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Abstract

Increasing global climate challenges cause for better utilization of renewable energy
resources. Existing solar photovoltaic and solar thermal systems suffer from insuf-
ficient solar absorption and high heat loss, resulting in low system performance.
Research has suggested that introducing nanofluids in solar collectors could en-
hance the efficiency of the system, as the thermophysical and optical properties of
the working fluid are elevated.

In this study, an experimental and numerical assessment of the performance of
carbon black nanofluids in a direct absorption solar collector was executed. A
laboratory setup was constructed so that the efficiency of different concentrations
of nanoparticles could be investigated and compared under the same conditions.
Unlike traditional direct absorption solar collectors, the laboratory set-up in the
present work utilized stationary nanofluids for solar absorption. Two nanofluid
concentrations were also compared by computational fluid dynamics simulations
of the thermal enhancement in a simplified geometry.

The results showed improved efficiencies for nanofluids of all concentrations in
the experimental and numerical investigation. Among the six nanofluids in the
experimental analysis, ranging from 0.0015-0.05 wt.%, the superior concentration
was 0.01 wt.% with a thermal enhancement of 40.4 + 3.86% compared to refer-
ence distilled water values. The numerical results showed thermal enhancement of
7.43% and 5.16% for a concentration of 0.0015 wt.% and 0.005 wt.%, respectively.
Overall, the results revealed great potential for exploiting nanofluids, even at very
low volume fractions, in heat transfer applications to enhance performance. At
larger volume fractions, however, shortcomings such as large heat loss prove to
still pose a challenge.
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Chapter 1

Introduction

1.1 Motivation

Human activities over the last centuries have led to global warming and a deteri-
orated Earth vulnerable to a pressing climate crisis. Decades of overconsumption
without consideration of sustainability has made it economically favorable with
fossil fuel employment and has essentially created a Tragedy of the Commons.
Human-caused emissions of greenhouse gases, particularly carbon dioxide (COs)
and methane (CH,), have thereby increased the global surface temperature of the
Earth by 1.1 °C since 1900. These emissions are expected to persist and intensify
in the future, resulting in further temperature increases in the years to come [1].
The effects of this warming are already evident and will escalate at an alarming
rate unless immediate and drastic changes are made.

At the same time as the climate crisis is in full effect, the world’s demand for
energy is only growing larger [2]. Moreover, with increased prosperity, the average
population is continuously becoming older, and the world’s population is assumed
to reach 8.5 billion in 2030 [3]. However, efforts are being made among policy-
makers for a green transition. Fit for 55, Paris Agreement, and RePowerEU are
important plans and targets to accelerate the green shift in the upcoming years.
In light of the current European energy crisis, the motivation for a rapid energy
transition is more significant than ever, and many of the proposed solutions coin-
cide with the determined climate targets. Could this mean the start of a turning
point within the green transition?



To reach the world’s ambitious climate targets, a renewable energy mix where
all available energy sources are exploited simultaneously is essential. With the
incoming solar energy reaching the Farth‘s surface every day being 200 000 times
greater than the world‘s daily electric-generating capacity, solar energy is one of
the renewable energy sources with significant untapped potential [4]. Furthermore,
the cost of producing solar power has also drastically decreased in the later years,
causing solar to become the lowest cost power generation technology available
today [5-7].

The two main ways to harvest solar energy are by solar photovoltaic (SPV) and
solar thermal energy (STE) systems [8]. These methods differ in the way they
produce energy. While SPV converts solar radiation into electrical energy, STE
systems produce thermal energy that generates electricity or heat. SPV systems
are versatile as they can power several different applications through the produced
electricity, and compared to solar thermal systems, they are often simpler if the
end goal is electricity production [9]. On the other hand, STE has the benefit of
energy storage since the hot working fluid can be stored in a tank for some time
with limited energy loss. Furthermore, these systems are less complex for domestic
use than SPV.

Solar thermal energy systems can be divided into two types [§], hereby concen-
trating or non-concentrating types, which are used for electricity production and
heat generation, respectively. For many applications, such as domestic hot water
heating, space heating, or agricultural applications, collecting the incident solar
radiation as heat through non-concentrating systems is beneficial. For this, solar
collectors are used, which can convert solar energy into heat [10]. More specifi-
cally, a solar collector is a device designed to absorb the energy in incoming solar
radiation as heat by an absorbing material. Traditionally, the absorbing material
is a solid, and the heat is then transferred to an absorber fluid, thereby increasing
the fluid’s internal energy, which can be used for further domestic use [11].

Solar collectors can be segregated into surface absorbers and volumetric absorbers
[12]. The surface absorbers use a conductive surface metal to absorb the incident
solar radiation and convert it into heat. The heat energy is then transferred to
a working fluid by conduction and convection. These solar absorbers experience
shortcomings such as significant heat loss, corrosion effects, and low conversion
efficiency [13]. In volumetric solar absorbers, the absorbing surface is eliminated
as the working fluid directly absorbs the solar energy. This results in a reduction
in heat loss, and the system’s efficiency is only dependent on the absorption ability
of the working fluid. The two collector types are illustrated in Fig. [1.1]
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Figure 1.1: Two types of solar collectors. Inspired by Goel et al. [12].

The most common and cost-effective solar collectors are flat plane solar collectors
(FPSC) [14]. These are examples of conventional surface collectors that typically
use a black surface to absorb solar energy. However, these collectors suffer from cor-
rosion effects, limitations on incident flux density, and significant heat loss, leading
to low efficiency and outlet temperature. The shortcomings with FPSC have led
to a new type of solar collector, the direct absorption solar collector (DASC) [14].
DASC stands out from FPSC as it is a volumetric absorption collector that enables
the working fluid to directly absorb solar radiation. The direct absorption of inci-
dent solar energy minimizes the mentioned limitations associated with FPSC, as
the design is less complex. Fig. showcases a typical DASC configuration.

However, the goal of solar collectors is not only to minimize heat loss but also to
maximize absorption. Traditionally, the working fluid of solar collectors has been
fluids such as water, ethylene glycol, etc., that have good heat transfer properties
[8]. During their experiment on optical properties for direct absorption solar ther-
mal systems, Otanicar et al. [16] found that water had the best absorption among
four typical working fluids. However, water was still found to be a weak absorber,
only able to absorb 13% of the incoming energy. Alternative fluids with increased
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Figure 1.2: Schematic of DASC. Inspired by Qin et al. .

absorption abilities have lately been investigated. Mainly, the focus has been on
dispersing different nanoparticles (NP) in the traditional base fluids to improve
their absorption properties. By adding nanoparticles to the fluid or utilizing so-
called nanofluids (NF), scattering of the incident solar energy within the fluid is
increased, and accordingly, the absorption of energy .

Moreover, utilizing nanoparticles in the working fluid has been demonstrated to
elevate a range of thermophysical properties. For instance, inadequate thermal
conductivity in the working fluid is an obstacle encountered in numerous industrial
applications, resulting in reduced energy efficiency . Through the employment
of this new type of working fluid, enhancement in thermal conductivity, thermal
diffusivity, convective heat transfer coefficient, and other thermophysical properties
have been observed, thereby improving the system’s overall efficiency .

Nanofluids have potential within a range of applications. Their enhanced heat
transfer properties make them promising coolants in various sectors such as elec-
tronics, heavy-duty transport, or industrial processes . Their small size and
large surface area also make them interesting within the chemical and pharma-
ceutical industries. When considering improvements within the energy sector,
nanofluids have the potential to play a significant role in areas such as energy
conversion, storage, and saving. By incorporating nanoparticles into the working
fluid of energy systems, more energy can be captured by the improved optical
properties of the fluid, elevating the energy conversion of these systems. In energy



storage applications, improved thermophysical properties make them a prominent
competitor to traditional heat transfer fluids. Finally, processes exploiting heat
exchangers could experience large energy savings by adding nanoparticles to the
working fluids.

Nanofluids have been considered to have remarkable potential in enhancing en-
ergy efficiency in all of the mentioned applications. The focus of this thesis is
the utilization of nanofluids for energy conversion and saving. Specifically, the
present work will look into applying nanofluids in a direct absorption solar col-
lector to understand how nanofluids can play a role in the future of solar energy
systems.

1.2 Objective

This thesis aims to investigate the performance of stationary nanofluids with dif-
ferent volume fractions of carbon black (CB) nanoparticles as an absorbing fluid
in a direct absorption solar collector.

More specifically, this thesis seeks to:

e Create an experimental setup for repeatable and reliable laboratory experi-
ments of a DASC.

e Create a simulation setup in computational fluid dynamics software Simcen-
ter STAR-CCM+ for numerical analysis of a DASC.

e Understand the effect of solid nanoparticles on the optical and thermophys-
ical properties of the fluid.

e Investigate how these properties change with nanoparticle concentration and
design.

e Comprehend the potential and challenges with nanofluids in future applica-
tions.



Chapter 2

Theory

This chapter provides the theoretical background necessary to understand the
utilization of nanofluids as a working fluid in a DASC. In the first section, an
introduction to nanoparticles and nanofluids, as well as the stability associated
with these, is given. Next, a brief literature review of relevant work in the field
of nanofluid and DASC research is offered. The following section is dedicated to
the basics of thermal physics as an introduction to heat transfer, which is the
essence of this thesis. A short description of fluid mechanics and a section on
how to investigate system performance are also included. Finally, the basic theory
associated with computational fluid dynamics is explained to lay the foundation
for the simulation work later presented.

2.1 Nanofluids

A nanofluid can be defined as a base fluid containing suspended nano-sized particles
[11]. The suspended particles can be metal/nonmetals/metal oxides of different
particle sizes within the range of 1-100 nm |10, [20]. The options for base fluid are
endless, but typical choices are water, mineral oils, or glycol because of their heat
transfer properties. Nanofluids can be used as a working fluid in a wide range of
applications and industries. However, interest has been specially raised within heat
transfer applications as it is suggested that they possess enhanced thermophysical
properties |19} 21}, 22]. More specifically, replacing traditional working fluids, like
water or oil, with nanofluids could increase the thermal conductivity, thermal dif-
fusivity, extinction coefficient, and convective heat transfer coefficient of the fluid
[19, 23-25], thereby increasing the efficiency of the system. This stems from the



fact that heat transfer occurs on the surface of particles [11], and since nanopar-
ticles have increased surface area, the rate of heat transfer is improved.

The effectiveness of nanofluids as an absorbing and working fluid in heat trans-
fer applications depends on several factors. Features such as the particle material,
base fluid material, particle shape and size, particle volume fraction, and nanofluid
stability are essential to the overall collector efficiency of the application |11} 23].
Extensive research has been conducted to study the influence of each parameter on
nanofluids’ heat transfer abilities. Most research is promising and gives nanofluids
an optimistic role in the future of heat transfer applications. However, there are
still challenges and uncertainties related to their behavior and properties. Among
others, a deeper understanding of the long-term stability, their optical and rheo-
logical properties, and the cost-effectiveness and scalability of nanofluid systems
is needed.

2.1.1 Stability of Nanofluids

When working with nanofluids, one of the critical challenges is the stability of
the fluid. Here, stability is defined as a significantly low rate of aggregation of
the solid particles in the fluid [19]. Sufficient stability is important as it affects
fluid characteristics such as thermal conductivity, viscosity, and heat transfer effi-
ciency. Increased stability by inhibiting agglomeration is therefore crucial for the
overall performance of the system. The agglomeration is a consequence of the
inter-particle van der Waals forces that dominate the repulsive forces between the
particles [26, [27]. Because of the large surface-to-volume ratio of nanoparticles,
the particles possess greater surface energy, which causes a higher tendency to
agglomerate [20].

An easy and cost-effective way of enhancing the stability of nanofluids is by adding
surfactants to the system |11} 20, 25]. Surfactants are amphiphilic compounds con-
sisting of a hydrophilic polar head and a hydrophobic tail |28]. When absorbed
at the interface between the solid and the liquid particles in the fluid, the sur-
factants decrease surface and interfacial tension by creating electrostatic repulsion
[27]. This promotes a level of uniformity and consistency of the nanoparticles dis-
persed in the base fluid, thereby increasing the system’s stability. Surfactants can
be divided into four classes according to their hydrophilic group [19, [28]. These
are anionic, non-ionic, cationic, and amphoteric surfactants. Which surfactant is
suitable depends on the nanoparticle’s surface charge and the base fluid type.

In the experiments in this thesis, sodium dodecyl sulfate (SDS) was used as a
surfactant. This is one of the most widely used ionic surfactants. Other impor-
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tant surfactants are salt and oleic acid, dodecyltrimethylammonium, and hexade-
cyltrimethylammoniumbromide [25]. However, it must be noted that surfactants
are not a favorable solution for increased stability in systems with high temper-
atures. The bond between the surfactant and the nanoparticles can be damaged
in these environments, resolving in lower efficiencies. Other methods that can in-
crease stability are surface modification techniques, pH control of the nanofluids,
magnetic stirrer, high-pressure homogenizer, or ultrasonic agitation [25, 27]. The
addition of SDS to the fluid was used to prevent agglomeration in this thesis.

As of today, the most elementary and common way to measure the stability of
nanofluids is by visual inspection (sedimentation) [25]. According to research,
the fluid is considered stable if the concentration of the supernatant particles
remains constant with time. Other applicable methods include measuring Zeta
potential, centrifugation method, and spectral analysis. In this thesis, stability
was determined by visual inspection of the fluids.

2.1.2 Basic Properties of Nanofluids
Density

Density is one of the most fundamental and important physical properties of any
material and is defined as the mass of the material per unit volume [29]. Generally,
the theoretical research on the density of nanofluids is limited, but it is agreed upon
that the addition of nanoparticles to a base fluid present increased density of the
fluid [30]. The final density of the nanofluid can be assumed to be a mixed property
of the density of the nanoparticles p,, and the base fluid pys [20, 26, 31]. By the
most commonly used model in the literature, the density can then be calculated

by

Prf =& pup+ (1= @) - por. (2.1)

Here, ¢ is the particle volume fraction, defined as

Vip Yoy

¢:vnp+vbf = Vi

(2.2)

V,p and Vy ¢ represent the volume of nanoparticles and base fluid, respectively. The
linear model has been demonstrated to be consistent with experimental results.



However, other models are also available for more specific conditions, such as a
given temperature or chemical composition.

