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Abstract

Nanofluids are a novel class of heat transfer fluids in which nanoparticles are dispersed in
traditional heat transfer fluids. They offer enhanced thermophysical, rheological and radiative
properties. These enhancements have resulted in recent research being centred on the
application of nanofluids to various systems. An example of such systems is the solar
volumetric flow receiver in which great efficiency improvements have been reported. To
explain this efficiency increase, researchers have evaluated the impact of enhanced radiative

properties of nanofluids while largely neglecting that of enhanced thermophysical properties.

This study looks at the impact of enhanced thermophysical properties on the performance of
nanofluid-based solar volumetric receivers. Particular focus is drawn to the impact of
temperature dependent conductivity and volumetric specific heat capacity. Copper oxide —
water nanofluid is employed as its temperature dependent properties have been
characterised. These are evaluated over a wavelength range 03 <A< 1um and a
temperature range 308 < T < 380 K. The Schuster-Schwarzschild 2-flux approximation to
the radiation transfer equation and a finite volume approximation to the energy and flow

equations are employed to model the receiver.

The results obtained illustrate that temperature dependent conductivity impacts temperature
development but not the receiver’s efficiency. Measures observed for the former include the
peak and the mean top wall temperatures as well as temperature gradients along the height
of the receiver. It is seen that the presence of temperature dependent conductivity results in
a decrease of the three measures due to greater diffusion of energy. The magnitude of this
decrease is observed to be greater at higher concentrations ratios. For example, maximum
drops in the peak and the mean top wall temperatures of 7.67 K and 5.22 K respectively are
observed. These occur between cases with temperature independent versus temperature

dependent conductivity at a concentration ratio of 150.

The impact of conductivity is also observed to depend on the choice of conductivity model.
The use of two models; one conservative, and the other non-conservative, helps to establish
a general trend in the observations reported. Minimal changes in the volumetric specific heat
capacity occur (<3%). Consequently, there is insignificant impact on temperature
development. The receiver’s efficiency is, however, slightly impacted due to the presence of
temperature linked density changes and subsequent flow acceleration. The efficiency is

observed to decrease with increase in concentration ratio beyond an optimum point.
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Chapter 1: Introduction

1.1 Background

The place of the sun as the primary source of the earth’s energy has been known since the
earliest days as evidenced by the early Egyptian civilization’s sun worship (Kalogirou 2004).
Furthermore, existing records indicate the intentional use of solar energy in the Greek era
(Kalogirou 2004). Despite this knowledge, derived sources of energy such as oil and gas
have continued to feature overwhelmingly in the earth’s energy supply mix. This has been in
part attributed to low efficiencies of solar harvesting technologies and limited storage

capacity for the harvested energy (Lenert, Zuniga et al. 2010b).

With regards to solar harvesting, different technologies such as the solar thermal collectors
(receivers/absorbers) have been proposed. These have been the outputs of research efforts
that have been chronologically inconsistent with reactionary peaks such as that in the 1970s
in response to the oil crisis (Kalogirou 2004). A current peak exists that is driven by
environmental concerns (pollution and climate change) as well as the realisation of the
exhaustibility of fossil fuels (Kalogirou 2004). As a result, a new frontier in solar thermal

harvesting research has been opened in which this study situates itself.

Solar thermal collectors are based on either surface or volumetric absorption. In the former, a
surface is employed to absorb incoming solar radiation energy and transfer it to a heat
transfer fluid. In the latter, absorption occurs within the volume of the heat transfer fluid. Both
processes lead to an increase in the internal energy of the fluid, seen as an increase in

temperature, which can then be extracted as useful work in a heat engine.

Working backwards from the efficiency considerations of a heat engine and assigning it a

Carnot efficiency (n¢grnor) defined as,

Tc

Ncarnot = L — (1.1)

Ty

it can be seen that greater efficiency is attained by an increase in the source temperature
(Ty) for a given sink temperature (T). In a solar powered system, it is generally the case that
the source temperature of the heat engine (Ty) will be given by the mean outlet temperature
of the solar thermal collector (T,,;). The exception to this is when the heat transfer fluid
undergoes some intervening process after exiting the collector and before entering the heat

1
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engine. The sink temperature (T;) will be the ambient temperature and is thus fixed.
Consequently, higher efficiencies are obtained when the solar thermal collector is able to

impart higher temperatures to the heat transfer fluid flowing through it.

The ability of a solar thermal collector to perform according to the needs set out above is
quantified by the collector’s efficiency (Nconector)- This is defined as the ratio of energy
absorbed by the heat transfer fluid within the collector to the total solar energy availed to the

collector. It is given as,

mcy(Tour — Tin)
— 14 out mn 1 2
Ncollector ACG ) ( . )

where mis the fluid's mass flow rate and c,is the fluid's specific heat capacity. T,,. and
T;, are respectively the fluid’s mean outlet and inlet temperatures. ACG is the solar energy
supplied which is a product of the absorbing area of the collector, A, the concentration ratio,

C, and the incident solar radiation flux, G.

The collector’s performance will depend on three main factors: the energy available, its ability
to absorb and its ability to transfer the absorbed energy to the heat transfer fluid. Whereas
the latter two factors are tackled differently by surface and volume collectors, the first is
tackled by common strategies as illustrated in Table 1. These strategies are aimed at dealing

with the diffuse nature of the solar resource and include motion tracking and concentration.

Table 1: Types of solar thermal collectors (Kalogirou 2004).

Indicative
Absorber Concentration
Motion Collector type ] temperature
type ratio
range (°C)
Stationary | Flat plate  collector | Flat 1 30-80
(FPC)
Evacuated tube collector | Flat 1 50 — 200
(ETC)
Compound parabolic | Tubular / Flat 1-5 60 — 240
collector (CPC)
Compound parabolic | Tubular/Flat | 5-15 60 — 300
collector (CPC)
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Single-axis | Linear Fresnel reflector | Tubular 10-40 60 — 250
tracking (LFR)
Parabolic trough | Tubular 15-45 60 — 300
collector (PTC)
Cylindrical trough | Tubular 10-50 60 — 300
collector (CTC)
Two-axes | Parabolic dish reflector | Point 100 — 1000 100 - 500
tracking (PDR)
Heliostat field collector | Point 100 — 1500 150 — 2000
(HFC)

Motion tracking employs a drive system to rotate the collector about either one axis or two
axes. It is done to ensure that the collector’s absorbing area is maintained in a direct line-of-
sight with the sun throughout the day as it “travels across the sky”. Consequently, the
collector continuously receives the maximum amount of incident radiation flux throughout the
day. Concentration of the incident flux is achieved by placing an optical device such as a
reflector or refractor between the sun and the collector’'s absorbing area (Duffie, Beckman
2013). The area concentration ratio (C) is defined as the ratio of the optical device’s aperture

area to the collector’s absorbing area (Duffie, Beckman 2013).

Considering surface absorbers, their ability to absorb is dictated by the surface’s intrinsic
properties: surface absorptivity, reflectivity and emissivity. Absorption surfaces are selected
and treated to obtain high absorptivity in the short solar wavelength range and low emissivity
in the long wavelength range (Duffie, Beckman 2013). This results in high absorption of the
incident solar radiation and low thermal emission with the net being the absorbed energy
(Duffie, Beckman 2013).

This absorbed energy results in an increase in internal energy translating to an initial
development of higher temperatures at the surface as compared to those in the heat transfer
fluid. This temperature gradient between the surface and the fluid drives heat transfer
process to the fluid. The effectiveness of this process is, however, limited by the heat transfer
characteristics of the fluid which are generally poor in comparison to those of solids. For
example, water has a room temperature thermal conductivity of 0.613 W /(m K) compared to
silver with a conductivity of 429 W /(m K) (Eastman, Phillpot et al. 2004).
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A temperature gradient is also created with the ambient that drives thermal energy loss by
radiation and convection. Energy loss is especially problematic in high temperature
concentrating collectors. This is because radiation heat loss scales with the fourth power of

surface temperature (Otanicar 2011a, Lenert, Wang 2012, Lenert 2010a).

Different solutions have been proposed to overcome these shortcomings of surface
absorbers such as flow and geometry optimisation and the introduction of glazing to reduce
surface emission losses (Thirugnanasambandam, Iniyan et al. 2010, Hunt 1978). Volumetric
receivers, however, provide a paradigm shift in which “radiation is absorbed through a much
longer path inside a volume rather than in a thin layer at the surface” (Zhu, Zhang 2012).
This theoretically allows peak temperatures to form away from the surface resulting in lower
heat loss. Figure 1 gives a conceptual illustration of such systems that would have either a
fixed porous solid with gas flowing through it or a suspension of particles entrained in the

motion of a gas or a liquid.

(a) (b) SPERRREY (c)
. ‘ &
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Gasin Liquid in Gas in

Figure 1: Volumetric receiver designs: particles suspended in gas (a), particles suspended in
liquid (b) and porous solids (c) (Zhu, Zhang 2012).

In volumetric receivers, the absorbing areas (particles or porous solid in Figure 1) are located
within the collector volume and peak temperatures may be set up away from the surface.
This results in a reduction of surface thermal energy loss (Minardi, Chuang 1975).
Furthermore, the heat transfer process to the fluid is enhanced by virtue of a greater total
surface area for volumetric absorption which allows for greater contact between the fluid and
the absorbing area (Minardi, Chuang 1975). The sum total of these is greater efficiency over
surface collectors.

The use of particles suspended in a fluid offers an extra advantage over the use of a porous

solid due to the larger surface area to volume ratio of the particles. This implies that thermal
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equilibrium between the particles and the heat transfer fluid is attained almost
instantaneously (Hunt 1978). The limit of such systems then becomes the size of the
particles that can be achieved with the technology of the day. Thus, whereas in the 1970s —
1980s research was focused on the use of micro-sized particles (diameters, D > 100 nm),
current technology allows for the manufacture and use of nanoparticles (1nm <D <
100 nm).

1.2 Problem statement

The use of nanoparticles in heat transfer fluids (alias nanofluids) and their application to solar
thermal harvesting has opened a new field of research with initial results showing promise
(Tyagi, Phelan et al. 2009). A review of literature illustrates that there have been few
experimental studies. Most have been numerical in nature relying on available nanofluid

property data. Consequently, two camps have emerged within the research community.

The first camp has focused on the enhancement of thermophysical properties of nanofluids
(conductivity, density, specific heat capacity, etc.). Enhancements obtained have been
applied to, for example, surface absorbers (Yousefi, Veisy et al. 2012b, Yousefi, Veysi et al.
2012, Tiwari, Ghosh et al. 2013, Faizal, Saidur et al. 2013) among other technologies. The
second camp has focused on the radiative property enhancements in nanofluids, applying
them to volumetric receivers (Javadi, Saidur et al. 2013, Mahian, Kianifar et al. 2013,
Kasaeian, Eshghi et al. 2015, Verma, Tiwari 2015).

With regards to the performance of volumetric receivers, especially in high temperature
applications, studies have largely failed to account for the impact of temperature dependent
thermophysical property enhancements in nanofluids. This is despite earlier studies showing
anomalous property enhancements such as a 40% enhancement of conductivity for copper —
ethylene glycol nanofluids at volume fractions as low as 0.3% (Eastman, Choi et al. 2001).
Given that only a single study (Khullar, Tyagi et al. 2013) has so far looked at the impact of
temperature dependent thermophysical property enhancements, further investigation is

required on this subject.

This study seeks to address this gap by initially identifying a nanofluid whose temperature
dependent thermophysical properties have been modelled. The nanofluid is then employed

in a numerical simulation of a 2D volumetric receiver with fixed geometry. Finally,
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performance results obtained are compared with what has been previously reported in a bid

to establish common trends or dissimilarities.

1.3 Justification

The need to understand temperature dependence of both thermophysical and radiative
properties in nanofluid-based high flux receivers has been recognised by researchers. To
this end, pioneering experimental work (Hordy, Rabilloud et al. 2014) has been conducted to
investigate temperature dependence of radiative properties. Similar efforts are required to

understand the impact of temperature dependent thermophysical property enhancements.

In the absence of experimental work, there exists earlier literature on thermophysical
properties of nanofluids (Khanafer, Vafai 2011). This can be built upon to study the impact of

these properties on the performance of volumetric receivers.

1.4 Objectives

The broad objective of this study is to deepen the understanding of the impact of temperature
dependent thermophysical properties of nanofluids on the performance of solar volumetric
receivers. This is tackled in terms of the following specifics:

- Identification of a sufficiently characterised nanofluid.

- A numerical study of the impact of temperature dependent thermal conductivity.

- A numerical study of the impact of temperature dependent volumetric specific

heat capacity.
- A study of frequently cited design variables or parameters using temperature

dependent properties to test previously reported trends.

1.5 Thesis overview

Chapter 1 introduces solar thermal harvesting and some of the technology employed
including surface and volumetric collectors/receivers. It establishes the focus of this study

which is on nanofluids-based volumetric receivers. Chapter 2 presents a chronological
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development of volumetric receivers, an introduction to nanofluids as well as the current

state of research in nanofluid-based receivers.

Property models for copper oxide — water nanofluid are presented in Chapter 3. In addition,
the model of the volumetric receiver employed in the study is presented. Approximations to
the volumetric receiver model as well as their implementation through the finite volume
method are presented in Chapter 4. Chapter 5 provides the results of the study plus the

ensuing discussion, followed by some concluding remarks in Chapter 6.



Chapter 2: Literature review

In this section, a chronological development of volumetric receivers is initially presented. This
is followed by an introduction to nanofluids. Thereafter, the application of nanofluids to
volumetric receivers is reviewed and a summary of the literature indicating the gaps in

knowledge given. The summary also indicates how this study addresses these gaps.

