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ABSTRACT

The demand for modern energy services is increasing rapidly. Solar energy has the potential to
meet a significant share of the world’s energy request. Solar energy is one of the cleanest renewable
forms with little or no effect on the environment. The concentrating solar power is one of the
methods to harvest sun’s energy. Concentrating solar power has the advantage of easier energy
storage compared to photovoltaic systems. However, the cost of energy generated by those systems
is higher than conventional energy sources. It is necessary to improve the performance of
concentrating solar power to make them cost competitive. Moreover, few countries such as Saudi
Arabia are moving from energy based on fossil fuel to renewable energy, therefore, improving the
performance of concentrating solar systems and reducing their cost is considered to emulate

photovoltaic systems.

This research aims to develop an innovative design of parabolic trough solar collector that uses
magnetic nanofluids as a heat transfer fluid to enhance the thermal efficiency compared to
conventional parabolic trough. Based on past researches, new parabolic trough design is then
proposed and investigated. Ferromagnetic nanoparticles dispersed in common heat transfer fluids
(ferrofluids) exhibit better thermos-physical properties compared to the base fluids. By applying
the right magnetic intensity and magnetic field direction, the thermal conductivity of the fluid
increased higher than typical nanofluids. Moreover, the ferrofluids exhibit excellent optical
properties. The external magnetic source is installed to alter the thermo-physical properties of the
fluid. This thesis is comprised of four studies including two experimental studies, one heat transfer
analysis, and one economic and environmental study. A small scale parabolic trough collector was
manufactured and assembled at the laboratory based on the British Standards. A steady-state

method was used to measure the performance of the parabolic trough collector in corresponding



studies. The performance of the ferrofluids as a heat transfer fluid was compared to the base fluid.
The two experimental studies differ in the absorber used. The two absorbers used were a
conventional non-direct absorber and a direct absorber without a selective surface that allows
ferrofluids to absorb the incoming solar irradiation directly. The effects of nanoparticle
concentration, anti-foaming, external magnetic field intensity were investigated. The volume
fraction of nanoparticles was 0.05%, 0.25%, and 0.75%. Three different magnetic field intensities
were investigated, 3.14 mT, 6.28 mT, and 10.47 mT. Using ferrofluids to enhance the heat transfer
performance the efficiency of the ferrofluids solar collector was compared to the based fluid
(water). The results show that the parabolic trough solar collector in the experiment has similar
performance of flat-plate solar collectors. The efficiency of the collector improved when
ferrofluids water used compared to water. Ferrofluids with low concentration improved the
performance of the solar collector. The ferrofluids showed much better performance at higher
reduced temperature with lower overall heat loss coefficient. Due to the non-Newtonian behaviour
of the fluid, increasing the volume fraction of particles will suppress the enhancement. The pH of
ferrofluids influences the behaviour of the fluid. pH values higher than 5 showed a Newtonian
behaviour of the fluid. In the presence of magnetic field, the performance of the solar collector
enhanced further. By increasing the magnetic field intensity, the absorbed energy parameter
increased, and at higher magnetic field intensity, the rate of enhancement decreases due to the
magnetic saturation of ferrofluids. In this study, the performance of non-direct absorption receiver
was better than the direct absorption receiver. However, the performance of the collector with a
direct absorption receiver and using ferrofluids in the presence of the external magnetic field in
some cases was higher than the performance of non-direct receiver with water as heat transfer

medium.



The performance of ferrofluids based parabolic trough collector was theoretically investigated.
The correlation, equations, and specifications used in the model were discussed in detail. The
model was used to study two different parabolic trough designs. First, the parabolic trough was
validated with the experimental results of AZTRAK platform. The results of the model show a
good agreement with the experimental data. Thereafter, nanoparticles were added to the heat
transfer fluid, and the performance of the collector with and without the presence of external
magnetic field was determined. The performance of the collector did not change a lot unless the
external magnetic field was present. Moreover, the effect of the glass envelope on the performance
was observed. A glass cover with vacuum in the annulus has higher performance and less thermal
loss. Second, the model was used to study the performance of the test rig ferrofluids based
parabolic trough. The performance of the parabolic trough was first considered as concentrating
collector and then as a non-concentrating collector. With the lack of an external magnetic field,
the efficiency changed slightly, wherein the presence of the external magnetic field the
performances of the collector enhanced and showed higher performances. In General, the presence
of the magnetic field showed promising enhancement. Economic and environmental effects of
using ferrofluids based solar collector compared to a flat-plate collector for household water
heating systems. Results show that the ferrofluids based parabolic trough has lower payback period
and higher economic saving at its useful life end than a flat-plate solar collector. The ferrofluids
based collector has higher embodied energy and pollution offsets tan flat-plate collector.
Moreover, if 50% insertion of ferrofluids based parabolic trough for domestic hot water could be

achieved in Tabuk over 83,750 metric Ton of CO, could be eliminated.
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NOMENCLATURE

Qs = thermal diffusivity of glass envelope outer surface (m?/s)

Aony = glass envelope absorptance

B = coefficient of volumetric thermal expansion (K™)

4 = ratio of specific heats for air (1.39)

8 = molecular diameter of air (3.53e-8 cm).

n = thermal efficiency

Mo = zero-loss thermal efficiency

Noptic = optical efficiency

&3 = emissivity of absorber selective coating

&4 = emissivity of glass envelope

s = emissivity of glass envelope outer surface,

g = optical efficiency terms

Kq = thermal conductivity of the heat transfer fluid at T, (W/m K)

Ko3 = absorber thermal conductivity at the average temperature (T, + T5)/2 (W/m K)
Kgp = Boltzmann constant (1.38 x 1022 J/K)

Kpf = base fluid thermal conductivity (W/m K)

Keff = effective thermal conductivity of ferrofluids (W/m K)

Kstd = thermal conductivity of air at standard temperature and pressure (0.025 W/m K)
A = wave-length (m)

u = permeability of vacuum which is 4xzx107" H/m

Hefr = effective viscosity of ferrofluids (kg/m s™)
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Hpf = base fluid viscosities (kg/m s

Vse = kinematic viscosity for air at Ts, (M?/s)

¢ = mean free path between collisions of particles

Dby = density of the base fluid (kg/m?®)

Pefs = effective density of ferrofluids (kg/m?®)

PFe;0, = nanoparticle density (5810 kg/m®)

o = Stefan-Boltzmann constant (5.67 x 108 W/m? K*)

(ta) = transmittance-absorptance product

Q = volume fraction, specular reflectance of the mirror

Y = intercept factor, the fraction of reflected energy that is directed towards the
receiver

a = accommaodation coefficient

a, = first order heat loss coefficient

a, = second order heat loss coefficient

A = amount of pollutant in kg/MJ

A, = cross sectional area of the aperture (m?)

Ac = cross sectional area of the collector (m?)

Afn = ratio of ineffective area

b = interact coefficient of air (1.571),

B = magnetic field intensity (Tesla), percentage of energy produced from a particular
fuel type

c = lightspeed in a vacuum (299792258 m/s)

C, = area dependent costs (£)
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Copr
Chesr

CPre,0,

= area independent costs (£)

= maintenance costs (£)

= capital costs (£)

= total costs (£)

= concentration ratio, correlation for Nu

= base fluid heat capacity (kJ/kg K1)

= effective specific heat capacity (kJ/kg K1)
= heat capacity of nanoparticles (kJ/kg K1)
= Diameter of the radiation source (m)

= absorber inner diameter (m)

= absorber outer diameter (m)

= inner glass envelope surface diameter (m)
= outer glass envelope surface diameter (m)
= collector heat removal factor

= factor for the inner surface fraction of the absorber tube,
= constant of gravity m/s?

= Planck constant

= convection heat transfer coefficient at T,

= convection heat transfer coefficient for the air in the annulus at a temperature Ts,,

= electric current (A)
= radiation density [W/m2(um) or W/cm?]
= direct solar radiation (W/m?)

= incident angel modifier
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= length of the solenoid (m)

= correlation for Nu

= mass flow rate of the heat transfer fluid in the collector (kg/s)

= number of wire turns required for the electromagnet

= Nusselt number based on D,

= average Nusselt number evaluated on Ds

= air pressure (Pa)

= Prandtl number based on the heat transfer fluid temperature T,

= Prandtl number based on the absorber inner surface temperature T,
= Prandtl number for air at Ts,

= radiation intensity W/m

= energy transferred to the fluid by convection (W/m)

= energy conducted through the absorber (W/m)

= energy absorbed by the absorber (W/m)

= energy transferred from absorber to glass envelope by convection (W/m)
= energy transferred from absorber to glass envelope by radiation (W/m)
= energy transferred through the glass envelope (W/m)

= energy absorbed by the glass envelope (W/m)

= energy lost to the environment by convection (W/m)

= energy lost to the environment by radiation (\W/m)

= energy lost through support brackets by conduction (W/m)

= solar irradiation per receiver length (W/m)

= intensity of direct radiation (W/m?)



dc = intensity of global radiation (W/m?)

ds = intensity of (scattered) diffuse radiation (W/m?)

0 = total energy coming from the sun, which is intercepted by the solar collector (W)
Qups = rate of solar energy absorbed by the heat transfer fluid (W)
Q qux = the auxiliary energy (W)

0, = heat loss to the ambient (W)

0Load = the energy needed by the daily load of hot water (W)

Rase = Rayleigh number of air evaluated on the outer diameter of glass envelope Ds
S'gen = entropy generation rate (W/K)

T = temperature of the black body (K)

T, = mean (bulk) temperature of the heat transfer fluid (K)

T, = inner surface temperature of absorber tube (K)

T, = absorber inner surface temperature (K)

T = absorber outer surface temperature (K)

T34 = average temperature (T5 + T,) /2 (K)

T, = inner glass envelope surface temperature (K)

Ts = outer glass envelope surface temperature (K)

Te = ambient temperature (K)

T, = effective sky temperature (K)

Tin = mean fluid inlet tempreature (K)

Tout = mean fluid outlet temperature (K)

T = reduced temperature difference as defined (K)

Tsun = sun temperature (K)



= heat loss coefficient (W/m?)

= uncertainty

= volume of prepared ferrofluids (m?)

= desired volume of ferrofluids (m?)

= volume of distilled water (m?)

= distance (m)

= initial volume fraction of 15%

= desired volume fraction of nanoparticles

= volume fraction of nanoparticles in water which is 0
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Chapter 1. Introduction

1.1 Background of energy in Saudi Arabia

The request for modern energy services is increasing rapidly. The global energy consumption is
expected to rise by about 35 percent from 2010 to 2040. Energy demand is defined as consumer
requirements for heat, electricity, and fuels. Consumers cover domestics and industries as well as
public and private sector. The requirement drivers consist of population, economic development,
demographics and income levels. As showing in Figure 1-1 half of the increase in global energy
demand is expected to account to China and India. The progressively substantial share of the global
energy market represented by a group of 10 key growth countries. The increase in the proportion
associated with the growing populations and lifestyle. This geographically various group consist
of Brazil and Mexico in the Americans, South Africa and Nigeria in Africa, Egypt, and Turkey in
Mediterranean, Saudi Arabia and Iran in the Middle East, as well as Thailand and Indonesia in
Asia. The Organisation for Economic Co-operation and Development (OECD) represents the
developed countries [1]. Therefore, there is a prevailing need for efficient generation and use of
energy. Saudi Arabia has an exceptional position in the international energy market, the escalating
demand for power and water in Saudi Arabia has created diverse challenges to the environment.
Saudi Arabia is the second world’s largest producer of oil and the second largest owner of crude

oil reserves.
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Figure 1-1: Global expected energy demand by 2040 [1].

The economy of Saudi Arabia is heavily reliant on fossil fuels. Oil accounts for 90% of the country
exports and nearly 75% government revenue. Saudi Arabia’s GDP ranks twentieth in the world
[2]. The GDP per unit of energy use in Saudi Arabia was about PPP US$ 7.695 per kg of oil
equivalent in 2013. Energy use per capita was 6363 kg of oil equivalent in 2013, which ranked
thirteen in the world and considerably above the global average (1894 kg of oil equivalent in 2013).
The non-targeted subsidies (i.e. the entire population is provided subsidies regardless of their
earnings and status) encouraging the high current utilization of oil in transportation, utilities, and
other sectors substantially. In 2010, Saudi Arabia was the largest subsidy government worth US$
43 billion. Such a subsidy system preserve energy prices low, stimulate increased consumption,
and restrains energy efficiency as well as research and development in sustainable energy, which
includes both renewable energy and efficient energy [2]. Moreover, Saudi Arabia is the world's
largest exporter of oil. Energy exports represent the major component of Saudi Arabia's GDP.

Total natural resource rents represented 41.12% of GDP in 2013, in which 38.7% of oil and 2.36%



from natural gas [3]. Renewable energy sources can be promoted using these rents. Energy
consumption depends completely on fossil fuel, generating large CO2 emissions that lead to global
climate change. Saudi Arabia has the most concentration of industries in the Gulf Cooperation
Council region, and therefore, the highest level of CO2 emissions from industrial activities is
probably to witness raised environmental pollution as Saudi Arabia persists to emerge from
developing country status. Figure 1-2 shows the increase in environmental pollution from
greenhouse gas (GHG) emissions and waste in Saudi Arabia alongside the energy production.
According to [3], CO2 emissions per capita were close to 17.9 metric tons in 20al3 (4.9 metric
tons in the world; 16.4 metric tons in the USA; 7.1 metric tons in the United Kingdom). Saudi
Arabia is one of the biggest global polluters; reducing CO, emissions is thus necessary. Avoiding
fossil fuel through cost-effective and potentially transformative technologies, Saudi Arabia could

potentially reduce NOy, SO2, and CO> emissions.
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Figure 1-2: Energy generation and air pollution in Saudi Arabia [3].



While most of the oil is exported, household use is rapidly elevating, primarily for electricity
production. In the last ten years, the energy consumption rose by 60%, and it is expected to increase
by three folds by 2030. The growth of desalination capacity and power plants which depend
extremely on burning fossil fuel is led by the growing demand of water for domestic, industrial
and agriculture. Saudi Arabia generates 24 million m® of distilled water daily. An enormous
amount of energy is used in water desalination activities, equivalent to 1.5 mmboe per day. The

largest solar-powered water desalination plant in the world in the city of Al-Khafji, Saudi Arabia
[4].

Policymakers in Saudi Arabia are recognizing the threat happening from this high utilization of oil
to meet the requirement. The low price of oil and the high oil consumption had a genuine
consequence for government revenue and GDP in 2016, where the GDP is 15% lower, causing the
government to borrow to plug the kingdom’s soaring fiscal deficit. This, in turn, is sending
interbank rates to multi-annual highs, extract liquidity and, eventually, harming business activity.
Therefore, a new vision was recently introduced “Vision 2030”. Saudi Arabia is planning to move
from energy based on fusil fuel to sustainable energy. The shift will include using renewable
energy technology, energy efficiency projects, and change in policies (i.e. subsidies for energy,
food, and water will be better used by providing them towards underprivileged.) The King
Abdullah City for Atomic and Renewable Energy was established, as a first act for realizing the
economic and crucial change. An initial goal of 9.5 gigawatts of renewable energy should be
reached by 2023. By 2032, 50% of Saudi energy will be from renewable sources. 41 GW of solar
capacity, 9 GW wind and 4 GW of other renewable energy (Figure 1-3). Solar energy has a very
high potential in Saudi Arabia due to the high direct solar radiation and the large surface area of

the kingdom. According to the European Commission, Saudi Arabia has the highest future



potential of generating solar energy compared to today’s leading solar markets Figure 1-4. The
government will localize a significant share of the market including research and development,
manufacturing, and production. For the first time, a framework will authorize the private sector to
buy and invest in the renewable energy sector. To encourage local investors to enter renewable
energy market the kingdom will encourage public-private partnerships. However, still, Saudi
Arabia needs major policy movements on various aspects including encouragement of energy
efficiency and employing renewable energy technology, through a mix of incentives such as feed-
in-tariffs, capital grants, investment, investment credits, public investment, loans or financings as
carried out in many countries in the world. For all these reasons, it is reasonable to investigate in

of solar energy and make them competitive with other energy sources.
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Figure 1-3: Energy consumption sources in Saudi Arabia by 2032 [2].



Country Surface area Yiel [annual Generation cosis Installed capacity by

[thousand km?] kWhiinstalled kW] [E per KWH] 2007 [MW]
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Figure 1-4: Energy potential of generating solar energy compared to today’s leading solar markets [5].

1.2 Renewable enerqy and sustainable development

Producing, consuming and living in a way that reaches the necessity of the present without
jeopardizing the ability to accommodate their own needs is known as sustainable development.
Since the seminal report of the World Commission was on Environment and Development (1987),
the sustainable development became generally recognised. United Nations created the commission
because the exceptional pressures made by the imbalanced economic development and population
growth menace the very existence of some societies, which can lead to global catastrophes in the
long term. The ecological and economic pressures will force populations to change their lifestyles,
especially regarding production and consumption. However, with progressive planning, political
will, and foresight, the changes of lifestyles can be moderated. Energy source represents these
challenges. The reliable energy source is crucial in all economics for light, heat, communications,

CPU, industrial processes, transportation, etc.



World energy use is mostly from fossil fuels (i.e. coal, oil and natural gas). Fossil fuels are
regenerated at an infinitesimal rate, and thus present reserves are eventually limited. The lifetime
of a resource can be defined as “the known accessible amount divided by the rate of present use
[6]”. By using this description, the lifetime of oil and natural gas resources is limited to several
decades; whereas lifetime for coal is several centuries. Moreover, the essential limitations of using
fossil fuel are determined by the harmful emissions from a fossil. Increasing of CO: in the
atmosphere is such an example. CO2 and other gases in the atmosphere trap the heat and keep the
earth warm. This phenomenon is known as greenhouse effect. Increasing the COz in the
atmosphere will enhance the greenhouse effect and lead to serious climate change. Climate change
is not the only issue fossil fuel and nuclear energy, but also to such environmental considerations
as environmental pollution, acid precipitation, ozone reduction, forest demolition and emission of
radioactive materials. Accordingly, it is fundamental to spread renewable energy and utilize energy
efficiently. From an economic standpoint, using renewable energy is beneficial if the full costs of
paying for the damage and acquiring fuel is incorporated into the price. A promising energy future
with minimal environmental influence can be achieved when all these problems are considered

simultaneously.



Renewable energy is commonly defined as energy that is formed by a natural source that is
naturally recovered within a span of a few years such as sunlight, wind waves, tides, and
geothermal heat. [7]. Figure 1-5 illustrates an overview of renewable energy sources. Renewable
energy sources have the capacity to supply over 3000 times the current global energy requirements
[8]. Renewable energy contains the technologies that convert natural sources into valuable energy

services:
e Solar power (including photovoltaics, solar thermal, and geothermal)
e The wind, wave, hydropower and tidal including (micro- and river-off hydropower)
¢ Biofuel and biomass technologies (including biogas)

e Renewable fraction of waste (household and industrial waste)
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Figure 1-5: Overview of sources of renewable energy [9].




Renewable energy systems are defined as comprehensive energy supply and demand systems stand
on renewable energy. The transformation from nuclear and fossil fuel-based systems to renewable

energy systems associated compensation of changes in the following:

e Efficiency development in the supply system, such as combined heat and power CHP

e Demand technologies related to energy saving and conversation

e Combination of alternative renewable energy sources

Changes such as insulations and efficiency improvements of electric devices lead to changes in
the energy demand. In addition to the preceding renewable energy technologies, renewable energy

systems.

Over the last seven years, renewable energy markets — heating, electricity and transportation —
have been increasing significantly. The creation of well-established technologies has given
certainty in the technologies, reduced costs, and created new opportunities [6]. Between 2010 and
2035, the global electricity production from renewables expected to increase 2.7 times. Utilising
of biofuels is predicted to increase more than double in the next few years to reach 4.3 million
barrels of oil equivalent per day, up from 1.6 in 2013. Most of the biofuels are used in
transportation, but the utilisation of biofuels in different sectors will be done by 2035. The use of
renewable sources to reduce heat will nearly double, from 33t Mtoe to 604 Mtoe in 2035.
Electricity production from renewable sources is higher than in heat generation or transportation
[10]. Solar thermal energy is sufficient renewable source and is available in both directions as well
as indirect forms. The research focuses on solar thermal and more specific on concentrated solar

systems.
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Figure 1-6: Energy sources of the world [8].

1.3 Background of solar energy

Electromagnetic radiation transfers the energy of the sun’s high temperature of roughly 6000°C to
the earth. Material radiation is very small therefore it is neglected. The radiation intensity of the
sun is 63.5x108 W/m?. The radiation of the sun decreases with the square of the distance and with
absorption, reflection, and emission of materials. The solar radiation arrives at the earth
atmosphere with a radiation intensity of approximately 1360 W/m? which is known as solar

constant.
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Figure 1-7: Reflecting and scattering the solar radiation when passing through the atmosphere.

As shown in Figure 1-7, 30% of the solar radiation is reflected and scattered when passing through
the atmosphere. Mostly water drips (clouds) reflect the radiation into space. Another proportion is
scattered by microparticles such as molecules, lumps, and aerosols. The microparticles affect the
uniform radiation towards the earth, which is known as diffuse radiation. A small portion is
absorbed and emitted by the ozone layer and CO». The portion of the radiation that reaches the
ecarth surface is called “direct radiation.” The incident solar radiation called the global radiation,
which impacts the earth surface, results consequently of the total of the direct and the diffuse
radiation:
de = qp *+ s Eq1-1

where, g, is the intensity of global radiation W/m?, ¢, is the intensity of direct radiation W/m?,
and g is the intensity of (scattered) diffuse radiation W/m?,

Only The direct solar radiation may concentrate by lenses or mirrors in high-temperature
applications. However, diffuse radiation (affecting the daylight) plays a significant role in low-
temperature applications, e.g. in providing hot water and photovoltaics (PV). On a clear day, the

radiation reaches the earth directly, therefore, g, will be high. The opposite would be the case in
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a cloudy day. The direct and diffuse radiation are functions of the day-time and of the seasonal

parameters (Table 1-1).

Table 1-1: direct and diffuse radiation [11].

Global radiation Fraction of diffuse
W/m? radiation %
Clear sky 800 -1000 10
Misty weather 600 - 900 50
Foggy autumn day 100 -300 100
Cloudy winter day 30 -50 100
Average 600 50 -60

The earth is circling the sun with its polar axis tilted towards the plane of rotation. In June, the
earth sits with the north pole facing the sun. The sun’s rays strike the northern hemisphere more
perpendicularly, and the sun appears higher in the sky. In December, the north pole is tilted aside
from the sun, and its rays strike more obliquely, giving a lower radiation intensity. Another
important aspect is that the lower the sun in the sky, the further it rays must pass through the
atmosphere, giving them more opportunity to be scattered back into space. When the sun is at 60°
to the vertical, its peak energy density on the ground will be dropped to one-quarter of that when
it is vertically overhead. To plan utilization of solar energy, two values have been measured to
characterize the availability of solar energy:

e The period of sunshine, expressed by radiation in hours per month or per year.

e The radiation incident on a horizontal surface expressed by the sum of monthly or annual

radiation rate (kWh/m?Za).
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The sun’s electromagnetic wavelengths cover the entire wavelength area from 102 m up to some
kilometres. However, the earth atmosphere is permeable mainly in the range of optical radiation
and low-frequency waves 102 -102 m. The optical radiation covers the range between 0.3-2.5 um
(100%) including mid- and long-wave ultraviolet radiation, 0.3-0.38 um (3%) the area of visible
light 0.38-0.78 um (44%) and the shortwave infrared radiation 0.78-25 um (53%).

The radiation parameters can be calculated using well-known radiation laws. For the radiation of

a black body responds the radiation density [W/m?(um) or W/cm?®]to the Planck’s law:

_ 2mthc? )
IO(/D - 15[exp( ch )_1] Eq1-2

kgAT.

where A is the wave-length, h is the Planck constant, c is the lightspeed in a vacuum, g is the
Boltzmann constant, and T temperature of the black body.
1, (1) varies with the wave length. The range of includes, depending on temperature, also the area

of visible light, the maximum of I,(1) can be calculated by the Wien’s displacement law:

2898
Amax = KR pm Eqg. 1-3

The sun surface temperature around 6000K which give us a wavelength of 0.48 um. by integrating
Eq. 1-2 over the whole wavelength spectrum, the radiation intensity (W/m?).

qo = [ Io(D)dA Eq. 1-4
where, q, is the radiation intensity. The solution leads to Stephan-Boltzmann law:

qo = oT* Eq. 1-5

where, ¢ is the radiation constant of the black body = 5.67 x10-8 W/(m?K%), Sun’s radiation

corresponds to a black body with an average temperature of T = 5762K which gives a solar

radiation of 62.5x108 W/m?2.
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The radiation intensity decreases with the square of the distance.

4o = 40 (2) Eq. 1-6

where x is the distance, D is the diameter of the radiation source. The sun’s diameter = 1.39x109
m, and the distance between the sun and the earth atmosphere is 1.5x1011m gives a radiation
intensity at the earth atmosphere of:

G, =1341 W/m?

which is known as solar constant. However, due to seasonal fluctuations and variation of the
distance between the sun and the earth, the solar constant varies in the range of 1293 — 1412 W/m?.
After passing the atmosphere, the radiation intensity decreases to the values of global radiation
given by the curve underneath the curve of the solar constant. In Saudi Arabia, the average value
of global radiation intensity is 1200 kWh/m?Za.

There are two main systems to harvest the solar radiation which is solar thermal and photovoltaics.
Solar photovoltaics (PV) systems directly convert solar energy into electricity. PV system is a
semiconductor device that converts solar radiation into direct current electricity. The solar thermal
system is harvesting the sun’s energy in the form of heat. This can be used directly as a heat source
in domestic applications, and industrial thermal processes or it can be used in power generation.
Solar thermal is divided into two ranges depending on the required temperature (low-, and high-
temperature). The low-temperature range usually covers domestic water and space heating, in
some cases also thermal processing e.g. drying (of wood) and evaporation (seawater desalination).
To receive solar radiation at lower temperatures, solar collectors of different type are applied. In
the high-temperature range (400-1000°C) the radiation is concentrated by means of the optical
device e.g. mirrors (reflectors) or lenses. Concentrating the radiation decreases the area which heat

losses exist; consequently, relatively small absorbers are used with the larger optical device. The
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heat produced at higher temperature can be utilized either to drive a power plant or to carry out a

thermal process e.g. melting, heat treatment, unit operations, etc. Just as solar energy systems can

have many variants, so can solar collectors too. The low-temperature collectors include the

following:

Unglazed collectors: they are most applicable for swimming pool heating, where the water
temperature is only raised by a few degrees above ambient air temperature, so heat losses
are almost unnecessary.

Flat plate collectors: Worldwide, these are the most used in domestic solar water heating.
Commonly, they have on single glazing layer, but they may have an extra second glazing
layer, occasionally of plastic. The higher temperature difference between the absorber and
ambient could be reached by more complicated glazing system. A black surface with a high
absorptivity is commonly used on the flat plate. Most standard black paints used in the
collectors reflect approximately 10% of the solar irradiation. Some collectors use a
selective surface that has both high absorptivity in the visible region and low emissivity in
the long-wave infrared, to reduce heat losses. Many designs of absorber plate have been
tried with success in recent years, including pressed steel central heating radiators,
specially made pressed aluminium panels and small-bore copper pipes soldered to thick
copper or steel sheet. Mainly, an absorber plate must have high thermal conductivity, to
transfer the absorbed energy to the water with minimum heat loss.

Flat plate air collectors: These are less common as water collectors and are generally
applied in space heating only. An interesting variant is to combine this type of collector

with a photovoltaic, generating both heat and electricity.
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Evacuated tube collectors: they take the form of a set of standard tubes similar to
fluorescent lamps. At the centre of each tube, an absorber plate is found. Heat losses are
reduced by a vacuum in the tube. The absorber plate has a heat pipe that transfers the
absorbed energy to the water, which flows along a header pipe at the top of the array. A
heat pipe is a device with the advantage of higher thermal properties of boiling fluid. A
hollow tube is filled with a liquid at a desired pressure that makes it boil at the hot end,
then the vapour will condense at the other end. These tubes have a higher thermal
conductivity compared to tubes made of solid metal and can transfer large amounts of heat

for a small temperature rise.

For the medium and high temperature, solar collectors have also known as concentrated solar

collectors the various types of collectors are:

Line focus collectors: they focus the solar irradiances onto a tube found at the centre of a
trough. Those collectors include a parabolic trough and linear Fresnel lens collector. They
are mainly used for generating steam for electricity generation. The trough can be rotated
to track the sun up. A line focus collector can be oriented with its axis in either a horizontal
or a vertical plane. Those collectors include parabolic trough collector and linear Fresnel
collector.

Point focus collectors: These are also used for a steam generation but need to track the sun

in two dimensions. Those collectors include parabolic dish and solar towers.

High-temperature solar collectors are mostly used in concentrating solar power CSP or in industrial

processes
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Figure 1-8: Concentration of sunlight using (a) parabolic trough collector (b) linear Fresnel collector (c)
central receiver system with dish collector and (d) central receiver system with distributed reflectors [12].

1.3.1 Concentrated solar power

Concentrating Solar Power (CSP) plants utilise reflectors to concentrate solar irradiance onto an
absorber, which absorbs and convert the solar irradiance to a heat transfer fluid that can be used to
provide heat for industrial process applications or to produce electricity through steam turbines.
One of the advantages of CSP is the heat storage system of CSP plants that allow for heat supply
or electric production at night or when the sky is cloudy. The four CSP plant versions are Fresnel
Reflector, Parabolic Trough, Solar Tower and Solar Dish, which vary based on the design,
configuration of reflectors and absorbers, heat transfer fluid used and if heat storage is included or
not. The first three types are utilized mainly for power plants. The most commercially mature

technology of the three types is the parabolic trough solar collectors. Solar dishes are more
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applicable for distributed generation. Installing CSP in the Sun Belt region between 40° north and
south of the equator is very interesting due to the high direct solar irradiance in this region. This
region consists of North Africa, the Middle East, India, South Africa, Mexico, the Southwest of
the United States, Chile, Peru, Australia, Western China, Turkey and southern Europe. The
technological future of CSP-based energy production in nearly all of this countries is normally
larger than their energy requirements, emerging in the potential for energy export. However, the
application of concentrated solar power is at an early phase with roughly 4 GW installed worldwide
wide in 2016, albeit the projected installation of extra 12 GW of capacity by 2019. Compared to
photovoltaics (PV) farms with roughly 70 GW already in use worldwide, current CSP installed
capacity is very small. In only 2015, new PV installations completed to generate 30 GW. PV total
installation cost is generally lower than CSP without storage. However, it is projected that the cost
of CSP will decline by approximately 15% by 2018 due to development in manufacturing and
performance, scale economies, and new technology, thus lowering the Levelized cost of electricity
from CSP plants to approximately USD 0.15-0.24/kWh. By 2020, projections are that the cost of

capital will fall even further by 30% or 50%.