Viscosity

Viscosity is a fluid’s resistance to movement or change [32]. Nanofluids with sus-
pended solid particles have a higher viscosity than the adjacent base fluid [33],
which will affect the pressure drop and required pumping power in fluid flow sys-
tems. Understanding how the viscosity changes with the addition of nanoparticles
is, therefore, important when developing thermal systems with nanofluids as the
working fluid.

There are several existing models for estimating the viscosity of nanofluids. The
most referred equation is also the pioneer theory, the Einstein model. The model
assumes spherical particles and dilute fluids with low concentrations (¢ < 2%), so
the particles are not in contact with each other. For such a case, the viscosity can
be predicted by [30, [33]

Bnf — 14 2.5¢), (2.3)

Hof

where p,r and j5 are the viscosities of the nanofluid and base fluid, respectively.
As seen from the linear model, the addition of nanoparticles to the fluid results in a
higher viscosity. For fluids with larger volume fractions of particles, the interaction
between the particles will affect the viscosity of the mixture [30]. Batchelor et al.
[34] proposed a model valid for volume fractions up to 15%, which reflects the
Brownian motion of the particles:

Hnf

= [1+2.5¢ + 6.2¢%. (2.4)
Moy

2.1.3 Specific Properties of CB Nanoparticles

Numerous researchers have investigated the performance of nanofluids in solar
collectors, and a large number of different nanomaterials have been tested. This
thesis focuses on carbon black nanoparticles, as research has suggested that carbon
nanomaterials have high potential in solar utilization applications. Among other
properties, the particles possess higher thermal conductivity and heat transfer
coefficient compared to other nanomaterials [8], thus increasing the efficiency of the



heat applications. It was shown by Han et al. [35] that there exists a nearly linear
correlation between the volume fraction and thermal conductivity of CB.

In their study, Han et al. also pointed out the noticeable absorption abilities of CB
NFs. They found that CB has good absorption in the whole range of sunlight. As
illustrated in Fig. [2.1, carbon black nanofluids have a much lower transmittance
than water for wavelengths ranging from 200 to 1400 nm. Also for wavelengths
longer than 1400 nm, CB NFs exhibit excellent absorption. This way, CB NF's

will better exploit incoming solar radiation than traditional heating fluids such as
water.
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Figure 2.1: UV-Vis-NIR transmittance spectra for a) water and b) carbon black
nanofluids. Reproduced from Han et al. [35].

Additionally, carbon nanomaterials exhibit a lesser density and smaller size than
other alternatives, making them easy to handle and transport [8]. Combined with
elevated stability and low erosion and corrosion effects, CB is a prominent material
in solar collectors.
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2.2 Literature Review

The following section presents some of the progress made in the field of nanofluids,
with emphasis on the recent developments regarding nanofluids in DASC and CB
NFs as working fluids.

The concept of utilizing fluids with suspended particles to augment thermophys-
ical properties has been previously explored. Specifically, the use of micron-sized
particles in heat transfer applications has been a subject of long-standing research
interest. However, problems with erosion, clogging, increased pumping power, and
poor stability caused by the size of these particles led to the development of a new
class of working fluids [12} 17, 26, 35]. The subject of nanofluids was first explored
in 1995 by Choi and Eastman, who suggested that suspending nano-sized metallic
particles in conventional heat transfer fluid would increase the thermal conductiv-
ity of the fluid [1§]. Since the surface area of nanoparticles is 1000 times greater
than that of microparticles [11], and heat transfer occurs on the surface of the par-
ticles, the higher surface area of nanoparticles compared to microparticles would
be able to enhance heat conduction in these fluids. This way, the nano-sized par-
ticles not only had the potential to reduce erosion and clogging, decrease pumping
power, and reduce the inventory of heat transfer fluid but also significantly save
energy by increasing the efficiency of heat applications |11} 25].

Since Choi and Eastman first suggested that the suspension of nano-sized particles
in a base fluid would increase the thermal conductivity in heat transfer applica-
tions, extensive research has been conducted. In later years, research has also
increased in relation to nanofluids in DASC. The concept was first suggested by
Tyagi et al. [14], who theoretically predicted the efficiency of a low-temperature
DASC utilizing nanofluids and compared this to traditional FPSC. The authors
found that the presence of nanoparticles, in this case, aluminum particles, in-
creased the absorption of incident solar radiation by more than nine times over
pure water. The research also indicated an increased efficiency of 10% (on an ab-
solute basis) of a DASC using nanofluids compared to an FPSC under the same
conditions.

Otanicar et al. [36] experimentally and numerically investigated the effect nanoflu-
ids have on the efficiency of a direct absorption solar collector. Experiments with
volumetric absorption of incident solar radiation showed a 5% enhancement in the
efficiency of the DASC when utilizing nanofluids. Three different nanomaterials
suspended in water were considered, hereby carbon nanotubes, graphite (CNT),
and silver. For all materials, results showed an initial increase in efficiency with
increased volume fraction. At volume fractions above 0.5 vol%, the efficiency
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slightly decreased before leveling out. Further, the results revealed the significant
effect of nanoparticles’ size, shape, and volume fraction on widening the spectral
absorption of solar energy throughout the absorbing fluid [17].

Studies have also been conducted on the efficiency of nanofluids in parabolic trough
collectors (PTC), another form of concentrating solar collector. Through exper-
iments using TiOy/water nanofluids in a PTC, Kasaeian et al. [37] found up to
9% enhancement in thermal efficiency compared to traditional fluids. In another
study, comparing a DASC with a conventional PTC, Khullar et al. |20] found 5 to
10% thermal efficiency enhancement in the DASC, making DASC an interesting
alternative to PTC.

The optical and thermal properties of nanofluids in a DASC were explored by
Karami et al. [3§]. Experiments measured the incident radiation absorbed by
functionalized CNT (f~CNT) nanoparticles dispersed in water. The research con-
firmed elevated optical properties due to the improvement of light extinction levels,
even at low volume fractions. A significant increase in thermal conductivity was
also registered. At a concentration of 150 ppm f-CNT, the increase in extinction
coefficient of pure water was about 4.1 cm~! while the thermal conductivity was
enhanced by 32.2%. The research agrees with the findings by Taylor et al. [39),
who found that over 95% of sunlight could be absorbed by a nanofluid with an
extremely low volume fraction of nanoparticles.

Similar results were found during Ladjevardi et al. [40] evaluation of the direct ab-
sorption of solar radiation in a volumetric solar collector using graphite nanofluids.
The results revealed more than 50% absorption of incident solar radiation using
a low graphite volume concentration of 0.000025 vol%, compared to absorption
of 27% for pure water. Through numerical analysis, Luo et al. [41] assessed the
performance of a DASC using different nanofluids (graphite, long and short CNTs,
SiOq, Ag, and Cu). Their analysis predicted the photothermal efficiency by a sim-
ulation model that combines the radiative heat transfer in particulate media with
conduction and convection heat transfer in the DASC collector. The simulation
results showed an improved outlet temperature and efficiency of 30-100 K and
2-25% compared to the base fluid. The study concluded that even low concen-
trations of graphite have good solar absorption abilities, thereby the potential to
enhance system efficiencies.

Several different nanofluids have been researched as solar absorption efficiency en-
hancers in solar thermal systems. In their experiments with carbon black nanoflu-
ids in a DASC, Han et al. [35] found CB NPs to have good solar absorption abil-
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ities. The results showed increased temperature with CB NFs compared to both
pure water as well as nanofluids such as TiOy/water, SiOq/water, and ZrC/water.
The CB NPs also showed very good absorption abilities in the whole UV-Vis-NIR
absorption spectra. Enhanced properties were found in the wavelength ranging
from 200 to 1,400 nm compared to pure water. Further, the experiments indi-
cate a nearly linear increase in thermal conductivity with the increase of volume
fraction and temperature of CB.

In summary, research conducted in recent years shows great potential for exploit-
ing nanofluids in solar thermal applications in order to increase system efficiency.
Properties such as spectral absorption and thermal conductivity are improved
compared to traditional working fluids, thus optimizing heat transfer and reduc-
ing energy consumption. Future work is still necessary to reduce costs and increase
the technological readiness level, where investigation of the effect of concentration,
system development, and chemical composition of the working fluid on the overall
performance are some interesting aspects.

2.3 Thermal Physics

2.3.1 Heat Transfer

From the first law of thermodynamics, it is stated that energy transfer takes place
between a body and a surrounding medium of a different temperature until thermal
equilibrium is reached [42]. The transfer of energy will always be directed from
the higher temperature to the lower temperature. Here, energy transfer happens
in the form of heat, which is defined as "the form of energy that is transferred
between two systems (or a system and its surroundings) by virtue of a temperature
difference.” Heat may flow by three different mechanisms: conduction, convection,
and radiation [43]. All three mechanisms require a temperature difference and are
directed from high to low temperatures.

Conduction

Conduction is heat transfer as a result of interactions between particles with dif-
ferent energy content. This form of heat transfer can take place in solids, liquids,
or gases. The heat flow caused by conduction is unaccompanied by any observable
motion of matter [42]. The rate of heat conduction is given by Fourier’s law

T
dg kd

ﬁ —_— 57 (2.5)
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where ¢ is the rate of heat flow in the direction normal to a surface, A is the
surface area, T is temperature, and z is the distance normal to the surface [43].
The thermal conductivity is given by k and is a measure of the ability of a material
to conduct heat [42]. As seen from the equation, the rate of heat conduction in a
direction is proportional to the temperature gradient in the same direction. Since
heat is transferred in the direction of decreasing temperature, a negative sign is
included in the equation so that the heat transfer is positive in the positive x
direction.

Convection

Heat transfer between a solid surface and an adjacent liquid or gas in motion is
called convection [42]. The two types of convection are natural and forced. Heat
transfer is called forced if the fluid flow is forced by an external force such as a pump
or fan. If buoyancy forces cause the fluid motion led on by density differences due
to the variation in temperature, the action is natural convection. The convective
flux is given by Newton’s law of cooling

SIS

— ho(T, — T)). (2.6)

Here, T's is the surface temperature, T'; is the bulk temperature of fluid far from
the surface, and h, is the convection heat transfer coefficient. The heat transfer
coefficient is a theoretically or experimentally determined parameter that depends
on the system variables that influences convection. The coefficient can be expressed
in relation to the dimensionless Nusselt number, Nu, which is the ratio between
the convective heat transfer to the conductive heat transfer across a fluid [43]. The
local Nusselt number is expressed as

(2.7)

where L is a characteristic length, and k is the thermal conductivity. If the con-
vective heat transfer is to a Newtonian fluid with a fully developed laminar flow
inside a pipe, the Nusselt number is expressed with the film coefficient, h;. This is
a measure of the ability of the solid pipe surface to transfer heat to the fluid. The
new expression for the Nusselt number then becomes [43]
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(2.8)

Here D; is the inner diameter of the pipe. In the case of a constant wall tempera-
ture, the film coefficient is given by

hi = Z)Ciln[;;“ :;} , (2.9)

where 17 is the mass flow rate of the fluid, C), is the specific heat capacity, and T,
T;, and T, are the wall temperature, inlet temperature, and outlet temperature,
respectively.

Radiation

All bodies with a temperature above absolute zero (0K) emit thermal radiation in
the form of electromagnetic waves [43]. Thermal radiation is mostly electromag-
netic radiation in the infrared region and does therefore not include radiation such
as x-ray or gamma-rays [44]. Unlike conduction and convection, radiation can be
transferred without any medium. Also, in contrast to the other two modes of heat
transfer, radiation can occur between two bodies separated by a colder medium.
Radiance from the sun to the earth is such an example.

The absolute maximum radiation a body can emit to its surrounding is propor-
tional to the fourth power of the absolute temperature and is given by the Stefan-
Boltzmann law

¢ = o AT, (2.10)

where ¢, is the rate of radiation, o is the Stefan-Boltzmann constant and equal
to 5.67 - 1078 W/(m?- K*) and T is the absolute temperature of the surface. The
Stefan-Boltzmann law equals the radiation from an ideal blackbody that emits
the maximum rate of radiation. However, real surfaces radiate less heat than a
theoretical blackbody and are therefore called grey bodies. The effectiveness of
a surface in emitting energy is called emissivity, €. This property is in the range
0 < e <1, where ¢ = 1 defines a blackbody. When including the emissivity of a
surface, the rate of radiation becomes
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qr = ed AT*. (2.11)

From Eq. (2.11)), the net radiational heat transfer between two surfaces can be
defined. The net heat transfer from body 1 to body 2 is defined as

12 = €UA1F14>2(T14 - T24), (212)

where A; is the surface of body 1, and Fj_,, is the view factor, that is the fraction
of radiation from body 1 falling on body 2. T} and T is the temperature of body
1 and body 2, respectively.

2.3.2 Thermal Properties of Fluids

Specific Heat Capacity

Specific heat capacity is a thermophysical property that affects a fluid’s ability to
transfer heat [20]. More specifically, the property is defined as the amount of energy
required to raise the temperature of a unit mass of a substance by one degree [42].
A high specific heat capacity means that the substance can absorb more heat per
unit mass without a significant increase in temperature. This is often desired in
heat transfer applications, as a fluid with high specific heat capacity will be able
to absorb and dissipate large amounts of energy while minimizing temperature
differences. The specific heat capacity of nanofluids depends on the specific heat
capacity of the base fluid, C;¢, the specific heat capacity of the nanoparticles,
Cpnp, density, p, and the volumetric concentration of nanoparticles, ¢, and is
given by |20, |31]

Cons = ¢ (pCpnp) + (1 =) - (pCp,bf). (2.13)

Pnf

This is the so-called thermal equilibrium model. Other models for calculating the
specific heat capacity of nanofluids are also available, but common for several of
them are significant deviations between the model and experimental results. Heat
capacity is dependent on temperature, phase, and chemical composition [45]. In
Table 2.1 some specific heat capacities of different substances under standard
conditions are listed. The high specific heat capacity of water is the reason why
water plays an important role in many thermal energy systems.
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Table 2.1: Some specific heat capacities at 25°C [45 46]. Unit is [kJ/kg K].