2.1 Volumetric receivers

Volumetric receivers were proposed in the 1970s as an alternative to surface absorbers.
They offered reduced heat loss as peak temperatures were located away from the surfaces.
Additionally, there were fewer heat transfer steps from the sun’s radiation energy to the

fluid’'s internal energy (Minardi, Chuang 1975).

Minardi & Chuang (1975) published on the use of a black liquid flat plate solar collector in
which solar radiation energy was absorbed directly by the liquid. Favourable performance
was achieved in comparison to a conventional surface collector (Minardi, Chuang 1975). The
black liquid employed, India ink, was a suspension of micro-sized carbonaceous particles in

an ethylene glycol/water mixture (Zhu, Zhang 2012, Otanicar, Phelan et al. 2010a).

The use of a black ingredient or impurity in the basefluid was to improve its absorption in the
solar spectrum. This was necessary as basefluids are generally transparent except in the
infrared region of the solar spectrum which contains only about 15% of the solar energy
(Lenert, Zuniga et al. 2010b, Sani, Del’Oro 2014, Taylor, Phelan et al. 2011b, Otanicar,
Phelan et al. 2009b). Hunt (1978) expected that the particles would retain the bulk absorption
properties which were higher than those of the basefluid. Furthermore, it was expected that
the particle’s high surface area to volume ratio would ensure instantaneous heat transfer to
the fluid (Hunt 1978).

This idea was then extended to solid-gas suspensions (Hunt 1978, Abdelrahman, Fumeaux
et al. 1979). Air was employed as a non-absorbing heat transfer fluid thus allowing the study
of the individual performance of particles. The results illustrated that particles could absorb
solar radiation and do so selectively (depending on particles chosen) while having low
emissivity in the infrared range (Abdelrahman, Fumeaux et al. 1979). In addition, the

presence of glazing would minimize heat loss via volumetric emission (Hunt 1978). The
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particle diameters were quoted in micrometres with Abdelrahman, Fumeaux et al. (1979)
reporting diameters D = 0.5 um and Hunt (1978) reporting diameters D < 0.05 um. The

latter were within the nanoparticle size range (< 100 nm or < 0.1 um).

Other works published in this area included the volume heat-trap collectors (Arai, Itaya et al.
1984) and the use of molten salts (Anderson, Short et al. 1987, Bohn, Green et al. 19863,
Bohn, Wang 1986b, Kumar, Tien 1990). Recently, solid-gas suspensions were also
investigated (Miller, Koenigsdorff 2000, Bertocchi, Karni et al. 2004) . These works involved

the use of micro-sized particles with diameters in the range 0.1 < D < 0.6 um.

The use of micro-sized particles, while successful, had its challenges. Among these were
that the particles settled out of the fluid, clogged piping and corroded or fouled surfaces
(Otanicar, Phelan et al. 2010a). In proposing the use of submicron particles, Hunt (1978) had
foreseen that these would pass through mechanical equipment without corroding the
surfaces. The use of submicron particles in volumetric absorption was, however, not revisited
until the advent of nanofluids (Tyagi, Phelan et al. 2009, Choi 1995).

The term “nanofluid” was coined in reference to a novel class of heat transfer fluids in which
nanoparticles are suspended in traditional heat transfer fluids (Choi 1995). Nanofluids offer
greater stability since the size of nanoparticles allows them to remain suspended in the fluid
for longer. Consequently, there is reduced clogging of piping and the fouling of surfaces.
Nanofluids also offer greater property enhancement than “microfluids” due to the size effect
of the nanoparticles; that is, they do not necessarily retain bulk material properties at nano-

scale.

Since the pioneering work of Choi (1995), the next one and a half decades would be spent
investigating the thermophysical and the rheological property enhancements in nanofluids.

This was before they were tested in volumetric receivers by Tyagi, Phelan et al. (2009).

2.2 Nanofluids

The idea of solid-liquid suspensions has been around for over a century with initial theoretical
work published by Maxwell in 1873 (cited in Eastman, Phillpot et al. (2004)). This was then
extended by Hamilton & Crosser in 1962 (cited in Eastman, Phillpot et al. (2004)). These and
subsequent studies were driven by the need to improve the thermophysical properties of

engineering fluids since they are typically low-valued as illustrated in Table 2.
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Table 2: Thermal conductivity values for various engineering materials at room

temperature (Eastman, Phillpot et al. 2004).

Material Room temperature thermal
conductivity (W m*' K)
Metallic solids Silver 429
Copper 401
Aluminium 237
Non-metallic solids Diamond 3300
Carbon nanotubes 3000
Silicon 148
Alumina (Al203) 40
Metallic liquids Sodium at 644K 72.3
Non-metallic liquids Water 0.613
Ethylene glycol 0.253
Engine oil 0.145

Thermal conductivity enhancement was the major focus of early research. This was driven
by the demand for greater cooling capacity than what could be provided by fins, micro-
channels and other extended surfaces (Eastman, Phillpot et al. 2004, Wu, Zhao 2013). Few

exceptional researchers focused on enhanced radiation absorption (Minardi, Chuang 1975).

The initial use of microfluids proved unsuitable because of particles settling out of the fluid.
Subsequent effects such as clogging of channels (especially micro-channels), corrosion of
surfaces and increased resistance to flow were undesirable. An alternative was thus required

that solved the issue of stability of the suspended particles.

The introduction of nanofluids by Choi (1995) provided this alternative. Nanofluids were
observed to give greater stability than microfluids. It was expected that below a certain
minimum size, nanoparticles would “remain in suspension almost indefinitely” (Eastman,
Phillpot et al. 2004). Mathematical arguments supporting their stability were also provided in

terms of settling time for an ideal single particle in a stationary fluid (MacDevette 2013).

The stability of nanofluids was, however, observed to depend largely on the method of
preparation (Eastman, Phillpot et al. 2004, Yu, Xie 2012, Haddad, Abid et al. 2014). Two
methods of preparation are until now frequently employed — the two-step method and the

one-step method.
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In the two-step method, nanoparticles are firstly formed as dry powders by either chemical or
physical means and then dispersed into a basefluid (Yu, Xie 2012). Dispersion is achieved
by agitation provided by either ultrasonic or magnetic means (Yu, Xie 2012). In the one-step
method, nanoparticles are generated while being simultaneously dispersed into a basefluid
(Yu, Xie 2012).

The two-step method has been mainly employed to create non-metallic nanofluids (Haddad,
Abid et al. 2014, Wang, Mujumdar 2007). Its key advantage is that it is economical since
nanopowder production methods have been developed to industrial scales (Yu, Xie 2012).
On the other hand, its key disadvantage is that dry nanopowders have a tendency to
aggregate. Thus to obtain stable nanofluids, extra options have to be explored such as the
use of surfactants, varying the pH value of the nanofluid (Haddad, Abid et al. 2014) or

surface treatment of nanoparticles (Yu, Xie 2012).

The one-step method has been employed to create metallic nanofluids (Yu, Xie 2012). Its
key advantage is that minimal aggregation of nanoparticles occurs. Consequently, nanofluids
with greater stability are produced. It is, however, more expensive than the two-step method

and is thus less commonly employed.

Beyond stability, the method of preparation was also observed to affect the properties of
nanofluids (Wu, Zhao 2013). This was in addition to a large number of other parameters such
as choice of materials, size and morphology of particles, volume fraction and temperature.
The presence of such a large parametric space has resulted in varying and often

contradicting results on property enhancements (Wu, Zhao 2013).

In reviewing nanofluid literature, the author of this study paid attention to those nanofluids
whose thermophysical and radiative properties have been previously characterised. Few
nanofluids were found to be so extensively characterised. For example, graphite — water
nanofluid that has been frequently cited in solar harvesting literature has not been

characterised for its thermophysical properties.

Of the characterised nanofluids found, it was noted that temperature dependent studies had
been conducted for low temperatures only (< 100°C). Two nanofluids of interest were found,
namely, aluminium oxide — water and copper oxide — water nanofluids. The former was,
however, rejected as it scatters radiation more than it absorbs it (Said, Saidur et al. 2014).
Copper oxide — water nanofluid was adopted for the study. More on this is presented in
Chapter 3.
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2.3 Nanofluid-based volumetric receivers

The use of nanofluids in solar harvesting has received increasing attention from researchers
in recent years as illustrated by the growing number of publications in this area. Several
review papers are available on this topic (Javadi, Saidur et al. 2013, Mahian, Kianifar et al.
2013, Kasaeian, Eshghi et al. 2015, Verma, Tiwari 2015). A review of the literature is
presented below with a focus on the modelling of parallel plate volumetric receivers and key
results. To aid in the review, it is useful to consider volumetric receivers in terms of the flux
(high or low) and geometry (parallel or cylindrical). These categories are employed in the

following discussion starting with the low flux, parallel geometry volumetric flow receivers.

Tyagi, Phelan et al. (2009) were the first to apply nanofluids to volumetric absorption. Theirs
was a theoretical study that was similar to work done by Hunt (1978) on solid-gas
suspensions with submicron particles. Tyagi, Phelan et al. (2009) applied a Rayleigh
scattering model to predict the optical properties of aluminium — water nanofluid. They
illustrated that the Rayleigh model could be simplified by neglecting the scattering term since
the scattering efficiency was a function of D*, with D being the nanoparticle diameter (D <

100 nm). The absorption efficiency was shown to be roughly a linear function of the diameter.

Tyagi, Phelan et al. (2009) investigated the performance of the receiver by modelling it using

a unidirectional Beer — Lambert model for spectral intensity,

dly

o ~(Kap + Ks)h = = Kealy, (2.1)
where I, is the spectral radiation intensity. K, ;, K;, and K, ; are the nanofluid’s spectral
absorption, scattering and extinction coefficients as given by the Rayleigh scattering model.

The 2D steady state energy equation,

oT 0°T  dq,
pnfcpnfua - nfa_yz - ay ’ (2-2)

was also employed in which T is the fluid's temperature, p is the nanofluid’s density and c,

the nanofluid’s specific heat capacity at constant pressure. k is the nanofluid’s thermal

conductivity, u the nanofluid’s velocity and Z—Z: the divergence of the net radiative heat flux.
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Approximating the spectral radiative properties with band averaged values, they illustrated
that efficiency (equation (1.2)) increased with increasing volume fraction to an optimum value

(¢ = 2%). Thereafter, it levelled off as illustrated in Figure 2.

Figure 2: Volumetric collector efficiency versus volume fraction of the particles (Tyagi, Phelan
et al. 2009).

Similar results were obtained for varying receiver height whereas the receiver length and the
particle diameter were seen to have minimal effect on efficiency. Increasing the fluid inlet
temperature above the ambient temperature was seen to cause a linear decrease in
efficiency. It was also observed that the volumetric receiver was roughly 10% more efficient
on an absolute basis than a conventional surface collector under similar working conditions
(Tyagi, Phelan et al. 2009).

Tyagi, Phelan et al. (2009) went further to illustrate that peak temperatures developed at the

surface similar to surface absorbers as shown in Figure 3. This would imply that thermal heat

loss was concentrated at the surface.
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Figure 3: Temperature profiles within the volumetric collector for a volume fraction, ¢ = 0.8%

and diameter, D = 5 nm (Tyagi, Phelan et al. 2009).

The use of the independent single scattering assumption was valid for volume fractions ¢ <
0.6% . However, Tyagi, Phelan et al. (2009) conducted their work at volume fractions greater
than this limit (up to ¢ = 5%) as seen in Figure 2. It was later illustrated that for small volume
fractions, ¢ < 1%, the independent single scattering assumption was reasonably correct for
diameters D < 30 nm (Otanicar, Taylor et al. 2009c). Beyond that, a model accounting for

dependent and multiple scattering was required (Otanicar, Taylor et al. 2009c).

Using both assumptions, Otanicar, Taylor et al. (2009c) showed that the independent
scattering assumption resulted in an under-prediction of efficiency. The magnitude of the
under-prediction increased with increasing volume fraction (see Figure 4). These results
were limited to micro-channels hence small optical depths, 7 = K,y < 10. However, Tyagi,
Phelan et al. (2009) had investigated mini-channels with larger optical depths. It is
reasonable to expect that larger differences in prediction of the two models would be
observed as efficiency had already been shown to vary with height (Tyagi, Phelan et al.
2009).

The results by Otanicar, Taylor et al. (2009c) also illustrated that the efficiency increased with

volume fraction to a point (¢ < 1% as seen in Figure 4) and thereafter decreased. This was

in contrast to what had been reported earlier (Tyagi, Phelan et al. 2009).
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Figure 4: Volumetric collector efficiency versus volume fraction of graphite nanoparticles for
different optical depths. The solid line represents independent scattering while the dashed

line represents dependent and multiple scattering (Otanicar, Taylor et al. 2009c¢).

The model employed in Otanicar, Taylor et al. (2009c) was based on their previous work
(Otanicar, Phelan et al. 2009a). The latter involved the experimental testing of a micro-solar

collector and modelling it with a variant of the Beer — Lambert model as given below,

dlip

o = Kaalba = Kealin, (2.3)

where I, is the spectral blackbody emitted radiation intensity and i represents the
directional nature of intensity. i = +1 is in the direction of solar radiation and i = —1 in the

opposite direction.

This model was modified to account for volumetric emission and specularly reflecting top and
bottom boundaries resulting in a two-flux model for intensity (compare equation (2.1)). The
model was verified against experimental values for graphite — water nanofluid (D = 30 nm,
0.05% < ¢ < 1%). It was seen to give predictions within 5% with an under-prediction at low
volume fraction (¢ < 0.1%) and over-prediction at high volume fraction (Otanicar, Taylor et
al. 2009c) .
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The experimental work involved the testing of graphite — water (D = 30 nm, 0.05% < ¢ <
1%), carbon nanotubes — water (6 <D <20nm, 0.05% < ¢ < 1%) and silver — water
(0 <D< 60nm, 0.05% < ¢ < 0.25%) nanofluids (Otanicar, Phelan et al. 2010a, Otanicar,

Phelan et al. 2009a). The results obtained were as illustrated in Figure 5 below.