1.3.2 Industrial process

Saudi Arabia industrial sector uses heat for a wide variety of applications, including water
desalination, food processing, sterilizing, drying, preheating of boiler feed water, and much more.
The industrial sector uses roughly one-third of the nation's energy consumption. Process heating
applications by itself count for approximately 40% of total energy consumption within the
industrial sector. The large size and scale of industrial heating energy use show a unique
opportunity for renewable energy. Figure 1-9 illustrate the temperature ranges for various

industrial heating. The existing heating technologies could be cost-effective if used as pre-heating
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before an existing conventional heating source. Major considerations for industrial solar heating

applications include resource intermittency, cost, storage options, and process integration.

Industrial Sector Unit operation Temperature range (°C)

Figure 1-9: Temperature range for different industrial processes [13].
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1.4 Background of ferrofluids

Depending on their application, solar collector uses different heat transfer fluids. In low-
temperature range, usually, water is used. In high-temperature range thermal oil or Phase Changing
Material (PCM) is used. In this research, we use ferrofluids as a heat transfer medium. Ferrofluids
(also Known as magnetic nanofluids, MNF) are stable liquid dispersed colloidal magnetic
nanoparticles such as FezOs, y-Fe2Os, CoFe 04, Co, Fe or Fe-C. The substantial magnetic
properties of the nanoparticles and their effect on the thermophysical nature such as thermal
conductivity and viscosity distinguish ferrofluids from other nanofluids. The thermophysical
properties of ferrofluids can be controlled and adjusted by an electromagnetic field. Depending on
their applications, the ferromagnetic particles are dispersed in a wide range of base fluids. In
theory, it is possible to disperse the magnetic particles in any base fluids to fit the application
requirements (e.g. surface tension, boiling temperature, viscosity, vapour pressure, stability in a
harsh environment, etc.). For example, it is necessary that base fluid has a very low vapour pressure
in a rotary vacuum. Each nanoparticle (metal or ferrite made of single magnetic domain) in
ferrofluids is consistently in a state of magnetic saturation in the presence of external magnetic
field and/or gravitational field. Therefore, a particle diameter of roughly 10 nm is essential to keep
the colloidal suspension stable. The high magnetostatic force between single particles attracts them
to each other causing Agglomeration and sedimentation of particles. This issue can be resolved by
modifying the particles surface with specific surface treatment to produce entropic repulsion (i.e.,

a coating with stabilizer layer) such as oleic acid.

Ferrofluids are widely employed in versatile applications like in sealing, as loudspeaker coolant,
lubricants, in pressure sensors, in display devices, in biomedical applications like targeted drug

delivery, hyperthermia, as a low side effect MRI contrasting agent, as magnetically tunable optical
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filters as tunable diffraction gratings, as magnetic field and moment sensor. New designs in a wide
range of technical application could benefit from the magnetic control such as the utilisation of

magnetic forces in fluid dynamics research.

In heat transfer applications, the usage of ferrofluids as a heat transfer medium has the main
advantage of higher thermal conductivity compared to the base fluids. The thermal conductivity
of nanoparticles is much higher than the base fluids. Therefore, by adding nanoparticles to the base
fluid, the thermal conductivity of the mixture will increase, which leads to heat transfer
enhancement. The particles distribution in the base fluid contribute to the enhancement of the
thermos-physical properties of the mixture while causing issues related to sedimentation, clogging,
and erosion that can be observed with the suspension of micron size particles. The use of
ferrofluids as a heat transfer medium has several advantages compared to conventional non-

magnetic nanofluids:

e The properties of the nanoparticles (e.g. density, viscosity, and thermal conductivity) can
be changed by the external magnetic field to reach explicit design requirements.
e The thermomagnetic convection in ferrofluids is controlled and enhanced by controlling
the external magnetic field.
e The size and the cost of components in heat transfer device can be reduced by using
ferrofluids.
One of the most challenging aspects of ferrofluid research in the interdisciplinarity of the field.
Besides chemistry for the preparation of ferrofluids, the basic theoretical physics for the
description of their properties and behaviour, fluid physics, and Rheology for the investigation of
lows and rheological properties under the influence of external magnetic fields are needed to cover

the basic research interests, in addition, engineering and medical application contribute to the
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importance of ferrofluids research for everyday life. In this research, the focus is mainly on the

application of ferrofluids in parabolic trough solar collector.

1.5 Outline of the research

Improving the efficiency of solar collector will make it more economical. Enhancing the heat
transfer performance of the solar collector is one of the methods used to increase the efficiency of
solar collectors. Nanofluids showed an improvement in the heat transfer performance of solar
collectors. Moreover, magnetic nanofluids when used in heat transfer applications and in the
presence of the external magnetic field, ferrofluids showed a significant increase of heat transfer
performance compared to nanofluids. Therefore, the research aims to develop a small-scale

ferrofluid based concentrated parabolic collector. The research objectives are: -

e Boththeoretically and experimental investigation of the innovative idea of using ferrofluids
to improve the efficiency of the concentrated parabolic collector.

e Investigation of the parameters affecting the performance of the solar collector such as
Thermal Conductivity, Viscosity, and magnetic intensity.

e Investigation of the economic and environmental impact of using ferrofluids in

concentrating solar collectors.

Ferrofluids can be used in different solar collector designs. Parabolic trough design was chosen
due to their small absorber area, hence, less thermal loss and higher efficiency. Moreover, applying
external magnetic field is simple compared to non-concentrating collectors, where the heat transfer
fluids flow in the singular pipe in the collector. In addition, parabolic trough collectors can be very
interesting in Saudi Arabia. The country has the high direct solar irradiance needed for parabolic

trough systems. Moreover, the desalination of seawater can benefit from the waste heat of
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parabolic trough systems, supplying Saudi Arabia, currently the world’s top desalinated water
producer, with a remarkably economical solution for achieving its human water requirements. A
comprehensive literature review related to the ferrofluids, parabolic trough collectors and
nanofluids based solar collector is performed in Chapter Two. In-depth understanding of factors
that could affect the performance of ferrofluids based parabolic trough is gained via a literature
review. The methodologies and experiment set-up of the ferrofluids based collector is given in
Chapter Three. The experimental results of the use of ferrofluids in parabolic trough collector with
two different absorber types, and the effect of nanoparticles concentration, magnetic field intensity,
and direction are presented in Chapter Four. A heat transfer Analysis of the ferrofluids solar
absorber is carried on in Chapter Five. The results of the analysis are compared with the
experimental results. Furthermore, the economic and environmental impact of ferrofluids based
solar collector is available in Chapter Six. The study is concluded by the summary and future work

presented in Chapter Seven.
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Chapter 2. Literature Review

2.1Ferrofluids

Enhancing the thermal performance of heat transfer processes by modifying materials properties
at the nanoscale have been attempted by many researchers. This has led to the finding of distinctive
engineered fluids widely known as nanofluids. Nanofluids are used in thermal devices to boost the
heat transfer performance, for example, in electronic devices. A unique branch of nanofluids is
ferrofluids (also known as magnetic nanofluids, MNF). Ferrofluids are a stable liquid which

contains dispersed colloidal magnetic nanoparticles.

Ferrofluids can be distinct from conventional nanofluids by the particular magnetic property of the
nanoparticles which affects their thermophysical properties such as density, thermal conductivity,
and viscosity that can be regulated to specific values by controlling the intensity of external
magnetic field [14]. Maintaining a stable dispersion with adjusting the magnetic nanoparticles
requirements viscosity, surface tension, temperature, thermal conductivity, vapour pressure, etc.
can be achieved to fit the desired application [15, 16]. Furthermore, in the presence of external
magnetic field the individual particles (metal or ferrite made of a single magnetic domain) are
consistently in a state of magnetic saturation, and for the colloidal suspension to remain stable, the
particles need to have a diameter of approximately 10 nm. Additionally, the strong magnetostatic
attraction forces between particular nanoparticles that causing the issue of agglomeration and
sedimentation of particles needs to be solved, for example by modifying the particles with specific
surface treatment (i.e. a coating with a stabilizer layer) such as oleic acid for suspending in an oil

phase or depending on the type of base liquid [17, 18].
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The use of ferrofluids as a heat transfer medium has several advantages compared to conventional
non-magnetic nanofluids [19]. The properties of the nanoparticles (e.g. density, viscosity, and
thermal conductivity) can be changed by the external magnetic field to reach explicit design
requirements. The thermomagnetic convection in ferrofluids is controlled and enhanced by
controlling the external magnetic field. The size and the cost of components in heat transfer device

can be reduced by using ferrofluids.

In this section, the subject of thermophysical, optical properties and thermomagnetic convection
of ferrofluids are examined, and the potential for the use of ferrofluids in thermal energy transfer
processes and their directions are discussed. The density, thermal conductivity, heat capacity,
surface tension and viscosity are the essential properties of heat transfer fluids. The change in
thermophysical properties of ferrofluids in the presence of external magnetic field needs to be
realized. Precisely, the change in thermal conductivity, surface tension, and viscosity are
complicated and more work needs to be done while the density and specific heat capacity of
ferrofluids can be determined according to the mixture model, which is applicable to conventional

mixtures [20].

2.1.1 Ferrofluids preparation procedure

For most of the applications, stable ferrofluids are necessary under the operating range of
temperatures and under the influence of external magnetic field. Therefore, a high degree of
consistency is required when preparing ferrofluids to enhance the uniformity of nanoparticles
suspended in the fluid [17]. This generally relies upon the characteristics of base liquid and
stabilizer [21]. Two essential steps are used in the preparation of magnetic nanofluids. At the
beginning, formation of nano-sized particles and next, stabilization/dispersion of the nanoparticles

in various nonpolar or polar carrier liquids [18].
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Magnetic nanoparticles are generally ferrite and metals particles. Mainly there are four different
methods to prepare the ferrite (iron oxide) nanoparticles which include wet grinding, co-

precipitation, microemulsion, and substituted ferrite particles.

The first method used to make ferrofluids based on ferrites was wet-grinding [22]. The method
elaborated wet-grinding ferrites in a ball-mill with an appropriate surfactant till the ferrite is in a
colloidal state. Cyclone separation was employed to remove bigger particles. However, the process
takes a very long time (1000 hours.) “Co-precipitation” of metallic ions is the most and simplest
used method to create the ferrite nanoparticles. High productivity resulted from this procedure
[17]. Figure 2-1 illustrates the main steps of this procedure for co-precipitation synthesis of

magnetite nanoparticles.

The polarity of the base fluid and the surfactant affects the dispersion condition of magnetic
nanoparticles in the based fluids [23]. Oleic acid is the most used surface coating of the
nanoparticles stabilizer in the hydrophobic modification. The stabilizer enhances the stability of
suspension and keeps the magnetic nanoparticles repulsive to each other in a fluid. The procedure
for dispersion of magnetic nanoparticles in the nonpolar fluid is shown in Figure 2-2a. The non-
polar fluids consist of hydrocarbons (kerosene, toluene, and cyclohexane) and oils such as thermal
oil, etc. Furthermore, the preparation procedure of ferrofluids with a polar organic fluid such as
diesters, alcohols, ketones, amines, and mixtures of various mineral and synthetic oils (e.g. high

vacuum oils) is shown in Figure 2-2b.
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Converting hydrophobically treated magnetic nanoparticle into hydrophilic nanoparticle by
adsorption of the water-soluble surfactant is used to prepare water-based ferrofluids, as illustrated
in Figure 2-3. The previous procedures are commonly used to prepare a variety of ferrofluids in
terms of the type of base fluid. Ferrofluids can be prepared for a wide range of application because

the properties of the chemical synthesis can be carefully selected to suit the application [18].
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Figure 2-3: Basic procedure for preparation of water-based ferrofluids [11].

In addition to simple precipitation, micro-emulsion technique could be possibly used to produce
ferrite particles. Reverse micelles are used in the preparation of ferri- or ferromagnetic
nanoparticles which are considered as water-in-oil micro-emulsion with a surfactant as a stabilizer
of two immiscible liquids. A triangular phase diagram of the three-component system is utilised
to define the different structures that may be formed other than micro-emulsions. A detailed review
study on the micelles and particle formation is available [24]. The method of particles preparation
includes the formation of two macroemulsions one including an aqueous solution of one or

combination of metal salts and the other an aqueous solution of an alkali and blending the two in
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the suitable ratio. By applying a pure surfactant, the aggregate size distribution is very small, and
the particles have small particle size distribution. The disadvantage of this procedure is that the
surfactant utilized in the formation may not be appropriate with the base fluid needed for an
application. The problem can be solved either by replacing the surfactant from the particles with
one suited with the base fluid or use multiple surfactant layers, i.e., coat the first surfactant with
additional surfactant suited with the base fluid. Substituted ferrite particles are another possibility
to produce nano-sized particles. In this method, the Fe?* ion is simply replaced with another or
combination of metal ions such as Co%*, Mn?*, Ni?*, Zn?*, etc. lons to prepare substituted ferrites.
This method is interesting due to the magnetic properties of the substituted materials that satisfy
various applications. Other metals, such as cobalt and iron particles, are also used in ferrofluids,
and those metals are prepared either by decomposition of organometallic compounds or Inverse
microemulsion techniques. Using ferrofluids based on metallic nanoparticles has two main
advantages. First, the higher saturation magnetizations of these metals compared to ferrites.
Second, they can be easily formed with very small size distributions. Nevertheless, the main
disadvantage of metallic nanoparticles is the limitation of their utilization in most commercial
applications, and their weak resistance to oxidation and consequent loss of magnetic properties.

These fluids can have long lifetime only if kept in a closed atmosphere system.

2.1.2 Thermophysical and optical properties of ferrofluids

Thermal conductivity, density, heat capacity, dynamic viscosity and specific volume are the
characteristics that define the thermophysical properties of a heat transfer fluid. In nanofluids,
these properties can be modified to suit the required specification for example by means of the
employment of an external force. Many researchers all over the world are currently focusing on

modifying these properties of nanofluids [25].
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2.1.2.1 Thermal conductivity

Generally, the expected enhancement of thermal conductivity in nanofluids is compared to a base
fluid [26]. The particle size, and distribution of magnetic nanoparticles, the volume fraction,
chemical composition of particles, a coating layer, and bulk temperature affecting the thermal
conductivity of ferrofluids in the absence of an external magnetic fluid [27]. The effect of volume
fraction on the thermal conductivity of FesO4 nanofluids with a particle size of 6 nm in different
base fluids was studied and the results showed that the improvement could reach 25%, as shown
in Figure 2-4 [28]. Other studies reported that rapid clustering of the nanoparticles in a high
concentration fluid causes the thermal conductivity to increase nonlinearly and that iron-based
nanofluids showed higher thermal conductivities than copper-based nanofluid with the same

volume fraction [29].

Up to 300% enhancement in the thermal conductivity of ferrofluids can be reached in the presence
of an external magnetic field. as reported by to Philip et al. [30] and 200% reported by Gavili et
al. [31]. The development of chain-like particle structure in the presence of external magnetic field
along the thermal gradient orientation is the reason for the increase in thermal conductivity of
ferrofluids. It was also noticed that the orientation of the magnetic field has a strong impact on the
thermal conductivity, with the highest enhancement achieved when the field was parallel to the
orientation of the thermal gradient. The thermal conductivity of hybrid nanoparticles based
ferrofluids was investigated [32]. The hybrid nanoparticles consist of magnetic nanoparticles
Fe304 and carbon nanotubes CNT. The carbon nanotube present excellent mechanical, electrical,
thermal, and chemical properties. According to the authors, adding CNT to magnetic nanoparticles
could benefit from the properties of both. The results showed enhancements of 34-44% in the

temperature range of 25-55°C. The thermal conductivity of magnetic graphite nanoflake
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suspended in synthetic oil is reported [33]. Graphite nano flakes have higher thermal conductivity
compared to Fe3O4 particles. The results showed that thermal conductivity enhanced up to 325%
with 0.8% concentration. Moreover, the study showed that the thermal conductivity will return to
the initial value after removing the magnetic field. Table 2-1 summarizes recent studies on
ferrofluids thermal conductivity enhancement of in the presence and absence the presence of an

external magnetic field.
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Figure 2-4: Thermal conductivity enhancement as a function of volume fraction for FesOs ferrofluids with
particle size of 6 nm in different base fluid [28].
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Table 2-1 Recent studies on ferrofluids thermal conductivity enhancement in the absence and the presence of
external magnetic field.

Author Based- Average Volume Enhancement Enhancement
Fluid Particle ~ Fraction  (no magnetic  with magnetic
Size % field) field
(nm)
Philip et al. [30] Kerosene 6.7 0.03-7.8 23% @ 7.8% 300% @
6.3% (80
Gauss)
Parkeh and Lee Kerosene 10 1-10 17% @ 4.7 30% @ 4.7%
[34] %, 38% @ 10
%
Gavali [31] Water 10 5 - 200%
Yu et al. [35] Kerosene 15 0.1-1 34% @ 1% -
Li et al [36] Water 26 1-5 14% @ 5% 13% @ 1%,
44% @ 5%
(250 Gauss)
Hong et al. [29] Ethylene 10 0.2-0.55 18% @ 0.55 -
glycol %
Zhu et al. [37] Water 10 - 38% @ 4% -
Abareshi et al Water 10 0.25-3 11.5% @ 3% -
[38]
Altan et al. [39] Water & 10 1-7 - 5.2% in water
heptane & 2.8% in
heptane
Sundar et al. [40] Water 13 0.2-2 25% @ 2% -
Pastoriza- Ethylene 15 0-6.9 15% @ 6.9% -
Galeego et al. glycol
[41]
Shahsavar et al. Water 10 0.1-0.9 44.6% -
[32]
Sun et al. [33] Synthetic 10 0.2-0.8 15% 325% (800
oil Gauss)
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The major explanation for the improvement of thermal conductivity in ferrofluids in the presence
of external magnetic field is generally due to the chain-like structure of the nanoparticle that can
produce and form lengthened and highly conductive currents for heat flow since the heat is
transferred faster in metal nanoparticles than in the base fluid [42]. The confirmation that the
enchantment is governed by the aggregation of nanoparticles was presented in several studies. The
individual nanoparticles start to form doublets, triplets, and short chains along the orientation of
the magnetic field and once the magnetic field intensity increases the length of the chain also
increases [42]. The impact of clustering and Brownian motion were investigated [43]. The
Brownian motion defined as the random motion of nanoparticles suspended in a fluid generated
by collisions with base fluid molecules [44]. The distribution of nanoparticles of nanoparticles and
their motion which aids the transfer of heat among the different parts of the fluid; and generates
convection paths around the nanoparticles was thought to affect the thermal conductivity of
nanofluids [45]. However, researchers proposed that aggregation dominates the thermal
conductivity enhancement in ferrofluids in the presence of external magnetic field and Brownian

motion in case of their absent [44].

Various theoretical models have been proposed in relation to investigating the thermal
conductivity of ferrofluids. Maxwell-Gannet model was modified by including an anisotropic
structure specification which characterizes the non-uniform diffusion of particles suspended in the
presence of magnetic field [46]. Their results showed the formation of nanoparticles chain-like
structure along the orientation of the external magnetic field in the presence of a magnetic once
the magnetic field was present. The homogenization method was studied, by taking into
consideration the magnetic field effect and the physical anisotropy [47]. The thermal conductivity

of the chain-like structure was determined by applying the differential effective medium theory.
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The theory used self-consistent anisotropic effective medium theory to determine the effective
thermal conductivity of ferrofluids in the presence of magnetic field. The numerical results showed
that the physical anisotropy and the shape of aggregated chain-like clusters are responsible for the
enhancement of the effective thermal conductivity. The thermal conductivity ratio of ferrofluids
produced by the chain-like magnetic nanoparticles clusters in the presence of magnetic field was

predicted by Nkurikiyimfura et al. [48].

2.1.2.2 Viscosity

Various research studies reported that in the absence of a magnetic field, the viscosity of magnetic
nanofluids is no contrast from conventional of nanofluids and the viscosity enhances
correspondingly with the volume fraction [40, 49]. The effect of viscosity of base fluid on the
effective thermal conductivity of the ferrofluids was investigated [50]. Base fluids with high
viscosity tend to weaken Brownian motion of suspended nanoparticles, inducing a reduction in
thermal conductivity. The viscosity and effective thermal conductivity of water-based ferrofluids
with FesO4 nanoparticles at different volume fraction and temperature were measured [40]. The
enhancement ratio of viscosity was much higher than that of the thermal conductivity under the
same temperature and volume fraction. Experimental study on the effect of the surfactant on the
viscosity and thermal conductivity of ferrofluids in the presence of a magnetic field was carried
on [36]. The experiment results showed the viscosity of ferrofluids raised considerably with the
concentration of the added surfactant. The explanation for the increase is that the surfactant layer
leads to a difference between the actual diameter of the nanoparticles and their hydrodynamic
diameter [16]. The additional surfactant will remarkably affect the interactions between the
nanoparticles and the flow of the ferrofluids is decreased so that the viscosity of the ferrofluids is

increased.
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In a high magnetic field intensity, the flowability of the fluid is reduced due to the zippering and
clumping of particles chain-like assemblies that block the motion of the nanoparticles, therefore,
the viscosity of ferrofluids increased [51]. The increase of viscosity of magnetic nanofluids in the
presence of magnetic field is supported by many studies [52-54]. The effect of external magnetic
field orientation on the effective viscosity was experimentally studied by using a horizontal
viscometer was studied. The orientations of the magnetic field were parallel, perpendicular, and in
other angular directions to the flow. It was concluded that the orientation of the external magnetic
field influences the viscosity of ferrofluids greatly [54]. The viscosity was increased to a maximum
of 200% when the external magnetic field was switched from perpendicular to parallel to the flow
direction. The reliance of viscosity of ferrofluids on the intensity of external magnetic field and
the volume fraction of a particle was also investigated. The results showed that either applying a
high-intensity magnetic field or increasing the volume fraction produced the increase of viscosity.
The rheological properties of ferrofluid by utilising a conventional rotating rheometer with the
various external magnetic field was investigated [52]. The results showed that the ferrofluids have
a non-Newtonian behaviour where the viscosity is depending on the shear rate. The viscosity of
the ferrofluids is much higher at a low shear rate also known as the magneto-viscous effect. The
increase in viscosity is caused by the magnetic force along the suspensions which attempts to align

the nanoparticles magnetic moments with the magnetic field orientation.

Nevertheless, at higher shear rates, the magnetic nanofluids showed the shear thinning behaviour,
as shown in Figure 2-5. The behaviour of the ferrofluids should be taken into consideration for any
applications of ferrofluids, e.g. magnetically controlled drug targeting, as they can greatly impact
the rheological characteristics of the blood flow [53]. A Recent study investigated the viscosity of

water-based manganese ferrite nanofluid with and without magnetic field [55]. The results showed
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a maximum increase of 14% at 3% volume fraction of nanoparticles under no magnetic field,

whereas the maximum viscosity of 75% was observed under 400 G magnetic field as shown in

Figure 2-6.

The viscosity and thermal conductivity and as a function of magnetic field intensity, volume

fraction and shear rate were measured and reported [56]. The results exhibit that the enhancement

of ferrofluids viscosity was larger than the enhancement of thermal conductivity. However, by

alternating the external magnetic field intensity (controlling magnetic field), the proportion of

thermal conductivity to the viscosity was regulated from 0.725 to 2.35. The rheological properties
of concentrated ferrofluids with 6% volume fraction was theoretically studied [57]. The

assumption made for the model was that the nanoparticles in ferrofluids create a linear chain-like

structure in the presence of magnetic field. The results showed the chains caused the strong

magneto-viscous effect.
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2.1.2.3 Optical Properties

The optical properties of ferrofluids usually studied because of their use of optical filters. However,
the optical properties of ferrofluids could be beneficial in solar absorption. Therefore, in this
section, we include the general optical properties of ferrofluids in the presence and the absence of
magnetic field. Recently many studies showed a change in the optical properties of fluids when
nanoparticles were added [58-62]. The optical properties that were investigated are the
transmission and extension coefficient. The nanoparticles shape, size, concentration, the optical
properties of the base fluid, and the optical properties (absorption & scattering) of the nanoparticles
themselves affect the optical properties of nanofluids. The effect of the nanoparticles material is
reflected by the complex refractive index of the bulk material. Different materials exhibit diverse

optical properties, because of their different complex refractive index. An experimental study was
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conducted to investigate the optical properties of multi-walled carbon nanotubes (MWCNTS)
nanofluids with various concentration and base fluid [60]. The study also investigated the stability
of nanofluids after 8 months from synthesis and high-temperature application. As shown in Figure
2-7, long-term stability at ambient temperature and pressure (tested up to 8 months) has been
observed for the glycol-based nanofluids, on the other hand, a slow aggregation of MWCNT was
demonstrated with the water-based nanofluids. Moreover, a considerable amount of aggregation
was observed in nonpolar Therminol VVP-1 based nanofluids due to the polar nature of the oxygen
characteristics bonded to the surface of the nanoparticles. No aggregation was observed at high
temperatures after heating the ferrofluids to 85 and 170 °C for the water and glycol-based
nanofluids, respectively. The results also demonstrate that low concentration MWCNTSs nanofluids
are absorbing most the solar spectrum. The optical properties of ferrofluids in the presence of
external magnetic field was investigated [63]. As shown in Figure 2-8, results showed once a
magnetic field was applied the optical transmittance decreased to a minimum then gradually
increased, until it becomes steady. The microscopic images showed that this behaviour is due to
the formation of the chain-like structure of the magnetic nanoparticles in the presence of the
external magnetic field, causing the optical transmittance to decrease. When the chain-like
structure was formed by the applied magnetic field, the optical transmittance was decreasing. As
shown in Figure 2-9, the transmittance increased due to the increase of the distance between the
chains of particles as they became longer and bigger. Moreover, the experiment result showed that
the transmittance is affected by the magnetic field intensity, nanoparticles concentration, and the

base fluid.
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Figure 2-8: Normalized transmittance as a function of time with an applied magnetic field 500 Oe with
different concentrations [63].
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Figure 2-9: Optical microscope images of ferrofluids under a magnetic field. The direction of both the chains
and the magnetic field were horizontal (a), (c) and normal (b), (d) to this picture. (a) In the beginning, many
small chain structures of ferrofluids were formed. (c) In the stability state, the chain structure and the
distance between two chains became larger [63].

Theoretical and experimental investigations were conducted to study the optical properties of ionic
liquid-based nanofluids. lonic liquid was used due to their beneficial thermophysical properties
such as high boiling point, physical and chemical stability and low vapour pressure [62]. A double-
beam UV-vis-NIR spectrophotometer (PerkinElmer Lambda950) using a differential
measurement technique was used to determine the optical properties of the ionic based nanofluids.
The results show that the transmittance of the ionic liquid-based decreases with the increase in the
optical path length as shown in Figure 2-10a. The experimental and calculated extinction
coefficients of lon-based nanofluids are shown in Figure 2-10b. As illustrated in the graph the
extinction coefficient of the ion based is very low in the visible-light range. All ion based
nanofluids extinction coefficients are higher than the ion based fluid. The experimental extinction

coefficients do not match well with the model predictions.
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Figure 2-10: a) Room temperature transmission spectra of the ionic nanofluids containing 10 ppm of the Ni/C
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same volume fraction of 10ppm [62].
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Figure 2-11: Modeled and experimental extinction coefficients for several concentrations of aqueous graphite
nanofluids. [64].

2.1.3 Thermomagnetic convection

Studies on thermomagnetic convection of the ferrofluids in the presence of an external magnetic
field have been carried out by many researchers. Table 2-2 shows a list of recent studies in this
area. Compared to base fluid and in the absence of an external magnetic field, utilising ferrofluids
as a heat transfer fluid in the presence of external magnetic field showed considerable improvement
in heat transfer performances [65-67]. The convective heat transfer performance of FesO4 water-
based ferrofluid with a particle diameter of 10 nm in a heated copper tube were experimentally
investigated [65]. As shown in Figure 2-12 in the absence of magnetic field, the use of Fe3O4
magnetic nanofluids does not improve the heat transfer performance under the laminar flow
conditions. In the other hand, in the presence of the external magnetic field, the enhancement of
heat transfer performance is exceptionally significant and got affected by nanoparticle volume
fraction. Due to the increase of the intensity of the magnetic field and ferrofluids volume fraction,

a considerable enhancement in heat transfer could be recognised. The effect of an external
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magnetic field on the heat transfer performance and pressure drop of magnetic nanofluids in the
laminar flow regime was examined [68]. Specifically, the effect of magnetic field intensity on the
heat transfer coefficient was experimentally investigated. As shown in Figure 2-13, the results
show a huge improvement in the local heat transfer coefficient can be reached by raising magnetic
field intensity. The improvement of heat transfer can be four times higher than the case of the
absence of magnetic field. At higher Reynolds number, the heat transfer enhancement becomes
more evident. The pressure drop increases insignificantly in the presence of magnetic field. The
aggregation of nanoparticles close to the heat flow which leads to higher thermal conductivity is

the main reason that contributed to the enhancement of heat transfer.
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Figure 2-12: Axial profile of local heat transfer coefficient for the different magnetic field [65].
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Figure 2-13: Nusselt number (Nu) vs. dimensionless distance (zp) at three different locations and strength
Case I, Case VII, and Case VIII [68].

Simulation of heat transfer process and flow of ferrofluids with both single and multiphase fluid
models were developed. Many factors are considered in multiphase modelling due to their complex
nature of each phase and their effect on the heat transfer. Those factors include friction between
nanoparticles and the base fluid, dispersion, Brownian diffusion, and sedimentation. The impact
of ferrofluids under the influence of external magnetic field on the natural convection heat transfer
in a cavity using Lattice Boltzmann Method (LBM) were reported [69-72]. This issue is of
significant interest when considering cooling of microelectronic devices, where forced convection
is not feasible due to the complication related to pumping ferrofluids, and natural convection does
not reach the cooling needed. The results determined from those LBM studies show good
agreement compared to the experimental study performed by Calcagni et al. [71]. This shows that

Lattice Boltzmann method is a suitable method to use for ferrofluids heat transfer and flow. The
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natural convection of a cavity filled with kerosene-based ferrofluids heated from bottom in the
presence of an external magnetic field using LBM was numerically investigated [69]. The effects
of magnetic coefficient, Rayleigh number, volume fraction, and heat source length on heat transfer
performance were examined. The results showed that larger volume fraction and small particle
size could transfer heat better and leads to enhancement in the temperature profile. The Nusselt
number decreases with the increase of the particle size but increases with the increase of heat
source length and Rayleigh number. In another study, the effect of kerosene-based magnetic
nanofluids on free convection flow in a sloped cavity in the presence of an external magnetic field
using LBM were analysed [70]. The study studied the impact of the inclined angle, Rayleigh
number, and volume fraction. The results showed a reduction in heat transfer performance with
increasing the concentration of nanoparticles. The heat transfer performance improved when
Rayleigh number increased. The heat transfer performance in a distinctively heated cavity with an
extremely long third dimension was numerically simulated utilising the single relaxation time
lattice Boltzmann method (LBM) [73]. At the bottom of the cavity, a dipole was placed to generate
a magnetic field. The modelling for thermomagnetic convection were determined for a range of
magnetic field intensity and Rayleigh numbers under the laminar conditions. The impact of these
factors on the heat transfer performance was analysed; the simulation results showed that in the
presence of an external magnetic field, the velocity and temperature fields were reasonably altered.
Even at low magnetic field intensities, both magnetic force and buoyancy force have an impact on
the heat transfer performance. However, at adequately high magnetic field intensities, the heat
transfer performance was reduced for all tested Rayleigh numbers. This study shows that even for

relatively low magnetic field intensities, the enhancement in heat transfer for heat transfer devices
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is considerable. The heat transfer performance can be controlled by tuning an external magnetic

field, and ferrofluids show great potential for heat transfer applications.