Substance Phase Specific Heat Capacity

Steel Solid 0.466
Uranium Solid 0.116

Air Gas 1.0035
Ethanol Liquid 2.44
Water Liquid 4.18

In their study on the effect of different specific surface areas on the properties of
nanofluids, Sobeczak et al. [47] experimentally found the specific heat capacity of
two distinct carbon black nanoparticles to be 1.017 kJ/kg K and 1.148 kJ/kg K
at a temperature of 25 °C. Other reported values for similar compounds are 0.716
kJ/kg K for amorphous carbon [48] and 0.770 kJ /kg K for dense graphite [49]. The
difference in values highlights the considerable variance in specific heat capacity
that exist across different nanoparticle compounds and underscores the dependence
of nanofluid specific heat capacity on the type of nanoparticle employed.

Thermal Conductivity

Thermal conductivity, denoted k, is the ability of a material to conduct heat [42].
The conductivity of a material differs depending on the chemical composition and
temperature, and the value is larger for materials that transfer heat well and lower
for materials that transfer heat poorly.

The general agreement in the literature is that nanofluids exhibit higher thermal
conductivity than their associated base fluids [8, |19, 21]. In their experimental
study on the thermal conductivity of ethylene glycol-based nanofluids with 0.07
vol% hybrid graphene carbon nanotubes, Van Trinh et al. [50] found an increased
conductivity of 18% and 50% at 303 K and 323 K, respectively. Khosrojerdi
et al. [51] also reported an intensification in thermal conductivity during their
experiments with graphene oxide nanoplatelets dispersed in deionized water as
the working fluid in a DASC. The research emphasizes that the augmentation of
thermal conductivity was impacted by the chemical composition and temperature

of the fluid, as shown in Fig. 2.2]

The thermal conductivity augmentation could be caused by several factors. Some
authors ascribe the enhancement to the intensified turbulence and energy transfer
between particles caused by the increase in Brownian motion [8]. Others propose
a thicker interfacial layer or nanoparticle clustering as the responsible factor. The
disagreement in the literature on the mechanisms responsible for the enhancement
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Figure 2.2: Increased thermal conductivity of nanofluids considering weight frac-
tions and temperatures in the range 25-50 °C. Reproduced from Khosrojerdi et al.

51).

highlights the requirement for more research and understanding of this property
in future work.

One of the proposed expressions for predicting the thermal conductivity of nanoflu-
ids is the Maxwell theory. Using this approach, the conductivity of nanofluids is
determined based on the thermal conductivity of the base fluid, k¢, the thermal
conductivity of the nanoparticles, k,,, and the volume fraction of nanoparticles dis-
persed in the fluid, ¢. The effective thermal conductivity, k/ky, is then [21]

kn 1426¢
il A (2.14)
where [ is given by
g = Mo — Fag) (2.15)

(Konp + 2kys)
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Although the Maxwell model is well-known, the expression fails for larger volume
fractions of nanoparticles. Other attempts at finding a robust physical model for
predicting the thermal conductivity of nanofluids have been made, but none prove
to be sufficient for all situations.

Absorption

In order to exploit the energy in solar thermal systems, the incoming solar ra-
diation must be converted into thermal energy. The energy conversion in STE
consists of two steps; first, the solar energy is absorbed by the surface of the work-
ing fluid; second, the absorbed energy is transferred to the rest of the fluid through
conduction and convection [52]. The working fluids’ ability to absorb solar radia-
tion is, therefore, crucial for the efficiency of the system. Absorbance differs from
absorptivity as it also includes scattering and reflection within the medium. When
a fluid is assumed to be homogeneous, the maximal radiation intensity, Iy, is at
the surface of the fluid, x = 0. The Lambert-Beer law describes the exponential
decay in intensity as light travels into the medium as

I = Iyexp[—Kz]. (2.16)

Here, x is the distance that the light has traveled through the medium, and K
is the extinction coefficient, which depends on the frequency of the light and the
nature of the material [45]. The exponential decay, as described by Lambert-Beer,
is illustrated in Fig. ﬂ By differentiating Eq. with respect to z, the decay
in the volumetric intensity becomes

dl
pri —IyK exp|—Kzx]. (2.17)

By rearranging Lambert-Beers law, the energy absorbed in a volumetric absorber

is [52| [54]

Eups =1 — Iy = I[1 — exp(—Kx)]. (2.18)
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Figure 2.3: Sketch of the decay in light intensity through a fluid by Lambert-Beer
law. Inspired by Nguyen et al. [53].

Heat Loss

As described in Section [2.3.1] all bodies with a temperature above absolute zero
emit thermal radiation. The radiative losses from the absorbing fluid as a result
of thermal radiation depend on the temperature of the surrounding. Thermal
equilibrium is achieved when the rate of radiation and absorption is equal, that
is T" = T,. For such a case, the rate of absorption can be expressed by Eq.
(2-11)), the Stefan-Boltzmann law. If we assume an idealized black body in thermal
equilibrium, Kirchoft‘s radiation law says that the body emits and absorbs the same
amount of energy, that is, « = ¢. Combining these two laws, the radiative losses
from a volumetric absorber is [52, 54]

E, = [l — exp(—Kz)]oT}. (2.19)

E, is the emissive power and 77 is the temperature of the fluid. Fig. illustrates
absorption and radiative losses in a traditional volumetric absorption system.
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Figure 2.4: Sketch of the absorption and radiative and convective heat losses in a
volumetric absorber.

2.4 Fluid Mechanics

2.4.1 Bernoulli‘s Equation

An important relation, showing the mechanical energy balance in a fluid flow, is
the Bernoulli equation. When we assume a steady flow, with no viscosity and flow
only in the z-direction between two points a (inlet) and b (outlet), the equation is
expressed as [43]

V2 p, aV
_‘1_|_p__|_gZa: b"p +@+ga+hf. (2.20)
2 p 2 p

Here, V is the average velocity, p the pressure, and Z the elevation in the two
points a and b. The equation includes two correction factors, a, and a4, that take
account of the velocity distribution in the flow. Finally, the term h; represents all
the friction generated per unit mass of fluid between points a and b. The terms
in the equation can be described as
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e [: kinetic energy of a unit mass of fluid
e [I: work done by an external force

e [II: potential energy of a unit mass of fluid
The unit of all terms in Eq. (2.20) is energy per unit mass [J/kg].

Simplified Version

For simplicity, some assumptions have been made to execute calculations. Firstly
it is assumed that the inlet and outlet are at the same elevation, which is set as
zero. Further, the flow is assumed to be laminar, so o, = a;, = 2. Lastly, the

velocity is assumed to be constant throughout the system; thus, V, =V, = V.
With these assumptions, Eq. (2.20]) is reduced to

Ap = phy. (2.21)

Here, the total friction can be written as

L V2
hy = (4fﬁ+Kc+Ke+Kf)7, (2.22)

)

where f is the Fanning friction factor, and L and D are the total length and
diameter of the pipe, respectively. The equation also includes three loss coefficients,
K., K., and Ky, that represent friction loss from contraction, expansion, and
fittings. When assuming no friction losses from the three loss coefficients, the final
equation for estimating the pressure drop in the pipe is

32uLV
Ap = Dr

(2.23)

2.4.2 Reynolds Number

The Reynolds number, denoted Re, is a dimensionless number that describes un-
der which conditions a laminar flow changes to turbulent [43]. The number is
dependent on four quantities grouped as followed
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-
Re = VD1 (2.24)
i

where p is the density of the fluid, V is the average velocity, D; is the inner diameter
of the pipe, and p is the fluid dynamic viscosity. For fluid flows where the viscous
forces dominate (slow flow, low Re), the flow is laminar, while for flows where the
inertial forces are strongest (faster flow, larger Re), the flow is turbulent [55]. For
practical purposes, a laminar flow is assumed for a Reynolds number under 2000,
and turbulence is assumed for a Reynolds number greater than 3500.

2.5 System Performance

2.5.1 Solar Collector Efficiency

The goal of any solar collector is to maximize solar absorption and minimize heat
loss. The collectors’ ability to reach this goal can be defined as the solar thermal
efficiency of the system, which is given by the useful energy gained divided by
the available energy. As shown in the literature [12, |14} [17], this relation can be
expressed as

Q o mcp(To - i)

= = 2.2
n€ff ACIO Ac[() ( 5)

Here, @) is the useful heat gained by the solar collector, A. is the area of the
collector, Iy is the incident solar radiation, m is the mass flow rate of the working
fluid flowing through the system, and 7, and 7T, are the mean inlet and outlet
fluid temperatures, respectively. Another practical relation for estimating the
performance of a nanofluid-based solar collector is the comparison of the heat gain
by the working fluid compared to the base fluid. In order to understand the thermal
enhancement obtained by the nanofluids, the following relation is used

_ Qns

n= Qo (2.26)

where @),y and Q¢ are the useful heat gained by the working fluid and base fluid,
respectively.
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2.5.2 Extinction Coefficient

The extinction coefficient is a measure of the ability of a medium to absorb light
and is a summation of absorption and scattering coefficients [56]. Similar to ther-
mal conductivity, the general trend in the literature is an enhanced extinction
coefficient for nanofluids. During an experimental study of the performance of a
tubular direct absorption solar collector with carbon-based nanofluids, Struchalin
et al. [57] determined the extinction coefficient of five different concentrations of
nanoparticles in two wavelength regions of the solar spectrum. The reported values
indicate augmentation in the coefficient even at small weight fractions. The same
conclusion was reached in the course of numerically assessing the performance of

a DASC by Bardsgard et al. [58].

A relation for calculating the extinction coefficient, K, can be derived from Lambert-
Beer law, Eq. (2.16) [51, 56, 58-60]

L e o, (2.27)
Iy

where 0y is the propagation length within the medium, that is the fluid thickness.
When solving for K, the expression for the extinction coefficient becomes

K=—=In- (2.28)

2.5.3 Pumping Power

Upon evaluating the performance of systems with fluid flow, another important
measure is the required pumping power. From Eq. the pressure drop of a
laminar fluid flow with constant velocity in a pipe can be calculated. The pressure
drop can then be used to predict the pumping power by [20, [61]

PP =—"Ap. (2.29)

Here 1 is the mass flow rate, p, s is the density of the nanofluid, and Ap is the
pressure drop. Since the pressure drop is dependent on viscosity, and the pumping
power is dependent on the pressure drop, both properties will increase with the
increasing volume fraction of nanoparticles in the fluid.
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2.6 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is the simulation of physical phenomena
in fluid flow processes, that are solved numerically [62]. The simulations can
work as a substitute for experimental results in cases where experiments can be
challenging or in addition to experimental research to compare with numerical
results. Several comprehensive software offers CFD, where STAR-CCM+ was
used in this thesis.

When working with multiphase fluid flows the ideal numerical model would be able
to identify the dynamic and thermal properties of each particle in the fluid. How-
ever, such an ideal model becomes unpractical and idealistic for fluids containing
millions of particles. Instead, three simplified models are developed in which bulk
properties are investigated for simulating the fluid flow [63].

In the first method, the Discrete Element Method (DEM), each particle is investi-
gated and their motion, including the working forces, is analyzed. The method is
illustrated in Fig. where the open ball is one particle in a particle cloud. Fig.
m shows the Discrete Parcel Method (DPM). Here, a parcel of particles with the
same dynamic properties is identified and treated as one computational particle.
These methods are a part of the Lagrangian approach which is characterized by
the following of the particle or parcel. In the last method, the Two-Fluid model
(TF), the particles are treated as a continuum similar to a fluid. Properties of the
continuum or particle cloud are found by solving a set of algebraic conservation
equations simultaneously. This approach is called the Eulerian model and is illus-
trated in Fig. In this method, the particles are not followed along a path
but instead considered within a fixed control volume.

CFD is based on three fundamental principles: conservation of mass, momentum,
and energy [62]. These basic principles relate to the following well-known equa-
tions

e Continuity equation

e Newton‘s Second Law

e First Law of Thermodynamics or Energy Equation
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Figure 2.5: Three simplified models for simulating fluid flow. Inspired by Crowe
et al. [63].

2.6.1 Continuity

In any fluid, the mass balance is given by: (Rate of mass flow in) - (Rate of mass
flow out) = (Rate of mass accumulation) |43]. From this simple expression, the
conservation of mass through a control volume can be expressed as

Dp B
o TPV V) =0, (2.30)

The velocity is given by v, while V is the gradient operator. For incompressible

flows (p = const.), % = 0, so that Eq. (2.30)) is reduced to
ou Ov Ow
V Ve — 4+ — 4+ — =0. 2.31
M ox + Jy * 0z (2:31)

2.6.2 Momentum

The equation of momentum, also called the Navier-Stokes equation, is derived from
Newton‘s Second Law: F = ma [62]. When applied to a moving fluid element, the
law says that the net force (F') acting on the element equals mass (m) times the
acceleration (a) of the element. The net force consists of body and surface forces,
which act at a distance from the mass (gravitational, electric, and magnetic) and
directly on the mass surface (pressure and shear stress), respectively [58]. The
equation is given by
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9]
a(pv) +V.-(pvv)=pg+ V. -7 —-Vp. (2.32)

Here, p is static pressure, 7 shear stress, and pg the gravitational force. For an
incompressible flow with constant viscosity (u), the equation can be simplified
as

v
P Dr = —Vp + uV?v + pg. (2.33)

2.6.3 Energy

The energy equation is based on the first law of thermodynamics which states that
energy in a system remains constant, but may change form. Therefore, added heat
or work to a system will result in increased energy in the system, or

dE = dQ + dW, (2.34)

where, dFE is the increment of energy in the system caused by added heat, dQ), and
work done, dW. When applied to a control volume, the equation for conservation
of energy can be written as [64]

I(pE)
ot

+V-(pEv)=F,-v+V-(v-0)—V-q+ S, (2.35)

where F is the total energy, Fj is the resultant of body forces, o is the stress
tensor, ¢ is heat flux, and Sg is an energy source per unit volume.
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Chapter 3

Methods

The following section gives a description of the experimental and numerical setup
used to investigate the performance of a volumetric solar absorber with carbon
black nanofluids of different concentrations. Experiments were conducted for both
distilled water and carbon black nanofluids of six different concentrations [wt.%)].
Finally, a simplified simulation was attempted in a computational fluid dynam-
ics software, Simcenter STAR-CCM+, to compare the heat transfer properties of
distilled water with CB nanofluids.

3.1 Experimental Setup

This work aims to investigate the difference in the performance of a direct volu-
metric solar absorber with different absorbing fluids. An explanation of the exper-
imental setup and method exploited is given below.