Figure 5: Experimental volumetric collector efficiency versus volume fraction of particles
(Otanicar, Phelan et al. 2010a).

Key results included efficiency improvements of about 3% for spherical graphite
nanoparticles over conventional flat surface absorbers. Similar efficiency improvements of
about 5% were reported for spherical silver nanoparticles (D = 20nm). A much larger
improvement (= 20%) was noted in the use of nanofluids over the use of water with a

reflective surface (Otanicar, Phelan et al. 2010a, Otanicar, Phelan et al. 2009a).

The collector efficiency was seen to rise rapidly with increase in volume fraction up to
approximately ¢ = 0.5% beyond which it levelled off or decreased as observed for graphite —
water nanofluid. Otanicar, Phelan et al. (2010a) reasoned that at extremely low volume
fractions, the absorbing capacity of the nanofluid was similar to that of water. Consequently,
there was little heating. However, as the volume fraction increased, the nanofluid was able to
absorb more radiation leading to higher efficiencies. At even higher volume fractions, the
nanofluid became opaque to radiation. This increased opacity resulted in radiation being
absorbed in a small layer of fluid near the surface, locally increasing the temperatures. As a

result, heat loss was experienced akin to surface absorbers (Otanicar, Phelan et al. 2010a).
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The impact of choice of material for nanoparticles was seen with the results of graphite and
carbon nanotubes as contrasted with those of silver nanoparticles. The first two had similar
performance with their efficiency predictions being within 1% of each other (Otanicar, Phelan
et al. 2010a). The results of silver illustrated either higher or lower efficiency depending on

particle size (see Figure 5).

Efficiency increased with a decrease in size of silver nanoparticles. In Figure 5, at a volume
fraction of ¢ = 0.25%, an efficiency increase of approximately 7% was observed when the
nanoparticle size decreased from 40 nm to 20 nm. It was also observed that the magnitude
of efficiency increase was greater for higher volume fractions as seen in Figure 6. The
efficiency increase for volume fraction of ¢ = 0.05% was lower than that of volume fraction of

¢ = 0.1% for the same decrease in nanoparticle size.

Figure 6: Volumetric collector efficiency versus diameter of silver nanoparticles. The square
markers represent bulk properties while the circle markers represent size dependent

properties (Otanicar, Taylor et al. 2009c).

Similar results were obtained for gold nanoparticles whereas graphite showed no size
dependent properties. Otanicar, Phelan et al. (2010a) postulated that a decrease in size of a
nanoparticle resulted in broadening of its absorption peak (if present) resulting in stronger
absorption of the solar spectrum. Gold and silver were observed to have “strong peaks within

the solar spectrum” unlike graphite which had “a well distributed absorption throughout the
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spectrum” with a weak absorption peak thus exhibiting no size effects (Otanicar, Phelan et al.
2010a).

Subsequent studies investigated the influence of the spatially varying extinction coefficients
on volumetric absorption given various bottom boundary conditions (Otanicar, Phelan et al.
2010b, Otanicar, Phelan et al. 2011). This was done by employing models previously used
(equation (2.3)). In addition, the extinction coefficients were approximated as gray (constant
with wavelength) and within ranges of what would be used as a solar harvesting nanofluid.
The extinction coefficients were assumed to be homogeneous, linearly varying and

exponentially varying.

Otanicar, Phelan et al. (2011) illustrated that differences in performance were observable for
small optical depths only. The perfect absorbing bottom boundary gave higher receiver
efficiencies as compared to the perfectly reflecting and the transparent bottom boundary for
the various spatial distributions of the extinction coefficient and at small optical depths (7 <
5). At some intermediate optical depth (5 < t < 10), the perfect reflecting bottom boundary
achieved the maximum efficiency for the linearly increasing and exponentially increasing
extinction coefficient profiles. The transparent bottom boundary gave the least efficiency in all

cases.

In another study, Zhu, Li et al. (2010) reported on the use of metal oxides as nanoparticles in
volumetric collectors. The philosophy behind the work was that metal nanoparticles
previously used could be easily oxidised in water and hence using oxides provided
chemically stable nanofluids. Numerical results were based on a Beer — Lambert model and
a Rayleigh independent single scattering model for optical properties similar to previous work
(Tyagi, Phelan et al. 2009). A parabolic flow profile was used in the energy equation unlike
previous works that assumed a plug flow profile. It was later suggested that a plug flow

profile overestimates the efficiencies (Karami, Raisee et al. 2014).

The study employed silicon oxide — water and titanium oxide — water nanofluids at diameters
D =20nmand D = 5nm respectively and a volume fraction ¢ = 0.3% (Zhu, Li et al. 2010).
Measured values of extinction coefficient for silicon oxide — water nanofluid differed from
those of the Rayleigh model especially in the short wavelength region, 41 < 600 nmm . Better
agreement with results was obtained for titanium oxide — water nanofluid. Reasons
suggested for this included possible presence of impurities in the experiments and

assumptions in the optical property model.
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Measured temperature profiles for both nanofluids were similar to those shown in Figure 3
illustrating peak temperatures developing at the surface. Using experimentally measured
extinction coefficient values and solving the receiver model equations, temperature profiles
were obtained that were in qualitative agreement with those measured earlier. However,
quantitative errors of 22% and 12% were observed for silicon oxide — water and titanium

oxide — water nanofluids respectively.

A recent study has reported on the performance of graphite — water nanofluids (Ladjevardi,
Asnaghi et al. 2013). A model similar to that of Tyagi, Phelan et al. (2009) was employed.
There were a few modifications with the most notable being the use of a realistic solar
spectrum for the incident flux top boundary condition. Previous studies had employed the
Planck’s black body approximation. Spectral radiative properties of the nanofluid were also
employed. The authors illustrated the advantage of using graphite — water nanofluid over
pure water by computing outlet temperatures for both cases (Ladjevardi, Asnaghi et al.
2013).

The above studies concentrated on low flux collectors with incident radiation flux, ¢ <
1000 W /m?. The results were applicable to low temperature systems, for example, domestic
water heaters. Solar collectors are, however, also employed in high temperature systems like
industrial process heating and power plants (Zhu, Zhang 2012). There was thus a need for
studies on high flux collectors and these were also conducted (Lenert, Zuniga et al. 2010b,
Lenert, Wang 2012, Lenert 2010a, Taylor, Phelan et al. 2011a, Taylor, Phelan et al. 2012,
Taylor, Phelan et al. 2010).

Initial studies into high flux collectors focused on beamed down concentrated incident
radiation flux, CG with concentration ratio C < 100 and incident flux G = 1000 W /m? (Lenert,
Zuniga et al. 2010b, Lenert, Zuniga et al. 2010b, Lenert 2010a). Stationary nanofluids were
employed in which energy transfer was by transient conduction. This was unlike previous
works in which the nanofluid was non-stationary and energy transfer was by forced
convection. Nanofluids employed were graphite — Therminol VP1 and carbon coated cobalt
— Therminol VP1 (Lenert 2010a).

The Beer — Lambert model was used with an ideal specular reflector at the bottom thus
resulting in a two-flux model (equation (2.3)). The model was solved for in the spectral range
A < 2 um and the nanofluid assumed to behave like a perfect absorber in the spectral range
A > 2 um. This allowed the treatment of thermal emission in 1 > 2 uym as a top boundary
condition in the energy equation. The emission term in 1 < 2 um was either approximated

(Lenert 2010a) or ignored (Lenert, Zuniga et al. 2010b) . In both cases, it was assumed that
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emission would not be significant as quantified in terms of the emitted power being less than

20% at wavelengths 4 < 2 um for temperatures, T < 1200K.

To validate the numerical model, experiments were conducted with an average incident
radiation flux of CG = 2620 + 184 W /m? from a solar simulator with wavelength range, 0 <
A < 1.6 um. Spectral radiative properties were employed based on empirical model fitting of
experimental data obtained in a manner similar to previous work (Zhu, Li et al. 2010). The
model captured the general shape of the temperature profile. However, it under-predicted
surface temperatures while over-predicting temperatures towards the bottom. The
discrepancies were attributed to experimental error dominated by heat loss to the sidewalls

and a failure by the model to capture the divergence of the radiation source profile.

Lenert & Wang (2012) employed an improved radiation transport model that catered for the
directional properties of radiation. The introduction of the directional dependence was
necessary for the full treatment of emitted radiation as it travels in all directions in space. The

model was given as,

a1
“a_; = Kaalpa — Kealy, (2.4)

where u = cos@ is the directional cosine and other terms retain their previously defined

meanings.

Equation (2.4) gave better predictions which were found to be within 20% of experimental
results (Lenert, Wang 2012). Using this model, Lenert & Wang (2012) illustrated that
temperature inversion could occur in the receiver with the surface temperature being lowered
below that of the bulk fluid. This implied lower thermal heat loss occurred at the surface,
confirming the observations of Hunt (1978). Previous works had failed to observe this (see

Figure 3).
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Figure 7: Temperature evolution with time within the volumetric collector for an optical depth,

T = 1.7, a concentration ratio, C = 25 and height, H = 2.5 cm (Lenert, Wang 2012).

Temperature inversion profiles observed were more pronounced for higher concentration
ratios and taller receivers. These profiles evolved with time and became near isothermal at
high temperatures. At these temperatures, radiative exchange within the body was more
effective than conduction at redistributing energy, both processes possessing a diffusive
effect (Lenert, Wang 2012). This steady state was achieved in short times for great
concentrations and shorter receivers, giving an indication as to design considerations for

optimal exposure time.

The effects of height and concentration ratio on the receiver efficiency were also studied with

efficiency defined as,

mcy (Tout — Tin)
_ p\Uout in
Ncollector = ACGtexp ) (25)

where m is the mass of the fluid, t.,, is the exposure time and other terms are as previously

defined.

Lenert & Wang (2012) showed that efficiency increased with increasing concentration ratio
for a given mean outlet temperature. This was due to shorter exposure times required to

reach the given temperature. Equally, for a given receiver efficiency, increasing the
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concentration ratio increased the mean fluid outlet temperature for a given exposure time.

This was illustrated in Figure 8.

Figure 8: Volumetric receiver efficiency versus mean outlet temperature for various

concentration ratios, 10 < € < 100 (Lenert, Wang 2012).

Figure 9: Volumetric receiver efficiency versus mean outlet temperature for various heights,
0.1 < H < 25 cm (Lenert, Wang 2012).
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The effect of height was reported as being twofold depending on temperature; below 700 K,
efficiency decreased with increasing height whereas when temperature was in the range
800 - 1200 K efficiency increased with increasing height (see Figure 9). The behaviour in
both cases was linked to the fact that increasing height amplified the difference in the bulk
fluid and the surface temperatures. In the former case (< 700 K), surface temperature was
higher whereas in the latter case, temperature profile inversion had occurred and bulk fluid

temperature was higher.

A shortcoming of the work by Lenert & Wang (2012) was that the nanofluid was tested
allowing high temperatures to be achieved with thermophysical properties of the nanofluid
assumed constant. These were evaluated at room temperature. Predictions were also made

for temperatures beyond the breakdown point of the basefluid (= 650 K).

Taylor, Phelan et al. (2010, 2011a) investigated the performance of volumetric flow receivers
with incident radiation flux, CG where 100 < € < 1000 and G = 1000 W /m?. A spot focus
concentrator (that forms an image of the sun on the collector’'s absorbing area) was used as
opposed to linear focus concentrators previously studied. They, as a result, employed a short

receiver.

Spectral optical properties were developed according to the independent single scattering
Rayleigh model as detailed in a nanofluid characterisation study (Taylor, Phelan et al.
2011b). The bidirectional Beer — Lambert model (equation (2.3)) was coupled to the energy
equation and employed to study the performance of the receiver. To validate the model,
experiments were run for a dish collector (C = 400) with graphite — Therminol VP1 nanofluid.
The model was found to predict accurately for low volume fraction of ¢ = 0.125% but poorly

for high volume fraction with quoted errors of 30% — 40% at volume fraction of ¢ = 0.25%.
The effect of solar concentration ratio on efficiency was studied for Therminol VP1 — copper
nanofluid (¢ =0.001%, D =20nm). They combined the heat engine and collector

efficiencies (equations (1.1) and (1.2)) according to equation (2.6) in which a factor of 0.5

was introduced to cater for the heat engine running at 50% Carnot efficiency.

nsystem =0.5 NcarnotMNcollector- (2'6)

The investigations were done at various outlet temperatures (200°C ,300°C ,400°C) with the

upper temperature limit imposed to maintain operations with Therminol VP1 as a liquid. Mass
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flow rates were adjusted until the desired outlet temperatures were obtained. The flow was
found to be turbulent due to the short receiver length.

Taylor, Phelan et al. (2011a) reported that efficiencies of up to 10% above conventional
surface collectors were achievable by nanofluid-based receivers. Concentrations ratios of
100 - 1000 were tested with maximum efficiency observed to occur at a ratio of
approximately 275 - 300. This was as illustrated in Figure 10 in which the maximum
efficiency was also seen to shift to higher concentration ratios for higher outlet temperatures.

This was in line with earlier results illustrated in Figure 8 (Lenert, Wang 2012).

Figure 10: Volumetric collector efficiency versus solar concentration ratio for a volume
fraction, ¢ = 0.001% (Taylor, Phelan et al. 2011a).

Veeraragavan, Lenert et al. (2012) introduced an analytical method to solve the non-
dimensionalised problem. They considered a receiver operating in the low to mid-
temperature regime with incident flux, CG where C <30 and G = 1000 W/m?2. The
unidirectional Beer — Lambert model (equation (2.1)) was employed. Radiative properties
were taken as gray and corresponding to values of graphite and Therminol VP1 at 0.5 um
(Veeraragavan, Lenert et al. 2012).

