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Abstract

One of the key components in a solar thermal cooker system is the receiver since the
performance of the receiver greatly affects the entire system. Absorption of the maximum
amount of reflected radiation is crucial for ensuring the system is operating at high efficiency.
A small-scale solar thermal cooker was constructed and tested. The main focus was the design,
construction and analysis of a receiver for the solar cooker. The receiver was constructed from
mild steel and contains water as the heat transfer fluid. The receiver consists of two half shells
fixed to either end of a short cylinder to form an elongated boiling chamber for the water as it
is heated by concentrated solar radiation. One of the half shells is exposed to the concentrated
solar radiation and is coated with a high-temperature resistant black paint. The size of the
receiver was determined by the method of ray-tracing. The maximum temperature the water
attained within the receiver during solar heating was 136 °C. The highest receiver efficiency

was 66%. It was shown that there has been effective heat transfer within the system.
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Chapter 1

Introduction

The need for sustainable and clean energy is of crucial importance for the reduction of carbon
dioxide (CO3) emissions, partially caused by the burning of fossil fuels. The rapid depletion
and limited availability of fossil fuels makes the utilization of renewable resources more critical.
Solar energy enters the earth’s atmosphere in the form of shortwave radiation and is emitted
in the form of longwave radiation. The burning of fossil fuels emit greenhouse gases such as
CO; and methane (CHy4) which prevent longwave solar radiation from leaving the earth’s at-
mosphere and entering into space. This results in excess thermal energy being trapped in the
atmosphere, raising the temperature of the earth. This process is known as global warming
[1]. In order to counteract the effects of global warming a significant decline in the burning
of fossil fuels is required and more environmentally friendly energy alternatives have to be
considered. Some of which include solar, wind, hydro, wave, tidal and geothermal.

Solar radiation is the most plentiful source of renewable energy, and those technologies
that utilize the solar resource can be categorized into photovoltaics or solar thermal power.
The latter can be further classified as either concentrating or non-concentrating, based on
the type of collector used. Non-concentrating systems are generally used for low temperature
applications such as water heating, while concentrating systems are employed for larger scale,
high temperature applications such as electricity generation. For solar thermal electricity
generation, the four main components are the concentrator, receiver, working fluid and some
form of power conversion unit such as a steam turbine or Stirling engine. The solar thermal
technologies with the highest potential are the parabolic trough, central receiver and parabolic
dish/Stirling engine systems. The major advantage of these systems is their non-pollution of
the environment. Every square meter of reflector surface within a solar field is sufficient to

prevent the annual production of 150 to 250 kilograms of COg [2]. This makes solar thermal



technology a viable alternative to fossil fuels for cleaner energy production.

South Africa is fortunate to have one of the best solar resources in the world, with an
average annual Direct Normal Irradiation (DNI) of more than 2500 kWh/m? [3]. This makes
South Africa an ideal location for implementing solar powered technologies such as concen-
trating solar power (CSP) and photovoltaics (PV). Figure 1.1 illustrates the DNI distribution
for South Africa. Of the nine provinces KwaZulu-Natal is one of the areas with the lowest
annual average DNI of less than 6.0 kWh/m?/d. The Northern Cape has the highest DNI of
more than 7.0 kWh/m?/d, making this area an appropriate location for implementing CSP
technologies such as parabolic dish and trough, central receiver and linear Fresnel [4].

Solar thermal power is not restricted to large scale applications but can also be used
for domestic applications such as solar thermal cookers. The components of a solar thermal
cooker are similar to those used in solar thermal electricity generation, with the exception of
the power conversion unit. However, one of the key components in a solar thermal cooker
system is the receiver since the performance of the receiver greatly affects the entire system.
This is due to the fact that the receiver is responsible for absorbing the concentrated radiation
and transferring the thermal energy to either the heat transfer fluid or to the cooking surface.
Absorption of the maximum amount of radiation is crucial for ensuring the system is operating
at high efficiency. Therefore, scientists and engineers spend much effort on the design, analysis
and optimization of the receiver system, to ensure that most of the absorbed energy is passed
to the heat transfer fluid and minimal energy is lost to the environment.