3.1.1 The Experimental Setup - DASC Design

An experimental setup was developed in order to conduct repeatable and reliable
experiments. The setup is similar to a DASC, as the nanofluids directly absorb
the incoming solar radiation. However, unlike a traditional DASC, which usually
involves flowing nanofluids, the present design utilizes stationary nanofluids for
absorption. The absorbed heat is then transferred directly through convection to
a flowing working fluid which can be exploited in heat-demanding applications.
This setup eliminates the need for pumping of nanofluids, which is associated with
issues like erosion of piping, the lifetime of pumps, etc.
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As illustrated in Fig. [B.1] the design consists of two main elements: an outer
transparent glass pipe with the absorbing fluid (water or nanofluids), as well as
a separate inner looped glass pipe with working fluid (water). The working fluid
was pumped through the inner pipe by a Perciffow LAMBDA Peristaltic pump.
The given flow rate for such a pump with an inner diameter of 3 mm and pump
setting 999 is ca. 360 ml/h. Experiments and calculations were made to validate
this flow rate. The internal pipe had a diameter of 6 mm and spiraled with a pitch
of 10 mm. The coil had an outer diameter of 30 mm. The outer pipe, with a
diameter of 38 mm and a length of 500 mm, was filled with the absorbing fluid at

the beginning of each experiment.
#thermometer
H

inlet ] 12
(T1) T2 \

Figure 3.1: Sketch of the experimental setup.

To simulate a light source, two floodlight halogen lamps were used (400 W / 220-
240 v). Experiments were conducted for two distances between the pipe system
and lamps, H = 8 cm and H = 12 cm. Before each experiment, both the lamps
and the pipe were leveled. The total irradiated pipe length of the system was
assumed to be 46 mm. The temperature was measured with K-type thermocouples
through T-junctions at the inlet and outlet of the system. Temperature logging was
done using the Multilogger Thermometer from Omega Engineering and a personal
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computer. As the experiments were carried out, the temperature of the system
increased. The outer pipe was equipped with two openings extended by rubber
pipes so that the absorbing fluid could freely expand due to the temperature rise.
A cardboard cutout was placed in front of the beaker and pump to prevent heating
of the experimental equipment.

Two kinds of absorbing fluid were investigated in this thesis: (i) the base fluid
consisting of distilled water for reference values and (ii) carbon black nanofluids
of different concentrations. Table summarizes the equipment and instruments
used in the experiments.

Table 3.1: List of the important experimental equipment.

Equipment Manufacturer  Usage Uncertainty
Used to weigh the correct
amount of CB and SDS.
o VWR Used in. the syn‘thesis of
Magnetic stirrer Collection nanofluids to mix CB and -
SDS with base fluid.
Used in the synthesis
Branson of nanofluids to break -
nanoparticle clusters.

Precision scale Sartorius 0.0001 g

3510 Ultrasonic

cleaner

Used to pump working
LAMBDA fluid through the inner 3.60 mL/h
pipe of the system.

Perciflow
Peristaltic pump

Used in the experiments to
Multilogger Omega measure the temperature
thermometer Engineering at the inlet and outlet of
the inner pipe.

0.3 °C

Used to measure the

intensity of radiation from

the light source for radiation 1 W/m?
mapping and estimation of

extinction coefficient.

LS122 Infrared Linshang
power meter Technology
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3.1.2 Preparation of Nanofluids

Nanofluids can be prepared by two different methods; one-step or two-step prepa-
ration. In the first method, the nanoparticles are made and dispersed in the base
fluid simultaneously |11} |19, [20, 25, [27]. In the two-step preparation, however,
the nanoparticles are first produced as a dry powder before being dispersed in the
base fluid in a second step. Both methods have advantages and disadvantages.
The one-step method tends to give more stable nanofluids as the process of dry-
ing, storage, transportation, and dispersion of nanoparticles are avoided. This will
minimize the agglomeration of the nanoparticles. However, this way of preparing
nanofluids is less economical as the nanofluids cannot be synthesized on a larger
scale.

In this experiment, a two-step method of preparing the nanofluids was practiced.
In all the experiments, ENSACO (TM) 350G carbon black nanoparticles from
Timecal were used. These particles have a bulk density of 2 250 kg/m? [65] and
are suitable for solar absorption purposes as they have an absorption close to that
of a black body. The nanofluids were prepared by a weight percent, denoted wt.%,
which is the mass, m, of a solute present in a solution. This way, the concentration
can be calculated by

Msolute Msolute

-100 = -100 = wt.% (3.1)
Msolution Msolute + Msolvent

As mentioned in Section the addition of surfactants increases the stability of
the nanofluid as the agglomeration of nanoparticles decreases. An equal amount of
SDS as the amount of CB was added to the fluid for stabilization. Both substances
were calculated by Eq. and weighed with the Sartorius precision scale before
being dispersed in the correct amount of base fluid, in this case, distilled water.
The particles were then mixed in the fluid for 20 minutes using a magnetic stirrer.
Finally, the fluid was sonicated in a Branson 3510 ultrasonic bath for 60 minutes,
with a frequency of 50-60 kHz. The bath is an example of an indirect sonication
used to physically disperse nanoparticle clusters [26]. Fig. summarizes the
two-step method used in this thesis.

Six different concentrations of CB NFs were made: 0.0015 wt.%, 0.005 wt.%, 0.01
wt.%, 0.015 wt.%, 0.02 wt.%, and 0.05 wt.% by the use of this method.
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PN

Figure 3.2: Nanofluid preparation steps. Inspired by Sezer et al. .

3.1.3 Radiation Source

Two floodlight halogen lamps with a maximum power of 400 W each were used
as the source of radiation. The intensity of the radiation (heat flux) was mea-
sured with a Linshang LS122 IR power meter with an uncertainty of 1 W/m? .
This device is limited to a spectral range of 1000-1400 nm, that is, infrared radia-
tion. Therefore, the measured radiation may be an understatement of the actual
intensity.

In order to understand how the intensity of radiation is dependent on the distance
to the radiation source, measurements were made of the intensity at four different
heights. Five measurements were made at the center of the beam for each height:
0 cm, 8 cm, 10 cm, and 12 cm. The average radiation intensity at each height is
displayed in Fig. together with a fitted trend. For simplicity, radiation was
assumed to be evenly distributed across the illuminated area.
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Figure 3.3: Measured radiation intensity as a function of distance with error bars.

Further, a characterization of the intensity distribution of the beam was done
prior to the experiments. For this, radiation was measured with the Linshang
power meter through 32 cutout holes in a cardboard plate in the dimensions of the
halogen lamp, which was 14.2 x 18.0 cm. Measurements were made three times
in each hole and repeated for the heights: 0 cm, 8 cm, 10 cm, and 12 cm between
the lamp and the cardboard plate. The resulting average distribution at 10 cm is
illustrated in Fig. 3.4l As depicted, the beam’s radiation intensity is not evenly
distributed, as first assumed. However, due to simplicity, an even heat flux of 6000
W /m? is assumed in later calculations for the radiation intensity at a distance of
10 cm from the halogen lamp. The distribution of intensity across the beam for
the remaining distances are included in Appendix [H]

3.1.4 Experimental Procedure

As previously mentioned, water was pumped through the inner pipe by a Perciflow
LAMBDA peristaltic pump. The outer pipe was filled with the absorbing fluid,
that is, water or the different concentrations of carbon black nanofluids, before ini-
tiating each experiment. The temperature was sampled in the two T-junctions of
the inner pipe every other second for 60 minutes from when the lamps were turned
on. After each experiment, the equipment was cooled to near-equilibrium temper-
atures as the surroundings before a new experiment was carried out. Experiments
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Figure 3.4: Intensity distribution in [W/m?] at a distance of 10 ¢cm from the light
source.

were repeated five times for all absorbing fluids. In addition, experiments were
conducted for two different heights between the DASC and the light source, H =
8 cm and H = 12 cm. In total, 70 experiments were therefore completed.

Estimation of Extinction Coefficient

The extinction coefficient was found by adopting a similar method as the one used
by Kosinska et al. [56]. As illustrated in Fig. , the same halogen lamp used in
the experiments was placed in an upwards direction parallel to a cardboard plate.
In the middle of the plate, a round hole the size of a 600 mL beaker was cut out,
allowing radiation to escape the hole. A beaker with different fluid thicknesses, dy,
of water and 0.0015 wt.% and 0.005 wt.% carbon black nanofluids was then placed
in the cutout. The radiation intensity traveling through the fluids was measured
for each case with the Linshang power meter. Three different heights, H, between
the lamp and cardboard plate was measured, i.e. H =8 cm, H = 10 cm, and H
= 12 cm. For each distance, all measurements were repeated three times and then
averaged to increase accuracy.
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power meter

Figure 3.5: Sketch of the experimental setup for estimating the extinction coeffi-
cient.

After measuring the radiation intensity, Eq. was used to calculate the
extinction coefficient. The coefficient was only estimated for water and carbon
black nanofluids of concentrations 0.0015 wt.% and 0.005 wt.%. The remaining
nanofluids with a higher carbon black concentration became non-transparent when
using this setup, and the extinction coefficient could, therefore, not be estimated
for nanofluids of higher concentrations from this method.

Validation of Pump Flow Rate

A simple experimental setup was made to validate the stated flow rate of the
Perciflow LAMBDA Peristaltic pump. A beaker was filled with 100 mL of water,
including the hose of the pump. The other end of the pump was connected to
another beaker. The pump was then turned on for 5 minutes. The amount of
water pumped from the beaker during this time was noted. The experiment was
repeated three times and revealed an average flow rate of 0.112 mL/s = 403 mL/h.
This is slightly higher than the stated flow rate by the manufacturer of 360 mL/h
with an uncertainty of 3.60 mL/h [67].
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3.2 Simulation

Simulations were carried out by use of CFD software Simcenter STAR-CCM+.
The purpose of computational fluid dynamics is to use mathematical models and
numerical methods to predict flow physics. In this thesis, the simulation aims to
solve the governing equations presented in Section [2.6] thereby obtaining accurate
solutions for physical problems concerning nanofluids.

3.2.1 Geometry

For computational time reduction purposes, a simplification of the experimental
setup was used as the simulation geometry. Fig. illustrates the geometry, in-
cluding its dimensions, used in the simulation. As portrayed, a flat plate structure
was employed, which closely approximated the dimensions of the experimental
setup. The geometry is divided into three sections, where the top, middle, and
bottom layers represent the absorbing fluid, the glass, and the flowing base fluid,
respectively.

~ 0.003 m

0.46™

0.02m

T o.0005m

° 0.01m

Outlet

N nonitors

Figure 3.6: Geometry used for simulation with dimensions. Not to scale.

As the geometry is strongly simplified from the laboratory setup, the simulation
results will not work as a direct comparison to the experimental results but rather
deepen the understanding of the optical and physical properties of the presented
fluids.
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3.2.2 Mesh

Generating a good mesh is essential for the accuracy of the simulation. Essentially,
each cell in the mesh represents an individual solution to the governing equations in
Section [2.6, When combined, the cells form a volume mesh, and a solution for the
entire system is obtained. A finer mesh will therefore ensure more accurate results
but also increases the computational time. Generally, an optimal mesh should
provide similar results as a finer mesh without having too long a computational
time.

To find a satisfactory mesh, a mesh independence study was conducted. Depending
on the system in question, different shapes and refinements of meshes should be
considered. For the flat plate approach in this thesis, a mesh where the following
meshers were invoked: Surface Remesher, Polyhedral Mesher, and Prism Layer
Mesher, was used . Different base sizes were investigated in order to compare
result accuracy and computational time, which is presented later. The final mesh

is shown in Fig. 3.7

Figure 3.7: Computational mesh with a base size of 10 mm for fluid sections and
1 mm for the solid section. The number of prism layers is set as four.
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3.2.3 Initial Conditions

Before executing the simulations, initial conditions defining the starting values for
each solution has to be established. The fluid flow in the bottom layer was set as
laminar based on the experimental velocity resulting in a low Reynolds number,
validated by Eq. (2.24). The pressure and temperature of all regions were set
to standard state, i.e. 1 atm and 25 °C. For the nanofluid region, the velocity
was kept static, while the water region was defined to have a velocity of 0.00397
m/s in the positive x-direction based on calculations from laboratory experiments.
Gravity was set as 9.81 m/s? in the negative y-direction.

3.2.4 Boundary Conditions

Boundary conditions are the necessary constraints needed to solve the differential
equations of boundary value problems [62]. The inlet boundary conditions were
set to a constant static temperature of 25 °C and velocity corresponding to the
velocity calculated from experiments, that is, 0.00397 m/s. All outer walls except
the top were defined as adiabatic, and all walls were set as no-slip. The no-slip
condition means that the fluid velocity relative to the wall velocity is zero. The
top wall of the DASC was set as the wall exposed to solar radiation, with the
energy source set as a volumetric heat field function corresponding to Eq. .
This boundary was also identified as the only boundary with heat loss.

3.2.5 Thermodynamic Properties

The following section describes the thermodynamic properties chosen for the three
regions in the simulation geometry. All material properties for water were kept
as the default operating values stated by STAR-CCM+. Some of the remaining
properties were also kept as the default values, while other values were found in
the literature or calculated based on experimental results. Table summarizes
the specified material properties.

Table 3.2: Material Properties at 25°C used as input in STAR-CCM+.

Property Water 0.0015 0.005 Glass
wt.% wt. %

Density [kg/m’] 097.56 997.89 999.90  2702.0

Dynamic Viscosity [107* Pa s] 8.8871 10.471 17.151 -

Specific Heat [J/kg K] 4180 4174 4162 903.0

Thermal Conductivity [W/m K|  0.620271 0.620271 0.620271 0.8

Thermal Expansion [1074/K] 3.91427 3.91427 3.91427 -
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The density of the two nanofluids was calculated by Eq. , where p,,, = 2250
kg/m? [54]. For estimating the viscosity of the same fluids, the Einstein model
mentioned in Section was assumed to be applicable. Further, specific heat
capacity followed Eq. (2.13)), with C),,,, = 710 J/kg K [54]. Considering the lack of
robust physical models, as well as the low volume fraction of nanoparticles in the
applied nanofluids, the thermal conductivity was assumed to be equal to water for
both situations. In reality, the thermal conductivity would probably be somewhat
higher for the nanofluids, resulting in a small error. Also the thermal expansion
coefficient was set as the same value as water.

Due to the lack of information on the properties of the laboratory equipment from
the producer, the density and specific heat of the glass were kept as the default
setting for solids by STAR-CCM+. The thermal conductivity was chosen based
on literature and set as 0.8 W/m K [29).