They illustrated that temperature inversion could be achieved at a point far from the inlet.
Beyond this point, a steady state temperature profile could also be achieved when the heat
lost equalled the heat gained. This corresponded to results by Lenert & Wang (2012). The
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impact of such axial temperature development on Carnot and receiver efficiencies was a
respective asymptotic increase and decrease with increase in length implying that beyond a

certain length, temperature increase is minimal.

As an example of length optimisation, the authors used the total/system efficiency concept (a
product of receiver efficiency and Carnot efficiency) and their analytical model to obtain a
35% maximum total efficiency at a dimensionless length of 0.86 (see Figure 11). The length

was non-dimensionalised with respect to the flow’s Peclet number and the receiver’s height.

Figure 11: Volumetric receiver, Carnot and total system efficiencies versus the dimensionless

length (L) (Veeraragavan, Lenert et al. 2012).

In another study, a 3D volumetric receiver was simulated employing the full radiation
transport equation with scattering neglected (Kaluri, Vijayaraghavan et al. 2015). The
equation was solved using the conservative discrete ordinate method alongside the energy
and momentum equations for turbulent flow. Similar to previous work (Taylor, Phelan et al.
2011a), a spot focus incident flux was considered. Two nanofluids were employed; graphite
— water (considered gray) and copper sulphate (considered non-gray with 2 band spectral
averaging). Studies were limited to the wavelength range 0.4 < 1 < 1 um. The model was
validated against experiments and was reported to give results accurate to within 7% and

12% for graphite — water and copper sulphate nanofluids respectively.
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Parametric studies by Kaluri, Vijayaraghavan et al. (2015) indicated that efficiency increased
with increasing concentration ratio with the highest ratio simulated being € = 683. This
increase was most significant when there was a large difference between inlet temperature
and ambient temperature. Similarly, the increase was least significant when the difference
approached zero. Earlier experimental work had reported comparable results
(Vijayaraghavan, Ganapathisubbu et al. 2013). In the latter, it was illustrated that for small
differences between the inlet and ambient temperatures, the receiver efficiency was largely

independent of concentration ratio for a spot focus receiver.

It was further observed in both works that for a given concentration ratio, highest
performance was achieved when there was minimal difference between inlet and ambient
temperature. This was in line with results obtained for low flux line focus receivers (Tyagi,
Phelan et al. 2009). Kaluri, Vijayaraghavan et al. (2015) also showed that efficiency was
generally independent of the mass flow rate and this was in agreement with the findings of

Vijayaraghavan, Ganapathisubbu et al. (2013).

Beyond the above reviewed applications in parallel plate volumetric receivers, other works
were also published. These included those in cylindrical geometry receivers. Examples were
the linear parabolic collectors (Khullar, Tyagi 2011, Khullar, Tyagi et al. 2013, Kasaeian,
Daviran et al. 2015) and the tubular collectors reviewed elsewhere (Mahian, Kianifar et al.
2013).

Khullar, Tyagi et al. (2013) numerically investigated the performance of a “concentrating
parabolic solar collector”. Employing the radiation transfer equation with scattering neglected
and the energy equation in cylindrical coordinates, they investigated the performance of
aluminium — Therminol VP1 (¢ = 0.05%, D =5nm) nanofluid. They reported that the
nanofluid-based collector had a higher efficiency than a conventional parabolic trough. This
was due to higher sensible heat gain that resulted from enhanced radiation absorption of the

nanofluid.

Khullar, Tyagi et al. (2013) also investigated the impact of temperature dependent
thermophysical properties on the collector efficiency. They reasoned that the thermal
diffusivity of the nanofluid would be dominated by that of the basefluid (Therminol VP1). Their
results indicated that the collector efficiency did not vary significantly with changes in the

basefluid’s thermal diffusivity.

A recent study on parabolic collectors experimentally investigated the performance of
MWCNT — mineral oil nanofluid (Kasaeian, Daviran et al. 2015). It illustrated that a 4% — 7%
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enhancement in efficiency could be achieved over the use of pure oil as the heat transfer
fluid.

Advanced concepts have also been explored in literature with respect to volumetric
absorption. Such concepts have included the use of non-spherical nanoparticles such as the
single-walled and the multi-walled carbon nanotubes and nanohorns (Sani, Barison et al.
2010, Mercatelli, Sani et al. 2011, Mercatelli, Sani et al. 2012). There has also been the use
of different combinations of core-shell nanoparticles in plasmonic nanofluids (Wu, Zhou et al.
2015). Additionally, the use of nanofluids in hybrid photovoltaic thermal (PV/T) collectors
(Taylor, Otanicar et al. 2012) and in volumetric boiling (Taylor, Phelan et al. 2012) has been
considered. In all these studies, greater efficiencies have been reported upon application of

nanofluids illustrating their enormous potential in solar thermal harvesting.

2.4 Summary

From the foregoing discussion, it can be seen that few experiments have been performed on
nanofluid-based volumetric receivers. From these, it has been established that the use of
nanofluids improves the efficiency of volumetric flow receivers. This has mainly been

attributed to the enhanced absorption properties.

This increase in efficiency has, however, been seen to be limited by a number of factors such
as the volume fraction and boundary conditions. It has been shown that an increase in
volume fraction beyond a certain maximum value results in a decrease in efficiency. Similar
observations have been suggested for the concentration ratio. It has also been seen that
maximum efficiency is attained when the inlet temperature equals the ambient temperature.

Alternatively, preheating of the nanofluid does not translate to an enhanced efficiency

To extend such studies to other parameters, there has been a dependence on numerical
models. These models have increasingly grown in complexity to reflect the physics of the
problem as illustrated in equation (2.1) versus equation (2.4). However, the presence of
assumptions such as the approximation of spectral properties and the assumption a non-
absorbing basefluid has resulted in poor performance of the models. This has been
illustrated by the testing of models against experiments with predicted values being found to
be anywhere within 5% — 40% of experimental values. Furthermore, the impact of
temperature-dependent thermophysical properties (density, specific heat capacity,

conductivity, etc.) on the receiver's performance has not been investigated. The singular
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exception to this has been a study in which the thermal diffusivity of the basefluid was

considered.

Hence, there exists a need to study the performance of volumetric flow receivers under more
realistic models (radiative and thermophysical) and boundary conditions. This study
addresses this need by building upon the existing radiation models for the volumetric flow
receiver and simulating its performance by computational methods. A nanofluid whose
temperature dependent thermophysical properties have been characterised is employed as
the heat transfer fluid. As such, the study provides a systematic investigation into the impact
of thermophysical properties on the performance of nanofluid-based volumetric flow

receivers.
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Chapter 3: Model development

In this section, the radiative and thermophysical properties of copper oxide — water nanofluid

are presented. This is followed by a presentation of the volumetric flow receiver model.

3.1 Nanofluid property models

3.1.1 Radiative properties

To characterize the interaction of nanofluids with radiation, three radiative properties are

required. These are the spectral scattering coefficient (K ), the spectral extinction coefficient
(K¢,2) and the spectral scattering phase function (p,l (ﬁ’ - ﬁ)) (Tien 1988). The coefficients

represent the fraction of energy lost from a propagating wave per unit length of travel in
direction Q. The phase function specifies probability of scattering of rays into direction Q from

any direction Q' resulting in energy gain by the wave. A fourth property, the absorption
coefficient (K, ,) is obtained as the difference between the extinction coefficient and the

scattering coefficient. It is thus sufficient to measure the first three.

Until the recent application of nanofluids to solar thermal harvesting (Tyagi, Phelan et al.
2009) little focus had gone into investigating the enhancement of radiative properties in
nanofluids. Since 2010, however, a number of experiments have been performed to measure
these properties through light transmittance measurements (Said, Sajid et al. 2013, Sajid,
Saidur et al. 2015). Of these experiments, few have been aimed at providing characterisation
data. Rather, they have been aimed at illustrating the applicability of different nanofluids to
solar thermal harvesting. With limited data available, reliance has thus been on existing
theoretical models to predict radiative properties. Such models have included those defined
for packed and fluidized beds such as the scattering theory, the Maxwell-Garnett effective
medium theory and the Discrete Dipole Approximation (DDA) approach (Sajid, Saidur et al.
2015).

The use of theoretical models requires knowledge of the optical properties of both the
nanoparticles and the basefluid. These optical properties refer to the components of its

complex refractive index, m, defined as
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m =n+ik with |m| = vn? + k2 =c¢,/c , (3.1)

where ¢, is the speed of light in a vacuum, c is the speed of light in the medium, n the real

part of the refractive index, i = v—1 and k the imaginary part of the refractive index or the

extinction index.

The optical properties of nanoparticles are derived from those of the bulk materials which are
readily available in literature. However, the latter do not necessarily translate to the nano-
scale. Since a nanoparticle is “smaller than the mean free path of the free electrons in the
bulk material, the optical properties are modified due to boundary scattering” (Zhu, Zhang
2012, Otanicar, Taylor et al. 2009c).

The bulk optical properties can be numerically corrected for the size effect (Taylor, Otanicar
et al. 2012). This is, however, not necessary for all materials as not all materials exhibit size
dependent optical properties. As an example, silver (Otanicar, Phelan et al. 2010a, Taylor,
Phelan et al. 2011b, Otanicar, Taylor et al. 2009c) and gold (Otanicar, Taylor et al. 2009c)
have been experimentally observed to have size dependent properties. On the other hand,
graphite has been observed to have no size dependence (Otanicar, Phelan et al. 2010a,
Otanicar, Taylor et al. 2009c).

The optical properties of basefluids frequently employed in solar thermal harvesting such as
water, Therminol VP-1, propylene glycol and ethylene glycol have been studied in the past
(Brewster 1992, Hale, Querry 1973). They have also been recently investigated (Lenert,
Zuniga et al. 2010b, Sani, Dell’Oro 2014, Taylor, Phelan et al. 2011b, Otanicar, Phelan et al.
2009Db).

Of the several theoretical models in existence, the scattering theory has been frequently
employed in nanofluids’ literature. It is based on the solutions to the electromagnetic field
equations and their boundary conditions at interfaces. The solutions are defined for the
absorption and scattering by a single particle in a non-participating medium under the

assumptions of coherent, independent, single scattering (Hulst, Van De Hulst 1957).

Coherent scattering is defined as when the scattered light has the same frequency as the
incident light (Hulst, Van De Hulst 1957). Independent scattering occurs when the scatter
field from one particle forms without interaction (interference) from the scatter field of another
particle (Hulst, Van De Hulst 1957). Lastly, single scattering occurs when the incident wave

on each particle is that of the original beam only (Hulst, Van De Hulst 1957).
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For particles with simple shapes such as spheres and cylinders, general solutions are
obtained as functions of the normalized complex refractive index, m and the size parameter,

a (Tien 1988). For a spherical particle, these are defined as:

m = tmet tep (3.2)
nbf
™D
a = T, (33)

where D is the particle’s diameter, 1 is the wavelength and the subscripts np and bf

represent the nanoparticle and basefluid respectively.

In the limit « « 1 and |m|a « 1, the Rayleigh limit, simplified solutions for scattering,
absorption and extinction efficiencies and the phase function are obtained from the Mie

approach as shown in equations (3.4) — (3.7) (Hulst, Van De Hulst 1957):

8 2_q|2
Qsa = ;a* ZZ+2| , (3.4)
m?-1 a? (m?-1\ m*+27m?+38
Qa"l = 4alm {m2+2 [1 T E(m2+2) 2m2+3 ]}’ (3:5)
Qe,/’l = Qa,/l + QS,A ’ (3-6)
D (6 —>6> = p,(0) = % (1+ cos?0), (3.7)

where 6 is the polar angle, Q, , the spectral scattering efficiency, Q. ; the spectral extinction

efficiency and Q, , the spectral absorption efficiency.

Kerker (cited elsewhere (Said, Saidur et al. 2014)) quantified the limit « «< 1 as Rayleigh
scattering equations being accurate to within 4% for a < 0.3. For the smallest wavelength in
the terrestrial solar wavelength range, 0.3 um, this gives the maximum diameter of the

spherical particle as:

.3(0.3x107°
Dza_/lsos(o&ko )
T T

= 30nm. (3.8)

31



Model development

As nanoparticles are defined for diameters, D € [0,100] nm, the Rayleigh scattering
equations can be applied. It is expected that prediction errors are dominant at short
wavelengths with increase in diameter beyond 30 nm. Indeed, the equations have been
shown to under-predict radiative properties in the short wavelength region for aluminium
oxide — water and titanium oxide — water nanofluids (Said, Saidur et al. 2014, Said, Saidur et
al. 2015). The presence of observed nanoparticle aggregates of sizes above 100 nm was not

discounted as a possible factor for the difference.

For particulate media such as the nanofluids, the absorption and scattering coefficients can
be obtained from the absorption and scattering efficiencies of a single particle. This depends
on the scattering regime of the system which is based on the size parameter, « and the
volume fraction, ¢. Figure 12 illustrates the independent scattering versus dependent

scattering regimes.

Figure 12: lllustration of independent versus dependent scattering on a scattering regime

map (Taylor, Phelan et al. 2011b).

In the figure above, the demarcation line c/A represents the ratio between the inter-particle
distance, ¢ and the wavelength, 1. As the ratio increases, the scatter field from a single
particle is able to form without interference from the scatter fields of its neighbouring

particles.
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Dilute media can be treated as independent scattering when defined for volume fraction ¢ <
0.6 % or c/A > 0.5 (Tien 1988). This allows for the system’s energy extinction and scattering
coefficients to be expressed by simple algebraic expressions of the energy extinction and

scattering efficiencies of single particles as given in equation (3.9),

3¢Qia
Kia==p"

; (l = al SI e); (39)
where K;, are the energy coefficients and Q;, the energy efficiencies previously defined.

