced absorber

The decrease in exergy with increasing turbulence is because the flow rate at that
point is too high that the energy loses its quality as the convective heat transfer is

affected.

Fig. 6. 13 on the other hand shows the behaviour of the exergy as function of inlet
temperature. It shows the exergy efficiency of 350 K inlet temperature and 5000
Reynolds number gradually decreases up to 450 K inlet temperature after which it
starts to exponentially increase. It is also noted enhancement increases the exergy
efficiency by 2.44 % for 5000 Reynold numbers, 2.30 % for Re = 10000, and 2.30 %
for Re =20000. Itis also noted that exergy of the lower Reynolds number at lower inlet
temperatures (350 -450 K) is higher than the one of higher Reynolds numbers. But at
higher inlet temperatures (500-600 K) the exergy of the higher turbulence is observed

to be higher than the lower turbulence.
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Fig. 6. 13: Collector exergy efficiency as function of inlet temperatures for various
Reynold numbers (Re = 5000, 10000, 20000) for smooth and enhanced absorber

As inlet temperatures reaches 500 K, the energy transfer for the higher turbulence
increases significantly because there is little energy loss through thermal radiation
because of low temperature gradient between the interacting surfaces. This
significantly improves the quality of the energy transferred to HTF thus higher exergy

efficiency.

A test for the behaviour of exergy has been examined for exergy in the absorber tube.
As shown in Fig. 6. 14, the trend is like global collector exergy efficiency presented in
Fig. 6. 13. The difference however is that the exergy in this case is a slightly larger

than for the entire collector.
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Fig. 6. 14: Absorber exergy efficiency as function of inlet temperatures for various
Reynolds numbers (Re = 5000, 10000, 20000) for smooth and enhanced absorber

The reasons for that appreciable absorber exergy are because of less losses
compared to collector’s. For entire collector an optical loss occurs that contribute to

exergy degradation, unlike in absorber that do not have that phenomenon.

Testing the influence of the varying fin length for both collector and absorber tube, the
trend obtained is presented in Fig. 6. 15 and Fig. 6. 16. They show that increase in fin
length improves the exergy of both the entire collector and the absorber. This is
because the improved conductive heat transfer avails more useful energy that

positively feeds into the exergy of the system.
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6.3.2. Exergy Destruction
Other criteria that determine the performance of the system is exergy destruction. This
guantifies the exergy degradation in the system and thus influences the exergy
efficiency discussed in the subs-section 6.3.1. As shown in Fig. 6. 17 and Fig. 6. 18,
the destroyed exergy shows the opposite trend with the exergy efficiency. This makes
sense because the greater the destroyed exergy, the lower the exergy efficiency of

the system.
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It is observed in both graphs above that unenhanced collector has higher destroyed

exergy. This is because the unenhanced collector at lower inlet temperatures and

88



lower turbulence tend to generate high heat transfer irreversibility. It contributes to the

destruction of the system exergy.

6.4. Summary and Conclusion

Entropy and exergy are critical factors in the thermal system design and analysis as
they depict the available useful energy and its quality respectively. Therefore, this
chapter has been devoted to examining performance criteria based on these factors.
The PECs examined include entropy generation rate, entropy distribution along the
length of absorber and collector, Bejan number, exergy efficiency, and exergy

destruction rate.
The following critical conclusions were drawn from the entropy and exergy analysis:

e Enhancement by external fins minimizes the entropy generation. An entropy
generation reduction of 1.44 % has been established for Re = 5000 across all
inlet temperatures.

e Exergy is favored by the modification. It is also noted enhancement increase
the exergy efficiency by 2.44 % for 5000 Reynold numbers, 2.30 % for Re =
10000, and 2.30 % for Re = 20000. It is also noted that exergy of the lower
Reynolds number at lower inlet temperatures (350-450 K) is higher than the
one of higher Reynolds numbers. But at higher inlet temperatures (500-600 K)
the exergy of the higher turbulence is observed to be higher than the lower

turbulence.
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Chapter Seven

Chapter 7: Summary, Conclusions, and
Recommendations

7.1. Summary

This work started with statements of the motivation of the study, which has been
provided as the need to design a receiver system with an improved performance. The
need for optimizing the performance of the receiver system is to enable the design of
a stand-alone reliable parabolic trough collector power plants. It is necessary for a shift
to renewable energy which will preempt the looming existential threats of climate

change.

To identify the gap in literature, relevant studies have been studied. From the literature,
it was established that much of the works are on enhancing performance by inserts or
through passive introductions of internal fins to augment convective heat transfer.
Other focus has been placed on manipulating the geometrical parameters of the
collectors such concentration ratio, aperture area, and rim angle. Little has been done
on the external modification of the tubular receiver. This was found to be the gap that
needs to be bridged. The work was niched on introducing novel annular external fins

to improve conductive heat transfer.