Three heat transfer situations were identified for the simulation setup, hereby
heat transfer between absorbing fluid and glass, between glass and working fluid,
and heat loss from absorbing fluid to the environment. There is currently little
reported data on estimating theoretical heat transfer coefficients for nanofluids.
However, the available literature data suggests an increase in the coefficient with
increased nanoparticle volume fraction. During their experiments on nanofluids
of aluminum oxide and copper oxide, Zamzamian et al. [68] found a considerable
enhancement in the convective heat transfer coefficient for nanofluids compared
to the base fluid. They also reported an increase in the coefficient with increasing
nanoparticle concentration, with the greatest increase reported to be 49%.

To calculate the heat transfer coefficient between the absorbing fluid and the inner
glass in this thesis, Eq. and the experimental results were used. A coefficient
of 80 W/m?K for low nanoparticle concentrations and 35 W/m?K for distilled
water was obtained. For the convective heat loss to the environment at the top
boundary of the system, a heat transfer coefficient of 15 W/m?K was assumed
[69], while the rate of heat transfer between the inner glass and the working fluid
was assumed to have a coefficient of 10 W/m?K.

3.2.6 Physical Models

This section describes the enabled physical models used in the simulations. The
physical model defines the mathematical formulations used to obtain solutions, and
choosing an appropriate combination of the available models is therefore important
to determine the physical continuum. Table lists the physical models that were
enabled for the three separate regions.
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Table 3.3: Models used in the simulations for the fluid and solid sections.

Fluid Solid
Three Dimensional Three Dimensional
Liquid Solid

Segregated Flow -
Gradients Gradients
Constant Density Constant Density
Implicit Unsteady Implicit Unsteady

Laminar -
Boussinesq Model -
Gravity -

Segregated Fluid Enthalpy Segregated Solid Energy

The implicit unsteady model is activated when the simulation is time-dependent.
The solver allows for the governing equations to be solved in a coupled manner,
which results in a more stable and accurate solution for problems with unsteady
flow. The model is able to solve complex problems in time but also requires more
computational time. Boussinesq model is enabled because of the small variations
in density due to temperature differences resulting in buoyancy [64].

3.2.7 Solar Absorption

The simulations were carried out for a heat flux corresponding to a 10 cm distance
from the heat source used in the experimental setup. A field function for the decay
in radiation intensity, defined in Eq. according to Lambert-Beer law, was
applied as the volumetric heat source. At the chosen distance, Iy was set as 6 000
W /m? based on measurements explained in Section Radius was set as 0.02
m, which from Fig. equals the absorbing fluid section of the geometry. The
final function was then

I = IykeF=) = 6000kekv—0:020) (3.2)

where K was calculated and changed for each applied fluid. The decay in incoming
solar radiation through the fluid is illustrated in Fig. for distilled water.
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Figure 3.8: The applied heat source for water simulations in STAR-CCM+ with
an extinction coefficient of K = 100 m~! and radiation intensity Iy = 6 000 W /m?.
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Chapter 4

Results and Discussion

This chapter presents an investigation of the performance of distilled water and
CB nanofluids of different concentrations as an absorbing fluid in a direct absorp-
tion solar collector, using both experimental and numerical techniques. First, the
experimental results are presented and discussed, with emphasis on the difference
in temperature increment and, thereby, the overall performance of the various fluid
compositions. Subsequently, the focus will shift to the simulations that have been
executed, with a comparison of thermal enhancement for three fluids. Finally,
an uncertainty analysis is conducted to highlight the accuracy of the presented
results in this study. Some important basic fluid properties used for calculations
presented in the current chapter are listed in Appendix [F}

4.1 Prerequisite

4.1.1 Specific Heat Capacity

The specific heat capacity of the nanofluid was calculated based on Eq. ,
and the resulting heat capacities are displayed in Fig. [4.1 As shown, it can
be observed a linear decrease in the specific heat capacity with increasing mass
fraction of nanoparticles. For the highest fraction of nanoparticles investigated in
this thesis, the decrease reaches 4.05%. Although different models are available for
deciding the specific heat capacity of nanofluids, the results are in good agreement
with the general trend reported in experimental literature data |11} |47, [61], and
therefore assumed applicable.
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Figure 4.1: Specific heat capacity as a function of carbon black concentration.

4.1.2 Extinction Coefficient

Based on the experimental results and procedure explained in Section [3.1.4] the ex-
tinction coefficient was found for distilled water and two concentrations of CB NFs
for three distances from the lamp. The extinction coefficient is essential as input
during the simulation in order to express the radiation intensity decay through the
fluids, by Eq. . Since the adapted method for estimating the extinction coef-
ficient only was efficient for a very small volume fraction, and the simulation was
only executed for two of these concentrations, the remaining extinction coefficients
were not estimated.

Fig. displays the estimated extinction coefficients for distilled water and two
concentrations of CB NFs at a distance of 10 cm from the light source. It can
be seen from the figure that the extinction coefficient increased with carbon black
nanoparticle concentration. When averaging the calculated coefficients the result-
ing extinction coefficients are K = 100 4 9.39 m~!, K = 162 & 8.22 m™ !, and K
= 287 + 23.7 m~! for distilled water, 0.0015 wt.% CB NF, and 0.005 wt.% CB
NF, respectively. Additional extinction coefficient results for a distance of 8 cm
and 12 c¢m from the light source are included in Appendix [G|
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Figure 4.2: Estimated extinction coefficient for water and two concentrations of
carbon black nanofluids at H = 10 ¢m with error bars.

In their study on the performance of carbon-based nanofluid in a DASC, Struchalin
et al. [57] estimated the extinction coefficients of nanofluid with multi-walled car-
bon nanotubes (MWCNT) to be in the range K = 220-1255 m™! considering
different nanoparticle concentrations. The measurements were made with con-
sideration of wavelengths in the spectral range and separated into two parts of
the spectrum: 400-1100 nm and 1100-1700 nm. For the first range, the authors
reported an extinction coefficient of K = 25 m~! and K = 220 m~! for weight con-
centrations of 0.000 and 0.008, respectively. In the second range, the coefficients
were significantly higher and corresponded to K = 161 m~! and K = 378 m™! for
the same concentrations. In both ranges, the coefficient increased with increasing
particle concentration, with the highest considered weight fraction of 0.100 wt.%
resulting in the highest extinction coefficient.

A similar increase in extinction coefficient with increased nanoparticle concentra-
tion was found by Khosrojerdi et al. [51] in their research on graphene oxide
nanoplatelets nanofluids in a DASC. At a weight fraction of 0.005 wt.%, the ex-
tinction coefficient increased to 400 m~! at the most optimal wavelength. Also
Bardsgard et al. [5§] reported an increase in extinction coefficient during their
numerical analysis of a DASC with nanofluids. They found the extinction coef-
ficient for particle concentrations in the range 0-0.1 vol.% to be between 0.8 and
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10000 m~t. Another comparable study, conducted by Nguyen et al. [53], found an
increasing coefficient as a function of nanoparticle mass fraction, with K = 730.5
m~! at a concentration of 0.01 wt.% carbon black.

When compared with the data found in the literature, the experimentally calcu-
lated extinction coefficients have similar tendencies. As with the mentioned re-
search above, the extinction coefficients are enhanced with increased nanoparticle
concentration. However, since the chemical composition of the exploited nanopar-
ticles and the experimental approach differs from those studied in the present work,
the coefficients cannot be directly compared. The applied method for estimating
the extinction coefficient in this study also fails for nanofluids with a concentration
above 0.005 wt.%. As a consequence, an investigation of further development of
the extinction coefficient with increased weight fraction was not conducted and
can, therefore, not be compared with the literature data for the specific carbon
black nanofluids used.

It is interesting to notice that the coefficients do not seem to change significantly
with distance to the light source. As presented in Fig. [4.3b] and [4.3d, the
measured values are consistent at each height. The largest deviation is found for
the nanofluid with a weight concentration of 0.005 wt.%, where the trend for H =
10 cm differs from the other two heights.

400.0
~— 350.0
300.0
250.0
200.0
150.0

100.0

Extinction coefficient [m™

w1
o
o

0.0
0 5 10 15 20 25 30

Fluid thickness [mm]

8cm 10cm 12cm

(a) Estimated extinction coefficient for water at three different distances to the light
source.
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(b) Estimated extinction coefficient for 0.0015 wt.% nanofluids at three different dis-
tances to the light source.
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(c) Estimated extinction coefficient for 0.005 wt.% nanofluids at three different distances
to the light source.

Figure 4.3: Extinction coefficient for water and nanofluids of concentrations 0.0015
wt.% and 0.005 wt.% at 8 cm, 10 cm, and 12 cm from the light source.
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4.1.3 Pressure Drop in Inner Pipe

Introducing nanofluids in solar applications may lead to thermal enhancement but
is also associated with increased pressure drop in the fluid flow , . As shown
in Section [2.4] the pressure drop of a laminar fluid flow with constant velocity
in a pipe can be calculated by Eq. . From the equation, an increase in
the viscosity of the fluid in question will increase the pressure drop through the
pipe. As nanofluids have a greater viscosity than base fluid, the pressure drop is
more substantial in situations where nanofluids are used as the working fluid. Fig.
presents the calculated pressure drop for the relevant nanofluid concentrations
in the present work. The values are calculated based on Eq. (2.21]), where the
viscosity was found using the Einstein model explained in Section [2.1.2]
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Figure 4.4: Estimated pressure drop and pumping power through the inner pipe
as a function of carbon black concentration.

From Eq. , increased pressure drop requires higher pumping power to the
system. The related pumping power given increased pressure drop is also included
in Fig. and clearly increases with nanoparticle concentration. As the exper-
imental design in this thesis utilizes stationary absorbing nanofluids and water
as a flowing working fluid, the design does not require increased pumping power
with an increased concentration of nanofluids. This makes the present design an
interesting and desirable alternative to more traditional DASC systems.
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4.2 Photothermal Experimental Results

The following section presents the experimental results. All experiments had a
duration of 60 minutes, and the temperature was sampled at the inlet and outlet
every other second. The average initial room temperature was 21.9 + 0.316 °C at
the start of the experiments and 23.3 4 0.290 °C at the end. The solar collectors
gained heat, efficiency, and enhancement were calculated based on the theory
explained in Section with the data presented in Table [F.4]

4.2.1 Temperature
Inlet Temperature

Fig. presents the average temperature change at the inlet based on the initial
inlet temperature of each concentration at H=12 cm and H=8 cm. As shown, the
different fluid samples had a range in initial temperature of 20.8-22.4 °C. Although
the inlet temperature increased for all conducted experiments, the increment was
small compared to the final outlet temperature discussed in the next section. Still,
it is important to notice that this has an effect on the overall results. Although
some efforts were made to prevent heating of the fluid at the inlet, such as the card-
board cutout positioned in front of the experimental setup, the observed increase
was due to heating from the light source.
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Figure 4.5: Average temperature change at the inlet as a function of starting
temperature. Dots represent values for H = 12 cm, while triangles represent H =
8 cm.
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Outlet Temperature

Fig. displays the average temperature at the outlet for water and the different
concentrations of CB after 30 and 60 minutes and at two distances from the light
source. An increase in the fluid temperature for all concentrations of CB compared
to that of water is easily observed. The ratio of temperature change during the
first 30 minutes versus the last 30 minutes of the experiments is illustrated in Fig.
[4.7] Interestingly the temperature increase was most dominant for all fluids during
the first 30 minutes. On average, the temperature increment was 72.5+10.5% and
77.9410.1% of the total increase during the first 30 minutes at H = 12 cm and
H = 8 cm from the light source, respectively. The greatest outlier was for a
concentration of 0.0015 wt.% at 8 cm, which only increased by 67.9£3.29% during
the first 30 minutes.

The prominent increase in temperature during the first 30 minutes, as seen in
Fig. (A7 is an effect of stagnation in temperature development as the system
reaches thermal equilibrium with the environment. As the temperature at the
surface increase, the rate of heat transfer to the environment through radiation and
convection also increase. Eventually, the rate of heat transfer to the environment
will surpass that of heat transfer to the fluid, and the system achieves a steady-
state value. An illustration of such a situation was presented in Fig. [2.4

In all experiments, oscillation tendencies in the fluid temperature were registered.
The oscillation is a consequence of local boiling in the fluid due to high temper-
atures, which was visible during the experiments as small bubbles formed in the
pipes. The oscillation tendencies were smoothed out by applying a moving average
trendline to the experimental results. The trendline was calculated by averaging
100 samples and then plotting the average over time, thereby reducing the noise in
the data. This way, a more clear and smooth picture of the underlying temperature
development trend could be observed and analyzed.

As mentioned, five experiments were executed for each fluid sample. The average

outlet temperature result of each experiment are listed in tables in Appendix [B|
and displayed in the figures in Appendix [D]for H = 12 ¢cm and H = 8 cm.
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cm, for water and for all six NF concentrations after 30 and 60 minutes.
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Outlet Temperature of Distilled Water

Measurements were made for distilled water to create reference values for the
performance of nanofluids in the DASC. Fig. displays the moving average of
the recorded values in the five water experiments at H = 8 cm. After 60 minutes,
the final AT at the outlet was 43.2 + 1.70 °C and 55.4 £+ 3.19 °C for water at
a distance of 12 cm and 8 cm, respectively. The resulting temperatures equal a
thermal efficiency of 19.6 + 1.69% and 18.7 £ 3.80%, found by Eq. (2.25), for the
two distances.
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Figure 4.8: Average AT at H = 8 cm of each distilled water experiment.

Outlet Temperature of Carbon Black Nanofluids

As presented in Fig. [4.6] all experiments with nanofluids outperformed those of
distilled water. The highest recorded AT was for the nanofluid with the lowest
CB concentration, i.e. 0.0015 wt.%, at a distance of 8 cm after 60 minutes. Fig.
shows the moving average temperature development with time in the five ex-
periments with this concentration at H = 8 cm. As seen, the temperature rapidly
increased in the first 30 minutes before slowing down. After 45 minutes, the in-
crease escalated again before finally flattening out at around 52 minutes. The
resulting temperature increase at the outlet after 60 minutes was 72.6 £ 0.705 °C.
The thermal efficiency for this system was 24.9 + 4.78%, which is an increase of
6.17 £ 2.34% from the system with distilled water.
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Figure 4.9: Average AT at H = 8 cm for a concentration of 0.0015 wt.% for each
experiment.