Single scattering is also assumed to hold for low volume fractions. Otanicar, Phelan et al.
(2009b) proposed the limit, ¢ < 1%.

Given that the basefluid absorbs, especially in the infrared region, its contribution is also
incorporated. Since the basefluid is a homogeneous medium, absorption will be

predominant. From its extinction index, k,f, the basefluid's absorption coefficient is defined

as,

Kop =2 (3.10)

Finally, a first order approximation of the extinction coefficient of the nanofluid is obtained by
summing up the previously defined coefficients. This is illustrated in equation (3.11). It is

valid for low volume fractions (Taylor, Phelan et al. 2011b).
Ke’lnf == Ka’/lbf + Ka,/lnp + Ksllnp. (311)

The Rayleigh scattering model was adopted for the characterisation of copper oxide — water
nanofluid. Optical properties were initially required. Those of copper oxide were available in
the limited wavelength range, 0 <1 < 1 um (Palik 1998). These were assumed to be size
independent. Those of water were available over the entire solar spectrum, 0.3 <A< 3 um
(Palik 1998). As such, the study was conducted in the limited wavelength range, 0.3 <1 <
1 um. This range contains 72.15% of the direct normal terrestrial solar spectral flux based on
the ASTM G173-03 standard (ASTM 2012).

As the wavelength interval specifications of the incident flux given by the standard and those
of the optical properties from literature were different, interpolation of optical properties as a
function of wavelength was done in MATLAB®. The Piecewise Cubic Hermite Interpolating

Polynomial (pchip) function was used to generate shape-preserving functions from the data
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obtained in the work of Palik (1988). These functions were then evaluated at the wavelength
specifications of the incident flux using the MATLAB® “ppval” function that simply evaluates
piecewise polynomials. The radiative properties of copper oxide — water nanofluid were
thereafter obtained using the Rayleigh scattering model (equations (3.2) — (3.5) and

equations (3.9) — (3.11)). These were as illustrated in Figures 13 — 15.
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Figure 13: Absorption coefficient (K, ;) of copper oxide — water nanofluid at a fixed diameter,

D = 30 nm and varying volume fractions.
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Figure 14: Scattering coefficient (K; ;) of copper oxide — water nanofluid at a fixed diameter,

D = 30 nm and varying volume fractions.
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Figure 15: Absorption coefficient (K, ;) of copper oxide — water nanofluid at a fixed volume

fraction, ¢ = 0.6% and varying particle diameters.
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It was observed from Figures 13 and 14 that copper oxide — water nanofluid had greater
absorption than scattering with the former being one order of magnitude higher than the
latter. In terms of the extinction coefficient (equation (3.11)), scattering contributed less than

10% of the total extinction coefficient and could thus be neglected.

It was also be observed that the nanofluid’s absorption coefficient varied more with the
volume fraction of nanoparticles (Figure 13) than it did with the diameter of the nanoparticles
(Figure 15). In addition, peak absorption occurred at short wavelengths and thereafter
reduced with increase in wavelength. This was in line with the solar spectrum distribution in
which peak energies are concentrated at short wavelengths as illustrated in Figure 16. It
served to confirm that copper oxide — water nanofluid is an ideal candidate for use in

volumetric flow receivers.

Figure 16: Direct normal terrestrial solar spectral flux (ASTM G173-03 2012, Gueymard
1995, Gueymard 2001).
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3.1.2 Thermophysical properties

The thermophysical properties of a nanofluid affect the heat transfer performance of the
system they are employed in. They include the density, the specific heat capacity and the
thermal conductivity among others. The addition of nanoparticles into a basefluid has been

seen to alter these properties to varying degrees.

Density has been observed to increase as a linear function of volume fraction at a given
temperature according to the mixture rule given by equation (3.12) (Eastman, Phillpot et al.
2004, Khanafer, Vafai 2011),

Pnf = (1 —P)ppr + Ppny (3.12)

where p is the density and ¢ is the nanoparticle volume fraction. This mixture rule can be
interpreted as a weighted average of the densities with volume fraction as the weighting

factor.

Experimental validation of equation (3.12) has been done for aluminium oxide — water
nanofluid (Pak, Cho 1998). Results obtained at room temperature were found to be accurate
with a 0.6% maximum deviation reported at a volume fraction of 31.6%. A similar validation
study was later carried out for aluminium oxide — ethylene glycol/water nanofluid with similar
results obtained (Vajjha, Das et al. 2009a). The density of copper oxide — water nanofluid,

employed in this study, was consequently assumed to vary according to this mixture rule.

To capture temperature dependence, a previously suggested position (Vajjha, Das 2012)
was adopted; that is, density variation occurs due to the variation in density of the basefluid.
Copper oxide was assumed to have a constant density of 6500 kg/m3 (Vajjha, Das 2009c)
while the temperature dependence of water’s density was captured by an expression derived

for the temperature range 0°C < T < 150°C. This was given as (Popiel, Wojtkowiak 1998),

1ppy =999.80 + 683.17 X 107* (T — 273) — 107.40 x 10~*(T — 273)? +
821.41 x 1076 (T — 273)25 — 230.31 x 1077 (T — 273)3, (3.13)

where T is the temperature in Kelvin and p,( is the density of the basefluid.

1 Equation (3.13) rounded off to 2 decimal places for display purposes.
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Specific heat capacity has generally been observed to decrease with increase in volume
fraction at a given temperature (Khanafer, Vafai 2011). This has been posited to be the case
only when the specific heat of the nanoparticles is lower than that of the basefluid (He, Wang
et al. 2012). Given that copper oxide has a lower specific heat capacity of 530)/kg K
(Pantzali, Kanaris et al. 2009) as compared to that of water at room temperature (=

4180 ]/ kg K), it was expected that this observation would hold.

There are several models that have been proposed to model the impact of volume fraction
on specific heat capacity. These are reviewed by Shahrul, Mahbubul et al. (2014). Two are,

however, frequently employed. These are,

(Cp)nf =(1- ¢)(Cp)bf + ¢(Cp)np ) (3.14)
(Cp)nf — (1_¢)(Pcp)pb£f+ b (PCpInp ’ (315)

where ¢, is the specific heat capacity and p, is defined according to equation (3.12). The
first model (equation (3.14)), initially applied by Pak & Cho (1988), is based on the mixing
theory. The second (equation (3.15)), proposed by Xuan & Roetzel (2000), is based on the
assumption of thermal equilibrium between the basefluid and the nanoparticles (Khanafer,
Vafai 2011, Shahrul, Mahbubul et al. 2014, Xuan, Roetzel 2000).

Experimental validation of the models has illustrated that the second model gives more
accurate predictions. This observation was initially based on results derived for aluminium
oxide — water nanofluid at 33°C (Zhou, Ni 2008). Similar results were later reported for
copper oxide — water nanofluids at 25°C (Pantzali, Kanaris et al. 2009). Consequently,
equation (3.15) was adopted for cases requiring temperature independent specific heat

capacity.

Recent experimental and modelling work (Barbés, Paramo et al. 2014) has further illustrated
that the temperature dependent specific heat capacity of copper oxide — water nanofluids can
also be modelled by equation (3.15). It is, however, necessary to account for variation of the
basefluid’s specific heat capacity. The study by Barbes & co-authors was done in the
temperature range, 23°C < T < 64°C. An earlier study had reported similar results but was
conducted at only three temperature points: 35°C,45°C,55°C (O'Hanley, Buongiorno et al.
2012). Consequently, the thermal equilibrium model was also adopted for cases requiring

temperature dependent specific heat capacity.
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The specific heat capacity of the basefluid, water, was modelled by equation (3.16) below
(Popiel, Wojtkowiak 1998) whereas that of copper oxide was taken as constant at 530/

kg K (Pantzali, Kanaris et al. 2009).

2 (cp)bf =422 — 561.82 x 1073(T —273) + 129.96 x 107> (T —

273)'* —115.35 x 107¢ (T — 273)* + 4.15 x 107® (T — 273)?>>,  (3.16)

where T is the temperature in Kelvin and Copr is the specific heat capacity of the basefluid.

In subsequent sections, the variation of the density and the specific heat capacity of the

nanofluid was investigated as the variation of a single parameter, the volumetric specific heat
capacity < (pcp) f>' The latter was obtained as a product of the density and the specific
n

heat capacity of the nanofluid. It represented the amount of thermal energy required to raise
the temperature of a unit volume of a substance by one Kelvin (Zhou, Wang et al. 2010). It
was seen to decrease with increase in temperature and increase in volume fraction as

illustrated in Figure 24.
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Figure 17: Volumetric specific heat versus temperature for water and copper oxide — water

nanofluid at various volume fractions.

2 Equation (3.16) rounded off to 2 decimal places for display purposes.
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Thermal conductivity has received the largest share of research efforts among the properties
of nanofluids given its centrality to heat transfer considerations (Wu, Zhao 2013, Lomascolo,
Colangelo et al. 2015, Philip, Shima 2012). Initial interest was aroused by “anomalous
enhancements of thermal conductivity” reported such as those by Eastman, Choi et al.
(2001), Patel, Das et al. (2003) and Lee, Choi et al. (1999). In their study, Eastman, Choi et
al. (2001) reported a 40% improvement in thermal conductivity for copper — ethylene glycol
nanofluid for a volume fraction of ¢ = 0.3% and mean diameter of D < 10 nm. Patel, Das et
al. (2003) reported 5% — 21% enhancement for gold — water nanofluid at an extremely low
volume fraction of ¢ = 0.00026% and in the temperature range 30°C < T < 60°C. These
were in comparison to a 20% enhancement for copper oxide — ethylene glycol nanofluid for a
volume fraction of ¢ = 4%, and an area weighted mean diameter, D = 23.6 nm reported by
Lee, Choi et al. (1999). Clearly, the anomalous enhancements made nanofluids an attractive

option for heat transfer applications.

Coming out of these experiments and later ones (Murshed, Leong et al. 2005, Murshed,
Leong et al. 2008) was another observation that thermal conductivity enhancements lay
outside of the predictions of classical models. Such models included the Maxwell model and
the Hamilton and Crosser model. These models, derived from the solution of energy
equation for a stationary dilute dispersion of relatively large spheres (micro-scale), were
generally seen to under-predict thermal conductivity (Khanafer, Vafai 2011). They were only

slightly accurate at low volume fractions and sufficient for a first approximation.

The Maxwell model was adopted to give a conservative estimate of the thermal conductivity

of copper oxide — water nanofluid. It was defined as,

k _ knp+ 2kpr+ 2¢(knp_kbf)
n knp+ 2kbf‘¢(knp_kbf) b

(3.17)

where k is the thermal conductivity and subscripts nf,np and bf refer to the nanofluid,
nanoparticle and basefluid respectively. Temperature dependence was only slightly captured
through the variation of the basefluid’s conductivity given as equation (3.18) (Popiel,
Wojtkowiak 1998),

3k = 565.03 X 1073 + 263.64 x 107° (T — 273) — 125.17 x 1076 (T —
273)15 — 1.52 x 107 (T — 273)2 — 941.29 X 1076 (T — 273)%5,  (3.18)

3 Equation (3.18) rounded off to 2 decimal places for display purposes.
40



Model development

where ky is the thermal conductivity of the basefluid, ¢ is the volume fraction, and T is the

temperature in Kelvin.

An experimental correlation was also adopted to give a more realistic estimate of
conductivity. This correlation captured the effects of nanoparticle size, volume fraction and
temperature directly and was proposed in (Koo, Kleinstreuer 2004, Koo, Kleinstreuer 2005).
It was composed of two parts; a static contribution to thermal conductivity by the classical
Maxwell model (equation (3.17)) and a dynamic part that considers the effect of micro-
convection set up by nanoparticles moving under random Brownian motion. It was defined

as,

k. = knp+ 2kpr+ 2¢ (knp—Kpf)

4 kgT
nf — knp+2kbf_¢(knp—kbf) kbf‘l‘ 5 X 10 B¢pbfcpbf pnpD f(¢,T),

(3.19)

where k is the thermal conductivity, p is the density, c, is the specific heat capacity and the
subscripts bf, nf,np refer to the basefluid, the nanofluid and the nanoparticles. ¢ is the
volume fraction, T is the temperature in Kelvin, D is the diameter of the nanoparticle and kg

is the Boltzmann’s constant.

Functions g and f(¢,T) were based on curve fitting of experimental data. They were initially
limited to the temperature range, 27°C < T < 52°C (Koo, Kleinstreuer 2004, Koo,
Kleinstreuer 2005). Vajjha & Das (2009c) later modified these functions based on a larger
experimental data set and extended their applicability to the temperature range, 27°C < T <
90°C. These modifications were adopted for this study and can be found elsewhere (Vajjha,
Das 2009c).

For equation (3.19), the temperature dependent thermal conductivity of the basefluid was
given by equation (3.18). The thermal conductivity of copper oxide was taken as constant at
17.65 W/m K (Vajjha, Das 2009c) for all cases.

The thermal conductivity of copper oxide — water nanofluid was seen to be higher than that of
the basefluid, as observed from the conductivity enhancement ratio (k,r/kys) in Figure 18.
The Maxwell model predicted a conservative increase of about 3% while the improved Koo
& Kleinstreuer correlation predicted an enhancement in the range of 7% — 26% depending
on temperature. The enhancements were computed at a volume fraction of 1% and over
temperature ranges for which the correlations were defined.
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Figure 18: Comparison of thermal conductivity ratios given by the Maxwell and the Koo &

Kleinstreuer correlations at a volume fraction of 1%.