Table 2-2: List of recent studies on thermomagnetic convection.

Author

Features

Comment

Thermomagnetic free
convection

Sheikholeslami & Bandpy
[69]

Kefayati [70]

Nemati et al. [72]

Hadavand & Sousa [73]

Numerical Analysis using
Lattice Boltzmann method to
investigate free convection of
ferrofluid in a cavity heated
from below in the presence of
external magnetic field

Heat dissipation effect of a
ferrofluid on natural convection
flow in a cavity at the presence
of an external magnetic source
has been analysed with Lattice
Boltzmann method (LBM).

Experimental study on thermo-
magnetic convection inside
cavities. They examine the flow
induced by convective currents
inside a cavity with aspect ratio
near the unity and the heat
transfer rates measurements.

Simulations for thermomagnetic
convection were conducted for a
range of Rayleigh numbers and
magnetic field strengths in the
laminar regime.

Results show that particles
with a smaller size have
better ability to dissipate
heat, and a larger volume
fraction would provide a
stronger driving force
which leads to increase in
the temperature profile.
Indicates that the Nusselt
number increases with the
increase of the Rayleigh
number and heat source
length, but it decreases
with the increase of the
size of the nanoparticle.

The experiments reveal
that magnetic field
enhances the instability in
the convective flow
leading to a more effective
mixing and consequently
to a more statistically
homogeneous temperature
distribution inside the test
cell.

This study shows that even
for relatively weak
magnetic fields, the
increase in heat transfer
for small-scale devices is
considerable.
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Author

Features

Comment

Thermomagnetic forced
convection

Lajvardi et al. [65]

Goharkhah & Ashjaee [66]

Azizian et al. [68]

Aminfar et al. [74]

Experimental investigation of
thermomagnetic convection of
ferrofluid flowing throw heated

copper tube in the laminar
regime

Forced convective heat transfer
of water-based Fe3O4 nanofluids
(ferrofluid) in the presence of an

alternating non-uniform

magnetic field is investigated
numerically. The geometry is a
two-dimensional channel which
is subjected to a uniform heat

flux at the top and bottom
surfaces. The non uniform
magnetic field produced by
eight-line source dipoles is

imposed on several parts of the

channel.

Experimental Investigation on

Convective heat transfer
coefficient of magnetite
nanofluids in laminar flow

regime was investigated under
applied external magnetic field

3D numerical investigation of
mixed convection in a tube using
two-phase model. Positive and

negative magnetic field

gradients have been examined.

Significant enhancement
of heat transfer observed
under the presence of
magnetic field. The
enhancement is attributed
to the ferrofluid thermo-
physical properties.

A maximum of 13.9%
enhancement in heat
transfer has been obtained
at Re = 2000 and
frequency of 20 Hz. The
alternating magnetic field
causes the increase of the
pressure drop up to a
maximum of 6% at Re
=2000 and frequency of 5
Hz. However, it is not as
significant as the heat
transfer enhancement.

It was demonstrated that
the local heat transfer
coefficient of magnetite
nanofluids could be
increased significantly (up
to 300%) when a magnetic
field was applied. The
observed enhancements
were found to be a
function of flow rate (Re
number), magnetic field
strength and gradient.

Negative gradient
enhances the Nusselt
number, while the positive
gradient decreases it.
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Author

Features

Comment

Bahiraei & Hangi [67]

Aminfar et al. [75]

Shahsavar et al. [76]

Sadeghinezhad et.al [77]

Sheikholeslami et al. [78]

The two-phase model used to
examine the effect of magnetic
field on the performance of
counter-flow double-pipe heat
exchanger using ferrofluid as
heat transfer medium.

Investigated numerically the
hydro-thermal features of
ferrofluid flowing in a vertical
rectangular duct under the
influence of non-uniform
transverse magnetic field
resulting from a current of wire.

Experimental study on the effect
of magnetic field of hybrid
nanofluid on laminar forced
convective heat transfer.

Hybrid magnetite nanofluids
under forced laminar flow were
experimentally investigated.

Investigated numerically the
ferrohydrodynamic features of
ferrofluid flowing in a semi-
annulus lid under the influence
of magnetic field. Control
Volume based Finite Element
Method (CVFEM) was used to
solve the equations.

Significant enhancement
of heat transfer under the
presence of magnetic field.
The magnetic field
enhanced the heat transfer
and increased the pressure
drop. The enhancement of
heat transfer is more
considerable in low
Reynolds number.

The increase of Nusslet
number is considerable in
all length along the duct,
and the Reynolds number
have more effect than an
axial magnetic field. The
average heat transfer
coefficient enhancement is
22%

Application of a magnetic
field led to an improved
convective heat transfer.
Effect of a constant field
on the heat transfer was
higher than that of an
alternating field.

A maximum enchantment
of 82% in the convective
heat transfer coefficient.

Thermal boundary layer
thickness decreases with
an increase the Kelvin
forces. Heat transfer
enhancement has a direct
relationship with the
Reynolds number and the
magnetic number.
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2.1.4 Applications

A wide range of applications is using ferrofluids including hydraulic damping, dynamic sealing,
heat transfer applications, biomedical technology and doping materials [79]. Improving the
efficiency of conventional energy equipment, thermal conduction based on smart cooling, and
thermomagnetic convection are recent interests on ferrofluids application. The efficiency of a
parallel duct-type energy conversion device in the presence of nonuniform magnetic field was
investigated [80]. A numerical model for the prediction of heat transfer and flow of the energy
conversion device developed based on the thermomagnetic effect was examined [81]. Small-scale
cooling devices like microscale electronic devices can benefit from the great potential of
thermomagnetic cooling [82]. The ferrofluids used for heat transfer application should maintain a
low Curie point, a high paramagnetic coefficient, higher boiling point, a lower viscosity and a high
saturation magnetization, moreover, the magnetic field orientation should be applied in parallel to
the flow direction and heat direction. A design based on thermomagnetic convection for a liquid
cooling device with a permanent magnet placed close to the heat source was experimentally

investigated [83]. Better cooling performance and balanced start-up procedure were observed.

2.1.5 Conclusion

This section overviewed recent work on thermophysical and optical properties and
thermomagnetic convection of ferrofluids. The impact of thermomagnetic effect on heat transfer
performance was the focus of recent studies, however, few researchers studied the heat transfer
through the improvement of thermal conductivity. Enhancing the heat transfer performance by
utilising ferrofluids has evident potential. Still, more studies and investigations are needed to use

ferrofluids in heat transfer applications. Those studies are needed to fully understand the
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mechanism behind the heat transfer enhancement. To form an optimal design of heat transfer
device that utilises ferrofluids, a comprehensive study of the mechanism and physical phenomena

are required.

Many papers studying the application of ferrofluids in heat transfer fluid did not concentrate on
the preparation of ferrofluids. Ferrofluids mainly prepared using co-precipitation method and
researchers focused more on the nature of the base fluid and magnetic nanoparticles. Future work
on the preparation of ferrofluids should concentrate on preparing ferrofluids with very high
stability and it should create chain-like structures in the presence of low magnetic field intensity.
Moreover, further work to study the impact of the surfactant is required. Magnetic properties of
ferrofluids such as magnetization, chain length, and susceptibility are affected by the concentration
and thickness of surfactant. Forthcoming works should focus on understanding the diffusion of

magnetic nanoparticles in the presence of magnetic field.

There are many contradicting reports on the improvement of thermal conductivity despite the
significant amount of work about thermo-physical properties. This is due to the unsatisfactory
description of ferrofluids and errors in the measurement techniques. Many works did not fully
characterise the type of ferrofluids used in their study (surfactant thickness, particle distribution,
etc.). Huge errors could occur due to small temperature gradient during thermal conductivity

measurement.

A few papers have shown that increasing nanoparticles volume fraction enhances the thermal
conductivity in the absence of an external magnetic field. The examination of the impact of other
factors is needed (such as temperature, surfactant layer, etc.) The notable improvement of thermal
conductivity of ferrofluids in the presence of external magnetic field is attributed to the chain-like

structure. The improvement is acceptable when the magnetic field gradient is parallel with the
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temperature gradient. Forthcoming studies should focus on modifying and understanding the
chain-like structure behaviour in various magnetic field intensity, surfactant concentration and
thickness and their impact on the effective thermal conductivity. Additionally, recent thermal
conductivity model based on aggregation should consider the hydrodynamic particle size
(nanoparticle and surfactant). The viscosity o high concentrated ferrofluids are mostly reported in
the literature due to their use in sealing and damping. Future studies should include the viscosity
of low volume fraction ferrofluids and their behaviour under different shear rates. The magneto-
viscous impact on heat transfer performance should be examined and linked to thermal
conductivity enhancement. Much attention was raised for the thermomagnetic convection, and the
result of thermomagnetic convection simulation was raised in the literature. Future studies should

include experimental validation of the existing models.

2.2 Nanofluid-based solar collector

In recent years, solar thermal energy has shown exceptional growth integrating many new
technologies into new operations [84]. Researchers are encouraged to find alternative sources of
energy due to the lack of fossil fuels along with environmental consideration. One year of the
world energy consumption is less than the energy received by the earth in less than an hour. Most
small equipment for individual use just a few kilowatts of energy. Therefore, the application of
solar energy is financially feasible [84, 85]. The employment of solar energy to a wide range of
applications to supply a substantial solution is important. This can be carried on through enhancing
energy stability, the alteration of the energy proportion, improving system efficiency, and
increasing energy sustainability [86].

The application of nanofluids in solar energy generally is relevant to their utilization in solar

collectors. Researchers investigated the impact of nanofluids on the efficiency enhancement of
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solar collectors along with their economic and environmental effect when used in solar collectors.
The solar collector can be defined as a type of heat exchanger that convert solar radiation energy
into heat energy carried out by the heat transfer medium. The solar collector absorbs the arriving
solar irradiance, convert into heat, and transfer the heat to a heat transfer fluid (commonly water,
oil, or air) passing through the device. The heat transfer fluid carries the collected energy to water
heating system, space conditioning system, industrial heat processes, or to a thermal energy storage
tank that can save the energy to be used on cloudy days or at night [87]. The efficiency of the solar

collector is determined by the following equation: -

n= Useful Gain _ Q.a.bs _ MCy (Tout—Tin) Eq. 2-1

" Available Energy Q Aclp

where Qs is the rate of solar energy absorbed by the heat transfer fluid; Q is the total energy
coming from the sun, which is intercepted by the solar collector; m is the mass flow rate of the

fluid passing through the solar collector; C, is the specific heat capacity; T, and T, are the mean

fluid inlet and the outlet temperatures, respectively. A, is the cover area of the collector, and Iy, is
the solar intensity of the sun.

Using nanofluids in solar thermal energy collectors have several advantages. First, the
enhancement of the efficiency can be observed with very low concentration of nanoparticles.
Second, the nanoparticles could be efficient absorber due to their exceptional optical properties
[88]. Moreover, the Nano-sized particles allow them to flow through common pumps and
plumbing [89]. Additionally, the significant improvement in a wide range of optical, and thermal
properties of the nanofluids properties. However, very well-designed collectors are needed to
benefit from these advantages. Also, the thermal improvement must be balanced with the economic
impact and complexity linked to manufacturing nanofluids. Studies have shown the possibility to

make significant efficiency enhancement in solar collectors with nanofluids as heat transfer
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medium. The previous works on the utilisation of nanofluids in solar collectors are summarized in

Table 2-3.

2.2.1 Non-direct absorption nanofluids collectors

Replacing the working fluid of solar collectors with nanofluids is an effective method to increase
the efficiency. In the past few years, researchers focused on increasing the thermal efficiency by
applying nanofluids on flat-plate solar collectors [90-97]. Yousefi et al. [96] conducted an
experimental study on the influence of Al>Os based nanofluid shown an increase of 28.3%
efficiency of the flat-plate collector with 0.2 wt% (wt% weight fractions) compared to water. The
experimental setup is shown in Figure 2-14. Two weight fractions were examined 0.2% and 0.4%,
where the diameter of particles was 15 nm. As shown in Figure 2-15, the solar collector efficiency
with 0.2 wt% is larger than 0.4 wt% ferrofluids for a various range of reduced temperature
parameter. The effect of surfactant (Triton X-100) on the efficiency was studied. The surfactant
causes a 15.63% increase of the efficiency. The influence of MWCNT nanofluids on the
performance of the flat plate collector by using the same experimental setup in the previous study
was investigated [95]. The effects of multi-wall carbon nanotubes nanofluids on the efficiency of
the flat plate collector was investigated. The results showed that using 0.4 wt% MWCNT
nanofluids without surfactant enhanced the efficiency of the collector, while with 0.2 wt% the
efficiency decreases compared to water as a heat transfer fluid. By using a surfactant, the collector
efficiency of 0.2 wt% nanofluids is higher compared to water. Moreover, Yousefi et al. [95]
examined the impact of PH of the 0.2 wt% MWCNT nanofluid on the performance of the flat plate
collector. pH values of 3.5, 6.5 and 9.5 and Trito X-100 was used as an additive. They found that

higher efficiency can be achieved when the difference between the pH of nanofluids and pH of the
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isoelectric point is bigger. The isoelectric point is defined as the point at which a particular

molecule carries no electric charge. The pH for MWCNT of the isoelectric point is 7.5.

3% =
1. Flat plate solar collector
Pt 2. Tank
13 3. Heat exchanger

""""""" 99 90) 4. Rotameter

e —_ 5. Drain
Cold water inlet Hotwater outlet 6 Pump
7. Line valve
8,9, 10. Thermocouple
11. Thermometer
12. Vacuum breaker
13. Computer

™m

Figure 2-14: The experimental setup used by Yousefi et al. [96].
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Figure 2-15: The performance of solar collectors for water and Al.Os nanofluids without surfactant [96].
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Thermal performance analysis using various nanofluids as a heat transfer medium in a flat plate
solar collector was carried on. The performance was investigated by using the second law of
thermodynamics [94]. Oxide nanofluids and singled wall carbon nanotube (SWCNT) nanofluids
performance in the solar collector was compared to each other. Furthermore, the pressure drops
and pumping power were numerically investigated using thermo-physical properties obtained from
the experimental measurement. The results show that the performance of solar collectors can be
enhanced by using nanofluids as heat transfer medium. As shown in Figure 2-16 SWNCT
nanofluids have greater heat transfer enhancement 15.33 % and lower entropy generation
compared to the other oxide nanofluids. The entropy generation was calculated using Eq. 2-2.
Higher heat transfer can be achieved with the higher volume fraction of nanoparticles dispersed in

a fluid.

. . T, I 0
Sgen = meln;—i’: — ﬁ + T—: Eq. 2-2

where S’gen is the entropy generated; Tg,,,1s the sun temperature; Q;is the heat loss; and T,is the
ambient temperature. As shown in Figure 2-17 the effect of various volume fractions and various
flow rate of few nanofluids on the pressure drop and pumping power was observed. It was observed

the change between nanofluids and base fluids is very small and negligible.
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An experimental investigation conducted to study the influence of Cu nanoparticle on the
performance of a flat plate solar collector [97]. The copper nanofluids were prepared using one-
step method, which gives an average particle size of 10 nm. The experiments were conducted with
weight fractions of 0.2% and 0.3% and volume flow rate from 0.15 L/min to 1.5 L/min. The
standard ASHRAE 93 was used to analyse the performance of the flat plate solar collector. The
results showed improvement in the thermal efficiency of the collector via increasing the
nanoparticles concentration. The nanofluid increased the absorbed energy parameter of the solar
collector compared to base fluid. The optimal operating point for the efficiency of a solar collector
could be achieved for 0.3 wt% Cu/EG nanofluids at 1.5 Lit/min.

Another experimental study was performed to investigate the thermal efficiency of helical pipe
solar collector using water-based Cu nanofluids as a heat transfer fluid [91]. The experiment setup
is shown in Figure 2-18. The effect of flow rate, nanoparticles concentration, and surfactant on the
efficiency was considered. Compared to water the maximum thermal efficiency of the solar
collector increased to 25.6% through the use of 0.1wt% CuO nanofluids and 0.0083 kg/s. The
results show an increase in thermal efficiency by increasing the nanoparticles concentration from
0.1 wt% to 0.2wt%. However, with increasing the nanoparticles concentration further to 0.4wt%,
the efficiency decreased. Asshown in Figure 2-19 The efficiency enhanced by increasing the flow
rate of nanofluids for low temperature ranges. In the other hand, the efficiency decreased by
increasing the mass flow for higher reduced temperature differences. This can be explained that
the thermal conductivity improvement has a substantial reliance on the bulk temperature of the
nanofluids. In addition, by using a surfactant, the stability of CuO particles in the nanofluid was

about one day which was higher than the previous case. The highest enhancement in the efficiency
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for nanofluids with surfactant was 24.2%. This is due to the increase of nanoparticles stability by
adding a surfactant.

The efficiency of mini-channel based solar collector utilising four different nanofluids was
theoretically investigated [92]. The four different nanofluids are Cu/water, Al,Oz/water,
TiOo/water, and SiO»/water. A constant mass flow rate of nanofluids was conducted for the
analysis of first and second laws of thermodynamics. The characteristics of nanofluids are up to
4% volume fractions, and 25 nm nanoparticle size, where the inner diameter of the flat plate
collector tube is estimated to be 2 mm. The results of the first law of thermodynamics showed that
Al>Os/water nanofluids had the largest heat transfer coefficient whereas the lowest value recorded
was for SiOz/water nanofluids. Cu/water nanofluids generated the maximum outlet temperature,
and after that TiOz/water, Al>Os/water, and SiO2/ water nanofluids respectively. Analysis of the
second law showed that Cu/ water nanofluid generated the minimum entropy generation compared
to other nanofluids. It is concluded that despite the effective thermal conductivity of Al>Os/water
nanofluids is higher than TiO2/water nanofluids, the entropy generation of Al>Os/water is higher
than TiO/water nanofluids. This research displayed that the density and heat capacity control the
change of the parameters when the mass flow rate is constant, opposite to most of the studies that
suggested that the thermal conductivity and viscosity are the governing properties. The use of
nanofluids in parabolic trough collector was also considered [98]. A new shape of the reflector
was developed with four kinds of receivers were studied. 0.2% and 0.3% carbon nanotube with oil
as a base fluid was prepared. The results showed an increase in the efficiency about 5-7%
compared to pure oil. Colangelo et al. [99] experimentally investigated the effect of sedimentation
on conventional flat plate collector and modified one. The modified solar collector has tapered

lower and top header to keep the fluid axial velocity constant. The modification of collector
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enabled a negligible deposit. The results of using water-Al>O3 nanofluids in the modified collector

showed an enhancement up to 25%.
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Figure 2-18: Schematic of the experimental device. (1) Cylindrical glass, (2) copper coil, (3) thermocouple
wires, (4) data logger, (5) water supply and drainer, (6) pump, (7) line valve, (8) rotameter, (9) reservoir tank,
(10) heat exchanger, and (11a) and (11b) thermocouples (C 5).
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Figure 2-19: The efficiency of the solar collector with various mass flow rates of nanofluids [91].
Few studies investigated the economic and environmental effect of using nanofluids in flat plate
collectors [90, 93]. Life cycle assessment was used to investigate the economic and environmental
effects of nanofluid-based solar collector and compare it to common flat plate solar collector[93].
The economic analysis shows that the nanofluid based solar collector has higher capital and
maintenance costs $120 and $20 respectively compared to conventional one. However, the fuel
cost saving per year of the nano-based solar collector, for both natural gas and electricity, is higher
than that of the common solar collector. The reason for this is the higher performance of nanofluid-
based solar collectors. Furthermore, in the case of the nanofluid-based solar collector, the payback
period is longer than common solar collector due to the higher cost of nanofluids compared to
common. However, the nanofluid based solar collector has the same life cycle saving as a common
collector at the end of its useful life. The embodied energy for the nanofluid based collectors are

9% lower than the embodied energy of common solar collector. Compared to common solar
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collectors, 34 kg less CO2 emissions is achieved by manufacturing the nanofluid-based solar
collector, and it saves 50 kg year during its operation. The values of other emissions such as SOx
and NOx are very little, so the variations are not significant. Over the expected time of solar
collector which is 15 years, 740 kg of CO can be saved by using nanofluids based solar collectors
instead of common solar collectors. The study concluded that more than one million metric tons
of CO; could be compensated per year if the nanofluid-based solar collector is utilised. A similar
study used numerical methods and data from the literature to calculate efficiency, size reduction,
cost and embodied energy savings of nanofluids based solar collector for various nanofluids [90].
The possibility of reduction of the solar collector size by utilising various nanofluids is shown in
Figure 2-20. Compared to water; solar collector’s area can be decreased up to 25.6%, 21.6%,
22.1% and 21.5% for CuO, SiO2, TiO, and Al>Os respectively. The average saved embodied the
energy of nanofluids based solar collectors is 220 MJ. The payback average of nanofluids based
solar collectors is 2.4 years compared to 2.49 years for conventional one. The average CO>

emissions from the nanofluids based solar collector are 170 kg less than a conventional collector.
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Figure 2-20: Percentage of size reduction for the solar collector by applying different nanofluids [90].
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2.2.2 Direct absorption collectors

Nanofluids have shown potential to make significant direct absorption collector. Direct Solar
absorption collector using small particles has been investigated since the late 70s [100]. As
discussed previously, unlike common heat transfer fluids for solar collector applications,
nanofluids have high optical properties, they absorb and scatter adequately the solar radiation
going through it [58, 88]. Therefore, an innovative non-concentrating type solar collector using
nanofluids as the heat transfer fluid has been proposed by few types of research [101-103]. The
high optical property of nanofluids reveal that it may be beneficial to provide a solar collector
design which could decrease the number of energy transfer stages as shown in Figure 2-21, and
thus reduce losses in converting solar energy to heat energy. In the common solar collector
absorber, the solar irradiance is first absorbed by the absorber tube and then transferred to the heat
transfer fluid by conduction and convection heat transfer. The heat transfer fluid does not directly
contact the approaching solar irradiance. In the other hand, in the case of direct absorption
collector, the heat transfer fluid can interact with the approaching solar irradiance immediately,
and accordingly, volumetric energy absorption occurs through absorption and scattering process.
This develops more efficient heat transfer and better uniform energy distribution inside the heat

transfer fluid.
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Figure 2-21: Thermal resistance network - comparison between a conventional solar thermal plant and a
nanofluid solar thermal plant. Rans, Red, Rev, RH.Ex, @nd Ravs refer to the thermal resistance present during the
solar solid surface absorption, conduction, convection, fluid to fluid heat exchange and volumetric solar
absorption heat transfer steps, respectively [103].

Hunt [104] explained how a dispersion of small absorbing particles creates an ideal medium to
collect radiant energy, transform it into heat, and effectively transfer the heat to the surrounding
fluid. Furthermore, he explained how the particles could be used to heat a compressed gas in an
engine using a Brayton cycle. Abdelrahman et al.[100] investigated suspensions of solid particles
for direct absorption concentrated radiation. The results showed the dependence of absorption on
the size of the particle and the imaginary part of the complex index of refraction of the particle. A
detailed mathematical model of coupled radiative and convective transfer in an emitting,

absorbing, and scattering falling film has been presented by Kumar and Tien [105]. The model
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was evaluated for a solar receiver with nitrate salt, as the base fluid, and cobalt oxide particles.
The results showed the possibility of absorbing the entire incident flux and reaching high film
temperature by increasing the film width, particles diameter, and the particle volume fraction.
Lenert and Wang [106] presented the experimental and numerical study to optimize the
performance of volumetric solar receiver with thermal oil-based nanofluids. The effect of receiver
height, solar concentration and optical thickness on the efficiency was investigated by developing
one-dimensional heat transfer model. The results showed that increasing the solar concentration
and the receiver height improved the efficiency of the solar collector.

Theoretical investigation on the impacts of various parameters on the performance of low-
temperature nanofluids based direct absorption solar collector [102]. The nanofluids consist of
aluminium nanoparticles and water. A schematic of the direct absorption collector is shown in
figure 2-22. Glass covers the top side of this absorber whereas the bottom side is properly insulated.
The volume fraction of nanoparticles was between 0.1% and 5%. As shown in Figure 2-23 the
results showed that the performance of the collector remarkably increased by adding a small
amount of nanoparticles to the heat transfer fluid. The increase in the performance was associated
with the increase in debilitation of solar irradiance passing through the collector due to the
nanoparticles suspended in the fluid which absorb the solar irradiance and leads to increase in the
performance of the collector. Moreover, it was observed that no change in the performance at

nanoparticles concentration higher than 2% volume fraction.

Experimental and numerical investigation on the influence of diverse nanofluids ( silver, graphite,
and carbon nanotubes) on the efficiency of a microscale direct absorption solar collector was
conducted [101]. The results were compared to a common solar collector system where the solar

irradiance is absorbed by a selective surface. As shown in Figure 2-24, the addition of a small
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number of nanoparticles (up to approximately 0.5% volume fraction) induces the extraordinary
improvement of the performance. A concentration higher than 0.5% volume fraction, the
efficiency of the collector starts to decline. The authors explained this decline to the location of
solar absorption inside the nanofluid. At higher volume fraction, the absorption occurs near to the

surface similar to common collectors.

\\ I //
— —
— —  T=5800K
— —
r | L%
<’> Solar y @ Y
~, Radiation
/

Convection

Transparent Surface

U ; i Conduction

L

Finite Difference Grid

Adiabatic Surface )

Figure 2-22: Schematic of the nanofluid-based direct absorption solar collector (DAC) [102].
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Figure 2-23: Impact of nanoparticle volume fraction on solar collector efficiency [102].
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Figure 2-24: Steady-state collector efficiency of Experimental micro solar thermal collector testing results
[101].

As shown in Figure 2-25 Khullar et al. [107] introduced the idea of using nanofluids in transparent
concentrating parabolic solar collectors. The numerical model was compared to conventional
concentrating parabolic trough. The heat transfer in the nanofluids has been assumed as coupled
radiative and conduction heat transfer in scattering, emitting and absorbing fluid. They also
investigated a nanofluid-based concentrating parabolic solar collector theoretically and compared
the results determined with the experimental results of common concentrating parabolic solar
collectors working under the same conditions [108]. Aluminium nanoparticles with 0.05% volume
fraction suspended in Therminol VVP-1 as the base fluid for the investigation were used. Figure 2-
26 shows the computed collector efficiencies as a function of normalized fluid inlet temperatures
for the nanofluids based solar collector and conventional flat plate collectors. This clearly indicates
that the proposed water heating system has relatively better performance characteristics as

compared to the conventional flat plate collectors. De Risi et al. [59] numerically examined the
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utilization of gas-phase nanofluids in direct absorption parabolic trough collector. A mixture of
CuO and Ni nanoparticles was used. The model used discretized in space model to simplify the
behaviour of the physical system. For nanofluids with 0.03% volume fraction and an outlet

temperature of 650°C, the maximum efficiency obtained was 62.5%.
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Figure 2-25: drawing of nanofluid-based parabolic trough solar collector [108].
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Figure 2-26: The performance of nanofluid-based concentrating parabolic solar collector compared to
conventional flat plate collector [108].
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A nanofluid-based concentrating solar collector was compared with a common concentrating solar
collector [109]. The results showed that the efficiency can enhance by 10% by using nanofluids in
the collector. They also found that 10-100 MWe power plants can improve their performance by
using nanofluids with nanoparticles concentration of 0.001% or less. The authors assumed that
integrating a direct nanofluids absorber with a solar thermal power tower with the capacity of 100
MWe operating in a solar resource like Tucson, Arizona, could produce $3.5 million more per
year. They studied two designs for possible direct nanofluids absorber, labelled as A and B, as

shown in Figure 2-27.

Concentrated Concentrated
Light Light

Nanofluid

Figure 2-27: (A) potential design of a nanofluid concentrating collector with glazing. (B) potential design of a
nanofluid concentrating collector without glazing [109].

A numerical study on a direct absorption nanofluid based solar collector was conducted by solving
radiative transfer and integrating convection and conduction heat transfer equations [61]. The solar
collector efficiency and temperature profile are evaluated by investigating the absorption and
scattering of nanoparticles and the absorption of the mixture. The results of the simulation were in
good agreement with the experiments. The efficiency and outlet temperature of nanofluids
enhanced by 2-25% and by 30-100 K compared to the base fluid. The thermal efficiency of a
graphite nanofluid with 0.01% volume fraction is 122.7% higher than a solar collector with a
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selective surface absorber (non-direct absorber). The study pointed out that even at a very low
concentration of nanoparticles, the nanofluids showed good absorption of solar radiation, and it
improves the outlet temperatures and collector efficiency. The radiative heat ‘‘source’” and
temperature distributions in the solar collector are shown in Figure 2-28 (a2) and (b2) illustrate
that the solar irradiation could be fully absorbed in the top layer of the fluid inside collector due to
the presence of nanoparticles. The absorption distributions varied for various nanofluids, e.g.
Figure 2-28 (b2) versus (c2). The temperature profile remarkably affected by the radiation
distributions of nanofluids. Figure 2-28 (d2) illustrates that solar irradiance was completely
absorbed by a selective surface coating layer attached to the surface of glass plate of the solar
collector. The surface temperature of the selective surface absorber was higher compared to direct
absorption as shown Figure 2-28 (b1) or (cl1), therefore, more heat loss occurs in the selective
surface absorber. Hence, higher temperature profile in the direct absorber. The figures also show
that the nanofluids have higher absorption of solar irradiance compared to the base fluid. The
temperature profile in the solar collector shows that nanofluids absorption characteristics reduce
energy loss to the atmosphere considerably. The mean outlet temperature is 215 °C in Figure 2-28
(b1) and 207 °C in Figure 2-28 (c1), which are higher than the outlet temperature of the selective
absorber collector, as shown in Figure 2-28 (d1). The thermal efficiencies of nanofluids with 0.01
% graphite volume fraction and 0.5 % Al>O3 volume fraction enhanced by 122.7% and 117.5%

compared to the non-direct absorption collector, respectively.
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Figure 2-28: The temperature distribution and radiative heat ‘‘source’’ in the fluid layer (al) and (a2) oil,
(b1) and (b2) 0.01 vol.% graphite nanofluid, (c1) and (c2) 0.5 vol.% AlI203 nanofluid, (d1) and (d2) oil with a
black coating.