A potential explanation for the escalated temperature increase after 45 minutes
is the phenomenon of nanobubble boiling [65, 70]. This concept suggests that as
boiling temperatures in the fluid are reached, a vapor bubble will be formed and
encapsulate each nanoparticle. As vapor is a poor thermal conductor, heat transfer
to the surrounding liquid will slow down and create a temperature difference in
the fluid. Thermal equilibrium will thus be reached in the entire fluid after a
longer period of time than if the entire fluid was continuously heated by the heat
flux. In the experimental setup in the present work, the concept of nanobubble
boiling will momentarily decrease the heat transfer within the nanofluid section
as high temperatures are reached at the surface. As the temperature development
of the working fluid is dependent on the heat transfer in the nanofluids, this will
slow down the development of the outlet temperature. However, as temperatures
continue to increase, heat transfer will continue as thermal equilibrium is reached
within the nanofluid layer, thereby increasing the temperature in the working fluid
after a period of stagnated temperature. As the boiling of nanofluids was not a part
of the scope of this work, this phenomenon will not be investigated further.

High final temperature values were also recorded for the CB nanofluids of con-
centration 0.005 wt.%. The final average AT at the outlet for this concentration
was found to be 68.7 + 2.60 °C after 60 minutes at H = 8 cm. From Fig. [4.10
the temperature for this concentration had a rapid increase during the first 30
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minutes before slowly flattening out for the remaining time. After 45 minutes,
the five experiments had a somewhat different development caused by a random
experimental error, resulting in high uncertainty in the final results. Nonetheless,
the thermal efficiency was calculated as 23.5 + 4.59% and therefore had a thermal
enhancement of 25.4 + 3.79% compared to distilled water.
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Figure 4.10: Average AT at H = 8 cm for a concentration of 0.005 wt.% for each
experiment.

An investigation of the photothermal properties of graphene nanoplatelets nanoflu-
ids in a DASC by Vakili et al. [71] demonstrated improved thermal conductivity
and extinction coefficients for nanofluids in the range 0.00025-0.005 wt.%. The
nanofluid of concentration 0.005 wt.% exhibited the most effective performance,
as it was capable of absorbing almost all of the incoming solar energy. These results
are in somewhat agreement with the experimental findings in this thesis, where
the fluid with the same concentration proved to have good performance. However,
the finding that the fluid with a concentration of 0.005 wt.% did not exhibit the
best performance in the present work suggests that system design and the specific
type of nanoparticles employed play a role in the observed behavior.

The two distances between the experimental setup and the light source were inves-
tigated to further understand the effect distance has on absorbed radiance. It is
clear from the results in Fig. [4.6]that the temperature increase was most prominent
at the shorter distance, i.e. for H = 8 cm. The average increased temperature at
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the outlet after 60 minutes was found to be 7.72 °C higher for H = 8 cm compared
to H = 12 cm. The deviation between the two distances in the final temperature
was relatively similar for water and all concentrations, except for a small deviation
for 0.0015 wt.%.

From Fig. [£.6] all concentrations had a higher final temperature at the shortest
distance from the light source. However, the concentration that performed best
compared to the reference distilled water experiments was 0.01 wt.% at H = 12 cm
after 60 minutes. This concentration had, on average, an increase in temperature of
18.8 + 2.66 °C more than that of water at the same distance after the experiments.
This increase resulted in an efficiency of 27.9 + 2.33%, which was 8.30 + 2.88%
higher than for water at the same height. The total thermal enhancement was,
therefore, 42.3 + 4.49%. Fig. displays the difference in temperature increase
between water and each concentration of carbon black at the two distances and
suggests a higher thermal enhancement for experiments at H = 12 cm.
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Analysis of Thermal Efficiency

Table and summarizes the solar collector efficiency, gained heat, and en-
hancement when utilizing distilled water or different carbon black concentrations
in base fluid as absorbing fluids. The thermal enhancement was calculated by
Eq. (2:26), and was, as shown in the last column, found for all concentrations of
nanofluids at both distances from the lamp. Additional temperature development
graphs for concentrations 0.01-0.05 wt.% are included in Appendix [C]

Table 4.1: The collector efficiency, gained heat and thermal enhancement for all
investigated fluids at H = 12 cm.

Concentration Thermal Gained Thermal
[wt. %] efficiency [%] | heat [J/s] | enhancement [%]
0 19.6 20.2 -
0.0015 27.6 28.4 40.4
0.005 27.9 28.7 42.0
0.01 27.9 28.8 42.3
0.015 27.0 27.8 37.6
0.02 26.3 27.0 33.8
0.05 26.3 27.1 34.0

Table 4.2: The collector efficiency, gained heat and thermal enhancement for all
investigated fluids at H = 8 cm.

Concentration Thermal Gained Thermal
[wt. %] efficiency [%)] | heat [J/s] | enhancement [%]
0 18.7 25.5 -
0.0015 24.9 33.9 32.9
0.005 23.5 32.0 25.4
0.01 23.1 31.4 23.1
0.015 22.7 31.0 21.3
0.02 22.3 30.4 18.9
0.05 21.9 29.9 16.9

There are several factors that contribute to the improved performance observed
in the results |[11]. First of all, important heat transfer properties such as thermal
conductivity and convective heat transfer coefficient are increased when adding
nanoparticles to the base fluid. Secondly, the optical properties of nanofluids are
enhanced compared to those of water. As shown, this applies to, among others, the
extinction coefficient, which is a measure of a fluid’s ability to absorb light. These
augmented absorption abilities are mainly due to the increased surface area of the
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small nanoparticles. The large surface area to volume ratio of nanoparticles also
increases the effective surface area for heat transfer, allowing for higher thermal
efficiency.

In their evaluation of the performance of a DASC with nanofluids of three dif-
ferent materials, Otanicar et al. [36] found a 5% enhancement in efficiency when
utilizing nanofluids. The increment in efficiency was consistent with increased vol-
ume fraction up to 0.5 vol.%, after which the efficiency decreased slightly. Also
Han et al. [35] reported thermal enhancement when experimentally assessing the
thermal properties of carbon black nanofluids in solar absorption. Increased tem-
peratures were found compared to that of pure water for volume fractions up to

7.7 vol.%.

The increase in thermal efficiency compared to that of water in the present work
ranged between 2.7-8.3% for nanofluids of carbon black nanomaterial with con-
centrations in the range 0.0015-0.05 wt.%, and the enhanced thermal efficiency is
thereby consistent with other work. The degree of enhancement, however, proves
to be significantly dependent on the particle concentration. During their experi-
mental and numerical study on the performance characteristics of a DASC with
MWCNT nanofluids, Delfani et al. [69] noted the extent of thermal enhance-
ment with increasing concentration. The authors found that the enhancement was
largest for the lowest concentration investigated (25 ppm), after which the effi-
ciency improved marginally until 100 ppm. Further increments beyond this vol-
ume fraction lead to a reversed trend. Although the solar absorption, and thereby
the overall performance, is increased for high-volume fractions, the resulting high-
temperature region at the top has attendant heat losses to the environment, giving
the observed trend. The same conclusion was also drawn by Gupta et al. [72],
where the highest efficiency of 39.6% for aluminum nanofluids in a DASC was
recorded at a concentration of 0.005 vol.%. At concentrations exceeding this, a
decrease in the efficiency was noted.

A similar tendency is seen in the results in Table and [£.2] where high ther-
mal enhancement is registered at very low concentrations. At a certain weight
fraction, the nanoparticles work as radiation blocking near the surface due to high
extinction coefficients, ultimately limiting the heat transfer in the fluid and causing
higher thermal losses to the environment. This is likely the cause of the decrease
in efficiency seen for higher volume fractions in the present work. In order to
achieve an optimal solar collector, it is crucial to thoroughly evaluate the impact
of increased thermal efficiency from higher concentrations versus the subsequent
heat loss.
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4.2.2 Summary

The solar collector in the present work outperformed water for all concentrations
of nanofluids with carbon black. Improvement in outlet fluid temperature ranged
between 10-19 °C after 60 minutes of exposure to the light source. This equals
an improved solar collector efficiency of 2.7-8.3% compared to the reference values
with distilled water as the absorbing fluid.

The highest temperature increase, and thereby the most heat gained, was recorded
for 0.0015% at H = 8 cm. This concentration reached a final change in outlet
temperature of 72.6 + 0.637 °C after 60 minutes, which equals 33.9 + 0.705 J/s
heat gained. However, the absorbing fluid with the highest efficiency and best
thermal enhancement compared to water was that of carbon black concentration
0.01 wt.% at H = 12 cm. This absorbing fluid had an average collector efficiency
of 27.9 + 2.33%, which equaled an enhancement of 42.3 + 8.30% compared to the
reference distilled water collector. Both heights reached the highest efficiencies at
very low particle concentrations. At larger concentrations, the improvement in
efficiency decreased due to radiation blocking and high thermal losses.

Upon evaluating the pressure drop calculated in Section [4.1.3] it becomes evident
that the employed experimental set-up in this study yields a favorable outcome.
The physical separation between the absorbing and working fluid allows for fluid
flow of water associated with minimal pressure drop while still harnessing the
absorption benefits of the nanofluids. As a result, the system attains high efficiency.
However, it should be noted that temperature development in the nanofluids seems
to stagnate after a certain time due to thermal equilibrium. A system with moving
nanofluids reduces the likelihood of reaching equilibrium with the environment so
that heat transfer to the fluid can continue. Careful consideration where both of
these aspects are contemplated is essential when designing and optimizing solar
absorption systems.

4.3 Numerical Experiments

The following section presents the simulation results from the numerical analysis
in Simcenter STAR-CCM+. Three fluids of different particle concentrations were
investigated with an applied volumetric heat source that corresponds to a distance
of 10 cm from the heat source used in the laboratory experiments, that is, Iy =
6000 W/m?. Each simulation was carried out for 60 minutes in physical time in
CFD. The temperature was sampled at the inlet and outlet of the geometry, as

shown in Fig. [3.6]
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4.3.1 Mesh Independence Study

As mentioned, a mesh independence study was conducted in order to find the
most optimal mesh for executing the simulations. The objective was to find a
mesh that would provide accurate and reliable results while using the minimum
amount of computational time. In Table [£.3] the three investigated meshes are
listed. Each mesh was simulated for 60 minutes in CFD physical time and then
compared. The resulting temperature with the total number of cells is displayed
in Fig. f.12] Based on the final outlet temperature and the computational time,
the middle mesh was chosen as the optimal mesh for further simulations.

Table 4.3: Definition with base size and number of cells of the different meshes.

Mesh Section Base size Number of cells

Fluid 0.001 73287

Finest Glass 0.0005 289541
NF 0.001 123549

Fluid 0.01 28401
Middle Glass 0.001 289675
NF 0.01 43491

Fluid 0.02 11573

Poorest Glass 0.005 13086
NF 0.02 17161

4.3.2 Temperature

Fig. shows the temperature results as a function of nanofluid concentration
from the three executed simulations after 60 minutes in CFD physical time. The
figure also includes the applied extinction coefficient for each simulation. These
were found by the employed method explained in Section [3.1.4] and were, as dis-
played, increasing with nanoparticle concentration.

All three simulations exhibit a temperature increase at the outlet of the system.
Notably, the highest temperature increase was recorded for a concentration of
0.0015 wt.%, while the lowest was for pure water, which coincides with the results
found in the experimental investigation. Additional simulations should be carried
out in order to accurately comment on the trend of temperature increase with
concentration but were not investigated in the present work due to time limitations.
However, it is reasonable to assume from the results that the performance of the
flat plane solar collector would improve compared to that of water for nanofluid
of higher concentrations until a certain point.
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The final temperature distribution through each flat plane after the ended simu-
lation is presented in Fig. [£.14 The profiles reveal a similar distribution through
each of the three planes. An obvious difference in temperature between the top
and bottom layers is observed in all three situations. The largest difference is for
0.005 wt.%, which reached a temperature of 417.68 K at the surface. However,
the simulation with this concentration had a lower final temperature at the outlet
than the simulation of 0.0015 wt.%.

A\ Temperature (K)
L):z 288.14 315.42 332.69 349.96 36723 384.50

(a) Final temperature distribution after 60 minutes in physical time in CFD for
water with K = 100 m~".

Temperature (K)
4 3

60.54 381.33 402.13

L‘)ﬁ 2598.14 318.94 339.7

(b) Final temperature distribution after 60 minutes in physical time in CFD for 0.0015
wt.% with K = 162 m~".
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(c) Final temperature distribution after 60 minutes in physical time in CFD for
0.005 wt.% with K = 287 m™'.

Figure 4.14: Temperature distribution of pure water and nanofluids of concentra-
tion 0.0015 wt.% and 0.005 wt.% through the flat plane geometry after 60 minutes
in CFD physical time.

Surface Temperature

As mentioned, the surface temperature differed between the three simulations.
The most significant increase was for the fluid with a concentration of 0.005 wt.%,
which had an increased surface temperature of 119.53 °C after 60 minutes in CFD
physical time. The final surface temperature exceeds the boiling temperature,
but phase change was not included in the present model. Compared to the in-
crease in surface temperature of the water, which was 86.35 °C, this equaled an
increase of 33.18 °C by utilizing a very small volume fraction of nanoparticles. Also
0.0015 wt.% experienced an increment in surface temperature, with temperature
increasing 103.98 °C. Table summarizes the final surface temperature of each
simulation.

Table 4.4: Surface temperature for water and fluids of concentration 0.0015 wt.%
and 0.005 wt.%.

Nanofluid Surface
concentration [wt.%] | temperature [K]
0 384.50
0.0015 402.13
0.005 417.68
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Outlet Temperature

The outlet temperature of each simulated fluid is displayed in Fig. As
pointed out earlier, both 0.0015 wt.% and 0.005 wt.% experienced higher outlet
temperatures after 60 minutes than water. The thermal enhancement was 7.43%
and 5.16% compared to that of water for the two concentrations, respectively.
In Table [£.5] the final outlet temperatures, as well as the thermal efficiency and
enhancement of each fluid, are listed.

Table 4.5: Outlet temperature and corresponding thermal enhancement for water
and fluids of concentration 0.0015 wt.% and 0.005 wt.%.