The viscosity of copper oxide — water nanofluid was taken as temperature independent given
the scope of the study. An experimental correlation (Nguyen, Desgranges et al. 2007) was
adopted to model the variation of viscosity with nanoparticle volume fraction as given by
equation (3.20),

Uns = (1475 — 0.319¢ + 0.051¢% + 0.009¢ )y , (3.20)

where ¢ is the volume fraction, u, is the viscosity of the nanofluid and u, is the viscosity of

the basefluid.

The correlation was favoured over the classical Brinkman and Batchelor models of viscosity
as Nguyen, Desgranges et al. (2007) illustrated that the classical models were insufficient for
copper oxide — water nanofluid. Though defined for room temperatures, it was assumed that
the correlation would hold for any inlet temperature. It was observed that at a volume fraction

¢ = 1%, equation (3.20) predicted a large viscosity enhancement of about 47%.
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3.2 Volumetric flow receiver model

The volumetric flow receiver absorbs incident solar radiation and transfers it to a heat
transfer fluid which then conducts and convects it away. A description of the model requires
a description of the primary fields; intensity and temperature. The intensity of radiation is
governed by the radiation transfer equation (RTE) (Ozisik 1973). The RTE caters for both the
directional and the spectral properties of the intensity field, and its final form depends on the

system being considered (or receiver in this case).

For this study, a parallel plate volumetric flow receiver with a linear focused concentrator was
considered as shown in Figure 19. It was composed of dimensions L x W x H (length X
width x height) such that (L, W) >» H. Azimuthal symmetry in the RTE boundary conditions

was assumed. Additionally, negligible scattering was assumed as illustrated in section 3.1.1.

Figure 19: Volumetric flow receiver model with radiation intensity field illustrated.

The intensity field was two dimensional by virtue of the temperature field and hence its
emission field being two dimensional (Kumar, Tien 1990). However, as the geometry of the
model was such that the length was much larger than the height, a one dimensional
approximation of the RTE was sufficient. This was because steeper intensity gradients

occurred along the height than along the length (Kumar, Tien 1990). The RTE was thus

defined as,
aI?x(x; Y, ,Ll) :
—ay —Ke a6y, 1) + 1Ko plpa(T(x,y))  in0<y<H,
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where I is the spectral intensity and p = cos 6 is the directional cosine. K, ; is the nanofluid’s
spectral extinction coefficient, K,, the spectral absorption coefficient and n the real
component of the spectral refractive index of the basefluid. Equation (3.21) was similar to
equation (2.4) but the spectral blackbody emitted intensity I, ; was adjusted to correct for

emission into a medium other than air/'vacuum (Kumar, Tien 1990).
The RTE was subject to two boundary conditions; a directly normal incident flux at the top

(see Figure 16 for wavelength distribution), and either an emitting or transparent bottom

boundary depending on the value of bottom wall emissivity, €. These were defined as,

J .
L, 0w =tw2>86(u—-1)  inpu>0, (3.22)
(x, H, 1) = en?l, 1 (T (x, H)) inu <0, (3.23)

where t(u) is the glass transmissivity, /py is the top boundary spectral incident flux, 6(u — 1)

is the Kronecker delta function and other terms retain their previously defined meanings.

The energy equation (EE), governing the temperature field, was given as equation (3.24),

Ons M TCYD) 0 ( 0TCoy)\, 3 (, TGy 9a,xy)
0x T ax\ ™ ax ay\'™ oy C dy
in0<y<H 0<x<L, (3.24)

where T is the temperature, k, is the nanofluid’s thermal conductivity, p,,; is the nanofluid’s
density, Cpp s is the nanofluid’s specific heat capacity and u is the nanofluid’s velocity. g, is

the net radiation heat flux while E;—‘;r is its divergence which accounts for the incoming solar

radiation modeled as a volumetric heat source. These were given as equations (3.25) and

(3.26) respectively,

1
q-(x,y) = j 2m f Lo, y, wWududa,
A u=-1
(3.25)
94, (x,) y
X,
B [ Kea|-em [ nGoywdn +amnn, (1 )| a2,
y 1 o
(3.26)
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with terms retaining their previously defined meanings.

The EE was subject to a Newton cooling boundary at the top (y = 0) and an adiabatic

boundary at the bottom (y = H) defined respectively as,

g T2 = AT (%, 0) = Tamp), (3.27)
aT(x,
ks a’;y’ =0, (3.28)

y=H

where h is the convective heat loss coefficient, T,,,; is the ambient temperature and other
terms retain their previously defined meanings. At the inlet (x = 0), a prescribed inlet
temperature was assumed whereas at the outlet (x = L), the temperature was assumed to be

fully developed. These were defined as;

T(x,Y)|x=0 = Tin» (3.29)
T (x,y) _
., =0 (3.30)

Additionally, the velocity field was considered. It was assumed to be 1D and in the x-
direction. This was in line with expectations that the highest temperatures would occur near
the top of the receiver (see Figure 3) and hence density variations would not give rise to
velocity in the y-direction. Thus the 1D Navier-Stokes (NS) equations were employed. These

were defined as,

O(pnfu)

) g, (3.31)
3(pny1) _ o%u  2%u\ _9p

ax  Hnr (axz T ayZ) ax’ (3.32)

where p,ris the nanofluid’s density, uis the nanofluid’s velocity, u,ris the nanofluid’'s

viscosity and p is the pressure.

The boundary conditions of the NS were taken as a developed profile at inlet (x = 0), the no
slip condition at top and bottom boundaries (y =0, y = H) and a known reference outlet

pressure. These were defined as,
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u(xr y)lx:O = uin(y); (333)
u(x»J’Ny:o = u(x, y)ly:H = 0' (334)
P, Y)lx=L =0, (3.35)

with terms retaining their previously defined meanings.
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Chapter 4: Model implementation

In this section, the solution strategy employed to solve the volumetric flow receiver model
and its implementation is presented. This is done by initially looking at the Schuster-
Schwarzschild approximation to the radiation transfer equation followed by a look at the finite
volume approximations to the energy and Navier Stokes equations. Thereafter, a case study

from literature is simulated to validate the model and its implementation.

4.1 Approximations to the radiation transfer equation

A rigorous solution process for the model required that the RTE (equations (3.21) — (3.23))
be solved for over all directions (1) and over all wavelengths (1) at each point (x,y).
Integration over the entire wavelength spectrum and directional space (equations (3.25) —
(3.26)) would then be done to obtain total quantities that would be plugged into the EE
(equation (3.24)) to solve for temperature. This implied a huge computational expense. To
circumvent this, approximations to the RTE were considered (Ozisik 1973, Mengg, Viskanta
1983).

Directionally averaged approximate models of the RTE were favoured over those that
approximate the optical thickness of the medium. The idea behind the former was to break
the radiation field into a number of discrete directional streams and convert the RTE into a
system of differential equations. The two-flux methods were adopted. These give a first
approximation and are formulated for a semi-isotropic field. They approximate the RTE with

two differential equations that govern the forward and backward directional intensities.

The radiation field was decomposed into a directly transmitted component (I., ;) resulting
from the collimated incident radiation at the top, and a diffuse component (I4;¢,) resulting
from emission within the nanofluid and at the bottom boundary. The directly transmitted
component represented the portion of spectral intensity that penetrated the medium to a
given optical depth without being attenuated by absorption. This component travelled in the
downward direction only ( u* > 0). The decomposition led to a smooth angular distribution of

intensity that could be approximated easily (Viskanta, Toor 1972, Viskanta, Toor 1973).

The resulting intensity field equation was given by:
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Ke 2y

Loy, 1) = leoia(x, 0,1%) e(_ ”_> + laiaCoy,u) in >0 -1<p<1,
(4.0)

with terms retaining their previously defined meanings. Substituting into equation (3.21) and

modifying the boundary conditions gave the following:

Ol aiea (x, ¥, 1) .
— = =Ko laiera (6 v, 1) + n2Ko 11, 2(T(x,y)) in0<y<H ;

dy
“1<pu<1, (4.1)
Idiff,?\(xl O, ,Ll) =0 in U > 0; (42)
Laigea O, H, ) = enzlb,A(T(x, H)) nu<Do0, (4.3)

with terms retaining their previously defined meanings. The diffuse field was assumed to be
isotropic and was approximated by the Schuster-Schwarzschild 2-flux approximation (Ozisik

1973, Viskanta 1966). This was done by initially defining an integrated flux, j, as:

i = fol Laigea (6, y, 1) dp - in >0, (4.4)
Ja = f_ol Laieea (o, v, ) dp in e <0, (4.5)
and

%J’I o fol Laiea (6, y, ) w dpe - in u >0, (4.6)
_%fz_ ~ f_ol Laieea (o, v, ) g dp in u >0, (4.7)

where the factor % accounts for the obliquity of the intensity.

This was followed by an integration of the diffuse field RTE over u to obtain the following set

of uncoupled linear ODEs:
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.+

SN — — Kopjf (6,7) + 1Ko alya(T(x,9)), (48)
1dj7(xy) -

_Eud—;;y = —RKegpJx (X, Y) + nZKe,/llb,).(T(xr y))' (49)

with boundary conditions:

ji (x,0) =0, (4.10)

Ji (x, H) = en?ly (T (x, H)). (4.11)

Also, the net radiative heat flux and divergence of the net radiative heat flux were redefined

as:

g = L (it (6 y) — j1 (o) + T(1) Jowe“Kea?) di,
(4.12)

2q,(x,y) _

dy L Ko[—2m (j3 (e, y) + j7 (6, ) — ©(1) Jpwe"Kea)

+ 4mn?1, (T (x, y))]dA,
(4.13)

with terms retaining their previously defined meanings.

4.2 Finite volume method

The finite volume method was employed to approximate the EE and NS equations chiefly
because it ensures conservation in the resulting weak form, as required by the strong form

(Versteeg, Malalasekera 2007). The method entailed the following steps:
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Construction of weak forms for the equations to be solved.
Discretisation of the domain into nodal points and their control volumes.

Approximation of the weak forms with nodal values.

N =

Solution of the systems of equations for nodal values of the unknown variables.

The steps are now outlined with reference to a sample discretised domain as illustrated in
Figure 20. The figure shows a nodal point P and its neighbouring nodal points (E,W,N,S). A
control volume (dotted lines) is constructed around the nodal point P and its surfaces are

also labelled (e, w, n, s).

Figure 20: Sample discretised domain for the finite volume method.

The weak form of the EE was obtained by taking the integral over a control volume,

1]a(pnfcpnfuT(x:y)) v

vV 0x
10 0T (x,y)
_Vja<knf—ax )dV

1[0 T (x,y) 1 (0q.(x,y)
Sk G R b

(4.14)

where V is the volume of a finite control volume and other terms are as previously defined.
This was followed by employing the divergence theorem and averaging the source term over

the control volume to obtain,
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aT (x,y)

T (x,y) 9q,(x,y)
ffpnfcpnfquAx = jﬂkndeAx + 3§ K ———2dA, -———=AV

oy y oy
(4.15)

)

where A, and A, are the surface areas of the control volume in the x and y directions

respectively and other terms retain their usual meanings.

Similarly, the weak forms of the NS equations were obtained as:
¢ pprudA, =0, (4.16)

ou ou op
jépnfuudAx = jg,unfadAx + jg unf@dAy —aAV,

(4.17)

where terms retain their previously defined meanings.

The integral equations (equations (4.15) — (4.17)) represented balance equations for energy,
mass and momentum over a control volume. To convert them into systems of algebraic
equations, the receiver domain was discretised in terms of control volumes and their nodal
points following a vertex-centred approach. This provided a mesh on which to compute
scalar variables. A second, forward staggered mesh was employed for the velocity

discretisation. The equations were then expressed in terms of the nodal points.

To achieve this, the averaged source terms were approximated as being equal to the value
at the control volume’s nodal point. Surface quantities were evaluated as the average of
values at neighbouring nodal points. Diffusive gradients were approximated by the central
differencing method which is second order accurate. Finally, the convective terms were
approximated by a bounded second order convection scheme (min-mod) with first order

upwinding at the boundaries (Versteeg, Malalasekera 2007, Darwish 1993).

For a representative nodal point P on either mesh, the discretised weak forms of the EE and

momentum equations took the form:

F,tp — Eytyy = Ds(ts — tp) — Dy(tp — ty) + Do(tg — tp) — D, (tp — tyy) +
f, (4.18)
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where the subscripts e,w,n,s refer to the East, West, North and South control volume’s
surfaces respectively (see Figure 20). The subscripts E, W, N, S refer to the East, West, North
and South neighbouring nodal points respectively (see Figure 20). Fand D refer to the
convective and diffusive contributions respectively with their definitions given elsewhere
(Versteeg, Malalasekera 2007). t refers to the primary variables, temperature and velocity. f

refers to the source terms of the EE and momentum equations, given respectively as,

a T( ) )

f=- ("a—;y)P AV + Sp, (4.19)
57

f=- (ﬁ)P AV + Spe, (4.20)

where Sp. is the deferred correction contribution which is defined elsewhere (Versteeg,

Malalasekera 2007). Other terms retain their usual meanings.

Gathering the coefficients of the primary variable in equation (4.18), a final form of the

equation was obtained as,

Aptp - AEtE - Awtw - ANtN - AStS = f, (4‘21)

where A represents sum of coefficients from equation (4.18). Equation (4.21) was written out
for each interior nodal point. For boundary nodal points, the equation was adjusted to reflect
the boundary conditions given by equations (3.27) — (3.30) and (3.33) — (3.35). Some of the
boundary terms were shifted to the RHS of equation (4.21) to maintain the structure of its
LHS. Such terms included the contributions of the ambient temperature in equation (3.27).

Systems of algebraic equations were consequently obtained. These were expressed as
matrix equations of the form At = f with the matrix of coefficients A, the variable vector ¢,
and source term flux vector f. The matrices of coefficients were found to be square, sparse,

non-symmetric and containing a positive diagonal.