The energy harnessed during the day needs to be made available at night and during
periods of low insolation. Therefore, in addition to the receiver, storage of thermal energy
is also an important part of solar thermal systems. The latent and sensible heat storage of
thermal energy is possible by the use of materials such as phase change material (PCM),
rock, water, concrete and ceramics. These materials are usually employed due to their high
heat storage capacity. PCMs however, have become an attractive thermal energy storage
medium due to their high energy storage density, ability to store thermal energy at a constant
temperature and the fact that they are able to store 5-14 times more thermal energy than
sensible storage materials [5].

If solar thermal cookers are to provide an alternative to the burning of fossil fuels we must
be able to design, construct, analyze and optimize receivers for these cookers, such that they
can convert the maximum amount of concentrated radiation available into useful thermal

energy. For this project a solar thermal cooker system was constructed, with emphasis on



Annual Solar irradiation (DNI) [kWh/m 2]

Figure 1.1: Annual average Direct Normal Irradiation (DNI) for South Africa for the entire year and
for the months of March, June, September and December. Winter and Summer are experienced during

the months of June and December, respectively. Adapted from Fluri [4].
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investigating the efficiency of the receiver. There are various factors that are considered when
designing and optimizing a receiver. Some of these include the geometric concentration ratio,
receiver shape and size, as well as material strength and thermal properties. In order to
optimize the receiver, adequate knowledge of the receiver’s efficiency is required. This will
provide an insight as to what improvements should be made to the receiver to increase its

efficiency by limiting heat loss.

1.1 Research aim

The aims of this research were to:

Construct a small-scale solar thermal cooker system, with emphasis on the testing of the

receiver.

Determine the efficiency of the receiver.

Carry out a heat transfer analysis to determine the amount of heat loss from the receiver.

Determine whether effective heat transfer occurs within the system.

1.2 Brief history of solar cookers

There are various types of solar cookers that have been designed, constructed and tested over
several decades. These can be broadly classified into two main groups: direct and indirect
cookers. Direct cookers use solar radiation directly in the cooking process while indirect cook-
ers use a heat transfer fluid to transfer the absorbed thermal energy from the receiver to
the cooking unit. Two commercially successful direct solar cookers are the box type and the
concentrating type cookers [6]. The solar box cooker was developed as early as the 1700’s
by the French-Swiss scientist Horace-Benedict de Saussure (1740-1799). De Saussure investi-
gated how effective glass was in trapping the sun’s heat and achieved temperatures as high as
87.5°C in his first design. This temperature was sufficient to allow him to cook fruit, and he
later improved his design by adding insulation around the box to reduce heat loss. After this
modification he had managed to achieve a temperature of 108.8 °C, which was almost 22°C
higher than his first experiment. The device was later named the“hot box”due to its ability
to retain a large amount of heat [7].

The first solar energy book, Solar Energy and its Industrial Applications was published



1.2 Brief history of solar cookers 5

by French inventor Augustin Mouchot (1821-1912) in 1869. However, by 1866 Mouchot had
already developed the first parabolic trough solar collector which was later exhibited in 1878
at a Paris exhibit. Mouchot had also designed and built solar cookers which were used by
French soldiers in Africa. The first solar cooker that was reported to have been used in South
Africa was by Sir John Herschel in 1885, at the Cape of Good Hope. The box was constructed
from mahogany, blackened on the inside, covered by two sheets of glass and buried in sand for
better insulation [8]. In 1945, Indian pioneer Sri M.K. Ghosh designed the first commercial
box type solar cooker. During the 1950s, Indian scientists designed and manufactured solar
ovens and reflectors which were not readily accepted due to lower-cost alternatives [9, 10].
The first practical oven, a box type solar cooker with four reflectors, reached a temperature
of 225 °C. This was done in 1959 by Maria Telkes. Telkes also published a book in 1968 titled
Solar Ovens. During the 1970s, Barbara Kerr developed various types of concentrating and
box type solar cookers using recycled materials [10].

The invention of a parabolic fixed focus reflector was first developed in 1982 by German
inventor Wolfgang Scheffler. The technology was developed to provide developing countries
with a simple method of solar cooking [11]. The device was later named the Scheffler reflector,
and since 2008 more than 2000 units have been built and distributed worldwide [12]. Scheffler
systems do not make use of heat transfer fluid since solar radiation is focused directly onto
the cooking pot. The unique design feature of the Scheffler system is its ability to bend and
flex the reflecting surface to focus the incoming sunlight from different angles. This method
ensures that a small hot focus area is achieved during all seasons [13].