Concentration Outlet Thermal Thermal
[wt.%] temperature [K] | efficiency [%] | enhancement [%)]
0 306.34 46.3 -
0.0015 306.96 49.7 7.43
0.005 306.80 48.6 5.16

Fig. presents the temperature development of the nanofluids with concen-
tration 0.0015 wt.% as a function of CFD physical time. The development at the
outlet had a small delay at the beginning of the simulation while the absorbing
fluid exposed to the heat flux was heating up. Next, a temperature increase is
observed, resulting in higher temperatures at the outlet. It becomes evident from
the figure that the rate of temperature development declines towards the end of
the simulation. As with the temperature development in the laboratory exper-
iments, this is a consequence of thermal equilibrium with the surroundings. A
similar development was found for water and 0.005 wt.%, which are included in
Appendix [E]

Analysis of Thermal Efficiency

During his theoretical calculations on optical extinction characteristics of nanoflu-
ids in a DASC, Duan [39] estimated the temperature rise given different volume
fractions, and hence different extinction coefficients, of plasmonic Ag nanofluids.
The results showed an increasing temperature until a volume fraction of 0.05 vol.%
with a corresponding extinction coefficient of 5311.63 m~!. After a further increase
in volume fraction, the performance started to decline.

A similar trend was observed during the numerical analysis of a nanofluid-based
DASC by both Struchalin et al. [57] and Bardsgard et al. [58]. The research
by Struchalin et al. revealed an optimal thermal efficiency at a concentration
of 0.01 wt.% and K = 401 m™!, with an efficiency increase of 5.8-37.9% with

62



w
o
wv

304

w
o
w

w
o
N

w
o
e

300

Outlet temperature [K]

299

298

0 600 1200 1800 2400 3000 3600
Time [s]

Figure 4.15: Temperature development of 0.0015 wt.% as a function of time.

increasing weight fractions up until this concentration. Bardsgard et al. found
optimal efficiency at a volume fraction of 0.3 vol.%. This corresponds to a higher
concentration than that found by Struchalin et al. and also a larger extinction
coefficient.

The mentioned literature have in common that they point out that at large volume
fractions, and thereby high extinction coefficient, the incident solar radiation is
absorbed by the surface layer without penetrating deeper into the fluid. This
creates high surface temperatures, which ultimately results in high thermal losses
to the environment. This thermal leak is the main reason for the decline in the
efficiency of systems with high concentrations of nanoparticles.

A similar conclusion can be drawn from the results of the numerical analysis in the
present work. As shown, the increment in surface temperature strongly exceeds
that of the outlet temperature of each investigated fluid and also continues to
increase with higher concentrations. The decrease in outlet temperature of 0.005
wt.% compared to 0.0015 wt.% contradict the trend seen in the surface temperature
of the same fluids and is likely due to the excessive convective heat losses as a
function of the high extinction coefficient. However, at which concentration the
efficiency actually starts to decline for this specific design requires more simulations
of even higher weight fractions, as there is not enough basis for drawing a reliable
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conclusion about the trend from only three concentrations.

In a numerical analysis of various nanofluids in a DASC, Luo et al. [41] reported
increased efficiency with nanoparticle concentration. An increased outlet temper-
ature of 30-100 K resulted in an improved collector efficiency of 2-25% compared
to that of the base fluid. An increment in outlet temperature was also shown by
Ladjevardi et al. [40] when numerically assessing the convective heat losses and
the collector efficiency of a DASC utilizing graphite nanofluids. However, for vol-
ume fractions above 0.00025 vol.%, the solar collector also suffered from higher
convective heat losses than the collector utilizing pure water. As with the previ-
ously mentioned literature, these findings are in good agreement with the results
in the present work. Fluids of higher particle concentrations have better efficiency
than the collector with pure water but also experience higher heat loss to the
environment, thus making low volume fractions most desirable.

As mentioned, the flat plane design in the present section differs from the exper-
imental setup in Section in both design and light intensity. A comparison
between the two is, therefore, challenging and unsatisfactory in some aspects. Still,
despite the disparities, some similarities can be discussed between the two. As with
the experimental results, the numerical assessment revealed thermal enhancement
compared to that of water for nanofluids. The actual enhancement differed, likely
caused by the unlike designs and, more specifically, the larger absorption area
in the laboratory experiments. A resemblance is also found in the temperature
development of the two methods. In both the experimental and the numerical
techniques, the fluid seemed to reach a thermal equilibrium towards the end of the
examination as a consequence of heat loss to the environment.

4.3.3 Summary

The aim of the numerical analysis was to compare outlet temperature increment
and overall performance between three fluids of different compositions. Pure water
and two concentrations of nanofluids were exposed to a heat flux of 6000 W/m?
for 60 minutes in CFD computational time and revealed thermal enhancement at
the outlet of 7.43% and 5.16% compared to water for 0.0015 wt.% and 0.005 wt.%,
respectively. The fluid with a weight fraction of 0.0015 wt.% exhibited the highest
performance among the studied fluids.

Although all fluids had a similar temperature development through the flat plane
structure, there were notable differences in the final temperatures at the surface
and the outlet. Most prominent was the temperature difference at the surfaces,
which was highest for 0.005 wt.% with a final temperature of 417.68 K. Compared,
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the final temperatures at the outlet were much lower, with a final temperature of
306.80 K and 5.16% thermal enhancement for the same concentration.

The results found in the literature suggest enhancement at the outlet for fluids
of higher concentrations as well. However, beyond a certain concentration, the
efficiency of the system is expected to decline as the extinction coefficient reaches
high values. This decline occurs due to a thermal equilibrium between the fluid
and the environment. Due to limited time, validation of the trend seen in the
literature for the utilized design in the present work was not done.

4.4 Uncertainty Analysis

Scientific research is important for advancing technology and knowledge but is
also prone to uncertainties and errors that affect the reliability of the results. The
following section seeks to highlight and discuss the uncertainties that occurred
when producing the results in the present work. Formulas for calculating the
uncertainties are presented in Appendix [A]

The experimental results were produced from laboratory experiments of seven
fluids of different nanoparticle concentrations, which were prepared in the lab.
Each fluid was subjected to five experiments to increase the credibility of the
results. Different techniques and equipment were used to obtain the measurements,
which were then analyzed to draw conclusions.

The accuracy of the instruments used for measurements is crucial for the uncer-
tainty of the final results. Table lists the given uncertainty of the equipment
used to obtain results. Each fluid sample of different nanoparticle concentrations
consisted of independent measurements of base fluid, CB nanoparticles, and SDS.
Considering the fixed error of the precision scale, the uncertainty in the concen-
tration of each fluid was calculated by Eq. as £ 2.0%.

Five experiments were conducted on the respective nanofluid concentrations pre-
sented in this work to increase the reliability of the results. At the beginning of
each experiment, a constant ambient room temperature was pursued. However,
small deviations occurred, and the average start room temperature was 21.9 +
0.316 °C. Further, uncertainty in inlet and outlet temperature measurements was
estimated based on a fixed equipment error and a random sample error calculated
by Eq. from the five experiments of each fluid. This resulted in a variation
error for each final temperature average.

65



Instrumental uncertainty was also found in the Perciflow Peristaltic pump, which
transported the working fluid through the inner pipe of the experimental set-
up. The fixed error affected the estimated mass flow rate as well as the random
variation in the mean flow from experiments. By Eq. , the final flow rate
was estimated as 403 £ 6.71 mL/h.

Radiance from the halogen lamps was measured by the Linshang Radiometer with
an uncertainty of 1 W/m?. The heat flux was measured three times and averaged
at each distance from the light source, producing a sample variance estimated by
Eq. . Calculated extinction coefficients were also affected by instrumental
uncertainty in the radiometer and sample error in the average Iy based on three
radiance measurements. By Eq. , the uncertainty in extinction coefficient
was calculated for each separate value.

The final thermal efficiency and enhancement of each fluid were deemed highly
susceptible to uncertainty, as these parameters consist of the most independent
variables. The efficiencies were calculated by Eq. , with associated uncer-
tainty in mass flow, inlet and outlet temperature, and incident solar radiation.
Similarly, the thermal enhancement, calculated from Eq. , had uncertainty
in mass flow and temperature results. Consequently, the uncertainty in efficiency
and enhancement was found by Eq. for each concentration.
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Chapter 5

Conclusion

In this thesis, the performance of a DASC with nanofluids of different carbon black
concentrations as the absorbing fluid was experimentally and numerically investi-
gated. The constructed systems were subjected to a light source for 60 minutes
while the temperature development at the inlet and outlet of the systems was
monitored. The temperature results were then analyzed and compared to find the
optimal concentration with the best efficiency. The light source was simulated
by two floodlight halogen lamps where the heat flux was measured for three dis-
tances from the lamps. All nanofluid samples used in the laboratory experiments
contained a surfactant (SDS) to increase the stability of the fluid by preventing
agglomeration.

Five laboratory experiments were conducted for each fluid composition at two
distances from the light source, resulting in a total of 70 experiments. All six
investigated nanofluids showed improved efficiencies compared to distilled water.
The highest final outlet temperature was found for the nanofluid with 0.0015 wt.%
CB concentration at 8 cm from the lamps. A temperature increase of 72.6 +
0.705 °C after 60 minutes corresponded to an efficiency of 24.9 + 4.78% and a
thermal enhancement of 32.9 + 4.17% compared to the reference distilled water
results. The overall superior nanofluid was that of concentration 0.01 wt.% at
12 c¢m from the lamp. This fluid had the greatest efficiency of 27.9 4+ 2.33%,
which was calculated as 42.3 £+ 4.49% thermal enhancement. All fluids of the
same concentration had higher thermal efficiencies at the longer distance from the
lamp.

67



A numerical analysis was executed in Simcenter STAR-CCM+ for a simplified
flat-plane geometry containing water and two fluids corresponding to carbon black
nanofluids of concentration 0.0015 wt.% and 0.005 wt.%. A volumetric heat source
with a heat flux of 6000 W/m? was applied to simulate a distance of 10 ¢cm from
the light source. The extinction coefficient for each fluid was also experimentally
estimated and applied. The simulations ran for 60 minutes in CFD physical time,
after which the final temperatures were analyzed. The results revealed thermal en-
hancement for both nanofluids, with the highest enhancement of 7.43% for 0.0015
wt.%. In addition, a significant difference in temperature increment was noted
between the surface and the outlet for each fluid.

The increment in temperatures in both the experimental and the numerical sec-
tions is a consequence of the improved properties of nanofluids. Important proper-
ties within heat transfer applications, such as thermal conductivity and convective
heat transfer coefficient, are enhanced when dispersing nanoparticles in the base
fluid, upgrading the application’s performance. Another contributing factor is the
higher extinction coefficient, allowing more incident solar radiation to be absorbed
by the fluid. However, a high extinction coefficient is associated with high con-
vection heat loss to the environment, which ultimately lowers thermal efficiency.
Thus, carefully selecting the optimal nanoparticle concentration is crucial to mit-
igate such losses.

The experimental and numerical evaluation of nanofluids at varying concentrations
in a DASC highlights the potential enhanced energy conversion and savings in di-
verse heat applications. The superior thermal efficiency exhibited by these fluids
demonstrates a promising avenue for reducing energy consumption and promoting
sustainable energy practices. Nevertheless, consideration of the cost implications
of utilizing nanofluids, particularly in large-scale applications, is essential to un-
derstand their viability and competitiveness against other energy-saving solutions.
Additionally, nanoparticles’ potential health implications and environmental im-
pact must be thoroughly examined. Future research should aim to further address
their benefits and limitations to fully harness the potential of nanofluids in a
greener energy sector.
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Chapter 6

Future Work

Although the research on nanofluids and their potential within heat transfer appli-
cations have grown extensively in the last decade, several topics should be inves-
tigated further before utilizing them commercially. The list below is a suggestion
for future work related to the scope of this thesis:

e Further investigation of long-term stability of CB nanofluids under the in-
fluence of different surfactants and environmental conditions.

e Study the impact of varying the CB concentration closer by additional labo-
ratory and numerical experiments of nanofluid concentrations beyond those
in this thesis.

e Develop a more realistic numerical model by constructing a geometry similar
to the experimental setup. Improve the accuracy of the numerical model
by including the outer glass wall and more reliable values for the thermal
conductivity and the convective heat transfer.

e Investigation of the performance of CB nanoparticles in different base fluids,
i.e. thermal oil-based nanofluids.

e Perform an economic analysis to understand the cost-competitiveness and
the economic feasibility of implementing the present system in practical ap-
plications by considering factors such as system efficiency, potential energy
savings, and cost of nanomaterial.
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Appendix A

Uncertainty in Measurements

The following equations were used to estimate the uncertainty in the experimental
results.

Mean

The sample mean z is defined as |73]

n
_ 1+ 2o+ ... +xy 1
T = =— g T, (A1)
n n 4
=1
where, x1, 29, ..., x, are the observations.

Standard deviation

Standard deviation is defined as

S=|=) (x:i— 2 (A2)
where n is the number of observations.
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Independent Variables

For an experimental quantity f consisting of independent variables x,vy, z,...,1
with corresponding uncertainties Az, Ay, Az, ..., Ai the standard deviation is
given by [74]

Af = \/<%m>2 + (%A@Q + (%AZ)Q bt (%Ai)Q, (A.3)

where Af is the standard deviation of f.
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Appendix B

Data from Experiments

The data displayed in this appendix is obtained by the experimental method ex-
plained in Section [3.1.4]

B.1 12 cm from Light Source

Experiment Tostart ['C| Toena [°C] AT [°C]
1 22.9 65.0 42.1
2 20.3 64.6 44.3
3 21.6 66.9 45.3
4 21.6 62.2 40.6
5) 23.0 66.8 43.8
Average 21.9 65.1 43.2

Table B.1: Experimental temperature results from each experiment with distilled
water.
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Experiment Tostart ['C| To.end ["C] AT [°C]
1 22.8 81.3 58.5
2 21.6 84.2 62.6
3 22.2 84.5 62.3
4 24.3 83.4 59.1
5 224 83.7 61.3
Average 22.7 83.4 60.8

Table B.2: Experimental temperature results from each experiment with a
nanofluid concentration of 0.0015 wt.%.

Experiment To start | C] Toena [°C] AT [°C]
1 21.8 87.9 66.1
2 22.0 85.4 63.4
3 23.4 82.2 58.8
4 22.4 81.1 58.7
5 22.3 83.5 61.2
Average 22.4 84.0 61.6

Table B.3: Experimental temperature results from each experiment with a
nanofluid concentration of 0.005 wt.%.