To proceed with the solution, the coupling between pressure and velocity in the NS
equations and that between the NS equations and the EE due to temperature dependent
density had to be considered. Furthermore, the nonlinearities in the EE also had to be
considered. These arose from temperature dependent thermophysical properties and the flux

vector being temperature dependent and coupled to the solution of the RTE. The SIMPLER
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algorithm (Versteeg, Malalasekera 2007) was employed in an iterative fashion as given

below:

1. An initial guess was assumed for temperature (inlet temperature), velocity and
pressure.

2. Using the guess/new temperature field, temperature dependent thermophysical
properties were evaluated.

Pseudo-velocities were computed.

4. A pressure equation formulated from the discretised continuity equation and using
the pseudo-velocities was solved. This gave a new pressure field.

5. The discretised momentum equation was solved using the new pressure field.
This gave a new velocity field. The equation was solved iteratively due to deferred
correction and convergence of inner iteration RMS residuals was taken to have
occurred at a limit of 1e-4.

6. A pressure correction equation from the discretised continuity equation and using
the new velocity field was solved.

The new velocity field was corrected to satisfy continuity.
The discretised energy equation was solved to obtain a new temperature field
using the continuity satisfying velocity field as follows:

8.1 The matrix of coefficients was assembled.

8.2 The linear ODEs of the RTE (equations (4.8) — (4.11)) were evaluated
exactly at each point for each wavelength. The divergence of the net
radiative heat flux was then evaluated through numerical integration. In
addition, the deferred correction contributions were evaluated. These gave
the source term flux vector.

8.3 The matrix equation was solved.

8.4 Both the temperature and the EE residuals were tested for convergence.
The RMS values were compared to a limit of 1e-6. If converged, the inner
iterations were exited, else the program went back to step 8.2 utilising the
new temperature field as the new guess.

9. The outer iteration RMS residuals for the discretised EE and NS equations were
tested for convergence to a limit of 1e-6. If converged, the outer iterations were

exited, else the program went back to step 2 utilising the new fields.

The implementation was done by writing code in C++. The Eigen library (Guennebaud,
Jacob 2010) was used to handle sparse linear algebra. It provided an iterative stabilized bi-
conjugate gradient solver with incomplete LU factorization for preconditioning. The solver
was serialised; however, other aspects of the coded algorithm were parallelised using
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OpenMP® (OpenMP Architecture Review Board 2011). Pre-processing was done in Trelis
Pro software while post-processing was done in MATLAB® and Paraview (Ahrens, Geveci et
al. 2005).

4.3 Validation

To validate the model, the work by Tyagi, Phelan et al. (2009) for aluminium — water
nanofluid at volume fraction of 0.8%, a particle diameter of 5 nm and a wavelength range 0 <

A < 3 um was simulated. Further specifications of the work are provided in the Appendix.

A mesh independence study was performed with five meshes generated in Trelis Pro

software. The mesh specifications are given in Table 3.

Table 3: Mesh specifications for mesh independence study

Mesh number | Nodes in x-direction | Nodes in y-direction Total nodes
1 26 151 3,926

2 51 301 15,351

3 101 601 60,701

4 201 1,201 241,401

5 281 1681 472,361

Tyagi, Phelan et al. (2009) reported an efficiency of about 74% whereas the above model
gave an efficiency of 75.59% with efficiency defined according to equation (1.2). These
results were those obtained from the fifth mesh as illustrated in Figure 21. The difference
between this model’s results and those of Tyagi, Phelan et al. (2009) was reasoned to be
chiefly due to the approximation done using the MATLAB® “pchip” function. In their work,
Tyagi, Phelan et al. (2009) did not specify how they approximated the optical properties to
match the wavelength interval of the top boundary incident flux. As well, they did not explicitly
specify what mixture rules they used for the temperature independent thermophysical models
of the nanofluid. As illustrated in the Appendix, the classical models were used for this

validation.

From Figure 21, it was also observed that between the fourth and the fifth mesh, an
approximately 96% increase in the number of nodes (and consequently computational effort)
resulted in a small efficiency decrease of 0.23%. This translated to a mean outlet

temperature difference of 4 x 10~* K which was taken as insignificant for the purposes of this
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study. The fourth mesh was thus taken to give mesh independent results and used for further

computations.

Figure 21: Mesh independence study for efficiency values predicted by the developed model.
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Chapter 5: Results and discussion

In this section, the results obtained from running simulations using the models given
previously are presented. This is done by initially presenting the testing regime employed

and thereafter the results and a discussion of the same.

5.1 Testing regime

The influence of thermophysical properties on the performance of a volumetric flow receiver
was studied by employing four testing regimes as follows:
1. Thermophysical properties constant with respect to temperature and set to the inlet
temperature according to equations (3.12), (3.15) and (3.17).
2. Thermal conductivity varied with temperature while volumetric specific heat capacity
was set to the inlet temperature.
3. Volumetric specific heat capacity varied with temperature while thermal conductivity
was set to the inlet temperature.

4. All thermophysical properties varied with respect to temperature.

In each regime numerical experiments were performed at different concentration ratios, that
is, C =[1, 5, 10, 20, 30, 40, 50, 100, 150]. This was done to obtain the performance of the
receiver at different temperatures. The first regime was based on an assumption commonly
employed in literature (Lenert, Wang 2012, Tyagi, Phelan et al. 2009) whereas the other
regimes have not been previously investigated. The nine experiments run in the first regime
served as control experiments, providing a basis to compare results obtained in the other

regimes.

In the second regime, a total of eighteen numerical experiments were run to test the receiver
performance with the different temperature dependent conductivity models. Nine
experiments were run for each of the conductivity correlations. An equally huge number of
numerical experiments were run in the fourth regime. In the third regime, nine numerical

experiments were run to test the influence of the single parameter.

The nanofluid employed was copper oxide — water nanofluid at a volume fraction, ¢ = 1%, a
diameter, D = 29 nm and a temperature range, 308 < T < 380 K. The study was conducted

in the limited wavelength range, 0.3 <1 < 1 um. These limitations were in accordance to
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data obtained in literature and presented in section 3.1. The top incident flux was given by

the terrestrial solar spectrum (Figure 16). Other specifications were as given in Table 4

below.

Table 4: Specifications for testing regime.
Item Value
Mean inlet velocity (parabolic profile), u 0.5m/s
Inlet mass flow rate, m 0.629 kg/s
Inlet temperature, T;, 308 K
Ambient temperature, T,,,; 298 K
Length, L Tm
Width, W 1m
Height, H 1.2 mm
Convective heat loss coefficient, h 20 W/(m? K)
Incident solar flux, G 649.43 W/m?
Concentration ratios, C 1-150
Glass transmissivity, © 0.8
Bottom wall emissivity, € 0

The receiver performance was monitored in terms of efficiency and temperature
development with the former defined according to equation (1.2). The impact of
thermophysical properties on these measures of performance was investigated. In addition, a
parametric study was later conducted to evaluate the impact of parameters such as the inlet

temperature, mass flow rate and bottom wall emissivity.

5.2 Volumetric heat release profile

The volumetric heat release profile refers to the spatial distribution of the source term to the
energy equation as given by equation (4.13). It was obtained by solving the radiation transfer
equation and is illustrated in Figure 22, derived from data obtained at the outlet of the
receiver. Similar values and figures were obtained elsewhere within the volume of the
receiver. It was reasoned that the temperature dependent emission terms in equation (4.13)
were not significant in comparison to the incident flux term for the temperature range and the

wavelength range considered.
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Figure 22: Divergence of incident flux across the height of the receiver for different

concentration ratios.

Figure 22 illustrated an exponential decrease in the divergence of incident flux with increase
in height from the top wall. A greater portion of the energy was concentrated in the top layers
of the fluid as compared to the bottom layers. At a volume fraction of ¢ = 1% and a diameter
of D = 29 nm, the nanofluid was largely opaque to solar radiation with absorption of the

same occurring within the top layers.

It was also observed that an increase in concentration ratio resulted in an increase of energy
availed at any given height. Again, the impact of this was greater in the top layers of the
receiver as compared to the bottom layers. It was thus generally expected that greater
temperatures would be attained for higher concentration ratios and peak temperatures would

develop at the top of the receiver.

5.3 Impact of temperature dependent conductivity

The thermal conductivity of copper oxide — water nanofluid was predicted to be higher than
that of the basefluid, as observed in Figure 18. The Maxwell model (equation (3.17))
predicted a conservative increase of about 3% whereas the improved Koo & Kleinstreuer

correlation (equation (3.19)) predicted an increase in the range of 7% — 26% . A sample
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spatial distribution of thermal conductivity was obtained as illustrated in Figure 23 for the

improved Koo & Kleinstreuer correlation at a concentration ratio C = 150.

4Figure 23: Spatial distribution of thermal conductivity within the receiver for the improved

Koo & Kleinstreur correlation at a concentration ratio, C = 150.

Higher values of thermal conductivity were obtained in the top layers of the receiver as
compared to the bottom layers. This was indicative of the temperature development within
the receiver, with greater temperatures being achieved near the top. This was expected

given the heat release profiles illustrated in the previous section.

For the control cases, a constant conductivity value of 0.642 W /(m K) was maintained
throughout the domain. This value was 7% — 33% lower than that predicted by the improved
Koo & Kleinstreuer correlation as illustrated in Figure 23. These differences were seen to

translate to the temperature development within the receiver as illustrated in Figure 24.

4 Figure’s axis orientation similar to that given in Figure 19.
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SFigure 24: Temperature development within the receiver for varying conductivity (top) versus
constant conductivity (bottom), both at a concentration ratio, € = 150. Conductivity varies

according to the improved Koo & Kleinstreuer correlation for the top case.

5 Figure’s axis orientation similar to that given in Figure 19.
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Higher temperatures were obtained for the control cases with constant conductivity as
compared to those obtained in the varying conductivity cases. From the sample cases
illustrated in Figure 24, temperatures were observed to peak at 378.55 K for the former case
against a peak of 370.88 K for the latter case. These peak temperatures were located at the

top right corner (outlet).

A second metric, the mean top wall temperature, was also used to confirm this as illustrated
in Figure 25. It was observed that the highest mean top wall temperatures were attained for
the constant conductivity control cases. Cases with conductivity varying according to the
Maxwell correlation predicted temperatures similar to those of the control experiments.
Those with conductivity varying according to the improved Koo & Kleinstreuer correlation

predicted the lowest temperatures.
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Figure 25: Comparison of mean top wall temperatures for temperature dependent

conductivity cases versus the temperature independent control case.

It was noted from the figure above that the difference in mean top wall temperatures was
negligible at small concentration ratios (C < 50). This difference, however, increased with
increasing concentration ratios. At a concentration ratio of 150, absolute mean top wall
temperature differences of 1.47 K and 5.22 K were obtained for the cases with the Maxwell

and the improved Koo & Kleinstreuer correlations, respectively, over the control case.
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A plot of temperature profiles at the receiver’s outlet (Figure 26) illustrated that temperature
development was more diffuse in the cases with varying conductivity. It was observed that for
the control cases, steeper temperature gradients occurred along the height of the receiver.
Cases employing the Maxwell correlation for conductivity gave similar temperature profiles
whereas those employing the improved Koo & Kleinstreuer correlation gave the least
temperature gradients along the receiver’s height. In the latter cases, development of lower
peak temperatures at the top was accompanied by development of slightly higher

temperatures at the bottom.
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Figure 26: Comparison of outlet temperature profiles for temperature dependent conductivity

cases versus the temperature independent control case. Concentration ratio, C = 150.

Despite the observed differences in prediction of temperature development within the
receiver, it was seen that the mean outlet temperatures and hence efficiencies (equation
(1.2)) were largely similar in all cases as illustrated in Figure 27. A maximum absolute
difference of 1.34% was observed in the efficiencies of the control case and the varying
conductivity case (according to the improved Koo & Kleinstreuer correlation) at a
concentration ratio of 150. This translated to an absolute mean outlet temperature difference

of 0.53 K.
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Figure 27: Comparison of receiver efficiencies for temperature dependent conductivity cases

versus the temperature independent control cases.

It was reasoned that conductivity in the system served solely to diffuse the amount of energy
that had already been absorbed. Thus for low constant thermal conductivity values, the
energy that was largely absorbed near the surface was retained near the surface resulting in
higher surface temperatures. The presence of varying conductivity allowed for this energy to
be more evenly diffused. The Maxwell correlation with its conservative conductivity
enhancements (about 3%) resulted in minimum energy diffusion, similar to the constant
conductivity cases. The improved Koo & Kleinstreuer correlation with its high conductivity
enhancements (about 7% - 26%) resulted in greater energy diffusion resulting in lower peak

temperatures at the top and higher temperatures at the bottom.

From the foregoing, it was concluded that thermal conductivity enhancements had no major
effect on efficiency. This position was contrary to that proposed by (Otanicar, Phelan et al.
2010a) that thermal conductivity enhancements contributed to increased efficiency in
receivers. It was, however, noted that conductivity enhancements affect the development of
peak temperatures and temperature gradients along the receiver height with the impact

growing with increase in concentration ratio.
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5.4 Impact of temperature dependent volumetric specific heat

capacity

The volumetric specific heat capacity, a product of density and specific heat capacity, was
predicted to decrease with an increase in temperature as illustrated in Figure 17. A sample

spatial distribution of the same was obtained as illustrated below:

®Figure 28: Spatial distribution of volumetric specific heat capacity within the receiver for a

concentration ratio, C = 150.

Figure 28 showed that the lowest values of volumetric specific heat capacity occurred in the
top layers of the receiver, indicative of higher temperatures in the region. These values
represented an approximately 3% drop in volumetric specific heat capacity when compared
to values at the inlet. Given Figure 28 represented the maximum concentration ratio; the 3%

drop thus represented the maximum drop in volumetric specific heat capacity observed.