The study of Tyagi et al. [102] introduced the basis for a numerical model of a direct absorption
absorber that uses nanofluids as an absorber fluid. most of the work is based on models that
consider the radiative transport equation (RTE) integrated to the energy equation for small particles
suspended in a gas [110]. The results were compared to the flat-plate collector under similar
condition. The efficiency of direct absorber collector was up to 10% higher than that of the
common solar collector. Recently, Turkylimazoglu [111] numerically investigated the effect of the
bottom plate of direct absorption flat plate collector on the performance of the collector. The

bottom panel heat transfer coefficient and the isothermal wall temperature was included in the
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model. the model utilized Al>Os nanofluid as a heat transfer fluid. The results showed higher

efficiency could be achieved by applying heat transferring material in the bottom panel.

Khullar and Tyagi [112] tested the future of the nanofluid based concentrating solar collector as a

water heating system. Using nanofluid based concentrating solar collector can save approximately

1716 kWh/household/year of electricity and 206 kg/household/year of gas, which gives significant

economic advantages.

Table 2-3 List of recent studies on the applications of nanofluids in solar collectors.

Author and type Collector Nanofluid type and Results
of study type nanoparticle size
Taygi etal. [102]  Non- Aluminum/water (020 —Efficiency significantly improved

(Theoretical)

Otanicar et al. [93]
(Theoretical and
experimental)

Taylor et al. [109]
(Theoretical and
experimental)

He et al. [113]
(Experimental)

Lietal. [114]
(Experimental)

concentrating
direct
absorption

Non-
concentrating

microscale
direct

absorption

Concentrating
direct
absorption

Vacuum tube

Tubular

nm)

Graphite/water (30 nm)
silver/water (20 and 40

nm) carbon

nanotube/water (6-20

nm diameter, 1000—
5000 nm length)

Graphite/therminol
VP-1

aluminium/therminol
VP-1 silver/therminol

VP-1

copper/therminol VP-1

(10-100 nm)

TiOz/water (5-10 nm)
CNT/water (10-50 nm

diameter, 100-1000
nm length)

Al203/water
ZnO/water MgO/

Water (size <20 nm)

for volume fraction below 2%

—Efficiency stayed almost constant
for volume fraction above 2%

—Efficiency improved a little with
larger nanoparticles size

—Efficiency considerably increases
for volume fractions below 0.5%

—Efficiency may decrease for
volume fractions above 0.5%

—Efficiency enhanced by 6%, with
smaller nanoparticle size in
Silver/Water nanofluids

—Efficiency improved up to 10%
by utilising a nanofluids in the
absorber

—Ultilising graphite/therminol VP-
1 nanofluids with 0.001% volume
fractions is valuable for 10-100
MWe power plants

—CNT/water nanofluids is more
appropriate than the TiO2/water to
be utilised in a vacuum tube solar
collector

—ZnO/water nanofluids with 0.2%
volume fractions is the better
option for the solar collector
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Author and type Collector Nanofluid type and Results
of study type nanoparticle size
Taylor et al. [88] Direct Graphite/water and —Over 95% of incoming solar
absorption graphite/\VP1 irradiance absorbed by the
nanofluids with the thickness >10

(Theoretical and
experimental)

Khullar et al. [107]
(Theoretical)

Yousefi et al. [96]
(Experimental)

Yousefi et al. [95]
(Experimental)

Otanicar and Golden

[93]

(theoretical)

Vakili et al. [115]
(Experimental)

Said et al. [116]
(Experimental)

Khullar and Tyagi
[112] (Theoretical)

De Risi et al. [59]
(Theoretical)

Turkylimazoglu [111]
(Theoretical)

Concentrating
Parabolic

Flat plate

Flat plate

Direct
absorption

Direct
absorption

Flat plate

Concentrating
direct
absorption

Concentrating
direct
absorption

Direct
absorption

Aluminium/water and
aluminium/VP1

Aluminium/therminol
VP-1 (5 nm)

Al;Oz/water (15 nm)
Triton X-100 is used as
a surfactant

Water-Multi wall
carbon nanotubes
(MWCNT)/water (10—
30 nm) Triton X-100 is
used as a surfactant

Graphite/water and
propylene glycol

Graphite/water

PH treated Al.Os/water

Aluminium/water

Cu &Ni/ Air

Aluminium/water

cm and nanoparticle volume
fraction less than 1 x 10°

—Thermal efficiency of nanofluids
concentrating parabolic collectors
compared to a common parabolic

trough collector is approximately

5 — 10% higher

—Efficiency of the solar collector
with 0.2% weight fraction
nanofluids is higher compared to
water by 28.3%.

—Efficiency improved by15.63%
by applying the surfactant

—Efficiency of the solar collector
enhanced significantly for 0.4
wt.% nanofluids, while with 0.2
wt.% the efficiency declined
compared to water

—Utilising a nanofluids-based solar
collector gives less CO, emissions
compared to the common solar
collector

—Efficiency of solar collector
improved up to 33% by using only
0.005 wt% graphite nanoplatelets.

—The thermal efficiency enhanced
by 83.5% for 0.3% volume
fraction and 1.5 L/min.

—The exergy efficiency is
improved by up to 20.3% for 0.1%
volume fraction and 1 L/min.

—Using this type of solar collector
produces CO, emissions by 2.2%
103 kg in 1 year

—High outlet temperature 650°C
with high efficiency 65% and
low particle concertation

—Improving the bottom panel
material could enhance the
efficiency further.
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2.2.3 Conclusion

This section overview shows the use of nanofluids in the solar thermal system is still at early stage.
Nanofluids can be applied in different fields of solar energy. Nanofluids are utilised to enhance
the efficiency of various thermal engineering devices. The application of nanofluids in the solar
collectors may increase the performance of the collectors. Experimental studies faced the main
limitations, such as particle aggregation, stability, erosion, and corrosion of the heat transfer
devices. Numerical simulations require more exact models such as two-phase mixture models need
to be done for various solar collector applications. As seen before the performance of nanofluids
are not well defined. The different approach in preparation and measurements led to conflicts
results. It will be beneficial to study the thermos-physical properties of nanofluids with different
preparation methods. Most experiments studied the performance of nanofluids in low to medium
temperature range. Especially in the case of solar collectors, it will be beneficial to study the
performance to nanofluids in the high-temperature range. The authors suggest studying the use of
ferrofluids in solar collector system since previous work showed an increase in thermal
conductivity compared to nonmagnetic nanofluids. These results present the benefit of nanofluids
in heat transfer systems. However, the current data are neither sufficient nor reliable for
engineering applications. The experimental results have been inconsistent from different research
groups. The rationale behind that is the different preparation method of nanofluids and incomplete
characterization of nanofluids. For example, whether surfactant was used or no, the kind of
surfactant, the concentration of surfactant, and the size and distribution of particles. Moreover,
most experimental data are obtained under inadequate application range such as low temperatures.
As discussed, only theoretical studies have been carried out on parabolic trough collectors.

Therefore, experimental invitations can be conducted on the impacts of nanofluids on the
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performance of parabolic trough systems. Future works are should include widely on the utilisation
of nanofluids for high-temperature solar collectors and energy storage ranks by having
experimental and theoretical studies. The nanofluids for solar collectors can be made feasible
practically by conducting the study under various environment, geographical conditions testing,
and thermophysical properties of the fluid on various thermal systems. Furthermore, we couldn’t

find any previous work on ferrofluids based solar collector.
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Chapter 3 Experiment Principle and Method

3.1 Introduction

In the presence of an external magnetic field, the efficiency of ferrofluids based parabolic trough
collector is greater than a conventional parabolic trough with common heat transfer medium. This
hypothesis was experimentally tested by studying heat transfer performance of ferrofluids based
parabolic trough collector. The performance of ferrofluids parabolic trough was experimentally
tested based on the British Standard BS EN 1SO 9806:2013 “Solar Energy — Solar thermal
collectors — test methods.”[117]. In the experimental work, indoor tests have been carried out using
a solar light simulator. The ferrofluids parabolic trough performance was investigated for water
and water-based FezOs ferrofluids, and the effect of other design parameters such as inlet
temperature, the concentration of nanoparticles, and magnetic field intensity was also considered.
In addition to the development of solar light simulator associated with a standardized experimental
method of testing, this chapter presents the experimental setup, including the system description,

working principle, instruments and measurements, and testing procedures.

The ferrofluids parabolic trough test rig was designed based on concentrating solar collector
concept. For this, design parameters such as concentration ratio, efficiency, mirror reflection ratio,
receiver outer diameter, inlet temperature, mass flow rate, focal point, and collector length have
been assumed, and its associated collector parameters such as aperture width, outlet temperature
have been calculated. The parabolic trough test rig was manufactured and assembled at the
laboratories. The performance of ferrofluids parabolic trough test rig was then investigated using
water and water-based ferrofluids as heat transfer medium. High concentrated ferrofluids were
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prepared by Fluids and Thermal Engineering research group at the University of Nottingham. The
ferrofluids were diluted to 4 different concentrations. Two different types of the solar receiver

were investigated. Non-direct absorber and direct absorber receivers were used and compared.

3.2 Test methods

The performance and quality of solar collector test methods have a long history. The current
standards were developed based on the International Organization for Standardization 1SO and the
American Society of Heating, Refrigerating, and Air-Conditioning Engineers ASHRAE standards
created in the mid-eighties. The most common test methods of the collector thermal performance
recommended by ISO and ASHRAE is determined under the stationary condition, i.e. steady-state

method. The other methods used is a quasi-dynamic test method.

In a steady state method, all essential variables for the collector thermal performance held constant
throughout the test period. Those variables include the ambient temperature, wind speed, solar
irradiance on the collector, the inlet temperature of the heat transfer medium, and the mass flow
rate. All variables have a certain limit defined by BS EN ISO 9806:2013 and ASHRAE. There are
also experimental methods to obtain the collector efficiency dependence on the incidence angle,
called the incidence angle modifier (IAM). The IAM is described as the efficiency at the incidence
angle dived by the efficiency at zero-degree incidence. Hence, at zero degrees IAM is equal 1. In
the case of concentrating solar collector, the efficiency is not necessarily at its maximum at zero-
degree incidence. The steady-state method is a clear sky model with a low percentage of diffuse
radiation.

In 2001 version of EN 12975 the quasi-dynamic test method was first introduced. The quasi-

dynamic test method performed under natural conditions with variable radiation, wind speed, and
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ambient temperature. The method is based on the original steady-state mathematical model with
modification and additional extension of terms. The major correction is that solar radiation is
considered both direct and diffuse with corresponding IAM s. The effect of wind speed on heat
loss and optical performance is added to the method. No specific test methods for concentrating
collectors were developed within those standards. However, good results were reported by
applying quasi-dynamic to parabolic trough [118]. One-third of the laborites in Europe use the
Quasi-dynamic test method.

The steady-state method has been used for a long time, and substantial experience gained making
it well defend method. The steady-state method is easier to apply in a sunny climate. Performance
testing includes the assessment of the heat power delivered by the collector under various operating
conditions as well as the assessment of additional collector parameters (pressure drop, heat
capacity) required for the calculation of the collector heat output. As described by the British
standard there are different methods to test the performance of a solar collector which is steady-
state and quasi-dynamic thermal performance of glazed and unglazed liquid heating solar
collectors and steady-state thermal performance of glazed and unglazed air heating solar collectors
(open to ambient as well as a closed loop). In this research, the steady state method was used to
determine the efficiency of the solar collector. ASHRAE and the British standard suggest

performing the test in various inlet temperature.

3.3 Experimental setup

A novel ferrofluids parabolic trough solar collector small-scale test rig was developed and
investigated at the Fluids and Thermal Engineering Research Group laboratories at the University
of Nottingham. The small-scale is an initial phase to recognise the potential of ferrofluids in CSP

systems. This system employs the concept of enhancing thermo-physical properties of ferrofluids
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by adding external magnetic field source to parabolic trough collector to improve heat transfer
performance of the parabolic trough. Figure 3-1 shows a schematic diagram of the proposed
parabolic trough test rig and its component. This small-scale test rig includes the parabolic trough
collector unit, solar simulator, circulation pumps, DC power supply, chiller, heat exchanger, and
fluid tank. The parabolic trough collector unit (PTC) used in the experiment consisted of a sheet
of the reflective mirror with a parabolic shape, receiver tube, and electromagnets as shown in
Figure 3-1. The key innovation of this test rig is the electromagnets installed in the parabolic trough
to generate an external magnetic field that improves the heat transfer performance when ferrofluids
are used. The enhancement of heat transfer performance, hence the collector efficiency, makes the
required collector area and manufacturing materials much lower than conventional solar collector
that uses conventional heat transfer medium. In both receivers, the objective is the same which is
improving the heat transfer performance. In the non-direct receiver, the external magnetic field
will increase the thermal properties of the fluid allowing heat to transfer faster from the receiver
surface to the fluids making the surface temperature lower. In a direct absorption, the external
magnetic field increases the optical properties of the fluids where nanoparticles absorb the solar
radiation due to the structure and alignment of nanoparticles when external magnetic field is
present will increase the absorption of solar radiation of nanoparticles and increase the efficiency

of the solar collector.
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3.3.1 Experimental setup and system components

The test rig of the ferrofluids parabolic trough collector has been assembled as shown in Figure 3-
1. A photo of the test rig is shown in Figure 3-2. Table 3-1 shows the geometries of the collector.

The components of the test rig are described below:

e Circulating pumps

e Storage tank

e Solar simulator

e Concentrating mirror
e Solar receiver

e Electromagnets

e DC power supply

e Heat exchanger

e Chiller

Electromagnet

CW Absorber Tube W\ W@

/

ParabolicTrough Reflector \

Figure 3-1: Schematic of proposed parabolic trough Collector.
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Figure 3-2: Schematic and photograph of the experimental setup.
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Table 3-1: Geometries and dimensions of the solar collector components.

Component Dimensions
Aperture Width (mm) 250
Aperture length (mm) 450
Absorber outer diameter (mm) 15
Absorber inner diameter (mm) 14
Absorber length (mm) 450
Focal distance (mm) 50
Rim angle (°) 90
Electromagnet length (cm) 50
Number of copper wire turns 84
Electromagnet inner diameter 15.1

3.3.1.1 Solar simulator

The light irradiance of solar collector varies depending on the lamp type and operation time. The
spectral irradiance of these lamps slightly differs from natural sunlight which can lead to
measurement error. Solar simulators using a various source of lights have been intensively
investigated by many researchers. However, such simulators have the disadvantage of low
performance due to the disproportionate in solar irradiance distribution. A small simulator utilising
LED lamps has been developed and studied by Kohraku and Kuokawa [119]. The solar simulator
was developed for solar cells experiment with an area of 100 x 100 mm?, and it had 3% unevenness.
In another study, a solar simulator was developed by combining metal halide and quartz halogen

light sources. The study focused on the quality and optimal operational points for maximum
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electrical output for an area of 8 inches in diameter. To achieve a uniform distribution of solar
irradiance with minimum unevenness, most of the studies developed the small-scale solar
simulator. Using LED and halogen lamps as light sources in solar simulators gain a lot of interest
due to their spectral output, low cost, high energy efficiency, and long operating life [120]. A solar
simulator utilizing 30 halogen lamps with an area of 2.32 m? was assembled and tested [121]. The
results showed that the unevenness is a function of the distance between the simulator and the
measurement points. At 23 cm distance, the maximum unevenness measured was 9.1% which is

within the acceptable limits of 15% suggested by the British Standards for testing solar simulator.

The solar simulator used in this research consists of 3 tungsten halogen floodlights, each with a
maximum of 400 W, covering an area of 0.165 m? was assembled and tested for unevenness. Due
to their stability and smooth spectral output, tungsten halogen lamp is extensively used in solar
beam experiments for solar simulator applications. In terms of thermal radiation, like the sunlight,
the wavelength of tungsten halogen ranges between 360-2500 nm. They require simple power
supply units, and they are considered inexpensive. Natural sunlight has a colour temperature of
approximately 5600K, whole halogen lamps produce a radiation at a block body temperature about

3200K.

A pyranometer with a sensitivity of 17.99x10° Volts/W/m? was used to measure the intensity of
solar radiation from solar simulator at uniformly spaced points that resemble the reflector mirror
parabolic surface. As shown in Figure 3-3, nine measuring points of solar irradiance were
considered. The solar irradiance was measured to determine the unevenness and optimize the

lamps of the solar simulator and the distance between the solar simulator and the solar collector.
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Figure 3-3: Measuring points of solar irradiance to determine their unevenness.

As shown in Figure 3-4, both distances affected the unevenness of the radiation. The closer the
lamps to each other the higher the unevenness. A maximum unevenness of 27.7% was observed
when the distance between the lamps is 10 cm, and the height between lamps and the solar collector
receiver is 57 cm. The high unevenness is contributed to the overlap of lamps light irradiance and
the low irradiance at the edge of the reflector. Shorter distance between the lamps and the solar
collector receiver makes the solar irradiance more even around the reflector area. When the
distance is 35 cm, and the distance between the lamps is 20 cm we have unevenness of 12%. We
fixed the solar simulator to this position during the testing of ferrofluids parabolic trough
performance. The unevenness of 12% is within the acceptable limits of 15% suggested by the
British Standards for testing solar simulator. The average solar irradiance over the collector gross
area at this height was 1011.89 W/m? which is higher than the minimum value specified by the
British Standard of 700 W/m?. As shown in Figure 3-5, the solar radiation change by changing the
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height of the lamps to the solar collector receiver. At the height of 57 cm, the solar irradiance
measured was 571.43 W/m?, after that the solar irradiance augmented by shortening the distance
between the lamps and the solar collector absorber to 749.55 W/m?, 1011.89 W/m? for 40 cm, 35
cm, respectively. However, during this research, the position of the lamps and their height was not

changed to maintain constant solar irradiance and keep the unevenness below 15%.

unevenness

o
-

40

15
20
23 Distance between each lamp (cm)

Distance between Lamp and collector {cm)

H01-0.12 HO012-0.14 ®014-0.16 HO016-018 N018-02 ©N0.2-0.22 E022-0.23 N0.24-0.26 NO0.26-0.28

Figure 3-4: The unevenness of Solar simulator is a function of height and distance between lamps.
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Figure 3-5: Solar irradiance as a function of the distance between lamps and solar collector receiver.

3.3.1.2 Concentrating mirror

Reflective surfaces used to concentrate solar irradiance to a focus point. In the parabolic trough,
as the name suggests a reflective surface is shaped to a parabola to concentrate the solar irradiance
to the receiver tube. Figure 3-6 illustrates the parameters affect the parabolic profile. The geometric
design of parabolic trough collector is explained in detailed by Kalogirou. The parabolic reflector
was designed with the length of 500 mm, and an aperture width of 250 mm. The rim angle of the
test rig collector was selected as 90°, and a focal distance of 50 mm. There are several reflective
surfaces that can be used for small-scale parabolic trough such as MIRO 1V, galvanized steel,
aluminium flashing, reflective film, acrylic mirror, high impact polystyrene silver mirror. Most of
those surfaces are coated with aluminium or silver due to their high reflectivity. MIRO IV is

optically clear electropolished anodized aluminium sheet usually used in light fixtures. The

85



reflection of light in ideal condition is over 95%. The thickness of MIRO IV is 0.5 mm which
makes it perfect mirror that can be bent. Another possibility is to use mirror film which is laminated
to substrate material with the shape of the reflector. The mirror film consists of multiple layers of
polymer films with a layer of pure silver that provides reflectance of 94%. However, to apply such
a film it needs to be laminated evenly and straight onto the substrate to avoid any wrinkles. Some
manufacturers recommend a special machine for lamination of mirror films. The Acrylic mirror is
a clear plastic mirror with a good reflectivity and low cost. The thickness of the mirror varies from
3 to 1 mm. However, the acrylic mirror is difficult to bend by hand and mostly needs to be heated
in an oven to get it in the required shape; moreover, the heat might destroy the surface of the
mirror. Therefore, another type of plastic mirror was considered which is the high impact
polystyrene silver mirror (HIPS) which is polystyrene sheet laminated with metalized polyester
foil in silver or gold. They are usually used in toys, or as safety mirrors because they are easily

bent.

D =15mm

Receiver \

P
»

26,

Direct beam
solar radiation

Parabolic trough collector

f, focal distance =50 mm

Collector axis

Figure 3-6: Parameters of the parabolic profile [87].
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The reflective mirror used in this research was 1 mm thick high impact polystyrene sheet with
white painting on the back. White painting is recommended to avoid any thermal radiation that
can deform the surface. The parabolic trough shape is created by a number of ribs underneath the
reflective sheet. The reflective sheet is held firmly against the parabolically shaped edge of the ribs

by metal clamps.

As described before the efficiency of solar collector is defined as the usable thermal energy divided
by the direct solar irradiance, it’s also known as thermal efficiency. Besides the thermal loss, there
is an optical loss. Optical loss always exists, and it establishes the maximum limit of collector
efficiency. Optical efficiency in concentrating solar collector is defined as the ratio of solar
radiation reaching the absorber to the energy collected from the aperture area. In commercial
concentrating solar collector, the optical loss is between 10 and 20%. There is no specific method
to check the optical efficiency of a parabolic trough collector or any concentrating solar collector.
However, a basic method can be used to check the precision of the optical efficiency of the
collector. The reflected solar irradiance by the mirror is observed on the receiver from all positions
and angles. In the ideal concentrating parabolic mirror, no reflected solar irradiance should leak
from the receiver, from any observation position and angle. A paper strip was used to check the
leaking, as the leaking will illuminate positions of the strip. The leaking of solar irradiance
identifies defocusing and causes a loss of collector efficiency. There are different types of leaking,
and each has its nature and causes. The different type of leaking includes biased, sided, end, joint,
curvature leaking. In this research, a curvature leaking was observed when the paper strip moved
from the begging of the collector to further to the middle a leaking appears; then it disappears only

to appear once again a bit further. This means that the curvature of the reflective surface is not
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parabolic along the length of the collector. A 10% of the leak was observed and considered in our

calculation. Improving the curvature is necessary to reach higher collector efficiency.

Figure 3-7: Parabolic mirror used in the experiment.

3.3.1.3 Solar collector receiver

Conventional parabolic trough receivers are usually consisting of borosilicate glass tube with anti-
reflective coating, stainless steel tube with a selective coating, getters to absorb gases, bellows,
and glass to metal seal. The glass tube which also known as envelope decrease the thermal loss of
the collector and allows the collector to operate at high temperatures. In this experiment, we use
two different kinds of receivers and both they don’t have an envelope. An envelope wasn’t used
for two reasons. First, we are operating at low temperature, second, we are installing temporary

electromagnets into the receiver, and we change their location and direction. Both tubes have the
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same dimensions with 15 mm outer diameter and 14 mm inner diameter. The two receivers used

were the following:

1) Direct solar absorber: - Copper tube with selective coating

2) Non-direct solar absorber: - transparent borosilicate glass tube

To compare the performance of both absorbers, both have the same inner, outer diameter, and
length. Few selective coatings are used in parabolic trough collectors, due to the effect of the high
operating temperature of the parabolic trough on the solar absorptance and thermal emittance of
the selective coating. The most common selective materials used are Black Chrome, Luz Cermet,
and Al>Oz-based cermet with anti-reflective coating. The copper tube was coated by SOLKOTE
HI/SORB-11™ selective solar coating with emissivity range of 0.2 t00.49 and absorptivity range
from 0.88 to 0.94. The coating thickness was 0.025 mm. The copper tube was cleaned by Acetone
before spraying the coating surface. The electromagnet is firmly attached to the copper tube and

removing it will cause the degradation.

The non-direct absorber was a simple, transparent glass tube that widely used in chemistry labs.
The glass tube allows the solar irradiance to transmit through it and absorption occurs inside the
ferrofluids. It was difficult to attach the glass tube to the system due to the fragile of the tube, and
it was necessary to make sure no leaking acquired during operation. During initial tests, many
glass tubes were broken on the joint. Ideally, a glass to metal seal should be used on both ends of

the glass tube.
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Figure 3-8: Coated copper tube used in the experiment.

3.3.1.4 Electromagnet

The electromagnet was used to generate an external magnetic field to alter the thermophysical
properties of ferrofluids inside the receiver. As shown in Figure 3-9, three electromagnets were
used to make sure the nanoparticles are magnetized along the length of the collector. The
electromagnets were located at the beginning, middle and the end of the absorber. Ferroparticles
are reversible and will go back to their initial state after the external magnetic field disappear. In
this research, we didn’t investigate the reversibility of the particles to determine the exact distance
between electromagnets needed. We assume that the particles are magnetized and do not return to
their initial state until they leave the collector. Moreover, Altan [122] showed that reversibility of

the enhanced thermal conductivity is very slow once the electromagnet was switched off.
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The electromagnets are air core solenoids with an inner diameter close to the outer diameter of the
absorber tube 15.1 mm, allowing the absorber tube to enter into the electromagnet. The
electromagnet has a length of 50 mm and 4 layers, approximately 84 turns, of polyurethane
enamelled copper wire. The external magnetic field intensity was similar to the study of

Nkurikiyimfura et al. [123]. The magnetic field intensity was calculated as follow:

B ="£L Eq. 3-1

Ls

where B is the magnetic field intensity in Tesla, Lg is the length of the solenoid in meter, p is the
permeability of vacuum which is 4xmx107 H/m, and I is the current in Amber. The electromagnet
generates a uniform magnetic field when a current is passing through the coils. Adjustable DC
power supply is used to control the current applied to the electromagnet with a maximum current
of 5A. Three different currents were used 1.5, 3, 5 A. Using a gauss meter, the external magnetic
field intensity of the electromagnets was measured. The wires connecting the electromagnet affect
the reflection of the mirror, but due to their small size, it was neglected. The electromagnet itself

covers a good amount of area of the collector 5 cm. we excluded this length to the absorber area.

Electromagnet

Reflector

Figure 3-9: Electromagnet location at the ferrofluids based solar collector.
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Figure 3-10: Measured and calculated magnetic field at the centre of the electromagnet.

3.3.1.5 Heat Exchanger

The heat exchanger was configured to keep the inlet temperature of the collector constant
throughout the measurement of the performance of the solar collector. This can be achieved by
keeping the mass flow and the inlet temperature of the cooling water constant throughout the
measurement. The mass flow of the cooling water was set to 0.015 kg/s. The inlet temperature of
the cooling water is adjusted according to the desired inlet temperature of the solar collector. The
cooling water temperature was controlled by the chiller. The cooling water temperature was set to
be 0.6°C to 0.2°C below the inlet temperature of the solar collectors. Once the measurement is
completed the temperature of the chiller is changed according to the next desired collector inlet

temperature. The next measurement will be recorded once the system reaches steady state
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condition. The heat exchanger used in this experiment is brazed plate exchanger (Alfa Laval

AC10-14).

3.3.1.6 Water Chiller

A chiller is used to cool down the heat transfer fluids coming out of the solar collector. The

chiller uses water as a cooling medium. The Chiller used in the research is Hailea Water-Chiller
HC250A with 250 Litre water cooling capacity. The chiller uses refrigerant R134a and operates
down to temperatures of 4°C. The chiller has an electronic control that controls the temperature

of the water to 0.1°C increments, and with temperature setting in 1°C steps.

Figure 3-11: Hailea Water-Chiller used in the research.

3.3.2.7 Circulation Pumps

Two pumps are used to circulate the heat transfer medium and the cooling water through the
system. The pumps are usually used in chemical industry, water treatment, pharmaceuticals

industry, food industry, etc. Since the solar collector operates at low temperatures and low

93



pressure, a domestic central heating pump is sufficient. The pump used in the research for the solar
collector cycle is Grundfos UPA15-90. A basic variable speed drive was used to control and adjust

the speed of the pump. for the water cooling cycle, a Lowara TLC25 is used.

3.3.2.8 Ferrofluids preparation

The magnetite nanoparticles FesO4 were prepared by Fluids and Thermal Engineering Research
Group at the University of Nottingham using co-precipitation methods. The average diameter of
nanoparticles was 10 nm. Sodium dodecyl SDS absorbed onto the surface of the nanoparticle, and
then the nanoparticles were suspended in water. SDS increase the stability of the suspension and
avoid sedimentation of particles. The ferrofluids had a high concentration of magnetic
nanoparticles with the volume fraction of 15%. The ferrofluids were diluted in distilled water to
the required volume fractions. The following mass balance was used to determine the required

water.
Vouthut = VinXin + Vwaterxwater

where V,,; is the desired volume of ferrolfuids, X,,; is the desired volume fraction of
nanoparticles, Vj, is the volume of prepared ferrofluids, X;, is the inital volume fraction of
15%, Viyater 18 the volume of distilled water, X, 4¢eris the volume fraction of nanooparticles in
water which is 0. First, the volume of prepared ferrofluids is determined, and then the volume of
distilled water is calculated. To prepare 1 litre of ferrofluids with volume fractions of 0.05%,
0.25%, and 075%, the volume of distilled water is 996.66 ml, 983.33 ml, 950 ml respectively.
Using a static position method, the stability of ferrofluids was investigated. The ferrofluids were
left standing in a container for four months. The distance or color difference in sedimentation

within ferrofluids was observed by naked eye. The change of concentration is barely noticed. SDS

94



produced a lot of bubbles when used in the solar collector. Therefore, a defoamer (DF, Antifoam
B Silicone Emulsion) was added to suppress the bubble formation DF concentration was 15% of
the weight of the added SDS. There are no changes observed to the sedimentation phenomena was

noticed after adding defoamer.

3.3.2 Measurement instruments and calibration

3.3.2.1 Measurement of flow rate

An ultrasonic transmit time inline flow meter of type Flownetix 100 series was used to measure
the flow rate of the heat transfer medium in the collector cycle. This type of flow meters has two
transducers and it measures the time difference when an ultrasonic signal is transmitted from the
first transducer until it crosses the tube and received by the second transducer. The flow meter has
a flow range of 0.2 to 25 L/min with an accuracy of 3%, and a resolution better than 0.001 L/min

with operating temperature range of fluid -10°C to 85°C, and Ambient 10°C to 55°C.

The standing-start-and-finish method was used to calibrate the flow meter. This procedure is
usually favoured for flow meters that are utilised for measuring the fluid load, especially flow
meters for batch loads. As shown in Figure 3-12, the needed flow rate is settled into a container.
Then a fast-acting solenoid valve stopped the flow, the tank drained, and the drain valve closed.
The flow is re-established, the container filled, and the flow stopped. The filling time for the tank,
the weight of the fluid and the reading of the flow meter is noted. Pressure and temperature of the
fluid at the flow meter are also noted during the fill. To have an efficient permanent start and stop
calibration technique, few criteria should be met. First, the flow loop system has to be designed
and assembled to allow the flow to pass through the meter and stopped without harming to the

pump and the system; a pump bypass is commonly equipped. Second, no air must be trapped in
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corners or T parts as this will lead to a spring effect producing fluctuation when stopped quickly,
causing an error in meter readings. The flow should be turned on and off as quickly as possible to
decreases the rise and fall time errors. Figure 3-13 shows the results of the calibration and the

coefficient was added to the data acquisition to show a volume flow in L/s.