Experiment Tostart ['C| Toena [°C] AT [°C]
1 22.9 85.0 62.1
2 21.7 84.9 63.2
3 23.1 82.3 59.2
4 21.6 86.6 65.0
5) 22.9 83.4 60.5
Average 22.4 84.4 62.0

Table B.4: FExperimental temperature results from each experiment with a
nanofluid concentration of 0.01 wt.%.
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Experiment Tostart ['C| To.end ["C] AT [°C]
1 22.4 83.9 61.5
2 23.0 80.5 57.5
3 19.4 80.5 61.1
4 21.8 81.7 59.9
5 22.8 83.9 61.1
Average 21.9 82.1 60.2

Table B.5: Experimental temperature results from each experiment with a
nanofluid concentration of 0.015 wt.%.

Experiment To start | C] Toena [°C] AT [°C]
1 20.6 80.2 59.6
2 21.6 79.2 57.6
3 23.4 82.9 59.5
4 20.2 79.7 59.5
5 22.1 79.9 57.8
Average 21.6 80.4 58.8

Table B.6: FExperimental temperature results from each experiment with a
nanofluid concentration of 0.02 wt.%.

Experiment Tostart ['C| Toena [°C] AT [°C]
1 22.9 83.0 60.1
2 21.2 83.3 62.1
3 21.5 83.6 62.1
4 24.2 82.9 58.7
5 22.6 81.4 58.8
Average 22.5 82.8 60.4

Table B.7: Experimental temperature results from each experiment with a
nanofluid concentration of 0.05 wt.%.
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B.2 8 cm from Light Source

Experiment Tostart ['C| To.end ["C] AT [°C]
1 22.0 74.9 52.9
2 23.2 73.5 50.3
3 21.7 75.7 54.0
4 20.8 78.7 57.9
5 20.8 78.6 57.8
Average 21.7 76.3 54.6

Table B.8: Experimental temperature results from each experiment with distilled
water.

Experiment Tostart ['C| To.ena ["C]| AT [°C]
1 23.7 96.0 72.3
2 23.9 96.1 72.2
3 22.5 96.0 73.5
4 24.3 96.2 71.9
5 22.8 96.1 73.3
Average 23.4 96.1 72.6

Table B.9: Experimental temperature results from each experiment with a
nanofluid concentration of 0.0015 wt.%.
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Experiment Tostart ['C| Toena [°C] AT [°C]
1 22.3 94.6 72.3
2 21.6 89.2 67.6
3 23.1 94.4 71.3
4 22.0 88.7 66.7
5) 22.6 88.4 65.8
Average 22.3 91.1 68.7

Table B.10: Experimental temperature results from each experiment with a
nanofluid concentration of 0.005 wt.%.

Experiment Tostart ['C| To.enda ["C]| AT [°C]
1 21.4 90.4 69.0
2 21.6 90.5 68.9
3 22.6 89.1 66.5
4 21.5 88.6 67.1
5 22.2 89.4 67.2
Average 21.9 89.6 67.7

Table B.11: Experimental temperature results from each experiment with a
nanofluid concentration of 0.01 wt.%.

Experiment Tostart ['C| To.ena [(C] AT [°C]
1 21.6 89.3 67.7
2 23.8 90.1 66.3
3 21.7 88.5 66.8
4 22.6 90.0 67.4
) 21.7 88.8 67.1
Average 22.3 89.3 67.1

Table B.12: Experimental temperature results from each experiment with a
nanofluid concentration of 0.015 wt.%.
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Experiment Tostart ['C| Toena [°C] AT [°C]
1 24.3 89.0 64.7
2 23.0 87.7 64.7
3 21.8 87.6 65.8
4 19.4 88.1 68.7
5 21.4 87.5 66.1
Average 22.0 88.0 66.0

Table B.13: Experimental temperature results from each experiment with a
nanofluid concentration of 0.02 wt.%.

Experiment Tostart ['C| To.end ["C] AT [°C]
1 22.2 87.5 65.3
2 23.5 87.9 64.4
3 21.4 87.5 66.1
4 22.1 89.3 67.2
5 19.1 88.7 69.6
Average 21.7 88.2 66.5

Table B.14: Experimental temperature results from each experiment with a
nanofluid concentration of 0.05 wt.%.
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Appendix C

Temperature Development from
Experimental Results

The results in the following figures are produced by the method explained in
Section and the data from Appendix [B]
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Figure C.1: Average AT at H = 12 c¢m for a concentration of 0.0015 wt.% for
each experiment.
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Figure C.2: Average AT at H = 12 cm for a concentration of 0.005 wt.% for each
experiment.
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Figure C.3: Average AT at H = 12 c¢m for a concentration of 0.01 wt.% for each
experiment.
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Figure C.4: Average AT at H = 8 cm for a concentration of 0.01 wt.% for each
experiment.
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Figure C.5: Average AT at H = 12 cm for a concentration of 0.015 wt.% for each
experiment.
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Figure C.6: Average AT at H = 8 cm for a concentration of 0.015 wt.% for each
experiment.
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Figure C.7: Average AT at H = 12 c¢m for a concentration of 0.02 wt.% for each
experiment.
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Figure C.8: Average AT at H = 8 cm for a concentration of 0.02 wt.% for each
experiment.
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Figure C.9: Average AT at H = 12 c¢m for a concentration of 0.05 wt.% for each
experiment.
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Figure C.10: Average AT at H = 8 c¢m for a concentration of 0.05 wt.% for each
experiment.
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Appendix D

Summary of Average Outlet
Temperature

Fig. and present the average outlet temperature of each experiment.
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Figure D.1: Temperature difference, AT at the outlet after 60 minutes for H =
12 cm for each experiment of the different concentrations of CB.
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Figure D.2: Temperature difference, AT at the outlet after 60 minutes for H = 8
cm for each experiment of the different concentrations of CB.
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Appendix E

Temperature Development from
Numerical Analysis

The following results are produced by the method explained in Section [3.2]
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Figure E.1: Temperature development of water as a function of time.
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Figure E.2: Temperature development for a concentration of 0.005 wt.% as a
function of time.
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Appendix F

Background Data for
Calculations

This section lists the most important background data for calculations.

F.1 Basic Properties

Table F.1: Background data for calculations.

Input Value Unit Reference
Specific heat capacity, water Cy, s 4180 J/kg K [75]
Specific heat capacity, CB Cp 710 J/kg K [54]
Density, water pyy 997 kg/m3 [76]
Bulk density, CB py,, 2250 kg/m? [54]
Bulk density, SDS psps 1010 kg/m? [54]

Table [E.] includes the values used as a basis for further calculations. As an
extension, Table lists some of the basic properties of fluids calculated based on
these values by different models. The volume fraction, density, dynamic viscosity,

and specific heat capacity are calculated based on Eq. (2.2), Eq. (2.1]), Eq. (2.3),
and Eq. (2.13)), respectively.
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Table F.2: Some basic properties for each fluid composition.

Fluid Volume Density Dynamic Specific heat
[wt.%)] | fraction [%)] [kg/m?] viscosity [Pa s] capacity [J/kg K]
0 0 997.00 0.0008891 4180
0.0015 0.001 997.89 0.001047 4174
0.005 0.002 999.90 0.001402 4162
0.01 0.004 1002.57 0.001876 4145
0.015 0.007 1005.46 0.002390 4128
0.02 0.009 1008.14 0.002864 4111
0.05 0.022 1024.84 0.005828 4011

F.2 Pressure Drop and Pumping Power

The values in Table[F.3]are used to calculate the pressure drop and pumping power

by Eq. (2.21) and Eq. (2.29)

Table F.3: Data for pressure drop and pumping power calculations.

Input Value Unit Reference
Dynamic Viscosity, u wt.% dependent Pas Table
Velocity, V 0.003969 m/s Calculations
Length, L 0.46 m System dimensions
Inner diameter, D; 0.01 m System dimensions

F.3 Collector Efficiency and Enhancement

The values in Table [F.4] are used to calculate the efficiency and enhancement by

Eq. (2:25) and Eq. (2.26).

Table F.4: Data for collector efficiency and enhancement calculations.

Input Value Unit Reference
Mass flow rate, m 0.000111886 kg/s Calculations
Specific heat capacity, C, wt.% dependent  kJ/kg K Table
Collector area, A, 0.01938 m? System dimensions
Radiation intensity (8cm), I 7030 W /m? Section (3.1.3
Radiation intensity (10cm), Iy 6000 W /m? Section |3.1.3
Radiation intensity (12cm), I 5300 W /m? Section [3.1.3
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Appendix G

Extinction Coeflicient

Fig. and display the estimated extinction coefficient by the method ex-
plained in Section for distilled water and two concentrations of nanofluids at
H =8 cm and H = 12 cm from the light source.
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Figure G.1: The estimated extinction coefficient for water and two concentrations
of carbon black nanofluids at H = 8 cm with error bars.
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Figure G.2: The estimated extinction coefficient for water and two concentrations
of carbon black nanofluids at H = 12 ¢m with error bars.
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Appendix H

Light Distribution

Fig. [H.1],[H.2] and [H.3] present the remaining results of the investigation on inten-
sity distribution across the beam of the light source for different heights, presented

in Section B.1.3

Figure H.1: Intensity distribution in [W/m?] at a distance of 0 cm from the light
source.
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Figure H.2: Intensity distribution in [W/m?] at a distance of 8 cm from the light
source.

Figure H.3: Intensity distribution in [W/m?] at a distance of 12 cm from the light
source.

103



Appendix 1

Extended Abstract Accepted at
The International Micro and
Nano Flow Conference 2023

Attached is an extended abstract with selected results from the present work. The
piece was submitted and accepted for the upcoming MNF2023 conference.
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Exploring the Use of Stationary Nanofluids in a Direct Absorption Solar
Collector System
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Abstract. The Direct Absorption Tube Solar Collector (DASC) is a commonly used device for harnessing
solar radiation, which absorbs incident radiation using a heat transfer fluid containing particles. To address
some of the challenges associated with pumping nanofluids, a novel system involving a stationary nanofluid
located in an irradiated transparent tube was studied. Six different concentrations of carbon black were
investigated, with the highest performance observed for a nanofluid concentration above 0.0015%.
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1. Introduction

Nanofluids (fluids containing materials of
nano-sized solid particles) are used to improve
the performance of solar collectors because of
their favorable absorption properties. With the
goal of boosting the efficiency of solar energy
harvesting devices, research into the use of
nanofluids is a crucial area of study [1].

The Direct Absorption Tube Solar Collector
(DASC) is an effective way to harness solar
radiation using a transport medium. Unlike
conventional solar collectors, DASC absorbs
the incident radiation directly by a heat transfer
fluid containing particles [2].

The most common design involves irradiation
of nanofluid as it flows. The heated nanofluid is
later transferred to a heat exchanger where it
releases heat to water. Nevertheless, this
strategy requires pumping of nanofluids that
may influence the lifetime of pumps, erosion of
the piping etc. Therefore, in the present
research, we studied a stationary nanofluid
located in an irradiated transparent tube. The
heated water passed through the nanofluid.
Thus, this novel system is essentially less
complex than the existing DASCs.

2. Experimental set-up

In our experiments, a two-step process for
preparing nanofluids was employed. All the
experiments used ENSACO 350G carbon black
with an equal amount of sodium dodecy!| sulfate
(SDS) for stabilizing the obtained nanofluids.
Both carbon black and CB were dispersed in
distilled water. The mixture was stirred for 20
minutes using a magnetic stirrer, and then
sonicated for 60 minutes in a Branson 3510
ultrasonic bath with the frequency of 50-60
kHz.

Fig. 1 Schematic of the experimental set-up



In this research, six different concentrations of
carbon black were manufactured: 0.0015 wt.%,
0.005 wt.%, 0.01 wt.%, 0.015 wt.%, 0.02 wt.%,
and 0.05 wt.%.

The experimental set-up is depicted in Fig. 1.
The working fluid (water) was pumped through
the system from point A to B using a Preciflow
LAMBDA peristaltic pump (denoted as C). The
flow rate was 360 ml/h.

The working fluid entered a system (denoted by
D) consisting of an outer glass tube (outer
diameter 38 mm, length 50 cm) filled with
nanofluid, irradiated by two 400W halogen
lamps (denoted by E). The distance between the
glass tube and lamps was 8 or 12 cm.

This fluid was transported in an internal pipe
(inner diameter 5 mm) spiraling inside the shell
with a pitch of 10 mm. The coil had an external
diameter of 30 mm. The absorbed heat resulted
in a temperature increase of the nanofluid,
which heated the working fluid. The glass shell
was equipped with two openings extended by
short rubber pipes for filling the system with
nanofluid. This also allowed the nanofluid to
freely expand due to the temperature rise. In
addition, the pipes at the inlet and outlet
contained T-junctions for measuring the
temperatures using K-type thermocouples. For
temperature  logging, the  Multilogger
Thermometer from Omega Engineering was
used (denoted as F in the figure). During the
experiments, the temperatures at the inlet and
outlet were recorded every 2 seconds. The
experiments lasted for 60 minutes. The average
room temperature was 22°C at the experiment
start.

3. Results and conclusions

At first, for illustration Figure 2 depicts the
history of temperature difference between the
outlet and inlet for the case where the carbon
black concentration was 0.0015%. The figure
presents results for five experiments.
Furthermore, Figure 3 collects all studied
results and shows the final temperature
difference (after 60 min, as indicated above).
The  figure compares the  nanofluid
concentration, as well as the distance between
the lamps and irradiated set-up.

8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

The first conclusion is that all the investigated
nanofluids outperformed water, and the
maximum performance was observed for
nanofluid concentration above 0.0015%. It is
interesting to note that previous findings (e.g.
[3]) reported an increase in heat transfer
performance for nanoparticles at an optimal
concentration of 0.005%, although they focused
on a different geometry with a flowing
nanofluid. Therefore, their results are consistent
with ours.

s ’f’
40 - = ~

0 10 20 30 a0 50 60
Time [min]
——Expl Exp2 Exp3 Expd Exp5

Fig. 2 History of temperature increase for
carbon black concentration 0.0015% for five
different experiments.
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Fig. 3 The obtained temperature difference for
various nanofluid concentrations and distances
of the set-up from the irradiating lamps.
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