The major advantages of the box type solar cooker over concentrating cookers are simple
construction, easy operation and the fact that it requires little attention during the cooking
process. On the other hand, one of the disadvantages is that the cooking process is rather slow,
due to low cooking temperatures [6]. In order to achieve higher efficiencies there have been
many modifications to the box cooker over the years. Some of these modifications include the
addition of reflectors to the sides of the box, the use of glazed glass covers to prevent excessive
convective heat loss, and the use of insulation and PCMs.

In addition to the box cookers there have been various other types of solar cookers designed
and developed. These include the panel, the collector and the concentrating type cookers. The
operation of the panel cooker is similar to the box cooker. However, instead of an insulated
box the panel cooker uses multi-faceted reflective panels that focus the sunlight on a cooking

vessel. Panel cookers are able to achieve temperatures above 80°C [14].
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By the year 2000, Paul Funk developed an international standard by which the testing and
performance of solar cookers can be reported [15]. Since the development of the hot box, many
variations of solar cookers have been explored and compared with each other and previous
designs. The main characteristic which all of these cookers have in common is the use of a
highly reflective surface that directs the incoming radiation onto a focus area. Each of these
cookers have their advantages and disadvantages. For example, concentrating type cookers
are able to achieve significantly higher temperatures than the box cooker. However, they are
more expensive to construct and in some cases more difficult to operate [14].

There are many factors that need to be considered before choosing the appropriate cooker
for a particular location or application. Most cookers such as the box and panel type take
2-4 hours to cook for approximately 4-5 people which is inappropriate in the modern con-
text. Therefore, the cooker constructed for this project needs to satisfy requirements such as
generating high temperatures (above 100 °C) so that the cooking time is reduced, automatic
tracking of the collector and a method of storing the thermal energy so that cooking or water

heating can be done during periods of little or no sunshine.
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1.3 Literature review

Solar thermal concentrating systems require medium to high-temperature receivers for the
conversion of sunlight to thermal energy. Depending on the type of concentrator optics used,
these receivers operate from temperatures of 150 °C to 1000 °C, and in some cases higher. The
high operating temperatures of the receiver leads to greater heat losses which drastically affect
the performance of the system. The amount of heat lost from a receiver is influenced by its
size and operating temperature. At high temperatures it becomes more difficult to reduce the
factors that contribute to heat loss.

The three heat loss mechanisms, i.e conductive, convective and radiative, have to be con-
sidered in order to obtain high thermal energy conversion efficiencies. Heat loss by conduction
can be limited by using insulation material on parts of the receiver that are not exposed
to concentrated radiation. Materials with high thermal conductivity such as carbon steel,
aluminium and copper should be used to construct the receiver. This will increase the heat
transfer throughout the receiver so that a uniform heat distribution can be obtained. In
addition utilizing materials that have high thermal conductivity will allow the heat to be
transferred to the working fluid more effectively. Heat loss due to natural convection can be
minimized by the use of a glass covering over the receiver especially in the case of volumetric
receivers. Radiative loss becomes the most dominant heat loss mechanism at a temperature
in the range of approximately 500-800°C. This is one of the main challenges that affects
high-temperature receivers. Therefore, this category of receivers must be designed such that
they are able to absorb as much of the concentrated radiation as well as limit the amount of
re-radiation to its surroundings. One of the methods employed in reducing re-radiation is the
use of a solar-selective coating on the receiver surface. The purpose of a solar-selective coating
is to promote high absorptance of radiation while reducing the long-wave emittance. Many
of the materials used in selective coatings are metal oxides such as copper, nickel or zinc, and
the surface on which the coating is applied is usually metal [16].

The primary goal for high-temperature receivers is to absorb as much radiation as possible
while keeping heat loss to a minimum, resulting in highly efficient systems. Factors such as
geometry, materials of construction and operating temperatures significantly determine the
amount of heat lost from the receiver and hence its efficiency. Over the years there have been
many advancements in high-temperature receiver technology. Some of the techniques used to
achieve this include vacuum sealing, solar-selective absorber coatings, durable materials and

insulation, as well as low iron content and antireflective glass.