Weir fﬂsm&, Overflow

Stop —74& | t

Flow Flow |
device control
Timer/
(counter)

Figure 3-12: Standing-start-and-finish method for the gravimetric calibration of liquid flowmeters.
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Figure 3-13: Calibration of flow meter.

3.3.2.2 Measurement of temperatures

The temperatures were measured using T-type thermocouples as shown in Figure 3-14. All the
thermocouples are connected to a digital data taker DT500 with a computer acquisition system. T-
type thermocouples consist of two conductors copper and constantan. Both materials are non-
magnetic, and therefore they are not affects by external magnetic field. The effect of magnetic
field on the thermocouple was investigated [124]. The results showed that ferromagnetic
thermocouples (J-type and K-type) are sensitive to the magnetic field where T-type thermocouple
was not magnetically affected. Five thermocouples were used to measure the inlet and outlet
temperature of the fluid, inlet and outlet surface temperature of the absorber, and the ambient

temperature.
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The thermocouples used in this project were calibrated by comparison with a standard platinum
resistance thermometer. All the thermocouples and standard platinum resistance were firstly
connected with data acquisition system (DT800). So, thermocouples and data acquisition system
were all calibrated at the same time. The thermocouples and standard platinum resistance were put
into a water bath where water was heated from 0°C to 75°C. A temperature increment of 5°C was
set at each calibration data captured. All the temperature data were captured when they reached

steady state temperature.

Figure 3-14: T-type thermocouples.

3.3.2.3 Measurement of fluid pressure

The fluid’s pressure was measured using PTX 14 DRUCK with an accuracy of 0.15% and pressure
gauge. PTX 14 DRUCK is connected to digital data taker DT500 with a computer acquisition
system. The pressure gauge was used to make sure we have an accurate reading from the pressure
sensor. The pressure was used to investigate the increase of total pressure due to increasing the

concentration of the nanoparticles, and to see the effect of the magnetic field on the pressure. The
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pressure transmitter was calibrated by comparing it to a calibrated pressure gauge. The results

showed a good agreement and very small error in the reading.

3.3.3 Operation

In this experiment, the solar simulator produces a constant solar radiation that hit the mirror and
reflected the receiver tube selective surface. The selective surface absorbs the incoming solar
radiation and converts it to thermal energy which passes to the ferrofluids. The electromagnet at
the entrance, middle, and at the end of the receiver, alter the thermophysical properties of the

ferrofluids. In this way, the cold ferrofluids in the receiver raise the temperature by solar radiation.

Ferrofluids found in the tank was pumped into the ferrofluids parabolic trough solar collector
where ferrofluids thermo-physical properties is altered due to the electromagnet found in the
entrance of the collector. Then ferrofluids temperature increase due to the hot receiver surface.
The heated ferrofluids bring useful heat energy to the heat exchanger and the ferrofluids
temperature decrease to the same temperature as the inlet collector temperature. At first
measurement point, the inlet temperature of the parabolic trough should remain approximately
equal to the ambient temperature (steady-state). The useful heat in the heat exchanger transferred
to the cold water coming from the chiller. The hot water exiting the heat exchanger is brought back
to the chiller and cooled down. In a real application, the useful heat is transferred to thermal storage

such as water storage tank or molten salt storage tank.
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The parabolic trough collector cycle has four stages.

1. The heat transfer medium is pumped from the tank to the parabolic trough.

2. Concentrating solar collector in the focal point where the solar radiation will be focused at
one point. A receiver found in the focal point to convert the solar radiation into thermal
energy. The thermal energy is transferred from the receiver surface to the heat transfer
fluid.

3. The heat transfer medium brings the thermal energy to the heat exchanger and leaves the
heat exchanger at a temperature equals the inlet temperature of the collector.

4. The heat transfer medium is brought back to the tank.

At the beginning of the experiment, the parabolic trough was shielded from the solar radiation by
means of solar reflecting cover until the solar simulator reaches constant radiation intensity. Then
the cover was removed, and the inlet temperature was kept approximately equal to ambient
temperature (first steady-state point). The first steady-state point is when the difference between
the inlet temperature and the ambient temperature remains constant. When the first steady-state
reached, the measurement was taken when the outlet temperature of the collector varies by less
than 0.5°C (second steady-state point). The second steady-state condition is reached when the
difference between the outlet temperature and the ambient temperature remains constant. As
mentioned by the British standard two minimum data points are recorded at the second steady-
state point (data period) before going to the next step. The next step is to increase the inlet
temperature of the collector around 2°C. Increasing the inlet temperature of the solar collector is
done by increasing the temperature of the chiller. The next data points were recorded once the inlet
temperature reaches the required value and the second steady-state condition is reached. This step

was repeated at least 5 times for each experiment.
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All the experiments are conducted in low pressure and low flow (LPLF) conditions. The pressure
was at the atmospheric pressure of 1.01 bar. Water-based ferrofluid and was used as the working
fluid with the variations of nanoparticles concentration from 0 to 0.75% volume fraction. The
working fluid flows through the solar receiver with the constant mass flow of 0.02 kg/s. The mass
flow rate was chosen based on the British Standard, and it was close to those used in previous
studies on nanofluids based solar collector [99, 125]. From the mass flow and the fluid property,

the Reynolds number in the receiver can be calculated.

Re = 2o %22 Eq. 3-1
Heff

where p,ry is the effective density of ferrofluids calculated by Eq. 5-33, v is the velocity of the
fluid, D, is the inner diameter of the absorber rube (14 mm), and p.¢ ¢ is the effective viscosity of
ferrofluids calculated by Eq. 5-36. Reynolds number distinguish the flow pattern. It is
recommended to operate at Turbulent flow due to higher convention heat transfer at turbulent flow
compared to laminar flow. Ferrofluids have higher viscosity than the base fluid and might change
the flow pattern. Therefore, Reynolds number was determined during the experiments. All
experiments were conducted at the atmospheric pressure 1.01 bar. Two types of absorber systems
were used. Black coated copper absorber as a direct absorber and a transparent glass tube as direct
absorber were used. The magnetic intensity near the centre of the absorber tube was varied between
0 to 10.47 mT. The magnetic field orientation was studied in two different directions. Since the
temperature gradient and the magnetic field gradient are two vital factors of affecting the flow and
thermal behaviour of the ferrofluid, two possible combination cases of these gradients were applied

to investigate their effects.
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The control variables are the following: -
1. Two types of absorbers (direct and indirect)
2. Volume fraction of nanoparticles (0.05% - 0.75%)
3. Magnetic Intensity (0 — 10.47 mT)

4.  Magnetic field orientation (—<«—)

The response variables are the following: -

1.  Temperature of ferrofluids at the inlet of the collector

2.  Temperature of ferrofluids at the outlet of the collector

3.4 Calculation of efficiency

A steady—state method was used to calculate the parabolic trough efficiency, according to BS EN
ISO 9806:2013 standard. The test condition is shown in Table 3-1.

The usable heat extracted by the parabolic tough, Qy, is calculated by Eq. 3-2:

QU = mfcp,f(Tout — Tin) Eq. 3-2
where 1hfis the mass flow of ferrofluids C,  is the specific heat capacity of ferrofluids which is
calculated by Eq.3-3:

Cos = (1= @)Cpuw + Cpnp Eq. 3-3
where ¢ is the volume fraction, and C, and C,,, are specific heat capacity of water and
nanoparticles, respectively. The heat capacity is effected by the temperature. Therefore, the heat

capacity calculated at the mean temperature T,,, which calculated by Eq.3-4:

_ Tin+Tout

T 5

Eq. 3-4
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The C, wand C, »,, are specific heat capacity of water and nanoparticles are calculated as follow:

Cpw = 1.857 x 107°T* — 4.519 x 10773
+4.991 x 1075 T2 — 2.286 X 1073T + 4.214 Eq. 3-5
Cpnp = —6 X 107°T2 + 0.0048 T — 0.2804 Eq. 3-6

The thermal efficiency of solar collector can be calculated by Eq. 3-6:

_ 9u _
n_IDAC Eq. 3-7

where 1 is the efficiency of the parabolic trough, I is the direct solar radiation and A is the area
of the collector. in the case of Concentrating solar collector, the concentrating ratio is added to Eq.

3-7,

_ _Qu -
n—IDCAC Eq. 3-8

where the concentration ratio is defined as the ratio of the aperture area over the surface area of

the receiver.

_ 4a -
= Eq. 3-9
where A, is the aperture area. The concentration ratio of the test rig collector is 5.

The solar radiation uncertainty Uy is less than 2%. The uncertainty of mass flow Uy, is less than

1%. Uncertainties for inlet U, and outlet temperaturesUr_  were less than 0.1 °C. Complex

uncertainty U,, was calculated by Eq. 3-8 and was between 1% and 5.2%:

Un = \/(aa_nl Urh)2 + (:I—l UID)2 + (6'1?:“ UTOut)Z + (ai?n UTin)Z Eq. 3-8
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Table 3-2: Parameters of the parabolic trough and test condition

Parameters Values
Length of the receiver 500 mm
Width of the aperture 250 mm
outer Diameter of the absorber 15 mm
Solar irradiance 1000 W/m?
Mass flow 0.02 kg/s
Magnetic field intensity 3.14,6.28 ,10.47mT
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Chapter 4. Experimental Study on Ferrofluids Based Parabolic Trough

4.1 Introduction

In this chapter, the ferrofluids based parabolic trough collector with the selective surface absorber
(non-direct absorption) and transparent glass tube (direct absorption) has been experimentally
studied. The performance of the collector has been carried out under laminar flow conditions. The
performance of the collector includes the effect of volume fraction of nanoparticles, magnetic field
intensity, Reynolds number, and thermal loss of the collector. The enhancement of heat transfer
performance of the ferrofluids based solar collector by using ferrofluids was compared to the
performance of the collector using the base fluid (water) as heat transfer medium. Furthermore,

the comparison between the selective surface and transparent glass receivers are carried on.

4.2 Background

One of the methods to reduce cost is increasing the heat transfer performance of parabolic trough
systems. In case of constant heat flux, increasing the heat transfer performance will decrease the
absorber surface temperature and subsequently reduce the receiver’s thermal loss particularly at
the high operating temperatures [126, 127]. This improvement could be achieved by enhancing the
convective heat transfer in the absorber tube. Researchers have tried modifying the surface and the
design of the absorber tube to enhance the convective heat transfer [128-132]. Others have used a
different kind of heat transfer fluids such as molten salt or nanofluids to improve the performance
of heat transfer [133].

Heat transfer can be enhanced by increasing the thermal properties of heat transfer fluid

(nanofluids). Nanofluids are illustrating excellent thermo-physical properties are appropriate to
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enhance the efficiency of any thermal management systems by selecting base fluids with suitable
nanoparticle materials, dispersion agents, nanoparticle sizes, and particle volume fraction [134,
135]. Moreover, magnetic nanoparticles in the presence of external magnetic field enhanced heat
transfer further compared to nanofluids.

Harvesting the solar energy using nanofluids has been the focus of few researchers. There are two
methods to harvest the solar energy when nanofluids are used, which are direct absorber collectors
and non-direct absorber collectors. Non-direct absorber collectors are the conventional solar
collector with an absorber that has a selective surface to absorb the solar radiation. Direct solar
collectors use a transparent receiver to allow nanofluids to absorb the solar radiation. Due to the
additional enhancement in the thermophysical properties of ferrofluids in the presence of magnetic
field, the author tested the performance of ferrofluids as a heat transfer medium in the innovative

parabolic trough solar collector.
4.3 Objectives

The aim of this work is to modify parabolic trough collector design to increase the heat transfer
performance by using ferrofluids. In particular, a modified small-scale parabolic trough collector
using water-based Fe3O4 nanofluids was built, and its efficiency was measured under the different
working condition, according to BS EN ISO 9806:2013. The comparison between the heat transfer

fluids has been performed in controlled and standard conditions, reducing the possibility of error.

4.4 Thermal performance of parabolic trough

The genialized thermal analyses of a concentrating collector are similar to that of a flat-plate
collector. There are two popular methods to analyse the performance of solar collectors. The first

is the method used in BS EN ISO 9806:2013 and the second is the method used by ASHRAE
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standard. Both methods determine the instantaneous efficiency by statistical curve fitting, using
the least square method.

ASHRAE standard expresses the useful energy in terms of the energy absorbed by the absorber
and the energy loss from the absorber as given by Eq. 4-1:

Qu = AaFr [Io Noptic = 2L (Tyn — T, Eq. 4-1
where Fy is the collector heat removal factor, Ip 1op¢ic 1s the absorbed solar radiation, Uy, is the
loss coefficient, C is the concentration ratio and T, is ambient temperature. The heat removal
factor is similar to heat exchanger effectiveness defined as the ratio of the actual heat transfer to
the maximum possible heat transfer. The optical efficiency 7,y is related to the optical properties
of materials used in the parabolic trough, and it is defined as the ratio of solar radiation reaching
the absorber to the energy collected from the aperture area. It can be expressed as

Noptic = [(Ta)opl(1—Af,) Eq. 4-2
where (ta) is the transmittance-absorptance product, ¢ is the specular reflectance of the mirror,
1 is the intercept factor [136], the fraction of reflected energy that is directed towards the receiver,
A ¢ 1s the ratio of ineffective area due to geometrical effects (e.g., shading to blockages and the
receiver, and solar rays reflected from the mirror past the end of the receiver) to the whole aperture
of the collector. The heat removal, loss coefficient, and the optical efficiency are used to

characterize the collector. Eq. 4-3 is written in terms of an instantaneous efficiency as [87]

Qu FRUL (Tin—Tq)

= = F g
n IpAc Rnoptlc c

Eq. 4-3

Ip
With a variety of inlet temperature conditions are made for tests, U, Fg, C and (ta) are all

constant, a straight line will result from plotting 1 versus (T;, — T,)/Ip with intercept Fgnoptic-

At this point, the inlet temperature of the collector equals the ambient temperature and the collector
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efficiency at its maximum. The slope — Fg U, /C represents how energy has removed from the
collector that nominated as removed energy parameter.

The British standard determines the performance of the collector at different at various heat
transfer fluid mean temperature. The instantaneous efficiency is determined as follow:

n = 1o — a;Ty — a(Ty)? Eq. 4-4
where 1, is the zero-loss thermal efficiency and T, is the reduced temperature difference as

defined in Eq. 4-5:

T;l — Tm—Ta Eq 4-5

Ip
A second order fit was not used if the value for a, is negative. If a, is negative, the efficiency will
increase at higher reduced temperature differences which is not reasonable. Therefore, efficiency

can be calculated as follow:

n= o= T = 10— ar (22) Eq. 4-6

Ip
In this section, we used both methods to determine the performance of the parabolic trough.
However, to decrease the length of this chapter, we used the ASHRAE method because it is mostly
used for parabolic trough collectors. The results from using the British Standard is presented in

Appendix A.

4.5 Results and discussion

The thermal performance of the parabolic trough was experimentally investigated. The
performance of the parabolic trough collector has been carried out in the University of Nottingham
laboratory. The experimental results are introduced in the form of diagrams and equations that

describe the collector efficiency versus the inlet temperature parameter (T;, — T,)/Ip. The
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performance of the collector was recorded once the collector reached the second steady state

condition (constant outlet temperature).

4.5.1 Ferrofluids based parabolic trough with selective surface receiver

At the steady state condition five data points were recorded. The time between each reading is 1
minute. The average number was used to calculate the efficiency of the collector. The regime of
the flow affects the performance of the parabolic trough collector. Therefore, the author pays
special attention to the flow, and we make sure we include only the performance of collector in
laminar flow. Increasing the water temperature will cause the viscosity to decrease, hence
increasing the Reynolds number. The results of Reynolds number above 2000 were neglected.

The performance of ferrofluids as a heat transfer fluid was compared to the performance of water.
Moreover, the performance of the collector is compared to the flat-plate solar collector. The
comparison to the flat-plate collector and not to parabolic trough collector is due to the low
concentration ratio and unglazed receiver used in the experiment. According to both standards,
unglazed receivers in concentrating solar collectors with a concentration ratio lower than 10 are

considered as a non-concentrated collector.

4.5.1.1 Water and ferrofluids in the absence of external magnetic field

During the test of water as a heat transfer fluid in the ferrofluids parabolic trough collector, the
electromagnetic was kept in their location. Hence, the optical efficiency and receiver area for all
tests are the same. As shown in Figure 4-1 and Figure 4-2 shows the efficiency of ferrofluids
parabolic trough with water. Figure 4-1 shows the performance of the parabolic trough collector
with laminar flow using water as a heat transfer fluid with respect to the water mean temperature.
The efficiency of the parabolic trough with selective surface tube is 49.4% when water is used,
and the mean temperature is very close to the environment T;;is 0.00041 °C m?/W, and with
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average ambient temperature of 18.84°C. The efficiency declines with increasing the mean
temperature. The lowest efficiency obtained was 34% at T,;, is 0.00957 °C m?/W. Using Eq. 4-6
the zero-loss collector efficiency, 1y ( at T,,= 0), has been obtained 0.473, as well as a; 14.289
W/m? °C. Compared to the experiment from Colangleo et al. [125] the zero-loss efficiency is close
to the present experiment. However, the present experiment has higher thermal loss at higher fluid
mean temperature due to the glazed collector used by Colangleo et al. Figure 4-2 illustrate the
performance of the parabolic tough collector using water as a heat transfer fluid and corresponding
to the water inlet temperature. The efficiency of the parabolic trough with selective surface tube is
49.4% at (Ty, — T,)/Ip 0.00006 °C m*W. Higher inlet temperature of the water lead to lower
efficiency, the lowest efficiency recorded was 34% at (T;, — T,)/Ip 0.00934 °C m?/W. Based on
Eq. 4-3 the value of Fgnyp¢ic for water is 0.469 and the removed energy parameter FrU, is 14.139
W/m? °C. The concentrating ratio is equal 1 since the collector is considered as non-concentrated

collector. The heat removal factor Fr can be determined since the optical efficiency nypeic 18

known (0.81), Fgris equal 0.578. Applying the heat removal factor to the removed energy
parameter, the overall heat loss coefficient U, is 24.47 W/m? °C. Compared to the work of Yousefi
et al. [96] the present work has lower heat removal factor and lower heat loss coefficient. In
general, the performance of the parabolic trough collector in laminar flow conditions is similar to
unglazed non-concentrated solar collectors. As showing in Figure 4-2, the performance of
conventional parabolic trough collector is usually much better with higher heat removal factors
and lower heat loss due to the higher concentration ratio and the envelope cover [137, 138].
Moreover, all the studies on parabolic trough was carried on with turbulent flow. As discussed
previously the mass flow effect the performance of the collector. Therefore, to be able to compare

the present work with conventional parabolic trough the bigger concertation ratio, glazed receiver,
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and higher flow rate should be used. The collector reach high working temperature with minimal
loss when high concentration ratio is used, but demands higher manufacturing precision [139].

As shown in Figure 4-3 By using Fe;Oq4-water ferrofluids 0.05% as a heat transfer medium with
no external magnetic field applied, the highest efficiency obtained was 49.12% at (Ty,, — T,)/Ip
0.000079 °C m?/W. The lowest efficiency has been obtained 44.7% at (Tj,, — T,)/I, 0.0083 °C
m?/W. The lowest efficiency was determined at inlet temperature, ambient temperatures of 27.11°C

and 18.76°C respectively. From linearization of data points, the values of Fgnopic and FrUpwere

0.49 and 7.24 respectively. The heat removal factor Fgris equal 0.6, and the overall heat loss
coefficient U, is 11.989 W/m? °C. As shown in Figure 4-3, the efficiency of low concentrating
parabolic trough collector with Fe;Os-water ferrofluids is higher than the efficiency of the collector
with water. This can be concluded by comparing the heat removal Fr and overall loss coefficient
U, for Fe3Os-water ferrofluids and water in Table 4-1, which shows that the heat removal factor
for Fe;O4-water ferrofluids 0.05% is slightly higher than the heat removal for water by 3.8%. The
heat loss coefficient of Fe3Os-water ferrofluids 0.05% is much lower than the heat loss coefficient
of water by 51%. Therefore, the thermal efficiency of the collector with Fe;O4-water ferrofluids
0.05% is higher than the thermal efficiency of the collector with water at higher inlet temperature
parameter. The increase in the efficiency is induced by the higher thermo-physical properties of
ferrofluids compered to water. In the absence of magnetic field, the major mechanism of thermal
conductivity enhancement can be attribute to the stochastic motion and aggregation of the
nanoparticles. This Brownian motion will be reliant on fluid temperature, hence, the rate of
enhancement, with temperature is fairly explainable in this case. Accordingly, higher temperature
leads to the additional speed of particles, and enhance collisions between nanoparticles and the

base fluid, result in the enhancement thermal conductivity, hence, the increase in heat transfer at
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higher operating temperature. It has also been suggested [140] that the non-uniform shear rate of

ferrofluids flow across the tube cross section induce both viscosity reduction near the tube wall

and movement of particles are responsible for the enhancement in heat transfer.

Table 4-1 Values for the heat removal and overall heat loss coefficient for FesOs-water ferrofluids and water

Heat transfer FrNoptic FrU; Heat removal  Heat loss coefficient
fluid type Factor Fy U, (W/m? °C)
Water 0.469 14.139 0.578 24.47
Fe;O4-water 0.497 7.24 0.6 11.99
ferrofluids 0.05%

Fe3Os-water 0.5 40.523 0.62 65.7
ferrofluids 0.25%

Fe;O4-water 0.51 28.427 0.63 45.23
ferrofluids 0.25%

with defoamer

Fe3;0s-water 0.7438 54.197 0.91 59.12

ferrofluids 0.75%
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Figure 4-3: Collector efficiency with 0.05% Ferrolfuids as heat transfer fluids and different inlet fluids
temperature.

4.5.1.2 Effect of anti-foaming

The effect of different concentration of particles on the collector performance was investigated.
Immediately after using a volume fraction higher than 0.05%, the ferrofluids produced a huge
amount of foam (bubbles) in the system. SDS is the main reason for the formation of bubbles.
Figure 4-5 shows the bubbles in the ferrofluids tank. The bubbles in the receiver will affect the
convection heat transfer negatively. Therefore, a defoamer (DF, Antifoam B Silicone Emulsion)
was added to suppress the bubble formation. DF concentration was 15% of the weight of the added
SDS. The test of ferrofluids with and without defoamer is presented in Figure 4-6. The defoamer
improved the performance of the collector. For Fe;O4-water ferrofluids 0.25% at inlet temperature
parameter (T, — T,)/Ip 0.00036 °C m*W of the collector efficiency was 46.3%. Once the

operating temperature raised the efficiency declined to a minimum of 18.3% at (T;, — T,)/Ip
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0.0067 °C m*W. The heat removal factor Fy for Fe3O4-water ferrofluids 0.25% is equal 0.62, and
the overall heat loss coefficient U, is 65.7 W/m? °C. By adding the defoamer to the Fe;O4-water
ferrofluids 0.25% there was no foam observed in the tank. Moreover, the performance of the
collector improved compared to Fe3;O4-water ferrofluids 0.25% without defoamer. The efficiency
marginally increased by 2% when the inlet temperature is close to the ambient temperature. In
contrast, the efficiency of the collector significantly increased by 80% when the inlet temperature
is 6°C above ambient temperature. For Fe;O4-water ferrofluids 0.25% with defoamer at inlet
temperature parameter (T, — T,,)/Ip 0.00038 °C m%/W of the collector efficiency was 49.7%, and
with lowest efficiency of 35.7% at (T, — T,)/Ip 0.0042 °C m?*W. The heat removal factor Fgfor
Fe;O4-water ferrofluids 0.25% is equal 0.63, and the overall heat loss coefficient U, is 45.23
W/m? °C. Without defoamer, the overall heat loss coefficient U, of Fe;Os-water ferrofluids 0.25%
is 45%higher than with ferrofluids containing defoamer. Since foam is generated by increasing the
volume fraction of nanoparticles in the fluid, defoamer was added to Fe;Os-water ferrofluids

0.75% before using it in the solar collector experiment.

Figure 4-4: Foam formation in ferrofluids tank when FezOs-water ferrofluids 0.25% pumped through the
system.
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Figure 4-5: Collector efficiency with FesOs-water ferrofluids 0.25% with and without defoamer as heat
transfer fluids and different mean fluids temperature.

4.5.1.3 Effect of volume concentration

By comparing the efficiencies of Fe3Os-water ferrofluids with three different concentration, as
illustrated in Figure 4-6, the efficiency of 0.05% ferrofluids for a wide range of temperature
differences is higher than that at 0.25% and 0.75%. Ferrofluids with volume fraction of 0.75%
showed the highest efficiency of 72% at (T}, — T,)/Ip 0.0001 °C m*/W. However, as the operating
temperature increases the efficiency dropped dramatically to reach 35.29% at (T;, — T,)/Ip
0.0082 °C m*W. As shown in Table 4-1 ferrofluids with 0.75% volume fraction has the highest
heat removal factor Frof 0.91 and the worst overall heat loss coefficient U; with the value of 59.12
W/m? °C. The heat removal, increased with increasing the concentration of particles. However,
the overall heat loss also increases by increasing the concentration of particles as shown in Figure

4-6. This is contributed to the non-Newtonian behaviour of ferrofluids at higher concentration. At
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a volume fraction of 0.05% the ferrofluids behaves as newton fluid, but increasing the volume
fraction, the fluid behaves as non-Newtonian fluid (volume fractions of 0.25% and 0.75%). As
discussed in chapter 2, with concentration below 1% by weight, the fluids can be considered as
Newtonian fluid and the viscosity dependence can be neglected. The shear rate in this experiment
is 7.7 1/s, in such low shear rate the viscosity of the fluid can reach to 7 times higher than the based
fluid. The variation of thermal conductivity with shear rate can be important, but it is often
disregarded under the assumption that the variations of the viscosity and the effect of elasticity on
the flow field, and hence on the thermal field, are much stronger and essentially determine the non-
Newtonian nature of the heat transfer characteristics. In experimental studies the results are often
correlations for the Nusselt number, in which the shear rate dependence of is eventually considered
as an increase or decrease in heat transfer, although in a less physically meaningful way. All
experimental studies on ferrofluids thermal conductivity were conducted at steady state.
Furthermore, convection and conduction heat transfer are contesting. The heat transfer coefficient
could be approximately demonstrated as k/dt where k and dt are the thermal conductivity of the
nanofluids and thickness of thermal boundary layer, respectively. It may be explained that with
increasing nanoparticles volume fraction from 0.05% to 0.75% the enchantment of thermal
conductivity is smaller than the increase in the thermal boundary layer and therefore the heat
transfer is reduced. This conclude that increasing the volume fraction of nanoparticles in low shear
rate will lead to deterioration in heat transfer performance. Ideally a ferrofluids that behaves as
Newtonian fluids at low shear rate will be more suitable to use in laminar flow heat transfer
applications. The problem with higher concentration ferrofluid rheological behaviour can be
solved by modifying the pH of the ferrofluids. At the University of Nottingham, we studied the

effect of colloidal of pH on the viscosity of FesO4 ethylene glycol - water nanofluid. The results
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of our tests showed that at neutral pH, the best colloidal stability was obtained. The viscosity barely
changed with the shear rate despite the variances in particle concentration and temperature. After
being kept for one week, the nanofluid still exhibited Newtonian behaviour. However, the results
of the heat transfer performance have not been studied yet. The viscosity of modified Fe3O4
nanofluids was studied at different pH. The particle volume fraction was fixed at 0.69 %;
temperature was also set at 30 °C. As shown in Figure 4-7 a, it is very clear that the nanofluids at
pH of 2.5 and 3.0 were totally Non-Newtonian fluids. The viscosity decreased by 40 % as shear
rate increased to 2500 s! (Figure 4-7b). After pH increased to 3.5 and 4.0, the decline of viscosity
stopped at 800 s™!, and the decrease percentages were both around 8% (Figure 4-7b). At pH of 5,
7 and 9, the nanofluid behaved as a Newtonian fluid. The decrease percentages were very close to
0 (Figure 4-7b). RSDs of viscosities obtained at different shear rates were all lower than 1% for
these three pH values, suggesting the viscosity was independent of shear rate. From the discussion
above, we have known that when pH was lower than 5, the colloidal stability of modified particles
was improved with increasing the pH. Therefore, a better colloidal stability will make the nanofluid
behave more like a Newtonian fluid. However, higher volume fraction of nanoparticles may still
decrease the heat transfer performance due to the higher increase of thickness of thermal boundary

layer compared to the thermal conductivity.
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Figure 4-6: Collector efficiency with various concentration of Ferrofluids.
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4.5.1.4 Effect of external magnetic field on the collector efficiency

As showing the previous section, using very low concentration of Fe304 nanofluid has a positive
effect on the efficiency of the parabolic trough collector. In this section, the effect of external
magnetic field on the efficiency of the solar collector is investigated. The magnetic field direction
is parallel to the incoming stream. The external magnetic field intensity was changed by regulating
the current of the DC power supply. The external magnetic field intensities at the centre of the
electromagnet were 3.14 mT, 6.28 mT, 10.47 mT. For every external magnetic field intensity, the
efficiency of the collector was graphed against the temperature parameter, (T;, — T,)/Ip. To
assure the external magnetic field are not affecting the measurements, water was used as a heat
transfer fluid to test the performance of the solar collector in the presence of the external magnetic
field. As shown in Figure 4-8 the performance of the water has not changed in the presence of the
magnetic field. Consequently, there is no effect of the external magnetic field on the measurements
of temperature and the flow. The efficiencies of the collector in the presence of external magnetic
fields for 0.05% ferrofluids are shown in Figure 4-9 with external magnetic intensity of 3.14 mT,
the highest efficiency value, 50.7, has been obtained at (T}, — T,)/I,0f 0.000791 °C m*/W, which
corresponds to an inlet temperature of 20.72 °C, and an ambient temperature of 19.49 °C.
Moreover, at (T, — T,)/Ipof 0.00835 °C m?/W the lowest efficiency value has been obtained,
44%. In this case, the inlet temperature and ambient temperature were 27.71 °C and 18.76 °C,
respectively. Using Eq. 4-6 the heat removal factor Fr of 0.63 and the overall heat loss coefficient
U, with the value of 10.8 W/m? °C. The efficiency of the solar collector with 0.05% ferrofluids in
the presence of external magnetic field intensity of 6.28 mT has the maximum value of 69.24% at
(Tin, — T,)/Ip0f 0.000266 °C m*/W, with inlet temperature and ambient temperature of 22.46 °C

and 22.195 °C, respectively. The lowest efficiency obtained was 60.6% at (T;, — T,)/Ipof
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0.00413 °C m?*W, with inlet temperature and ambient temperature of 26.2 °C and 22.07 °C
respectively. The heat removal factor Fp for FesOs-water ferrofluids with 6.28 mT external
magnetic field is 0.85 and the overall heat loss coefficient U;, with the value of 11.23 W/m? °C.
Finally, the efficiency of the solar collector with 0.05% ferrofluids in the presence of external
magnetic field intensity of 10.47 mT showed a maximum value of 69.3 % at (T, — T,)/Ip of
0.00066 °C m?/W, with inlet temperature and ambient temperature of 20.26 °C and 19.59 °C
respectively. The lowest efficiency reached was 63.7% at (Tj,, — T,)/Ipof 0.0082 °C m?/W, with
inlet temperature and ambient temperature of 27.9 °C and 19.66 °C respectively. The heat removal
factor Fy for Fe3sOs-water ferrofluids with 6.28 mT external magnetic field is 0.847 and the overall
heat loss, coefficient U, with the value of 8.63 W/m? °C. A comparison of the results, shown in
Figure 4-9, indicates the of the performance of the collector improved due to the presence of
external magnetic field when Fe3Os-water was used as a heat transfer medium. By comparing the
heat removal Fr and overall loss coefficient U; for Fe3Os-water ferrofluids 0.05% at different
external magnetic field intensity, Table 4-2, which shows that the heat removal factor for 3.14 mT
external magnetic field intensity is slightly higher than the heat removal of Fe;O4-water ferrofluids
0.05% in the absence of external magnetic field by 5%. The heat loss coefficient for 3.14 mT
external magnetic field intensity is slightly lower than the heat loss coefficient of Fe;O4-water
ferrofluids 0.05% in the absence of external magnetic field by 10%. For external magnetic intensity
of 6.28 mT and 10.47 mT the heat removal factor improved by 41.3%, 40%, and the overall heat
loss coefficient by 6%, 38% respectively. Figure 4-10 illustrate the change of the heat removal and
overall heat loss of the collector with increasing the external magnetic field intensity. Increasing
external magnetic intensity enhance the performance of the collector. At low external magnetic

intensity, the heat removal has little change. Thereafter, the heat removal increases and reach a
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maximum of 0.692 and slightly decrease afterwards. The highest heat removal factor was observed
from 6,28 mT and the lowest overall heat loss coefficient was obtained from 10.46 mT. The overall
heat loss decreased by increasing the external magnetic field intensity. The little to no change the
heat removal factor is similar to the behaviour of thermal conductivity in the presence of the
external magnetic field, were the thermal conductivity reaches a the saturation point [123]. The
enhancement of the performance of the collector is due to the enhancement of thermal conductivity
of ferrofluids in the presence of external magnetic field. The effective heat transport through the
aggregate of nanoparticles is the main reason for the enhancement. The nanoparticles in the
absence of a field are in Brownian motion as the thermal energy excels the magnetic dipolar
attraction. In the presence of magnetic field, the nanoparticles start to form chain-like structure
along the orientation of the magnetic field. As the magnetic field intensity increases, the chain
length also extends. As the nanoparticles starts to form aggregates of larger size or chains, the
convection velocity decreases extremely when the nanoparticles form large size clusters or chains,
due to the cubic reliance on the nanoparticle size or the aspect ratio of the long chain. Hence, the
Brownian motion is dropped as the chain length extends. Moreover, the distance between the
nanoparticles inside the chain reduces with raising the magnetic field, because the magnetic
attraction becomes stronger than the repulsion force. The formation of linear chain- like structure
can lead to the enhancement of thermal conductivity and surpass the Maxwell due to percolation
currents that favour a parallel mechanism of conduction. The distribution of chains in the fluid in
the presence of external magnetic field are well organised. This leads to the enhanced conduction
through the paths that favour parallel mechanism of conduction. Increasing the magnetic field
intensity leads to the formation of bigger chains with larger distance between them. Therefore, the

enhancement decrease at high magnetic field intensity [42].
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Table 4-2 Values for the heat removal and overall heat loss coefficient for FesOas-water ferrofluids and water.