These small changes translated to temperature development within the receiver that was
largely similar to that of the control experiments with constant properties (see Figure 24).
Maximum temperature differences were observed at a concentration ratio of 150 with
absolute differences in the mean top wall and peak temperatures of 0.42 K and 0.55 K
respectively. In terms of efficiency, a maximum difference of about 1% was observed as

illustrated in Figure 29.

6 Figure’s axis orientation similar to that given in Figure 19.
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Figure 29: Comparison of receiver efficiencies for temperature dependent volumetric specific

heat capacity cases versus the temperature independent control cases.

It was also observed that there was slight flow acceleration towards the outlet of the receiver.

The magnitude of this increased with increase in concentration ratio as illustrated in Figure

30. This was reasoned to be the result of density decreasing with increase in temperature.
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Figure 30: Mean outlet velocity (left) and centre line outlet velocity (right) versus

concentration ratios.
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Given that flow acceleration results in less residence time for fluid in the receiver thus less
time for temperature development (Kaluri, Dattarajan et al. 2012), it was observed that this
may explain the efficiency trends observed in Figure 29. The control experiments indicated a
decelerating increase in efficiency with increase in concentration ratio beyond ¢ = 50. The
cases with varying volumetric specific heat capacity showed a definite decrease in efficiency.
Though a small difference in efficiency (about 1%) was observed at a concentration ratio of
150, extrapolation of Figure 29 to higher values of concentration ratio (= 1000) would result
in a growing difference. Thus, it was deemed reasonable that flow acceleration towards the
outlet due to decreasing density led to lower outlet temperatures than could be achieved.

This resulted in lower efficiencies beyond a critical value of concentration ratio.

5.5 Parametric study

A parametric study was conducted to investigate the effect of parameters such as the inlet
temperature, mass flow rate and bottom wall emissivity on the performance of the receiver.
Both the conductivity and the volumetric specific heat capacity were varied with temperature.
It was necessary to initially establish the performance of the receiver with all thermophysical
properties varied as results reported in the previous sections had either of the properties held

constant. Efficiency was seen to vary according to Figure 31.
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Figure 31 illustrated that at low concentration ratios (< 50), the use of temperature
dependent thermophysical properties predicted efficiencies that were similar to the control
cases. Efficiency differences were all below 1%. Similarly, differences in maximum and

mean top wall temperatures were small, peaking at about 1.5 K and 1 K respectively.

At larger concentration ratios, a difference in efficiency trends was observed. The control
cases predicted a continuous increase in efficiency that peaked at about 80% whereas the
cases with temperature dependent properties predicted a decreasing efficiency. A maximum
difference in efficiency of 2.2% was observed at a concentration ratio of 150. Differences in
maximum and mean top wall temperatures peaked at 8 K and 5.5 K respectively. These

differences were expected to grow with increasing concentration ratio.

From the foregoing, it was concluded that at low concentration ratios, it was sufficient to use
temperature independent properties set to the inlet temperature. At larger concentration
ratios, however, the use of this assumption resulted in an over-prediction of efficiency arising
from a failure to capture flow acceleration due to density changes. In addition, temperature
development was not aptly predicted due to a failure to capture the diffusive effects of

enhanced conductivity. It was thus necessary to use temperature dependent properties.

Khullar, Tyagi et al. (2013) collapsed the two variables investigated above into one, the
thermal diffusivity, and illustrated that the receiver efficiency did not vary significantly with
changes in the thermal diffusivity of the basefluid, Therminol VP1. Their results were based
on evaluating the performance of the receiver with diffusivity set to three different inlet
temperatures. This was similar to the control experiments run above and as such they failed

to capture flow acceleration and its effects on efficiency.

It was interesting to note that whereas the thermal responses of Therminol VP1 and water
were different, the response of efficiency to conductivity (and hence diffusivity) was similar.
The conductivity of Therminol VP1 was seen decrease with increase in temperature while
that of water increased. Despite this difference, efficiency was found to be largely insensitive
to enhanced conductivity. These observations were contrary to an earlier proposition
(Otanicar, Phelan et al. 2010a).

67



Results and discussion

5.5.1 Impact of mass flow rate

It was observed that an increase in inlet mass flow rate increased efficiency as illustrated in
Figure 32. This increase in efficiency was not, however, due to an increase in mean outlet
temperature according to equation (1.2). As observed in Figure 33, an increase in mass flow
rate resulted in a decrease in temperatures within the receiver due to less residence time for
temperature development. At a concentration ratio of 30, there was a roughly 22 K and 48 K
decrease in mean outlet temperatures for an increase in mass flow rates from 0.126 kg/s to
0.629 kg/s and 0.063 kg/s to 0.629 kg/s respectively. Mean top wall temperatures dropped
by about 13 K and 27 K respectively. Due to this inverse relation, fewer experiments were

carried out at low mass flow rates in keeping with the maximum temperatures allowed for this
study.

A positive consequence of the lower temperatures at higher mass flow rates was the lowered
convective heat loss from the top wall of the receiver (equation 3.27). This resulted in the
higher efficiencies reported in Figure 32.
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Figure 32: Receiver efficiencies for different inlet mass flow rates. All properties varying with

conductivity evaluated according to the improved Koo & Kleinstreuer correlation.
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Figure 33: Outlet temperature profiles for different inlet mass flow rates at a concentration

Results and discussion

ratio of 30. All properties varying with conductivity evaluated according to the improved Koo

& Kleinstreuer correlation.

It was also observed that lower mass flow rates resulted in smaller temperature drops along

the height of the receiver. This was illustrated in Figure 34, obtained by normalising data

from Figure 33. It was deemed that this was largely due to enhanced conductivity arising

from higher temperatures at lower mass flow rates.
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Figure 34: Normalized outlet temperature profiles for different inlet mass flow rates.
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5.5.2 Impact of inlet temperature

It was observed that efficiency declined linearly with increase in inlet temperature above
ambient temperature. This was illustrated in Figure 35 in which inlet temperature was
normalized against incident radiation flux, G. This decrease in efficiency was attributed to an
increase in convective heat loss as the inlet temperature was increased since there was a
consequent increase in the mean top wall temperature. These results were in agreement
with previous findings in literature (Tyagi, Phelan et al. 2009).
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Figure 35: Efficiency as a function of normalized inlet temperature for control cases versus
cases with properties varying including conductivity evaluated according to the improved Koo

& Kleinstreuer correlation. Concentration ratio, C = 100.

It was also observed from the figure above that efficiency declined at a faster rate for cases
with temperature dependent thermophysical properties. This was reasoned to be due to the
presence of accelerated flow in the latter cases. As previously reported, the presence of
accelerated flow resulted in decreasing efficiency. This compounded an already decreasing
efficiency caused by increasing inlet temperatures.
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5.5.3 Impact of bottom wall emissivity

It was observed that bottom wall emissivity had no impact on efficiency as illustrated in
Figure 36. This was deemed to be due to the limited temperature and wavelength ranges of
the study. At the temperatures considered, black body emission was seen to peak at long

wavelengths (= 10 um) which were not considered.

Figure 36: Receiver efficiencies for cases with transparent (e = 0) and perfect absorber (e =
1) bottom boundary conditions. All properties varying with conductivity evaluated according

to the improved Koo & Kleinstreuer correlation.
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Chapter 6: Conclusion

The objective of this study was to investigate the impact of enhanced thermophysical
properties on the performance of a nanofluid-based solar volumetric flow receiver. In
particular, focus was on the impact of temperature dependent conductivity and volumetric
specific heat capacity. This was done by means of numerically modelling the receiver via the
finite volume method and incorporating appropriate nanofluid property models for density,

specific heat capacity and conductivity.

Obtaining the necessary models proved to be a challenge given that nanofluids have been
characterised for either their radiative properties or their thermophysical properties, but not
both. Furthermore, temperature dependence has largely not been studied and where such
studies have been performed, limited temperature ranges have been considered. Copper
oxide — water nanofluid provided a good candidate for study. However, its models were

limited to a wavelength range 0.3 < 1 < 1 wm and a temperature range 308 < T < 380 K.

Results obtained were seen to be agreeable with a recent important study. Enhanced
conductivity was seen to have an insignificant impact on the receiver’s efficiency for the fixed
geometry considered. This was because enhanced conductivity simply resulted in better
diffusion of the energy absorbed, and efficiency was a measure of this absorbed energy. It
was noted that these results, though agreeable, had been derived for different fluids with
different thermal responses, namely, copper oxide — water nanofluid whose conductivity

increased with increasing temperature, and Therminol VP1 whose conductivity decreased.

The results went further to illustrate the impact of conductivity on temperature development
within the receiver for the fixed geometry considered. Enhanced conductivity resulted in the
lowering of peak and mean top wall temperatures with maximum differences reported of
7.67 K and 5.22 K respectively. These were between the control case and the case with the
improved Koo & Kleinstreuer correlation, both at a concentration ratio of 150. Temperature
gradients along the height of the receiver were also seen to be smoother. These results were
seen to be significant at higher temperatures. Consequently, consideration of the same
would be necessary in the design of high flux receivers that achieve greater temperatures

and require geometry optimisation.

The choice of conductivity model was seen to influence the magnitude of the results, though
the qualitative aspect remained. The conservative Maxwell model with its approximately 3%

enhancement in conductivity was seen to give results similar to the control cases. This was
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Conclusion

unlike the non-conservative improved Koo & Kleinstreuer correlation that predicted
enhancements as high as 27%. This served to establish the qualitative trend but also
illustrated a common difficulty encountered in the study of nanofluids where characterisation
data does not always agree. As such, the results could not be generalised for nanofluid-
based receivers but were rather viewed as a baseline with a recommendation for case-by-

case studies.

Volumetric specific heat capacity was observed to change very slightly, a maximum of 3% at
a concentration ratio of 150. Consequently, the impact on both efficiency and temperature
development was seen to be minimal. However, the presence of changing density and
consequent flow acceleration through the receiver was seen to result in a clearly defined
optimum concentration ratio. Beyond this point efficiency decreased with increase in
concentration ratio, an observation not captured by the control cases. This was seen to be
more of a modelling issue (assumptions employed) than it was due to the use of nanofluids

with enhanced properties.

A parametric study performed illustrated that results obtained were agreeable with those
reported in literature. An increase in mass flow rate was seen to result in lower residence
time for temperature development in the fluid hence lower receiver temperatures. A positive
consequence of this was reduced convective heat loss from the top wall and hence higher

efficiencies. The opposite was observed for lower mass flow rates.

An increase in inlet temperature was seen to result in a linear decrease in efficiency. This
was also linked to an increase in convective heat loss from the top. A study on the impact of
the bottom wall emissivity, however, showed no difference in results. This was observed to

be due to the limited wavelength and temperature ranges considered.

Various open questions remain, for example, the impact of the temperature dependent
viscosity of copper oxide — water nanofluid. Given that a few correlations have been put
forward in literature for this property, it is recommended that a similar study be done with
viscosity as the objective. From a practical standpoint, such a study would be necessary
given that the viscosity of a nanofluid, which is typically higher than the basefluid’s,

contributes to a need for higher pumping power to circulate the nanofluid.

More generally, it is also recommended that such studies be performed for other nanofluids.
In particular, there is a need to examine graphite — water nanofluid which has been
previously studied for use in solar thermal harvesting. This would require that its
thermophysical properties be firstly characterised.
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Appendix

Appendix A: Details of validation case

Table 5: Specifications for validation case (Tyagi, Phelan et al. 2009).

Item Value
Velocity (plug profile), u 1 m/s

Mass flow rate, m 1.2 kg/s

Inlet temperature, T;, 308 K
Ambient temperature, T,np 298K

Length, L Tm

Width, W 1m

Height, H 1.2 mm
Convective heat loss coefficient, h 6.43 W/(m? K)
Incident solar flux, G 1000 W/m?
Glass transmissivity, t 0.9

Bottom wall emissivity, € 0

Density (p) — water at 25°C 997 kg/m3
Density (p) — aluminium at 25°C 2700 kg/m?3
Specific heat capacity (c,) — water at 25°C 4180 J/(kg K)
Specific heat capacity (c,) — aluminium at | 900 J/(kg K)
25°C

Thermal conductivity (k) — water at 25°C 0.607 W/(m K)
Thermal conductivity (k) — aluminium at 25°C | 247 W/(m K)

Thermophysical properties of the nanofluid were taken by applying the parallel mixture rule
(equation (3.12)) for density, the thermal equilibrium model (equation (3.15)) for specific heat
capacity and the Maxwell model (equation (3.17)) for conductivity. These properties were
taken as temperature independent and computed from the values provided in the table

above.

Optical properties were obtained from (Brewster 1992) and modelled using the MATLAB®
“pchip” function. Radiative properties were obtained using the Rayleigh scattering model.
The top incident flux was given by approximating the sun as a blackbody emitter at

temperature of 5800K and applying the Planck’s blackbody relation.
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Appendix B: Faculty Assessment of Ethics form

EBE Faculty: Assessment of Ethics in Research Projects

Any person planning to undertake research in the Faculty of Engineering and the Built Environment at the University of
Cape Town is required 1o complete this form before collecting or analysing data. When completed it should be submitted
to the supervisor (where applicable) and from there to the Head of Department. If any of the questions below have been
answered YES, and the applicant is NOT a fourth year student, the Head should forward this form for approval by the

Faculty EIR committee: submit to Ms Zulpha Geyer (Zulpha.Geyer@uct.ac.za, Chem Eng Building, Ph 021 650 4791).
Students must include a copy of the completed form with the thesis when it is submitted for examination.
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Question 2: Is your research making use of human subjects as sources of data? YES fo

If your answer is YES, please complete Addendum 2.
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