1.3 Literature review 8

There are three main categories of receivers. These are the cavity receiver, volumetric
receiver and tubular receiver. The cavity receiver is an insulated enclosure with a small open-
ing called the aperture that allows the solar radiation to enter. Within the cavity multiple
reflections take place among the inner walls. The thermal losses from the cavity receiver
include conductive loss from the receiver surface and convective and radiative loss from the
receiver aperture. At low temperatures conductive heat loss is the most significant. At higher
temperatures convective and radiative heat losses become the most dominant.

Volumetric receivers are usually used in solar towers and constructed from materials such
as ceramic foams, grids, honeycombs and pin-fin arrays, metallic mesh and fibers and ceramics
such as silicon carbide (SiC), reaction-bonded silicon infiltrated SiC (SiSiC) or pressureless sin-
tered alpha SiC (SSiC) [17]. One of the significant features of volumetric receivers is that the
radiation is allowed to penetrate the absorber material making it possible for heat exchange
to occur over a larger area rather than just on the surface of the material [18]. Volumetric
receivers usually use air as the heat transfer fluid while the cavity and tubular receivers use
either oil or water. However, depending on the operating temperature, molten nitrates can
be used as heat transfer fluid in cavity and tubular receivers since they are able to withstand
temperatures up to 400 °C.

A tubular receiver is a pipe or tube made from material of high thermal conductivity, such
as carbon steel or copper, that can be used as is or coiled into a specific shape. Convective heat
loss can play a significant role in reducing the operating temperature of this type of receiver.
One of the methods used to overcome the natural convective heat loss is to enclose the pipe
or coiled pipe assembly with a glass covering. Some high temperature receivers, including the
tubular receiver, that have been designed, constructed and tested will be discussed below.

The most established concentrating solar thermal powered technology is the parabolic
trough [19]. The largest parabolic trough facility in the world was first built by the Israeli
company Luz Industries, called the Solar Energy Generating Systems (SEGS) and consists of
nine power plants situated in the Mojave Desert. This parabolic trough technology, operating
since 1985, has been proven to be the most low cost large-scale solar powered technology.
The size of the nine commercial-scale parabolic trough plants ranges from 14-80 MW with
a collective installed capacity of 354 MW. By 2001 the SEGS facility had been successfully
operated daily for 18 years, proving the ability of this technology to operate in a large-scale
commercial power plant environment [20].

The most significant advancements in solar thermal receiver design have been made to the
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parabolic trough systems at the SEGS facility. Initially the receivers had been manufactured
by Luz Industries. The tubular receiver/heat collecting element (HCE) of the parabolic trough
system, which has the ability of attaining temperatures as high as 390°C, is one of the main
reasons for the high efficiency of the Luz collector design. The receiver consists of a stainless
steel tube with an outside diameter of 70 mm and coated with a cermet solar-selective absorber
on the surface [20]. Cermets are highly absorbing metal-dielectric composites that consist of
fine metal particles in a dielectric or ceramic matrix [21]. The receiver tube is enclosed by an
antireflective glass cover with an outside diameter of 115 mm. The space between the steel
tube and the glass cover contains a vacuum, to reduce heat loss at high temperatures as well
to protect the selective absorber coating from degrading. Later, Solel Solar Systems devel-
oped the Universal Vacuum (UVAC) HCE which had an improved selective absorber coating
and incorporated an internal reflective shield used to protect the inside of the glass-to-metal
seal during the time the sun is at a low angle [20]. The UVAC design is considered to be a
significant advancement for parabolic trough plants and could be the receiver of choice for
future systems.

Parabolic dish concentrators have significant advantages over other types of concentrators,
such as the absence of cosine losses, higher geometric concentration ratios and higher operating
temperatures [22]. Therefore, parabolic dish receivers need to be designed to withstand these
high temperatures while maintaining their efficiency. Geometric concentration ratio is defined
as the ratio of aperture area to the receiver (or absorber) area and it determines the solar
radiation intensity intercepted by the receiver [23]. The higher the geometric concentration
ratio the higher the heat flux absorbed by the receiver, hence a higher temperature is achieved.
Cosine losses (or cosine effect) represents difference between the amount of energy falling on a
surface that is pointing at the sun, and a surface that is parallel to the earth’s surface. For a
parabolic dish the cosine loss is eliminated since the concentrator uses two-axis tracking and
is always pointed at the sun.