Heat transfer FrNoptic FrU; Heat removal  Heat loss coefficient
fluid type Factor Fp U, (W/m? °C)
Water 0.469 14.139 0.578 24.47
Fe3zO4-water 0.497 7.24 0.6 11.99
ferrofluids 0.05%
FesO4-water 0.52 6.872 0.64 10.8
ferrofluids
0.05%, 3.14 mT
FesO4-water 0.692 9.59 0.85 11.24
ferrofluids
0.05%, 6.28 mT
FeszO4-water 0.687 7.3314 0.85 8.63
ferrofluids
0.05%, 10.47 mT
0.6
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Figure 4-8: Collector efficiency with water as heat transfer fluids with and without the presence of external

magnetic field.
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The efficiencies of the collector in the presence of external magnetic fields for 0.25% are shown
in Figure 4-11 Similar to ferrofluids 0.05%, the efficiency of the collector using ferrofluids 0.25%
improved in the presence of the external magnetic field in contrast to the efficiency with the
absence of the external magnetic field. With the external magnetic intensity of 3.14 mT, the highest
efficiency value, 52.78, has been obtained compared to 49% in the absence of an external magnetic
field. The lowest efficiency value has been obtained 34.69%. The highest collector efficiency
observed for the external magnetic intensity of 6.28 mT, and 10.47 mT were 64.1% and 68.86%,
respectively; the lowest efficiencies recorded were 46% and 49%. From the trend line, it’s clear
that the fluid still behaves as a non-Newtonian fluid. The performance of solar collector using
ferrofluids 0.25% with an external magnetic field intensity of 6.28 mT and 10.47 mT is higher than
the base fluid at the experimental reduced temperature parameter. Using Eq. 4-3 the heat removal
factor Frand the overall heat loss coefficient U; are obtained and presented in Table 4-3. With
raising the intensity of external magnetic intensity, the heat removal factor increases with similar
behaviour to ferrofluids with volume fraction of 0.05%, the improvement is low at low intensity

and reaches a saturation at higher intensity.
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Table 4-3 Values for the heat removal and overall heat loss coefficient for 0.025% Fe3Oas-water ferrofluids

and water.
Heat transfer FrNoptic FrU, Heat removal  Heat loss coefficient
fluid type Factor Fp U, (W/m? °C)
Water 0.469 14.139 0.578 24.47
Fe3O4-water 0.51 28.427 0.63 45.23
ferrofluids 0.25%
Fe;O4-water 0.56 30.612 0.69 44 .4
ferrofluids
0.25%, 3.14 mT
Fe;O4-water 0.65 25.491 0.79 31.9
ferrofluids
0.25%, 6.28 mT
Fe3O4-water 0.66 24.03 0.80 26.69
ferrofluids
0.25%, 10.47 mT
0.8 1 A Water
M Ferrofluids 0.25% AF, No Magnetic
0.75 1 Field
Ferrofluids 0.25%. AF 3.14mT
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Figure 4-11: Collector efficiency with 0.25% in the presence of external magnetic field and different inlet

fluids temperature.
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The efficiencies of the collector in the presence of external magnetic fields for 0.75% are shown
in Figure 4-12 Similar to 0.05% and 0.25% ferrofluids, the efficiency of the collector using 0.75%
ferrofluids improved in the presence of the external magnetic field in contrast to the efficiency
with the absence of the external magnetic field. With the external magnetic intensity of 3.14 mT,
the highest efficiency value, 72.68, has been obtained compared to 49% in the absence of an
external magnetic field. The lowest efficiency value has been obtained 34 %. The highest collector
efficiency observed for the external magnetic intensity of 6.28 mT, and 10.47 mT were 78.5% and
78.86% respectively; the lowest efficiencies recorded were 46% and 49%. From the trend line, it’s
clear that the fluid still behaves as a non-Newtonian fluid. The performance of solar collector using
0.25% ferrofluids with an external magnetic field intensity of 6.28 mT and 10.47 mT is higher than
the base fluid at the experimental reduced temperature parameter. Using Eq. 4-3 the heat removal
factor Frand the overall heat loss coefficient U; are obtained and presented in Table 4-4. With
raising the intensity of external magnetic intensity, the heat removal factor increases with similar
behaviour to 0.05% ferrofluids, the improvement is low at low intensity and reaches a saturation

at higher intensity.
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Figure 4-12: Collector efficiency with 0.75% in the presence of external magnetic field and different inlet

fluids temperature.

Table 4-4 Values for the heat removal and overall heat loss coefficient for 0.75% FezOas-water ferrofluids and

water.
Heat transfer FrNoptic FrU, Heat removal  Heat loss coefficient
fluid type Factor Fp U, (W/m? °C)
Water 0.469 14.139 0.578 24.47
Fe3O04-water 0.743 54.197 0.63 45.23
ferrofluids 0.75%
Fe3Os-water 0.753 51.617 0.69 44.4
ferrofluids
0.75%, 3.14 mT
Fe3Os-water 0.761 50.193 0.79 31.9
ferrofluids
0.75%, 6.28 mT
Fe3Os-water 0.8139 38.571 0.80 26.69

ferrofluids
0.75%, 10.47 mT
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4.5.1.5 Effect of magnetic field orientation

As discussed in chapter 2 and 3 the magnetic field gradient affects the heat transfer when
ferrofluids are used as a heat transfer medium. In this section, the effect of magnetic field gradient
on the performance of solar collector is discussed. In the previous section showed the performance
of ferrofluids in the presence of magnetic field parallel to the incoming stream direction, Figure 4-
13 a). As shown in Figure 4-13 b) the other direction investigated was when the magnetic field
gradient opposite to the incoming stream. The results of using ferrofluids with the volume fraction
of 0.05% in the presence of external magnetic field oriented in the opposite direction of the flow
are showing in Figure 4-14 the results showed that the performance of the collector decrease and
became less than the base fluid. With the external magnetic intensity of 3.14 mT, the efficiency of
the collector at low reduced temperature parameter is lower than water, and ferrofluids 0.05% in
the absence of magnetic field by 37.6%. And 36.9% respectively. The performance aggravates
with higher reduced temperate parameters to reach a maximum decay by 60% compared to water.
The linearization of data produces a heat removal factor Fr of 0.41 and the overall heat loss
coefficient U, with the value of 41.8 W/m? °C. Raising the external magnetic intensity made the
performance of the collector worst. Compared to water, the collector efficiency decreased by 45%
at reduced temperature parameter close to zero. The efficiency decreased rapidly reaching a
minimum of 2% at (T, — T,)/Ipof 0.008 °C m?/W, where water had an efficiency of 34% around
the same reduced temperature parameter. The heat removal factor Fp of 0.43 and the overall heat
loss coefficient U, with the value of 94.6 W/m? °C. The results clearly identify that the
performance of the collector is superior with a magnetic field gradient parallel to the flow. These
phenomena were explained in literature [141, 142]. In case the magnetic field oriented parallel to

the flow, due to the kelvin force, the auxiliary static pressure gradient will accelerate the ferrofluids
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flow and enhance the heat transfer between the receiver surface and the ferrofluid. On the other
hand, if the magnetic field gradient is opposite to the flow direction of the ferrofluids, the magnetic
pressure difference will hinder the main flow and the flow velocity in the pipe decreases, the

boundary layer thickened, and the heat transfer between the ferrofluids and the surface is

descended.

stream magnetic field
— g —
b)
stream magnetic field
——— g — e

Figure 4-13: Orientation of the magnetic field gradient a) parallel to the flow b) opposite to the flow.
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Figure 4-14: Solar collector efficiency with ferrofluids 0.05% in the presence of external magnetic field
oriented opposite to the flow.

4.5.2 Ferrofluids parabolic trough with transparent glass receiver

The optical and thermos-physical properties of ferrofluids could be beneficial to design a solar
collector with minimum energy losses. The direct absorption collector supports the incoming solar
irradiance to be absorbed and scattered by the nanoparticles found in the heat transfer fluid. A

transparent glass tube was used to allow the ferrofluids to absorb the entire solar irradiance.

4.5.2.1 Water and ferrofluids in the absence of external magnetic field

As Figure 4-15 indicates the deviations of the collector efficiency with water as a heat transfer
medium versus the reduced temperature parameters, (T;;,, — T,)/Ip. The characteristic parameters

of the solar collector are illustrated by the fitting the experimental data with a linear equation. The
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efficiency of the parabolic trough with transparent glass tube is 9.47% at (T;, — Tp)/Ip
0.00023 °C m*W. Higher inlet temperature of the water cause lower efficiency, the lowest
efficiency recorded was 0.3% at (T;, — T,)/Ip 0.0059 °C m*W. Based on Eq. 4-3 the value of
FrNoptic for water is 0.098 and the removed energy parameter FrU, is 15.544 W/m?°C. The optical
efficiency 7y includes the absorption and transmittance factor of the fluid, which is unknown.
Compared to selective surface receiver the water has low optical properties hence the low collector
efficiency when water is used in direct absorption collector. Fgnoptic Was 376% higher when

selective surface was used.

Figure 4-16 compares the efficiency of the parabolic trough collector for water and Fe3;Os-water
ferrofluids with the volume fraction of 0.05%. As shown in Table 4-5, the Fgnypic and FrU; values
for ferrofluids were 0.227 and 6.266, respectively. Frnoptic increased by 131% and FrU;, decreased
by 146% compared to water. However, the parabolic trough efficiency with the transparent receiver
is lower than the efficiency with selective surface receiver used in the previous section (non-direct
receiver). The low efficiency is due to low optical thickness caused by the low volume fraction of
nanoparticles and small diameter of the receiver (15 mm). The solar irradiance is not completely
absorbed by the nanoparticles and some of the solar irradiance is transmitted through the
ferrofluids. The optical thickness also known as optical depth is defined as how opaque the fluid
is to the radiation passing through it. The optical thickness is function of the absorption coefficient
of the nanoparticles along a path. The absorption coefficient also known as extension coefficient
increases linearly with the increase of the volume fraction. To achieve the highest efficiency of the
system an optimum optical thickness of the receiver should be determined. The optimum optical

thickness for the receiver can be achieved by changing the diameter of the receiver or changing

132



the volume fraction of nanoparticles. In this work, the diameter of the glass tube kept constant and

changed the volume fraction.

Table 4-5: Values for the heat removal and overall heat loss coefficient for FesO4-water ferrofluids and water.

Efficiency

0.6 1

0.5 4

0.4 4

0.3

0.2 4

0.1

Heat transfer

Non-direct absorption

Direct absorption

fluid type

FrNoptic FrU, FrNoptic FrU,
Water 0.469 14.139 0.098 15.44
Fe3O4-water 0.497 7.24 0.227 6.26
ferrofluids 0.05%
FeszO4-water 0.51 28.427 0.37 5.134
ferrofluids 0.25%
Fe3zO4-water 0.7438 54.197 0.63 10.537

ferrofluids 0.75%

A Water, Slective surface receiver

Water, transparent receiver
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Figure 4-15: Solar collector efficiency with selective surface absorber and transparent glass absorber.
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Figure 4-16: Solar collector efficiency of water and 0.05% ferrofluids with transparent glass absorber.

4.5.2.2 Effect of Volume concentration

Figure 4-17 illustrates the effect of volume fraction of ferrofluids on the efficiency of the collector
versus the reduced temperature (T;,, — T,)/Ip. It is found that the of the absorbed energy parameter
FrNoptic for the collector at 0.75% is higher than the other cases and the absorbed energy parameter
for 0.05% is the lowest. The absorbed energy parameter increases by increasing the volume
fraction of ferrofluids. As shown in Table 4-6 absorbed energy parameter of selective surface
receiver in all cases is still higher than the transparent glass receiver, but compared to selective
surface receiver with water, the transparent glass with ferrofluids concentration of 0.75% volume
fraction is higher by 34%. Moreover, the direct absorption showed lower removed energy
parameter compared to direct absorption receiver. The lowest removed energy parameter observed

was for Fe;O4-water ferrofluids 0.25%, and the highest was for Fe;O4-water ferrofluids 0.75%.
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The author concludes that rising the volume concentration of the ferrofluids improve the
absorption coefficient and increase the optical thickness. However, increasing the optical thickness
further will lead to absorption of incoming solar irradiance in a thin layer close to the surface of
the receiver. This will induce the thermal energy loss to the environment. A higher collector
efficiency could be achieved by increasing the receiver diameter. The heat can be generated within
the receiver by bigger diameter. The solar irradiance absorbed by the suspended nanoparticles as
it travels through the fluid. Hence, for solar collector with a greater diameter, the amount of

incident solar radiation absorbed by the ferrofluids will be higher.
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Figure 4-17: Solar collector efficiency of various concentration ferrofluids with transparent glass absorber.
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4.5.2.3 Effect of external magnetic field on the performance of parabolic trough

In this section, the effect of an external magnetic field on the performance of parabolic trough with
transparent glass receiver was investigated. The tests were carried out with 3.14, 6.28, 10.47 mT
magnetic field intensity. Figure 4-18 illustrates the effect of external magnetic field in the
efficiency of the collector versus the reduced temperature parameter (T;, — T,)/Ip. It is found
from Figure 4-18 that the efficiency of the parabolic trough at 0.05% ferrofluids improved further
in the presence of external magnetic field. Table 4-6 shows all the absorbed energy parameter and
removed energy parameter for direct and no-direct receiver with different volume fraction and
magnetic intensity. As shown in Figure 4-19 the enhancement of absorbed energy parameter
increased by increasing the magnetic intensity by 161% at 10.47 mT. On the other hand, the
removed energy parameter increased in the presence of magnetic field and reached a peak at 3.14
mT and decreased thereafter. In the presence of magnetic intensity, the nanoparticles distribution
changes and therefore the absorption and scattering of the incoming solar radiation also alters. The
well-spaced distribution of nanoparticles could improve the absorption of incoming radiation and
enhance the thermal conductivity of the bulk fluid. Figure 4-20 illustrate the efficiency of direct
absorption parabolic trough collector in the presence of external magnetic field with 0.25% volume
fraction ferrofluids. The performance of the parabolic trough collector improved with rising the
external magnetic field intensity. The improvement is higher at lower reduced temperature
difference. As shown in Figure 4-21 and Table 4-6 the absorbed removal parameter increased by
increasing the magnetic intensity. At low magnetic field, the removed energy increased slightly by
6% and by 172% at higher magnetic field intensity. Moreover, compared to the selective surface
absorber, the direct absorption with 0.25% ferrofluids showed higher absorbed removal parameter

and lower removed energy parameter at higher magnetic field intensity. Figure 4-22 illustrate the
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efficiency of direct absorption parabolic trough collector in the presence of external magnetic field
with 0.75% volume fraction ferrofluids. The performance of the parabolic trough collector
improved with rising the external magnetic field intensity. The improvement is higher at lower
reduced temperature difference. As shown in Figure 4-23 the absorbed removal parameter
increased by increasing the magnetic intensity. At low magnetic field intensity, the removed energy
increased slightly by 6% and by 172% at higher magnetic field intensity. In the presence of
magnetic field, the optical and thermo-physical properties of the ferrofluids altered. Accordingly,
the performance of the solar collector changes. At the operating temperature tested, the
performance of the parabolic trough is better in the presence of the magnetic field. The author
concludes that ferrofluids could be beneficial in direct absorption parabolic trough systems. The
heat transfer in direct absorption is coupled radiative and convective heat transfer. The
improvement in the performance could be more effective by changing the diameter of the
transparent glass receiver. Moreover, low emissivity glass tube could be used to decrease the heat

loss.
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Table 4-6: Summary of heat removal parameter and absorbed energy parameter for ferrofluids based solar

collector.
Heat transfer Magnetic Non-direct absorption Direct absorption
fluid type Intensity
(mT)
FrNoptic FrU, FrNoptic FrU,
Water 0 0.469 14.139 0.098 15.44
0 0.497 7.24 0.227 6.26
Fe;O4-water 3.14 0.52 6.872 0.438 13.039
ferrofluids 0.05% ¢ 28 0.692 9.59 050  12.871
10.47 0.687 7.3314 0.595 11.851
0 0.51 28.427 0.368 5.134
FesOu-water 3.14 0.56 30.612 0.413 5.484
ferrofluids 025% ¢ g 0.65 25491 0582 11271
10.47 0.66 24.03 0.694 13.99
0 0.743 54.197 0.543 6.94
Fe;O4-water 3.14 0.753 51.671 0.63 10.537
ferrofluids 0.75% ¢ 28 0.761 50.193 058 11.223
10.47 0.8139 38.573 0.6877 14.351
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Figure 4-18: Collector efficiency of direct absorption ferrofluids based collector with 0.05% in the presence of
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Figure 4-19: Heat removal factor and overall heat loss coefficient of a direct absorption ferrofluids based

solar collector with ferrofluids 0.05% in the presence of external magnetic.
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Figure 4-20: Collector efficiency of direct absorption ferrofluids based collector with 0.25% in the presence of

external magnetic field and different inlet fluids temperature.
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Figure 4-21: Heat removal factor and overall heat loss coefficient of a direct absorption ferrofluids based

solar collector with ferrofluids 0.25% in the presence of external magnetic.
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Figure 4-22: Collector efficiency of direct absorption ferrofluids based collector with 0.75% in the presence of
external magnetic field and different inlet fluids temperature.
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Figure 4-23: Heat removal factor and overall heat loss coefficient of a direct absorption ferrofluids based
solar collector with ferrofluids 0.75% in the presence of external magnetic.
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4.6 Conclusion

The ferrofluids parabolic trough collector with the selective surface has been experimentally

studied. The performance of the collector with the laminar flow has been carried out. The

performance of the collector includes the effect of volume fraction of nanoparticles, magnetic field

intensity, Reynolds number, and thermal loss of the collector. The volume fraction of nanoparticles

was 0.05%, 0.25%, and 0.75%. Three different magnetic field intensities were investigated, 3.14

mT, 6.28 mT, and 10.47 mT. Using ferrofluids to enhance the heat transfer performance the

performance of the ferrofluids solar collector was compared to the based fluid (water). Main

conclusions were drawn as following:

The parabolic trough solar collector in the experiment has similar performance of flat-
plate solar collectors. The low concentration ratio and the unglazed receiver are the main
reason for the high thermal loss compared to conventional parabolic trough collector. The
British standard considers unglazed receivers and concentration ratio lower than 10 as
non-concentrated solar collectors.

The performance of the collector improved when ferrofluids water used compared to
water. Ferrofluids with low concentration improved the performance of the solar
collector. The enhancement of heat transfer is due to the enhancement of thermos-physical
properties of ferrofluids resulted from the Brownian motion of particles in the fluid. The
ferrofluids showed much better performance at higher reduced temperature with lower
overall heat loss coefficient.

The formation of foam in ferrofluids is evident at higher concertation of nanoparticles due

to SDS. The foam in the solar collector receiver affected the performance of solar
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collector negatively. Adding defoamer to control the formation of foam improved the
performance of the solar collector, and no foam was visible in the tank.

Due to the non-Newtonian behaviour of the fluid increases, the volume fraction of
particles will suppress the enhancement. The increase of viscosity at low shear rate affect
the flow and the heat transfer. At low reduced temperature, the performances of the
collector were better when ferrofluid with higher concentration was used. However, the
efficiency of the collector declines at higher reduced temperature parameter. The pH of
ferrofluids influences the behaviour of the fluid. pH values higher than 5 showed
independence of viscosity on shear rate.

In the presence of magnetic field, the performance of the solar collector enhanced further.
By increasing the magnetic field intensity, the absorbed energy parameter increased, and
at higher magnetic field intensity, the rate of enhancement decreases due to the magnetic
saturation of ferrofluids.

In this study, the performance of non-direct absorption receiver was better than the direct
absorption receiver. However, the performance of the collector with a direct absorption
reviver and using ferrofluids in the presence of the external magnetic field in some cases
was higher than the performance of non-direct receiver with water as heat transfer
medium. Moreover, the direct absorption receiver did not consider the optimum optical
thickness of the receiver (i.e. bigger receiver diameter could give higher performances).
The ferrofluids based solar collector showed higher performances when the magnetic field
gradient was parallel to the direction of the flow. In the other hand, a negative effect on
the performance was vivid when the magnetic field gradient was opposite to the flow

direction.
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Chapter 5 Heat transfer Analysis of Non-Direct Absorption Collector

5.1 Introduction

Experimental study on the performance of small-scale ferrofluids parabolic trough collector has
been carried out in the last chapter. Known from the last chapter, employing magnetic nanofluids
in the presence of external magnetic field has a significant improvement in the performance of
parabolic trough collector. However, the small scale is much smaller than commercial parabolic
trough collector, and most collector has an envelope to decrease the thermal loss. Therefore, in
this chapter, heat transfer analysis model has been carried out to investigate the effect of utilizing
ferrofluids as a heat transfer fluid in commercial parabolic trough design. Moreover, the model
was carried out in the small-scale design, and the results were compared with the experimental
results from the previous chapter. One dimensional mathematical model for ferrofluids parabolic
trough collector was developed. The thermal analysis model evaluates the efficiency of a parabolic
trough solar collector’s linear absorber, also known as solar receiver, using ferrofluids as heat
transfer fluid (HTF). Thermodynamics equations, heat transfer, and all parameters used in the
model are discussed. Parameters include solar absorber geometries, nanofluids thermal and optical
properties, flow rate, wind speed, ambient temperature, inlet and outlet temperatures of nanofluids,
heat gain, heat losses, and optical losses. Modeling assumptions are also discussed. The model was
implemented in Excel where Excel’s solver was used to solve the energy balance and find the
unknown surface temperatures. The solar absorber design and parameters are investigated in the
two design versions. The collector design and experimental data obtained from Sandia National

Laboratory (SNL) was used to verify the model. As shown by the various researcher's one-

144



dimensional energy balance model is valid only for receivers shorter than 100 meters. Receivers

with longer than 100 meters, a two-dimensional model is necessary [1-4].

5.2 Solar receiver model

The solar absorber performance analysis is based on an energy balance between the solar collector
and the atmosphere. The energy balance consists of the direct thermal solar irradiation on the
collector, thermal losses, optical losses, and heat gain of the solar absorber. All balances and
correlations needed to predict their characteristics in the total energy balance are relying on the

collector type of solar collector, optical properties, solar collector quality, and ambient conditions.

Figure 5-1 illustrates the one-dimensional energy balance for a parabolic trough solar absorber,
with and without the glass envelope attached, and Figure 5-1 b shows the thermal resistance model
used in the heat transfer analysis. For simplicity, the incident solar energy and optical losses have
been excluded from the resistance model. Tracking errors, mirror and solar absorber cleanness,
imprecations in the reflector are causing optical losses. Since most of the solar radiation is absorbed
very close to the surface and the absorptance of glass is relatively small, the solar absorptance is
considered as heat flux terms. The solar energy reflected by the mirror is absorbed by the glass
envelope (g5 s.14ps) @nd absorber selective surface (gsso1ap5)- A part of energy absorbed by the
selective surface is conducted through the absorber (¢35 ¢onq) and transferred to the heat transfer
fluid by convection (g1,cony): remaining energy is transferred back to the glass envelope by
radiation (dz4,qq) and natural convection (434 c.n,) @and lost through the support brackets by
conduction (qprqcket,cona) @ Well. The energy from radiation and convection then penetrates

through the glass envelope by conduction (¢4s5 cong) and radiation (41, con,) and with the energy
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absorbed by the glass envelope (g s,145s) IS l0st to the environment by convection (gze cony) and

radiation (¢z; rqq)-

The energy balance equations determined at each surface of the solar absorber for both with and

without glass envelope are the following:

with the glass envelope

.7 Y

Q12,Conv - QZS,Cond

q;,SolAbs = qg4,Conv + qgll,rad + q;3,Cond + qzracket,Cond
s Y Y

CI34,Conv + q34,rad - q45,Cond

q:ts,Cond + qg,SolAbs = qg6,Conv + qg7,rad

C'II’-IeatLoss = qg6,Conv + qg7,rad + éII,)racket,Cond

without the glass envelope

./ Y

Q12,Conv - QZ3,C0nd

qg,SolAbs = ng,Conv + qg7,rad + q;3,Cond + qzracket,COnd

. Y ./ !
9HeatLoss — Q36,Conv + q37,rad + qbracket,Cond

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

5-1

5-3

5-4

5-5

S-7

5-8

In the case of no glass envelope, due to the loss of energy from the absorber surface directly to the

atmosphere rather on going through the glass envelope, equations Eq.5-3 and Eq. 5-4 withdrew,

and the absorber convective and radiation from the subscript 4 changes to 6 and 7 respectively.
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The model estimates all heat fluxes, temperatures, and thermodynamics properties are uniform

around the perimeter of the solar absorber. Temperatures properties are reliant on angular and

longitudinal solar absorber orientations.

a) One-dimensional energy balance

\
\"\.

halt )

P snan

~ absorber pi

selective coating.
heat transfer fluid

™~ glass envelope

With Glass Envelope Without Glass Envelope

b) Thermal resistance model

conduction

~N O~ (HCE support bracket)

|
| radiation radiation
|
1D AMAA Q) AMAR @ K8 @ AN ) @
convection  conduction . conduction .

convection convection

(1) heat transfer fluid (3) glass envelope outer surface

(2) absorber inner surface (6) surrounding air

(3) absorber outer surface (7) sky

(4) glass envelope mnner surface

Figure 5-1: a) one-dimensional steady-state energy balance and b) thermal resistance model for a cross-
section of a solar absorber.
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Based on Newton’s law of cooling, the convection heat transfer from the absorber inner surface

to the heat transfer fluids is

q12,cony = haDat (T — T1) Eqg. 5-9

With hy = Num% Eqg. 5-10
2

where h; is the convection heat transfer coefficient at T;, D, inner diameter of the absorber tube,
T, mean (bulk) temperature of the heat transfer fluid, T, inner surface temperature of absorber tube,
Nup, Nusselt number based on D,, and k,thermal conductivity of the heat transfer fluid at T,. The
type of flow through solar absorber determines Nusselt number. Turbulent flow in the solar
absorber is normally used at typical operating conditions. However, when less energy output is
required, the flow in the solar absorber may become transitional or laminar due to the viscosities
of heat transfer fluid at lower temperatures. Moreover, the flow in the experimental test was

laminar.

For the convective heat from the absorber to the heat transfer fluid, the Nusselt number for both
turbulent and laminar regimes were considered. The Nusselt number correlation of Gnielinski for
turbulent and transitional cases (Reynolds number > 2300) is used [143]. Furthermore, a correction

factor is added to improve the accuracy of Nusselt number [144].

_ D:\%6\ f£,/8(Rep,—1000)Pr; (Pry\211
Nup, = <1 —0.14 (D_z) )1+12.7 fz/s(Prf/3—1) (P_Tz) Eq. 5-11
Wlth f2 = (1.82 loglo(ReDz) - 1.64)_2 Eq. 5'12
pr =24 Eq. 5-13

148



where f, is the friction factor for the inner surface of the absorber tube, Pr; is Prandtl number
evaluated at the heat transfer fluid temperature T,, Pr, is Prandtl number at the absorber inner
surface temperature T,, and D, is the absorber inner diameter, and D5 is the absorber outer
diameter. The correlation is valid for 0.5 < Pry< 2000 and 2300 <Rej,,<5x10°. Other than Pr,, all
fluid properties are determined at the mean heat transfer fluid temperature, T;. Nusselt number
remains constant at laminar flow regimes. The value for Nusselt number will be 4.36 for pipe flow

[145].