For that objective to be achieved, fluid flow and thermal models were developed and
with simplifying assumptions was implemented in commercial ANSYS Fluent software.
The simulations were carried out in Reynolds numbers range of 5000-35000 and inlet

temperatures of 350-600 K with varying number of fins and fin length.

The analysis of the results was subjected to performance evaluation criteria based on
both the First and Second Laws of Thermodynamics. The considered PECs based on
the First Law include thermal efficiency, thermal enhancement factor, thermal loss,
and circumferential temperature gradient. On the other hand, the Second Law’s PECs

are based on entropy and exergy. They include entropy generation rate, entropy
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distribution along the length of absorber and collector, non-dimensional entropy
number, Bejan number, exergy efficiency, and exergy destruction rate.

Some of the critical observations and conclusions are elaborated in sub-section 7.2 of

this work.

7.2.  Conclusions
This study set out to investigate the influence of the external annular fins on the
thermal and thermodynamic performance of the receiver by conducting numerical

simulations.

The results were analysed on the performance criteria based on the First and Second

Law of Thermodynamics. Following conclusions were generated from the analysis.

e Introduction of fins increases thermal efficiency of the receiver. An increase of
2.26 % for Tin = 350 K, 2.21 % for Tin = 400 K and 2.22 % for Tin = 500 K was
recorded for varying Reynolds numbers. Similar trend is observed with doubling
of the fin length. The efficiency in t = 10 mm is higher than t =5 mm with values
in the range of 88 - 90.5 % while unenhanced receiver falls in the range of 84 -
86 %

e Thermal enhancement factor with the variation of the fin length and Reynolds
numbers appreciably increases. The result of 400 K inlet temperature shows
an average thermal enhancement factor at 1.0036 which reflects 0.36 %
thermal enhancement.

e Variation of annular fins increase the exergy efficiency. It is observed that
enhancement increase the exergy efficiency by 2.44 % for Re= 5000, 2.30 %
for Re = 10000, and 2.30 % for Re = 20000. It is also noted that exergy of the
lower Reynolds numbers at lower inlet temperatures (350-450 K) is higher than
the one of higher Reynolds numbers.

e Entropy generation rate and entropy generation numbers responded favourably
with the enhancement. The entropy generation rate decreases with increasing
fin length. The smooth absorber tube has the highest entropy generation rate
whereas the absorber tube with t = 10 mm has the lowest.

e Heat transfer irreversibility has been found to be dominant at lower turbulence

and variation of annular fin length and numbers reduces it.
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Since the aim of designing thermal system is to minimize entropy while improving other
thermal and thermodynamic performances, the observations outlined prove the
favourable influence of the external fins on the thermal and thermodynamic

performance of the receiver.

7.3. Recommendations for Future Study
The thermal model developed in this was a simplified one. Some of the simplifying
assumptions made here can be improved in the future work to see how they will

influence performance. For future work, it is recommended that:

e Heat flux can be modeled using Monte Carlo Ray Tracing and couple with the
model using UDF, instead of using uniform heat flux as done in this work.

e The shape of annular fin can be changed to elongated prism and studied how
it influences the performance criteria tested here.

e Convective loss due to wind and radiative loss on the exterior of the glass cover
can be included in the model.

e The external annular fins can be combined with inserts and internal fins to
model the receiver’'s performance.

e Optimization of different parameters of the receiver can be done to determine
optimal design of the system.

e Special coatings can be applied to the absorber to augment its optical

performance.
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Appendices

A.1l. Scaled residuals for smooth absorber tube subjected to Tin = 350 K for Re =
5000
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A.2. Temperature contour of the enhanced absorber tube for Re = 5000 at Tin = 350
K

Temperature IN\NSVS
Contour 1 sk vy
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A.3. Temperature distribution on the absorber tube and glass cover for Tin = 350 K
and Re = 15000

Temperature
Contour 1
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A.4. Radiation distribution on absorber tube and glass cover for Tin = 350 K and Re
= 5,000
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A.5. Pressure distribution in an enhanced absorber tube for Tin = 400 K, Re =
15,000, and t =5 mm
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A.6.1. Sample section of the modelled absorber tube and glass cover done in
ANSYS Fluent R2

A.6.2. Sample section of an enhanced absorber tube done in ANSYS Fluent
R2




A.6.3. Sample section of generated mesh as done in ANSYS Fluent R2 mesh
environment.
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