The receiver for a parabolic dish concentrating cooker is a crucial component in the system
since it is responsible for absorbing the maximum radiation and transferring the energy either
directly to the cooking utensil or to a heat transfer fluid. Some experimental work that has
involved direct cooking include Kalbande et al.[24], Habeebullah et al.[25], and Sonune and
Phillip [26]. Various receiver configurations for parabolic dish concentrators have been inves-
tigated with the aim of increasing the amount of radiation absorbed and limiting the factors

contributing to heat loss.
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The experimental investigation to determine the efficiencies of three solar thermal re-
ceivers for a SK-14 parabolic dish indirect cooker, was conducted by Mlatho [27]. A SK-14 is
a parabolic concentrator that has a diameter of 1.4 m. The Volumetric Flask (VF) and Vol-
umetric Box (VB) receivers were of the volumetric type and the Conical Tube (CT) receiver
was a cavity type. All three receivers used oil as the heat transfer fluid.

The VF receiver, shown in Figure 1.2, consists of a 500 ml round-bottom glass flask sur-
rounded by a reflecting steel plate mounted to the flask neck till halfway to the round-bottom.
The plate is insulated with aluminium foil on the inside and glass wool on the outside. The
purpose of the foil is to increase the reflectance of the steel plate. The concentrated radiation

is absorbed by the oil through the glass flask and from the reflecting plate.

Receiver
aperture

Figure 1.2: Volumetric flask receiver. Adapted from Mlatho [27].

The VB, shown in Figure 1.3, is the second receiver design and is a cavity with a flat glass
aperture. The cavity is fabricated from aluminium and painted black on the outside for in-
creased absorption. The cavity is left unpainted on the inside to allow for multiple reflections
of the incident concentrated radiation. Glass wool is used to partly insulate the outside of the
cavity.

The third design was the CT receiver which comprises a copper pipe coiled onto a solid
copper cone to form one unit, as shown in Figure 1.4. The concentrated radiation enters at
the bottom of the cone, and the oil flows within the coiled pipe from the vertex of the cone
to the cylindrical bottom. It was found that, for the same flow rate, the CT receiver had a
maximum efficiency of ~ 42% while the VF and VB receivers had a maximum efficiency of

~ 35%. The volumetric flask and box receivers were modified by having a porous material



1.3 Literature review 11

£
%
Aperture
~ rs
iIN
&
~ ~

Coiled copper ¥ -f
pipe - |
{105 mm

T

cavl

Cylinder . — ;E[I mm

110 mm

Figure 1.4: Conical tube receiver. Adapted from Mlatho [27].

placed inside the cavity. Porosity of a material is a measure of the void spaces in the material.
It is expressed either as a fraction of the volume of voids over the total volume, in the range
0-1 or as a percentage in the range 0-100%. Coarse-textured materials have a lower porosity
than fine-textured materials. The porous material used for the VF and VB receivers were
blackened wire mesh. The mesh had a porosity of approximately 0.90 and had been made
from stainless steel pot scourer.

Tests were then carried out to determine the efficiencies for the modified receivers. It was
found that the use of the wire mesh with the VF and VB receivers showed an increase in their
efficiencies, since the mesh increases the heat absorption by the oil by increasing the solid-fluid
interface area inside the receiver. It has been recommended by the author that these receivers
be used in this way to improve their performance.

In addition, testing of the conical tube receiver was carried out for when the cone was
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painted with black matte paint. The painted CT receiver was found to have a higher efficiency
than the unpainted CT receiver but at the same time reduces the stagnation temperature.
This was because the black paint does not allow for reflections from the cone onto the copper
pipe through which the oil flows. Therefore, in order to ensure better performance of the CT
receiver, only the coiled pipe should be painted black allowing the reflected radiation to reach
the pipe which leads to a higher stagnation temperature. When using this design for a receiver
there must be good thermal contact between the coiled pipe and the cone. It was concluded
that the CT receiver is the best design for use with a SK-14 parabolic dish.