The conduction heat transfer through absorber wall is described by Fourier’s law of conduction

through a hollow cylinder:
423,cona = 27ko3(T, — T3)/In(D3/Dy) Eqg. 5-14

where k5 is the absorber thermal conductivity at the average temperature (T, + T3)/2, T, is the
absorber inner surface temperature, T; is the absorber outer surface temperature. The conduction
coefficient relays on the absorber material. In this model, a stainless steels H321H is chosen for

AZTRAK design with the following equation:

For the test rig receiver, a constant thermal conductivity of 400 W/mK was chosen due to the small

range of operating temperatures. Conductive resistance by the selective coating has been ignored.

Between the glass envelope and the solar absorber, radiation and convection heat transfer take
place. The annulus medium and pressure plays a huge role in convection heat transfer mechanism.
In the commercial parabolic trough, the solar absorber annulus is under vacuum with pressure
below 1 Torr. Therefore, the heats transfer between the glass envelope and solar absorber develop

by free-molecular convection.
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434,conv = WD3h34(T3 — T,) Eq. 5-16

- _ kstd -
WIth By = o D7Dy +bE DD ) =0 >4
_ (2-a)(9y-5) -

p = G00r Eq. 5-18
£ = 23EC20)(Th4+27315) Eq. 5-19

ad?)

where hs, is the convection heat transfer coefficient for the air in the annulus at a temperature Ts,,
T, is the temperature of inner surface of glass envelope, D, is the diameter of inner glass envelope
surface, kg4 IS the thermal conductivity of the air at standard temperature and pressure (0.02551
W/m-K), b is the interact coefficient of air (1.571), ¢ is the mean free path between collisions of
molecule, a is the accommodation coefficient, y is the ration of specific heats for air (1.39), Ty, is
the average temperature (T5 + T,)/2, p, is the air pressure, and & is the molecular diameter of air

(3.53e-8 cm).

The radiation heat transfer between the glass envelope and the solar absorber ¢, .4 is determined

with the following equation:

.y _ onD3(T5-T;)
Q347ad = (176, +(1-2)D3/(£aD2)

Eq. 5-20

where ¢ is the Stefan-Boltzmann constant, &5 is the emissivity of absorber selective coating, and
&4 IS the emissivity of glass envelope. The equation was developed by taking few assumptions: gas
the gas in annulus inactive, grey surface, diffuse reflections and irradiation, and long isothermal
cylinder. Moreover, it assumed that the glass envelope is opaque to infrared radiation. Some of the
above-mentioned assumptions are not precise. However, the errors related with those assumptions

should be relatively small.
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The heat will escape from the glass envelope to the environment through radiation and convection.
Relying on the wind, the heat convection is either natural or forced. The difference between the
temperature of the glass envelope and the temperature of the atmosphere causing radiation heat
loss to occur. The convection heat transfer from the glass to envelope to the environment gz cony

is the biggest source of heat loss, especially if there is a wind. From Newton’s law of cooling
qs6,conv = NsemDs(Ts — Te) Eqg. 5-21
hse = 22 Nups Eq. 5-22

5

where hg, is the heat transfer coefficient of air at (Ts — Ty)/2, Ts glass envelope outer surface
temperature, Ty is the ambient temperature, ks is the thermal conductivity of air at, Ds is the outer
diameter of glass the envelope, Nups average Nusselt number based on the outer diameter of glass
envelope. The Nusselt number relays on if there is no wind (natural convection heat transfer) or
with wind (forced convective heat transfer.) In case of no wind, the heat transfer from glass
envelope to the atmosphere will be natural convection and the equation established by Churchill

and Chu [146] will be used to determine Nusselt number:

2

[ ( 11
Nups = |0.6 + 0387 Rdse — I Eq. 5-23
l 1+(0.559/Pr56)E] ’ J
_ 9B (T5—Te)
Rase = 2200 Eq. 5-24
g == Eq. 5-25
Tse
Prgg = 256 Eq. 5-26
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where Rasg is the Rayleigh number of air based on the outer diameter of glass envelope D, g is
the gravitational constant, as, is the thermal diffusivity, g is the volumetric thermal expansion
coefficient, Prg is the Prandtl number for air at Ts¢,and vsq is the kinematic viscosity for air at
Ts¢. The correlation is valid for 10° < Rass< 10'?, and assumes a long isothermal horizontal

cylinder.

In the case of wind, forced convection is the type of convection heat transfer from the glass
envelope to the atmosphere. The Nusselt number, for forced convection, is determined with

Zhukauskus equation for external forced convection.

1/4

Nups = CRelLPrl (I’j—s) Eq. 5-27
with

Reo C M

1-40 0.75 0.4

40-1000 0.51 0.5

1000-200000 0.26 0.6

20000-1000000 0.076 0.7

and n=0.37, for Pr<=10

n= 0.36, for Pr>10
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The validation for this correlation is at 0.7<Pr,<500, and 1<Re<106. All properties of the fluid
are calculated at the ambient temperature, T, only Prs, which is calculated at the outer diameter

of glass envelope.

The temperature difference between the sky and the envelope causes the radiation transfer between
them. To estimate the radiation transfer, the envelope is assumed to be a convex grey object in a

large Blackbody Cavity. The radiation transfer between the sky and glass envelope becomes
Q57,raa = 0Dsmes(Ts — T7) Eq. 5-28

where &5 is the emissivity of the outer surface of glass envelope, and T, is the effective sky
temperature. The sky, especially in cloudy and dusty conditions, does not behave like a blackbody;
nevertheless, it is accepted practice to model it as described and to use an effective balance for the
difference [11]. The model is simplified by assuming an effective sky temperature lower than the
ambient temperature by 8°C. The glass envelope emissivity and absorptance are independent of

temperature and therefore constants.

Accurate modelling of solar absorption and optical losses is very difficult due to the inconsistent
of solar angle, direct normal irradiation, and optical properties of the reflected mirrors and
absorber. Therefore, the optical efficiency elements are determined and integrated to form
effective optical efficiency. The optical efficiency is estimated to calculate the solar absorption.

The equation for the solar absorption n the glass envelope becomes
qg,SolAbs = qgirlopticaenv Eq. 5-29

With opeic = Y& K Eq. 5-30
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where g; is the solar radiation per absorber length, 1, is the effective optical efficiency at glass
envelope, a.,, is the glass envelope absorptance, ¢; is the optical efficiency elements, and K is
the incident angel modifier. The optical effective includes the absorber shadowing, tracking error,
geometry error, clean mirror reflectance, dirt on mirrors, and dirt on the absorber. The incident
angle losses are estimated by adding incident angle modifier to the equation. The effective optical
efficiency is estimated from the data published in a report by NREL [147]. The solar irradiation
ds; in Eq. 5-29 is estimated by multiplying the solar irradiation by the aperture area and dividing

by the absorber length.

The solar energy absorbed by the solar absorber happens near the surface; hence, it is considered

as a heat flux. The solar absorption at the surface of the absorber is
q3,5014bs = dsillabsXabs Eq. 5-31
With Naps = Nenv Tenw Eq. 5-32

where 74, 1S the effective optical efficiency at absorber, a ;¢ is the absorptance of absorber, 7.,

is the transmittance of the glass envelope. The solar collector efficiency is calculated as follow:

q, onv
Ncolector = —Lacone Eq. 5-33

7
dsi

5.3 Assumption and simplifications

The modelling of the parabolic trough performance model has various assumptions and
simplifications which are listed in Table 5-1. The heat transfer analysis assumes a uniform solar
irradiance over the circumference along the length of the solar absorber. In reality, the solar
irradiance relies on optical distortions in the mirror, tracking errors, alignment errors, and collector
geometry. The typical solar irradiance profile around the circumference is like asymmetric
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distribution with the minimum at the side opposite to the mirror and the maximum point closest to
the reflector. The real solar irradiance profile needs more study to fully understand the losses and
the effectiveness of heat removal due to the distribution of ferrofluids in the solar absorber.
Moreover, the non-uniform solar irradiance affects the flow and the temperature profile around the
perimeter. Therefore, to accurately predict the convective heat transfer rate a computational fluid
dynamics model would need to be used. Especially to determine the effect of the distribution of
nanoparticles in the absorber tube and the possibility of bringing those particles closer to the
maximum heated surface area.

Diffuse heat radiation from the mirror, ground, and surrounding in neglected. Those radiations can
lead to error between 5%-1% of the radiation heat transfer [148]. However, due to the over
prediction of radiation heat transfer, the simplification is balanced. Furthermore, the radiation loss
is rather small compared to the loss of convective heat.

Notwithstanding, the heat gain per absorber length reduces the heat transfer when temperature
increase, the temperatures along the length of the absorber is considered uniform. The mean
temperatures are usually used in many correlations in the model. The uniform temperature may
under predict the heat losses and over-predict the heat gain. However, to treat all heat fluxes as
one-dimensional and significantly simplify the model, uniform temperature profiles are assumed.
In reality, the wind is non-uniform and very turbulent in both directions along the parabolic trough.
However, the wind is assumed to acts normal to the axis. Another simplification was to assume
uniform optical properties. Tests have exhibited that some variation in optical properties over a
single absorber may occur. Furthermore, the absorptance elements and glass envelope emittance

and transmittance are assumed to be independent of temperature.
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Several assumptions on the ferrofluids thermo-physical properties have been implemented. The
thermophysical properties assumed to be constant along the length of the absorber. In practice, the
magnetic nanoparticles return to their position in the absence of the external magnetic field.
Therefore, the effect of the distance between the magnetic sources is not considered. Moreover,
the previous chapter showed that the concentration of nanoparticle could affect the behaviour of
the flow. However, the ferrofluids are assumed to be Newtown fluids. The changes of the
thermophysical properties are taken from experimental data. Unfortunately, the reported thermo-
physical properties of ferrofluids in the presence of magnetic field differ significantly between
researchers. Further studies are required to determine the correct values of thermophysical
properties with various magnetic field intensity. Furthermore, the magnetic field intensity is
assumed to be independent of temperatures. Operating in high temperature causes the
nanoparticles to lose their permanent magnetic properties also known as Curie temperature. The
magnetization of nanoparticles decreases with increasing the temperatures where the thermal
energy overcome the magnetic forces and create the randomizing effect. For FesOs the
magnetization starts to decrease at temperatures higher than 245°C, decreasing the magnetization
will make the chain particles shorter and will affect the thermos-physical properties of ferrofluids,

and they will lose their magnetic properties completely at Curie temperature is 585°C [149].
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Table 5-1: Assumptions and simplifications of the current model.

Model element

Assumptions and simplifications

Convective heat transfer between heat transfer
fluids and absorber

Uniform flow.
Fluids bulk temperature.

Thermo-physical properties

Constant  Thermo-physical properties
along the length of the absorber.

All the fluids considered as Newtonian
The change of thermophysical properties
in the presence of magnetic field is
independent of the base fluid.

The magnetic properties are independent
of temperatures.

Conduction heat transfers through the absorber
wall and glass envelope

Uniform conductions in both directions
Linear in the radial direction.

Thermal resistance from the selective
surface was neglected.

Glass envelope anti-reflection treatment
was neglected.

Constant thermal conductivity.

Convection heat transfer between the absorber
and glass envelope

The heat transfer may be slightly
overestimated.

Constant convection heat coefficient.
Long cylinders at uniform temperatures.

Radiation heat transfer between the absorber
and glass envelope

Gas is not affecting the heat transfer.
Both surfaces are grey.

Surfaces are long isothermal cylinders.
Glass envelope is opaque to radiation in
the infrared range.

Convection heat transfer between glass
envelope and atmosphere

Wind direction has no effect
Long isothermal tube

Radiation heat transfer between the glass
envelope and sky

The mirror has a 5% effect on radiation
escaping glass envelope outer surface.
Sky temperature is 8°C lower than
ambient temperature.

Optical properties

Uniform properties.

No degradation with time.

Anti-reflection treatment has no effect on
glass envelope emittance.

Incident angle modifier is constant.
Optical properties are independent of
temperature except for the selective
coating emissivity.

Solar absorption

Can be treated as heat fluxes.

Solar irradiance

Uniform in both directions.
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5.4 Thermo-physical properties of ferrofluids

The thermophysical properties of the base fluids (synthetic oil), water and the nanoparticles
(Fe304) including density, viscosity, thermal conductivity and specific heat are highly reliant on
the operational temperature. The correlations for synthetic oil are valid for temperature ranges of
0°C and 450°C, and for water the correlations are valid for temperature ranges of 0°C and 100°C.
Using the following correlation the effective density of ferrofluids is determined[150].

Perr = (L+ @)pus + PPFes0, Eq. 5-33
where p. is the effective density of ferrofluids, ¢ is the volume fraction, p,f is the density of
the base fluid, and pg.,o, is the nanoparticle density (pg.,0, = 5810 kg/m3). The variation of

density of the base fluids was extracted from Ref. [151]:

For Thermal oil

Pofoi = —0.9985 T + 1236 Eq. 5-34
for water
Pofwater = —0.0035 T2 + 1.8142 T + 765.33 Eq. 5-35

where T is the temperature of the fluid. The correlation of the effective viscosity with the influence

of temperature is estimated [40].

6.356
_ @
Hefr = Hpy (1 + E) Eq. 5-36

where p, ¢ is the effective viscosity of ferrofluids, and p, is the base fluid viscosities, which are

dependent on the temperature.
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Upfoi = 6.67 X 1077T* — 1.56 x 107373

+1.38 T? — 5.541 x 10T + 8.848 x 10* Eqg. 5-37
Hbfwater = —2.244 X 107°T% + 5.062 x 1077T?

—4.264 X 107°T + 1.684 x 1073 Eq. 5-38
The effective thermal conductivity of ferrofluids k., is determined as follow
kepr = kpp(1+ 10.5¢)%1051 Eq. 5-39
where k¢ is the base fluid thermal conductivity.
Kpfoii = —5.753496 x 1071972 — 1.875266 x 107*T + 0.1900210 Eq. 5-40
Kpfwater = —8.151 x 107°T2 — 1.946 x 107T + 0.5636 Eq. 5-41

The effective specific heat capacity Cp. s is calculated by Eqg. 5-42 which is similar to mixing
theory for ideal gas mixtures. While it is simple, commonly used and experimentally validated,

Eq. 5-42 has little theoretical justification in the context of nanofluids [152].
Cpesr = (1 + @)Cpys + ¢CPrey0, Eq. 5-42

where Cpyis the base fluid heat capacity, and Cpg,, o, is the heat capacity of nanoparticles and

determined from experiment data [153].

CPyfoi = 0.001708 T + 2.207798 Eq. 5-43
CPoswater = 1.857 X 107°T* — 4.519 x 1077T3

+4.991 X 1075 T2 — 2.286 X 1073T + 4.214 Eq. 5-44
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CPre,0, = —6 X 107°T% + 0.0048 T — 0.2804 Eq. 5-45

As previously discussed in Chapter 2, the change of ferrofluids thermo-physical properties in the
presence of external magnetic field was investigated by many researchers [154]. Experimental data
was used in this model [56, 123]. The mechanisms proposed to explain the change in the thermos-
physical properties is the formation of chain-like magnetite particles in the ferrofluids induced by
an external magnetic field. As shown in Figure 5-2, the thermal conductivity increases with
increasing volume fraction and magnetic intensity. When the magnetic field increase, the chain
length increase, creating more bridge of thermal energy conduction along the magnetic field

direction.
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Figure 5-2: Thermal conductivity of ferrofluids with respect to magnetic field parallel to the temperature
gradient [123].
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As the magnetic field intensity increases, the interaction among particles increases, leading to
increasing the viscosity also called the magneto-viscous effect. As shown in Figure 5-3 the lower
viscosity values observed during the decay of magnetic field strength compared to rising are
attributed to the fact that the structure formed during the rise magnetic field takes longer time than

the measurement time for relaxation.
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Figure 5-3: The viscosity of ferrofluids as a function of applied magnetic field strength [56].

The heat capacity is assumed to be the same in the presence of magnetic field. Many researchers
consider the change of ferrofluids heat capacity in the presence of magnetic field to be slight, and
it is not taken into account in calculations. From the correlations from Eq. 5-33 to Eq. 5-46 and
Figure 5-2 and Figure 5-3 the properties of 0.05% water and oil-based ferrofluids in the presence

of external magnetic field and shown in Figure 5-4 and Figure 5-5.
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Figure 5-4: Thermophysical properties of synthetic oil based ferrofluids with three different volume fractions.
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Figure 5-5: Thermophysical properties of water-based ferrofluids with three different volume fractions.
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5.5 Geometries and specification of solar collector

Two different geometries and specification were used. First, the solar collector assembly (LS-2)

module placed at the AZTRAK rotating platform at SNL. The second is the solar collector used in

this study. Table 5-1 illustrate the specification and geometry of each solar collector.

Table 5-1: Geometries of AZTRAK platform and current solar collector.

AZTRAK platform Current study
Aperture Width (mm) 5000 250
Aperture length (mm) 7800 450
Glass envelope outer diameter (mm) 115 -
Glass envelope inner diameter (mm) 109 -
Absorber Outer diameter (mm) 70 15
Absorber inner diameter (mm) 66 14
Glass envelope transmittance 0.965 -
Glass envelope emissivity 0.86 -
Glass envelope absorption 0.02 -
Optical terms 0.9 0.9
Absorber absorption 0.955 0.9
Absorber emissivity - 0.3
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5.6 Results and discussion

In this section, the results of the heat transfer analysis are presented. The two different geometries

of the absorber were investigated. Moreover, the effect of the glass envelope was studied.

5.6.1 AZTRAK platform

To validate the heat transfer model, it was compared with experimental data obtained from Sandia
National Laboratory (SNL) [126]. The experimental results used were taken from a solar collector
assembly (LS-2) module placed at the AZTRAK rotating platform at SNL. The one-dimensional
model could evaluate the AZTRAK test data since the length of the platform is only about 10 m;
therefore, the properties of the heat transfer fluids have a slight variation along the length of the
receiver. Due to limitations in the experimental setup, a 5 cm flow restriction device (solid plug)
was centred in the inside diameter of the absorber tube. Two different selective coating were used
in the test: black chrome and cermet. Cermet has better radiative properties (low emissivity) at
high temperatures than black chrome and does not oxidize if the vacuum is lost [5]. The test was
performed in various conditions. A silicone heat transfer fluid (Syltherm 800) was used in the
experimental setup. The input data for the model includes the direct normal insolation, wind speed,
ambient temperature, and the heat transfer fluids inlet temperature, outlet temperature, and volume
flow rate. The output data include absorber and glass surface temperatures, solar absorber heat loss
per collector area, heat gain, and collector efficiency. The input data for the model are set up to
replicate the experimental data presented by AZTRAK testing. The collector efficiency of
AZTRAK and the current model is illustrated in Figure 5-6. The model for Syltherm follows the

trends of the experimental values, and all the results are within the experimental error bars.
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Figure 5-6: AZTRAK Parabolic trough collector efficiency from the experimental data and the current

model.

5.6.1.1 Performance of ferrofluids solar collector with glass envelope

The model was used to determine the performance of the solar collector with Syltherm 800 based
ferrofluids as a heat transfer medium. Five different volume fractions are considered 0.05%,
0.25%, 0.75%, 2.5% and 5% to observe the effect of the volume fractions on the performance of
the solar collector. The results obtained for the collector efficiency and thermal losses are shown
in Figure 5-7 and Figure 5-8. The efficiency of the collector improved with increasing the
concentration of the nanoparticles in the fluid and reach the maximum improvement with 2%
ferrofluids. Thereafter, with 5% ferrofluids, the performance of the solar collector was lower than

the performance of the base fluid. With very low volume concentration 0.05% volume
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concentration, the performance is improved fractionally, where the highest improvement was
around 0.1%. Ferrofluids with 2.5% volume fraction should be better performance. At low reduced
temperature, the difference between the efficiency of solar collector is small around 1.8%. At high
average temperature, the difference increases to reach 3.7% at a reduced temperature of 325°C.
This is due to the enhancement of the convection heat transfer of ferrofluid compared to the base
fluid. The improved thermal conductivity of ferrofluids is the most important factor for improving
the heat transfer in parabolic trough collectors. Ferrofluids reduces the thermal resistance at
interfaces and minimizes the temperature difference between the absorber surface and the heat
transfer fluid. Figure 5-9 illustrate the convective heat transfer coefficient of ferrofluids at different
volume concentration. The ferrofluids at high average temperature are more efficient compared to
base fluid. At 325°C, the heat transfer coefficient of ferrofluids with 2.5% volume fraction is 531
W/m?2K, where at the same temperature the base fluid heat transfer coefficient is only 394 W/m?K.
The heat transfer coefficient curve has a peak, where the heat transfer coefficient decreases with
increasing temperature. This is because a large fraction of the absorber surface is covered by a
vapour film, which acts as an insulation due to the low thermal conductivity of the vapour. Figure
5-7 represent the thermal loss of ferrofluids based solar collector with the absence of magnetic
field. The thermal losses increase with increasing the average temperature above ambient. Adding
ferromagnetic particle to the base fluid decreased the thermal loss, ferrofluid with 2.5% decreased

the thermal loss by 24% compared to the base fluid at an average temperature of 325°C.
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Figure 5-9: Convective heat transfer coefficient of different volume fraction vs. average temperature of
ferrofluids above ambient.

5.6.1.2 Effect of external magnetic field

Figure 5-10 shows the efficiency of ferrofluids parabolic trough collector with 0.05% volume
fraction ferrofluids in the presence of an external magnetic field. It is assumed that the
enhancement in the properties is independent of temperature, and no effect on heat capacity in the
presence of magnetic field. The enhancement of the performance of the collector is evident at low
magnetic field intensity. The efficiency of the collector at a low reduced temperature increased
0.8% and at a higher reduced temperature 3.8%. Increasing the magnetic field intensity further will
improve the performance of the collector and reach the peak at 6.28 mT and declines afterwards.
The efficiency of the collector was minimum 2.5% and maximum 8.6% higher than the base fluid

in the presence of 6.28 mT magnetic field intensity. The efficiency of the collector dropped
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afterwards due to the higher increase of viscosity of the ferrofluids compared to the thermal

conductivity. The thermal conductivity almost reached the magnetization saturation, and a further

increase in the magnetic field intensity will cause only increase in the viscosity and deteriorate the

heat transfer. Figure 5-11 presents the thermal loss of the solar collector in the presence of an

external magnetic field. Synthetic oil based ferrofluids with nanoparticles volume fraction of

0.05% and with a magnetic field intensity of 6.28 mT has the lowest thermal loss. Figure 5-12

illustrates the convective heat transfer coefficient of the collector in the presence of magnetic field.
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Figure 5-10: The efficiency of AZTRAK platform collector with 0.05% in the presence of magnetic field.
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5.6.1.3 Effect of glass envelope

Figure 5-13 illustrates the results of the heat transfer analysis of AZTRAK platform solar collector
without glass envelope and with ferrofluids as heat transfer medium. The performance of the
collector dropped significantly without glass envelope present. The efficiency was 20% lower than
absorber with glass envelope at a reduced temperature of 100°C. The efficiency was much worst
at higher operating temperatures where the efficiency of the solar collector with and without glass
cover at a reduced temperature of 300°C was 62.9%, 30.7%, respectively. The results show how

useful to use a glass envelope with vacuum in the annulus to reduce the thermal loss.
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Figure 5-13: The efficiency of AZTRAK platform collector with and without glass envelope.
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5.6.1.3 Effect of heat transfer fluid

The water showed high efficiencies when used as a heat transfer medium as parabolic trough
Figure 5-14. The maximum efficiency was obtained was 78%, and the lowest was 74%. However,
using water is limited due to the low boiling point of water and the high cost compared to flat plate

collector.
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Figure 5-14: The efficiency of AZTRAK platform collector with water as heat transfer fluid.

5.6.2 Current study design (test riq)

The model was used to determine the performance of the test rig solar collector used in the present
study (experiment design). The solar collector was first assumed to be a parabolic trough collector;
then it was assumed to be a flat plate collector where the diameter of the solar absorber is replaced
by the width of the collector. in both cases, no glass envelope was attached. The solar irradiance
and the flow rate was equal to the ones used in the experiment in Chapter 4.

173



5.6.2.1 Performance of solar collector as concentrating collector

The performance of the collector of the experiment design with various concentration of
nanoparticles is presented in Figure 5-15. Ferrofluids showed minimal improvement in the
performance than the base fluid. With higher concentration, the performance enhanced further.
The solar collector with 0.75% ferrofluids was greater than water by 0.28%. The difference of
thermal loss of the ferrofluids based solar collector between various nanoparticles concentration is
burly noticeable as shown in Figure 5-16. The maximum heat loss was 53.9 W with the volume

fraction of 0.75%.
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Figure 5-15: The efficiency of test rig ferrofluids based solar collector considered as concentrating collector
with various nanoparticles volume concentration.
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Figure 5-16: The thermal loss of test rig ferrofluids based solar collector considered as concentrating collector
with different nanoparticles volume concentration.

5.6.2.2 Performance of solar collector as non-concentrating collector

The performance of the collector of the experiment design with various concentration of
nanoparticles is presented in Figure 5-17. The performance of the collector was lower due to the
assumption that heat loss occurs at the entire area of the collector and not only at the receiver cross
area. Ferrofluids showed minimal improvement in the performance than the base fluid. With higher
concentration, the performance enhanced further. The solar collector with 0.75% ferrofluids was

greater than water by 0.28%.
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Figure 5-17: The efficiency of test rig ferrofluids based solar collector considered as non-concentrating
collector with various nanoparticles volume concentration.

5.6.2.3 Performance of solar collector in the presence of magnetic field

The performance of the collector of the experiment design with different concentration of
nanoparticles is presented in the presence of external magnetic field Figure 5-18. Ferrofluids
showed better improvement than the base fluid in the performance of the collector in the presence
of external magnetic field at 6.24 mT and higher. The efficiency enhanced maximum by 40% with
0.05% volume fraction and 10.47 mT. Figure 5-19 presents the thermal loss of the test rig
ferrofluids based solar collector in the presence of magnetic field. The higher the magnetic field
intensity, the lower the heat loss is. Compared to the experimental results the performance of the
solar collector apparently acts as a flat plate collector due to the low concentration ratio, and no
glass envelope was installed. The model is close to the experimental results at the small reduced

temperature parameter, and at high reduced temperature, the experimental results are greater than
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the model. At higher reduced temperature, the solar collector cannot be considered as a non-
concentrating collector. From the results, it's clear that the enhancement of the thermophysical
properties can affect the performance of the collector significantly in the presence of magnetic

field.

75 -

65 - %

45 L g

35 4 ¢ Water Model »
B Water based ferrofluids 0.05% »
Water based ferrofluids 0.05%, 3.14 mT | |
X Water based ferrofluids 0.05%. 6.28 mT
* Water based ferrofluids 0.05%. 10.47 mT

Collector Efficiency %

25 -

15

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

(To-T)/15 (K m?/W)

Figure 5-18: The efficiency of test rig ferrofluids based solar collector considered as non-concentrating
collector with various nanoparticles volume concentration.
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Figure 5-19: the thermal loss of test rig ferrofluids based solar collector regarded as not concentrating
collector with different nanoparticles volume concentration.

5.7 Conclusion

The performance of ferrofluids based parabolic trough collector was theoretically investigated.
The correlation, equations, and parameters used in the model were discussed in detail. The model
was used to study two different parabolic trough designs. First, the parabolic trough was validated
with the experimental results of AZTRAK platform. The results of the model showed a good
agreement with the experimental data. Thereafter, nanoparticles were added to the heat transfer
fluid, and the performance of the collector with and without the presence of external magnetic field
was determined. The performance of the collector did not change a lot unless the external magnetic
field was present. Moreover, the effect of the glass envelope on the performance was observed. A
glass cover with vacuum in the annulus has higher performance and less thermal loss. Second, the

model was used to study the performance of the test rig ferrofluids based parabolic trough. The
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performance of the parabolic trough was considered as concentrating collector and non-
concentrating collector, due to the low concentration ratio and the absence of glass envelope. The
performance of the collector as a non-concentrating solar collector is similar to the experimental
results. The effect of ferrofluids in the absence and in the presence of magnetic with various
nanoparticles concentration is determined. With the lack of an external magnetic field, the
efficiency changed slightly, wherein the presence of the external magnetic field the performances
of the collector enhanced and showed higher performances. In General, the presence of the
magnetic field showed promising enhancement. However, computation fluids dynamics is needed
to determine the change of thermophysical properties of ferrofluids across the length of the

collector.
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Chapter 6. Environmental and Economic Analysis

6.1 Introduction

As discussed in chapter 1 the electricity tariffs are increasing rapidly in Saudi Arabia, and it is
expected to increase further in the next years. Therefore, using solar collectors is one of the
methods that could be used to lower energy consumption. The improved efficiency of ferrofluids
based solar collector compared to conventional solar collector makes it necessary to compare their
economic and environmental impacts. Life cycle assessment has been used to determine the
economic and environmental impacts of heating water utilising water solar thermal collector [155].
In this chapter, the environmental and economic analysis is carried out on the low concentration
ratio ferrofluids parabolic trough collector presented in the previous chapters and compared to the
conventional flat-plate collector. Both collectors are used as solar hot water collectors. Due to the
simplicity of the parabolic trough design, the low concentration ratio of the parabolic mirror and
the unglazed absorber, the parabolic trough collector applicable as solar hot water technology and
its performance is equivalent to flat-plate collectors. The performances of direct and non-direct

absorbers of the ferrofluids parabolic trough were investigated.

6.2 Analysis

The life cycle assessment is an adequate method to evaluate different components of a systems
effects on the environment from its original resource distribution to its demolition/recycle after the
system lifetime. The LCA used in the study is limited to focus on the main parts of manufacturing,
and operation of the solar collector and their embodied energy. 70% of the embodied energy of

the solar collector is caused by the manufacturing of the collector frame. Therefore, the
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distribution, maintenance, and disposal stages of the solar collectors have not been considered
whereas the manufacturing was the focus of the embodied energy. The analysis was carried on
with the solar collector area as the functional unit which is determined based on the thermal
performance of the collector. The thermal performance of the collector was evaluated for Tabuk,
Saudi Arabia region. The typical household in Tabuk is a 4-person family dwelling that utilises
300 L of hot water daily from electric water heaters. The averaged hot temperature delivered is

60°C.

6.2.1 Thermal analysis

The collector efficiency could determine the useful energy obtained from the solar collector.

Qu = nlpAc Eq. 6-1

The collector efficiency is based on the experimental data that is a function of solar irradiance and
the ambient temperature. For a common flat-plate collector, which utilize moderate selective

surface absorber, the efficiency of the collector given below is utilised [99].
Nftat—piate = 0.51 — 4452 (T, — T,)/1p Eq. 6-2

Based on the experimental work shown in the previous chapters, the efficiencies of magnetic

nanofluids parabolic trough collector for various magnetic intensity are the following:

Nwater = 0.47 — 14.289 (T,,, — T,)/1p Eqg. 6-3
M0.05%,0 mr = 0.497 — 7.243 (T, — To)/Ip Eq. 6-4
10.05%3.14mr = 0.516 — 6.87 (Tr, — T,)/Ip Eq. 6-5
10.05%,628 mr = 0.69 — 9.59 (T, — T,)/Ip Eq. 6-6
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10.05%,1047 mr = 0.687 — 7.314 (T, — Tg)/Ip Eq. 6-7
For direct absorption absorber, the chosen efficiency was the following:
NM0.25%1047 mr = 0.69 — 13.99 (T, — To)/Ip Eq. 6-8

The efficiencies above were chosen based on their performances and their ferrofluids volume

concentration. The lower the volume concentration, the lower the cost and the embodied energy.