There have not been many studies that have employed volumetric receivers with air as
the heat transfer fluid, for parabolic dish concentrators. This type of receiver is usually re-
served for solar tower technology. Volumetric receivers for solar tower technology have been
investigated by several authors and many designs have been experimentally tested. Some of
these are Kribus et al.[28, 29], Karni et al.[30], Hischier et al.[17], Taumoefolau et al.[31] and
Fend et al.[32]. Many of these authors focused on design and optimization of the receiver with
respect to its structure, materials of construction, thermal efficiencies etc. A test bed provided
at the Platforma Solar de Almeria (PSA) or the Weizmann Institute of Science (WIS) allows
these receivers to be exposed to conditions similar to those in the field. Some of the significant
achievements in volumetric receiver technology can be found in Avila-Marin [33]. Although
these receivers are mainly designed for use in solar tower technology, many of their features
can be applied to parabolic dish concentrators.

One such device involving a volumetric receiver and a parabolic concentrator was a solar
oven designed for rural communities. This system was constructed and tested at the Norwe-
gian University of Science and Technology (NTNU), under the initiatives of Professor Jorgen
Lovseth [34]. The system employed a volumetric receiver made of blackened steel fibres and
using air as the heat transfer fluid. Efficiency of the receiver is the ratio of thermal energy
absorbed by the receiver to the energy received by the aperture of the concentrator. For this
system, receiver efficiencies between 75-80% were obtained. The energy was stored using a
rock-bed storage system to enable cooking and water heating during periods of little or no
sunshine.

Similarly, a cooker using a 2.4 m parabolic satellite TV dish (called ST-H1) was designed,
constructed and tested by Van den Heetkamp [18]. Air was heated to temperatures up to
400°C and transferred to a pebble-bed storage system. The volumetric receiver for the sys-

tem consisted of a brush-like configuration where 0.12 mm diameter bristles made of brass
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wire are attached to a central bush. Brass has a thermal conductivity that is higher than
stainless steel but lower than aluminium and copper. The air in the receiver was allowed to
flow from the periphery through the ends of the bristles along its length, to the outlet pipe
located at the center. It was observed that the brass bristles of the receiver become brittle
after repeated use indicating that a durable type of material such as stainless steel or nichrome
should be used as an alternative. Most of the radiation was focused on the receiver within a
diameter of 200 mm.

The parabolic reflective surface of the ST-H1 consisted of 3 mm thick acrylic back-silvered
mirror material. Mirror strips of 100 mm width were fixed to the concentrator, therefore
taking the shape of any irregularities that the satellite dish surface may have had. An image
taken of the illuminated receiver showed irregularities in the flux distribution and hence a
non-uniform flux distribution. The non-uniformity of the flux distribution on the receiver is
due to the concentrator optics. The non-uniform flux distribution may be overcome by cut-
ting trapezoidal shaped tiles and fixing them individually to the dish surface. This way each
tile can be raised or lowered by the thickness of its backing to reflect incoming light more
accurately, so obtaining a sharper focus within the focal region becomes possible. This could
increase the amount of radiation absorbed by the receiver and hence its efficiency.

The use of a smaller off-set satellite TV dish as a parabolic concentrator was carried out
by Zeghib [35]. Temperatures higher than 200 °C were obtained using a cylindrical receiver
made from copper having a diameter and length of 100 and 200 mm, respectively. One of the
possible applications for the device was the sterilization of medical instruments.

The cavity receiver has been a popular design and the optimization of this receiver type
has been investigated by many authors. Using a fuzzy-focal dish concentrator, Kaushika and
Reddy [36] investigated the use of semi-cavity and modified cavity receivers fabricated from
stainless steel tubes. A fuzzy focal dish concentrator is one that has imperfections on the
optical surface which results in a focal image that is fuzzy and imprecise. Due to this a
larger receiver is required. A solar to steam conversion efficiency of 70-80% was achieved, at a
temperature of 450 °C. Figure 1.5 shows the cavity, semi-cavity and modified cavity receiver
designs.

Since one of the significant thermal losses from a cavity type receiver is due to convection,
Sendhil Kumar and Reddy [37] investigated the natural convection heat loss at 400 °C from the
cavity, semi-cavity and modified cavity receiver, for a fuzzy focal parabolic dish concentrator.