The permeances of the collectors were used to determine the auxiliary energy needed that is
provided by the conventional electric water heater:
Qaux = QLoad - Qu Eq. 6-9

where Q.44 IS the energy required by the daily hot water load, theses parameters were all
evaluated at ambient weather data and water temperature of Tabuk given in Table 6-1. From the
auxiliary energy, percentage of saved energy due to the use of the solar collectors can be

determined, this is known as solar fraction, from Eq. 6-9.
f — M Eq 6-10

QLoad

The economic and the environmental analysis is based on the results of the thermal analysis.
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Table 6-1: Environment weather data for Tabuk city [156].

Month Solar Irradiance Ambient temperature | Water temperature
(KWh/m?/day) (°C) (°C)
January 5.7 13 8.2
February 7 15.7 7.9
March 5.3 17.2 9.2
April 6.5 23.7 12.8
May 8 27.3 16.8
June 8 34 20
July 9 35.6 21.5
August 8.7 33.8 22.8
September 8.5 30.4 22.1
October 8.2 24.8 19.4
November 53 18 15.7
December 5.2 11.7 11

6.2.2 Economic analysis

To meet the hot water demand energy, additional energy needs to be provided by an electric hot

water system. In this analysis, no financing for the solar collector is considered, and all capital

costs are paid in the first year. The capital costs for solar collectors have generally defined as the

integration of the area independent costs and the area based costs.
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Cs = CoA + Cf Eq. 6-11

where Cy is the area independent costs, and C, is the area dependent costs. The design and the cost
of the parabolic trough in the economic analysis was chosen to be based on NREL Sky Trough
shown in Figure 6-1. The area independent cost for both collectors is considered to be £150 [155].
The area dependent costs for flat-plate solar collector and parabolic trough collector are estimated
to be $140/m2, $132/m2 respectively [157, 158]. For the ferrofluids parabolic trough collector has
additional area based cost which is the cost of magnetic nanoparticles, currently £1.88/g [159].
The maintenance cost C,, is 1% of the capital cost with a raise yearly by 1% for 15 years system
life time. The ferrofluids parabolic trough collector is assumed to have the same lifetime as the
common parabolic trough collector because it uses the same material as common collector.
However, extra cost and embodied energy for using ferrofluids mixture is considered. The total

cost is then:
C:=Cs+C,, Eg. 6.12

To estimate the saved cost due to the operation of the solar collectors, the energy flow per day is

used in combination with the local electricity tariffs based on pound per kWh [160].

184



Figure 6-1: Main components of SkyTrough and picture of actual collector [161].
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Figure 6-2: Installed cost of each component of SkyTrough [161].
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6.2.3 Environmental analysis

The main reason for applying a solar collector to heat water is the reduction in emissions produced
from burning fossil fuels to create energy to heat the water. The energy flows on daily and monthly
base given by the results of the thermal analysis of the collector, the emissions offset can be
estimated based on the energy offset (QLoad — Qaux) and the emissions profile for electricity

generation for Tabuk.

Px,offset = Zﬂy:lAj,xBj,x(Q.Load - Qaux) Eg. 6-14

where A is the quantity of pollutant in kg per MJ of energy produced, B is the percentage of energy
produced from a specific fuel type, and x is the pollutant type. The electricity distribution from

different fuel types and the pollutants produced for the city of Tabuk is shown in Table 6-2.

Table 6-2: Electricity production by fuel type and elementary emissions mix for Tabuk.

Fuel % of electricity Carbon dioxide CO2 | Nitrogen oxides, NOx
generated (kg/MJ) (kg/MJ)
Petroleum 65 0.220 0
Natural gas 35 0.113 0.00003

Additionally, a comprehensive environmental analysis should also contain the effect on different
environment receptors from other phases such as allocation, maintenance, and post-consumer use.
A recent study showed that most embodied energy for solar collector results from the
manufacturing [162]. Therefore, only the manufacturing phase is considered in this embodied
energy analysis and also other phases are discussed later. The type and mass of each material used

in the manufacturing are needed to determine the embodied energy of each solar collector. This
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analysis uses the embodied energy index created by Alcorn [163] which estimates the embodied
energy in different conventional construction materials, and these indexes contain the obtaining
and transporting of the materials. SunEarth for the Empire collector provides the quantity of
materials for common solar collectors. The embodied energy of the magnetic particles for
ferrofluids based solar collector is considered based on the results for energy needed for magnetic
nanoparticle production [164]. With the quantity of each component material determined and the
embodied energy index, the embodied energy and thus the emissions from the manufacturing of
the collectors (from Eq. 6-14, where (Q;pqa — Qaux) 1S replaced with the embodied energy) can
be estimated. The offset damage costs are calculated based on the damage cost factors for the three
main pollutants studied: CO2 and NOx [165]. These offset damage costs are not factored into the

economic analysis as they are not costs directly applicable to the collector owner.

6.3 Results and Discussion

The above analysis addressed the thermal performance, environmental effect, and economic effect
for flat-plate and ferrofluids based solar collectors. The thermal performance is the groundwork
for the remaining study as it provides the monthly energy needed to supply the solar collectors.
The cost and pollutant reduction from the collector performance determined by the flow energy
flow compared to base load. The results of the thermal analysis are shown in Figure 6-3 and Figure
6-4. From both figures, it can be seen that the ferrofluids based collector with the volume fraction
of 0.05% and external magnetic field intensity of 10.47 mT provide the highest solar fraction and
lowest auxiliary energy requirement. The parabolic trough collector with water as heat transfer
medium had the lowest solar fraction and the highest auxiliary energy demand. Using ferrofluids
as heat transfer fluids improved the performance of the parabolic trough collector, but it was lower

than a conventional flat-plate collector. The performance of the parabolic trough collector
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improved further once an external magnetic field was a presence. The performance of the parabolic
trough was higher than flat-plate collector with the external magnetic field of 6.28 mT. During the
summer, the solar collectors generate all the energy required to meet the needed load. The needed
load is extremely reduced in the summer due to the increased inlet temperatures of water. The
annual solar fraction for the flat-plate collector and Ferrofluids based solar collector with 10.47

mT magnetic field intensity is 78% and 87%, respectively.
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Figure 6-3: Solar fraction of flat plate collector and ferrofluids parabolic trough collector.

188



()
(=]

[
(1]

=
(1]

=
Y

=
N

Auxiliary energy
=
o

o

1 2 3 4 5 ] 7 8 9 10 11 1z
Months
Elactrical Heater Flat-plate Callectar +—PTC, Water
PTC, Ferrofluids 0.05% —e—FPTC, Ferralfuids 0.05%, 3.14mT PTC, Ferrolfuids 0.05%, A.28mT

—e—PTC, Ferralfuids 0.05%, 10,47 mT

Figure 6-4: Auxiliary energy of flat plate collector and ferrofluids parabolic trough collector.

The saving in capital costs, maintenance costs, and offset fuel can be estimated based on the
thermal analysis and the current price of electricity. The ferrofluids based solar collector has
additional cost due to the cost of nanoparticles, permanent magnets, and higher maintenance costs.
However, the ferrofluids based parabolic trough has greater electricity cost saving per year than
flat-plate collector due to the higher efficiency and solar fraction. The payback period for the flat-
plate collector is less than the ferrofluids based collector in the absence of magnetic field due to
the higher capital cost of nanoparticles and lower thermal efficiency. In the presence of the
external magnetic field, the capital cost is higher, however, the payback period is the lowest. In
Saudi Arabia, the only electric water heater is used, due to the no existing natural gas infrastructure.
The total life cycle saving is £1685 and £2369 for the flat-plate collector and ferrofluids based

solar collector with permanent magnet respectively. The results show that from an economic
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perspective the use of the small scale ferrofluids based solar collector has an advantage over the
commercial flat-plate collector. Both collectors give significant savings over the life of the
collector. Additionally, it is expected that the price of nanoparticles decreases due to their expected
increase in production and usage in the near which can further increase the saving with the
ferrofluids based solar collector. Furthermore, an improvement on the small scale of the ferrofluids

based solar collector could improve the thermal efficiency and increase the saving further.

Flat-plate collector and ferrofluids based parabolic trough collector differ in the materials used in
their construction, which has an impact both on the collector weight and embodied energy. Table
6-3 presents the materials used in the ferrofluids parabolic trough collector as well as the embodied
energy of each material and the collector total. The embodied energy for flat-plate collector when
based on the area of the collector gives 1334.5 MJ/m?[93]. To reduce the embodied energy of
parabolic trough collector, the traditional curved glass mirror is replaced by mirror film with
aluminium sheet. This reduces the embodied energy for the mirror from 356 MJ/m? to 85MJ/m?.
The embodied energy of ferrofluids based parabolic trough collector is slightly higher than
conventional parabolic trough due to the additional embodied energy form nanoparticles and a
permanent magnet. Moreover, the embodied energy of the ferrofluids parabolic trough is 4845 MJ

lower than a flat-plate collector.

The pollution created by manufacturing the solar collectors and the saving of pollution can be
determined from the thermal analysis and the embodied energy assessment. The results of the
analysis are presented in Table 6-3. The manufacturing of the ferrofluids based parabolic trough
collector results in 31 kg more CO, emissions than water-based parabolic trough and 200 kg less
CO: emissions than flat-plate collector while operational it saves 136 kg/year when compared to

a flat-plate collector. Over 15 years expected a lifetime of the solar collectors; the ferrofluids
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collector would save more than 2040 kg of CO> in comparison to the flat-plate collector and 17,000
kg of CO2 when compared to an electric heater. The environmental impact of nanoparticles is not
included in this study. few studies focused on the environmental impact of nanoparticles on
ecological system and human health [166, 167]. Both studies focus on nanoparticles that are not
suspended in the liquid, which considerably declines the risk for inhalation, but could present a

potential problem if entered the water cycle.

Table 6-3: Embodied energy for ferrofluids based- and typical parabolic trough.

Description Embodied energy Embodied energy content (MJ)
index (MJ/m2)
Conventional Ferrofluids based

parabolic trough | parabolic trough
Aluminium for reflectors 65 260 260
Polymer film plus silver 20 80 80
Absorber Tube 75 300 300
Steel 20 80 80
Aluminium space frames 165 660 660
Concrete 30 120 120
Landfilling 20 80 80
Nanoparticles 1.8 0 7.20
Permanent magnet 28 0 168
Total 1580 1755.2
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Table 6-4: Emissions from embodied energy of manufacturing and operational energy.

Emissions

Pollution from solar collector

embodied energy

Saving of solar collector

Flat-plate (kg) Ferrofluid-based | Flat-plate Ferrofluid-based
(kg) (kg/year) (kg/year)
Carbon dioxide | 973.35 384.9 1127.9 1264
(CO2)
Nitrogen oxides | 0.06 0.02 0.06 0.07

(NOX)

6.4 Conclusion

Environmental and economic effects of using ferrofluids based solar collector compared to a flat-

plate collector for domestic hot water systems. Results show that the ferrofluids based parabolic

trough has lower payback period and higher economic saving at the end of its useful life than a

flat-plate solar collector. The ferrofluids based collector has higher embodied energy and pollution

offsets tan flat-plate collector. In addition, if 50% insertion of ferrofluids based parabolic trough

for hot water heating could be reached in Tabuk over 83,750 metric ton of CO..
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Chapter 7. Summary and Future Work

7.1 Summary of current work

Research works conducted by this thesis offer an innovative design on using magnetic nanofluids
(ferrofluids) as a heat transfer fluid in parabolic trough collector. The ferrofluids based parabolic
trough collectors enhance their thermal efficiency compared to conventional solar collectors. The
design of ferrofluids based parabolic trough emphasis on the change of thermophysical and optical
properties of ferrofluids in the presence of an external magnetic field. Comprehensive literature
survey covered from early stage to up-to-date research works on ferrofluids, solar collector, and
nanofluids based solar collector has been presented. Indoor experimental investigation on the
performance of small scale ferrofluids based parabolic trough collector in laminar flow region was
carried on. To compare the effect of ferrofluids on the performance of the collector and compare
it to base fluid a steady state test condition was chosen. The solar collector test rig was assembled
by the author with a collector area of 0.1125 m2. The materials used in the test rig have been
selected based on mimicking commercial parabolic trough considering availability, simplicity, and
low-cost equipment. Low solar concentration ratio was picked to assure full reflection of solar
irradiance from the mirror to absorber tube without escaping. Moreover, the absorber tube has no
glass envelope due to the impermanent electromagnets installed on the absorber. The low
concentration ratio and unglazed absorber cause the performance of the parabolic trough to act like
non-concentrating solar collectors. Two absorber types were used non-direct absorber with
selective surface copper tube and direct absorber tube with a transparent glass tube. The external
magnetic field intensity was controlled by the current passing through the electromagnet. Three

different intensity were chosen 3.14mT, 6.28mT, and 10.47mT. The ferromagnetic nanoparticles
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used in the experiment was prepared by a colleague using co-precipitation method. The average
diameter of nanoparticles was 10 nm. Sodium dodecyl SDS absorbed onto the surface of the
nanoparticle, and then the nanoparticles were suspended in water. SDS increase the stability of the
suspension and avoid sedimentation of particles. Three different nanoparticle concentrations were
used 0.05%, 0.25%, and 0.75% with an operational temperature between 19°C and 40°C. The
experimental test showed that the use of ferrofluids can enhance the performance of the solar
collector in the presence of external magnetic field. In the presence of the external magnetic field,
the performance of the ferrofluids based parabolic trough improved when the magnetic field
gradient was parallel to the flow direction and declined when the magnetic field gradient was
opposite to the flow direction. Increasing the magnetic intensity improved the efficiency of the
collector further. The enhancement in the performance is contributed to the chain-like structure
and to the Kelvin force and auxiliary static pressure gradient. Ferrofluids also showed good results
in direct absorber. The rising the volume concentration of the ferrofluids improve the absorption
coefficient and increase the optical thickness of ferrofluids. In the presence of the external
magnetic field, the performance of the ferrofluids based collector with direct absorber enhanced
further. The use direct absorber showed promising results. However, the optimum optical thickness
was not investigated where the optical thickness is a function of the absorption coefficient of the
nanoparticles along a path. To achieve the highest efficiency of the system an optimum optical
thickness of the receiver should be determined. In the study, the best performance of the ferrofluids
based collector was with non-direct absorber with the volume fraction of 0.05% and magnetic

intensity of 10.47 mT.

Heat transfer analysis model has been carried out to investigate the effect of utilizing ferrofluids

as a heat transfer fluid in commercial parabolic trough design. In addition, the model was also
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carried out on the test rig design, and the results were compared with the above mentioned
experimental results. The model was validated by comparing the results with experimental data
obtained from Sandia National Laboratory. The model showed good agreement with the
experimental data. When low concentration ferrofluids where used in the commercial parabolic
trough design a slight increase in the efficiency was obtained. Marginally higher volume fractions
make the convective heat transfer better and decrease the thermal loss by 24% at higher reduced
temperature parameter. In the presence of magnetic field, the heat transfer showed higher
efficiencies at lower particles concentration. In addition, the effect of galls envelope on the heat
transfer was presented. Without glass envelope, the efficiency of the collector dropped
significantly. For the test rig, the parabolic trough was first assumed to be a concentrating solar
collector, and then it was assumed to be a non-concentrating solar collector. In both cases,
ferrofluids showed minimal improvement in the performance compared to the base fluid. In the
presence of the external magnetic field, the efficiency of the parabolic trough collector improved
significantly. In the case of the non-concentrating solar collector, the results of the model for 0.05%
agreed with the experimental data obtained in this study. Since the performance of the test rig is
similar to the performance of flat-plate collector, the economic and environmental impacts of the
test rig ferrofluids based collector is compared to a flat-plate collector for hot water systems.
Comparing the payback period, the test rig ferrofluids based solar collector is lower than a flat-
plate collector. In addition, the test rig had a higher economic saving at the end of its useful life.
The ferrofluids based collector has higher embodied energy and pollution offsets tan flat-plate
collector. In addition, if 50% insertion of ferrofluids based parabolic trough for hot water heating

could be achieved in Tabuk over 83,750 metric Ton of CO..
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The solar collector benefits from the magnetic and optical properties of ferrofluids which enhance

the efficiency of the collector. Utilizing ferrofluids in solar collectors has environmental and

economic benefits and causes improving in heat transfer, consequently reducing the needed area

of collector and these advantages could be achieved with little change on the system.

7.2 Future work

Some future works are recommended based on current work.

General improvement on the test rig is required.

o Higher concentration ratio and glass envelope are needed to increase the efficiency
of the collector and to treat it as concentrating collector.

o Most of solar collector systems work in turbulent flow regime due to the higher
heat transfer at higher flow rates. To achieve a steady flow rate with low fluctuation
the pump needs to be replaced.

o Higher optical properties of the selective surface are necessary.

o Investigating the effect of absorber diameter on the performance of direct
absorption absorber is required.

Ferrofluids thermos-physical and optical properties in the absence and the presence of
external magnetic field needs to be determined before conducting the experiment.
Moreover, the thermophysical properties need to be determined at a wide range of
temperatures and with different nanoparticles such as cobalt.

Developing ferrofluids that behave as a Newtonian fluid and has low surfactant
concentration is important to make ferrofluids efficient solution in heat transfer

applications.
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Experiments need to be conducted at high operating temperatures considering the effect of
Curie temperature on the performance of the collector.

The effect of the location of the magnetic source and the distance between them on the
performance of the collector needs to be investigated.

The two-dimensional model needs to be developed using computational fluid dynamics to
study the effect of nanoparticles distribution in the fluids, and hence its effects on the heat
transfer fluids. Moreover, the effect of different forces such as magnetic force, Kelvin force
on the nanoparticles and fluids can be determined by using the lattice-Boltzmann method.
Further experimental and theoretical investigation on the direct solar absorber is needed.
The optimum optical thickness needs to be determined.

Outdoor experiment with larger prototype ferrofluids based solar collector considering all
the improvement mentioned on the test rig is needed, and the experiment is planned to be
installed in Saudi Arabia.

Further economic and environmental study on the ferrofluids based parabolic trough when

used in concentrating solar power to generate electricity is needed.
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Figure 0-1: Ferrofluids based solar collector efficiency with selective surface absorber, 0.05% Ferrolfuids as
heat transfer fluids and different mean fluids temperature.
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Figure 0-2: Ferrofluids based solar collector efficiency with selective surface absorber, 0.25% Ferrolfuids as
heat transfer fluids and different mean fluids temperature.
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Figure 0-3: Ferrofluids based solar collector efficiency with selective surface absorber, 0.75% Ferrolfuids as
heat transfer fluids and different mean fluids temperature.
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Figure 0-4: Ferrofluids based solar collector efficiency with direct absorber, 0.05% Ferrolfuids as heat
transfer fluids and different mean fluids temperature.
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Figure 0-5: Ferrofluids based solar collector efficiency with direct absorber, 0.25% Ferrolfuids as heat
transfer fluids and different mean fluids temperature.
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Figure 0-6: Ferrofluids based solar collector efficiency with direct absorber, 0.75% Ferrolfuids as heat
transfer fluids and different mean fluids temperature.
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Appendix B

Temperatures and energy of solar absorber from the heat transfer analysis presented in Chapter 5

Table 0-1: Temperatures and energy of AZTRAK design parabolic trough with synthetic oil.

T1 T, Ts Ta Ts d12 J23 O34con  O3arad  Q45cond Ose Qs7 Q3solAbs
°C °C °C °C °C W/m W/m W/m W/m Wm Wm Wm W/m
113 343.0 310.0 55.6 53.6 3367.3 3367.3 0.0062 242.2 2422 2382 824 3609.6
162 347.6 3134 531 51.0 34919 34919 0.0064 251.0 251.0 2582 741 37429
208 360.2 326.1 633 61.0 3519.3 3519.3 0.0064 278.1 278.1 2646 96.0 37974
2595 368.7 337.8 63.3 60.8 3207.1 3207.1 0.0067 308.9 3089 293.1 92.2 3516.0
306.5 416.6 3869 104.6 1009 3177.2 3177.2 0.0069 448.6 4486 3139 2134 3625.8
308 406.9 379.0 78.4 74.8 29714 29714 0.0074 4329 4329 377.6 129.1 3404.3
364.5 480.6 456.2 1025 96.1 2714.1 2714.1 0.0087 777.6 777.6 6614 1919 3491.7
Table 0-2: Temperatures and energy of AZTRAK design parabolic trough with 0.05% synthetic oil based
ferrofluids.

T1 T, T3 T4 Ts g12 g23 O34con  O34rad  O4scond Ose ds7 03s0lAbs
°C °C °C °C °C W/m W/m W/m W/m Wm Wm Wm W/m
125 330.1 2939 56.5 548 3658.2 3658.2 0.0058 207.6 207.6 2126 79.0 38659
150 3329 296.8 57.1 554 3652.6 3652.6 0.0059 213.3 2133 216.8 80.4 38659
175 340.2 304.4 58.8 56.9 3637.0 3637.0 0.0060 2288 2289 228.5 84.3 38659
200 349.7 3143 61.1 59.1 36155 3615.5 0.0062 250.3 2504 2445 89.8 38659
225 361.1 3263 64.1 61.8 3587.4 3587.4 0.0064 2785 2785 2654 97.0 3865.9
250 3754 3413 68.1 65.6 3549.1 3549.1 0.0067 316.8 316.8 293.7 107.0 3865.9
275 3945 3614 74.1 71.0 34911 3491.1 0.0070 374.7 374.7 336.2 1224 38659
300 428.7 397.4 86.5 82.5 3366.6 3366.6 0.0076 499.3 499.3 426.3 156.8 3865.9
325 471.2 4425 1054 99.7 3166.4 3166.4 0.0083 699.5 699.5 567.7 215.6 3865.9
350 500.0 473.3 120.6 113.4 2996.6 2996.6 0.0086 869.2 869.2 684.5 268.6 3865.9

209



Table 0-3: Temperatures and energy of AZTRAK design parabolic trough with 0.05% synthetic oil based
ferrofluids and external magnetic field intensity of 10.47 mT.

Ta Tz T3 T4 Ts q12 dz3 O34con  O3arad  Qascond Os6 gs7 J3s0lAbs
°C °C °C °C °C W/m W/m W/m W/m W/m W/m Wm W/m
125 2444 204.8 425 41.8 3784.0 3784.0 0.0040 81.9 81.9 117.3 48.4 3865.9
150 254.1 2147 436 429 3773.9 3773.9 0.0042 919 91.9 125.0 50.8 3865.9
175 267.8 229.0 454 445 3758.0 3758.0 0.0045 1079 1079 137.2 546 38659
200 283.7 2455 47.8 46.7 3737.1 3737.1 0.0048 128.8 128.8 153.1 59.6 3865.9
225 301.4 264.0 50.8 49.5 37104 37104 0.0052 155.5 1555 173.3 66.1 38659
250 321.0 2843 54.6 53.0 3676.1 3676.1 0.0056 189.7 189.7 199.1 745 38659
275 342.1 306.4 593 574 36327 3632.7 0.0061 233.1 233.1 231.7 854 38659
300 364.2 3295 64.9 62.6 3579.6 3579.6 0.0065 286.3 286.3 271.2 99.0 3865.9
325 386.7 353.1 716 68.7 3515.8 3515.8 0.0069 350.0 350.0 318.1 115.8 3865.9
350 411.7 379.5 80.1 76.5 3432.0 3432.0 0.0073 433.9 4339 379.2 138.6 38659

Table 0-4: Temperatures and energy of AZTRAK design parabolic trough with 0.05% synthetic without glass

envelope

T1 T, Ts d12 d23 J3s Q37 Q3solAbs

°C °C °C W/m W/m W/m W/m W/m

125 267.54 242.08 2476.57 2476.57 1451.49 78.02 4006.08
150 253.11 22593 2617.91 2617.91 1320.67 67.50 4006.08
175 262.08 235,97 2530.60 2530.60 1401.56 73.92 4006.08
200 273.14 248.36  2420.48 2420.48 1503.22 82.38 4006.08
225 286.18 262.97 2287.31 2287.31 1625.61 93.16 4006.08
250 301.39 280.04 2127.17 2127.17 1772.00 106.92 4006.08
275 318.67 299.43 1939.20 1939.20 1942.71 124.17 4006.08
300 337.21 320.26 1730.07 1730.07 2131.25 14476 4006.08
325 355.88 341.26 1511.54 1511.54 2326.70 167.84 4006.08
350 374.08 361.75 1290.78 1290.78 2522.54 192.75 4006.08
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Table 0-5: Temperatures and energy of laboratory design parabolic trough with water and the parabolic

trough considered as concentrating solar collector

T: T, Ts (o EP) d23 J36 Q37 J3SolAbs

°C °C °C W/m W/m W/m W/m W/m
10.5 33.84 33.84 186.54 186.54 13.99 1.97 202.5
11.5 34.62 34.62 185.38 185.38 14.56 2.04 202.5
13.5 36.31 36.31 183.97 183.97 15.81 2.20 202.5
15.5 38.01 38.00 182.54 182.54 17.08 2.36 202.5
17.5 39.70 39.70 181.09 181.09 18.37 2.53 202.5
19.5 41.40 41.39 179.61 179.61 19.67 2.69 202.5
20.5 42.25 42.24 178.86 178.86 20.33 2.78 202.5
22.5 43.95 43.95 177.36 177.36 21.67 2.95 202.5
24.5 45.66 45.65 175.83 175.83 23.02 3.13 202.5
25.5 46.51 46.51 175.05 175.05 23.70 3.22 202.5

Table 0-6: Temperatures and energy of laboratory design parabolic trough with 0.05% water based

ferrofluids and the parabolic trough considered as concentrating solar collector

T: T, T3 d12 d23 J3s Js7 0350lAbs

°C °C °C W/m W/m W/m W/m W/m
10.5 33.83 33.82 186.55 186.55 13.98 1.97 202.5
11.5 34.67 34.67 185.86 185.86 14.60 2.04 202.5
13.5 36.36 36.36 184.45 184.45 15.84 2.20 202.5
15.5 38.05 38.05 183.02 183.02 17.11 2.37 202.5
17.5 39.75 39.74 181.57 181.57 18.40 2.53 202.5
19.5 41.45 41.44 180.09 180.09 19.71 2.70 202.5
20.5 42.30 42.29 179.35 179.35 20.37 2.78 202.5
22.5 44.00 43.99 177.84 177.84 21.70 2.96 202.5
24.5 45.70 45.70 176.31 176.31 23.06 3.13 202.5
25.5 46.56 46.55 175.54 175.54 23.74 3.22 202.5
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Table 0-7: Temperatures and energy of laboratory design parabolic trough with water and the parabolic
trough considered as non-concentrating solar collector

T: T, T3 (P d23 J3s 037 0350lAbs

°C °C °C W/m W/m W/m W/m W/m
10.5 25.98 25.98 123.72 123.72 57.70 21.08 202.5
11.5 26.48 26.48 120.09 120.09 60.09 21.80 202.5
13.5 27.55 27.55 113.34 113.34 65.29 23.35 202.5
15.5 28.63 28.62 106.48 106.48 70.59 24.92 202.5
17.5 29.70 29.70 99.51 99.51 75.97 26.51 202.5
19.5 30.77 30.77 92.45 92.45 81.43 28.11 202.5
20.5 31.31 31.30 88.88 88.88 84.20 28.91 202.5
22.5 32.38 32.38 81.67 81.67 89.78 30.54 202.5
24.5 33.45 33.45 74.37 74.37 95.44 32.18 202.5
25.5 33.98 33.98 70.68 70.68 98.30 33.00 202.5

Table 0-8: Temperatures and energy of laboratory design parabolic trough with 0.05% water based

ferrofluids and the parabolic trough considered as non-concentrating solar collector

T1 T2 Ts O12 023 J3s Q37 Q3solabs

°C °C °C W/m W/m W/m W/m W/m
10.5 25.97 25.97 123.75 123.75 57.68 21.08 202.5
11.5 26.51 26.51 120.41 120.41 60.24 21.85 202.5
13.5 27.59 27.58 113.65 113.65 65.45 23.40 202.5
15.5 28.66 28.66 106.79 106.79 70.74 24,97 202.5
17.5 29.73 29.73 99.82 99.82 76.13 26.55 202.5
19.5 30.80 30.80 92.76 92.76 81.59 28.15 202.5
20.5 31.34 31.34 89.18 89.18 84.36 28.96 202.5
22.5 32.41 32.41 81.97 81.97 89.94 30.58 202.5
24.5 33.48 33.48 74.67 74.67 95.61 32.22 202.5
25.5 34.02 34.01 70.98 70.98 98.47 33.05 202.5
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Table 0-9: Temperatures and energy of laboratory design parabolic trough with 0.05% water based

ferrofluids and external magnetic field intensity of 10.47 mT and the parabolic trough considered as non-
concentrating solar collector

T1 T, Ts d12 d23 J3e 037 O3s0lAbs

°C °C °C W/m W/m W/m W/m W/m
10.5 16.62 16.62 176.18 176.18 18.01 8.31 202.5
11.5 17.46 17.46 172.01 172.01 21.09 9.41 202.5
135 19.13 19.12 163.34 163.34 27.54 11.61 202.5
15.5 20.78 20.78 154.31 154.31 34.35 13.84 202.5
17.5 22.44 22.43 144.93 144.93 41.46 16.10 202.5
19.5 24.08 24.08 135.26 135.26 48.85 18.39 202.5
20.5 24.90 24.90 130.32 130.32 52.63 19.55 202.5
22.5 26.54 26.54 120.24 120.24 60.38 21.89 202.5
24.5 28.17 28.17 109.91 109.91 68.34 24.26 202.5
25.5 28.99 28.99 104.65 104.65 72.39 25.45 202.5

Table 0-10: Temperatures and energy of laboratory design parabolic trough with water in turbulent flow.

T: T, Ts (P d23 J36 Q37 J3solAbs

°C °C °C W/m W/m W/m W/m W/m
10.5 11.66 11.65 197.64 197.64 2.84 2.02 202.5
13.5 14.53 14.53 185.49 185.49 10.88 5.63 202.5
16.5 17.41 17.41 171.74 171.74 20.91 9.35 202.5
19.5 20.30 20.29 156.49 156.49 32.32 13.19 202.5
22.5 23.19 23.18 140.04 140.04 44.80 17.15 202.5
25.5 26.08 26.08 122.57 122.57 58.19 21.23 202.5
28.5 28.98 28.98 104.19 104.19 72.35 25.44 202.5
31.5 31.88 31.88 85.01 85.01 87.19 29.78 202.5
34.5 34.79 34.79 65.10 65.10 102.63 34.25 202.5
37.5 37.69 37.69 44,52 44,52 118.61 38.85 202.5
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