It has been found that the inclination of the receiver affects the amount of convective heat
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Figure 1.5: (a) Cavity. (b) Semi-cavity. (c) Modified cavity receiver. Adapted from Kaushika and
Reddy [36].

lost through the aperture. This is due to an increase in the stagnant zone as the inclination
increases from 0 to 90°. More hot air occupies the secondary reflector at 90° than at 0°,
therefore indicating a decrease in the convection heat loss at larger inclinations. The convec-
tive heat loss from the above receiver designs were analyzed at receiver inclinations of 0°, 30°,
60° and 90°. It was found that the modified cavity receiver had a lower natural convective
heat loss than the other types. In addition, the natural convective heat loss for the cavity
and modified-cavity receivers were significantly increased for different receiver inclinations.
Even though the natural convective heat loss experienced from the modified-cavity receiver
was significant, it was found that this receiver geometry was still the most appropriate for
the fuzzy focal dish concentrator. The temperature contours for the cavity, semi-cavity and
modified cavity receiver at 400 °C and an angle of 90° is shown in Figure 1.6.

Secondary reflectors coupled to the cavity receiver have been shown to improve the geo-
metric concentration ratio as well as minimize the convective heat loss by reducing the size of
the receiver aperture [37]. In order to further investigate the effect of secondary reflectors on
receivers, Reddy and Sendhil Kumar [22] studied various secondary reflector configurations
for the cavity receiver. These were the cone, trumpet and CPC reflectors as shown in Figure
1.7. Keeping the inclination constant at 0°, their convection heat loss respectively was found
to be 29, 19 and 20%, lesser than the previously designed modified cavity receiver. However,
it was concluded that the modified cavity receiver coupled to a trumpet receiver showed a
60% lower heat loss than the other receiver configurations.

An experimental and numerical investigation of the convective heat loss from a cavity re-
ceiver for a parabolic dish system was conducted by Prakash et al.[38]. The receiver, shown
in Figure 1.8, was constructed from a helical copper tube of 0.33 and 0.5 m in diameter and

height, respectively. The copper tube of diameter 9 mm is coiled 39 times along the height
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(a)

Figure 1.6: Temperature contours for the (a) Cavity, (b) Semi-cavity and (¢) Modified cavity receiver

at 400 °C and an angle of 90°. Adapted from Sendhil Kumar and Reddy [37].

o ;___JII
(b)

Figure 1.7: (a) Conical reflector. (b) CPC reflector. (c) Trumpet reflector. Adapted from Reddy and
Sendhil Kumar [22].

of the receiver with a spacing of 3-4 mm between each coil. A wind skirt was incorporated in
this receiver design. The wind skirt has an aperture diameter of 0.5 m consisted of 9 coils.
A polyurethane coating that is capable of withstanding temperatures of up to 350°C is used
on the coils. A 75 mm thick mineral wool and aluminium cladding covers the outside of the
coil assembly while aluminium foil is used on the inside. During experimental testing water

was circulated through the receiver tubes. In Figure 1.8 the cavity receiver is shown without
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0.08m

Figure 1.8: (a) Cavity receiver constructed from copper tube as seen from front. (b) Cavity receiver

as seen from the side. Adapted from Prakash et al. [38].

the insulation layer. It was concluded that the experimental and numerical convective loss
estimates agree reasonably well with a maximum deviation of approximately 14%.

In order to create a device that provided more than one purpose, Badran et al.[39] in-
corporated a solar cooker and water heater in one portable unit. The receiver for the water
heating mode consisted of an absorber which was two circular stainless steel sheets positioned
25 mm apart with a stainless steel envelope. The absorber aperture was shielded by a glass
cover. It was found that the temperature of 30 liters of water increased from 20°C to 50°C
in just over 2 hours.

The determination of the thermal characteristics of parabolic dish receivers was performed
by Bellel [40]. The two receivers under test were both made from steel, and cylindrical in
shape, with one being a closed cylinder and the other having a coiled copper pipe within its
cavity. Water was used within the cylinder cavity and the coiled pipe to monitor the heat
transfer. Receiver temperatures above 500 °C were measured.

Scheffler reflectors have been developed for use in remote areas where there is limited ac-
cess to electricity. These reflectors have been built in a range of sizes, from 0.5 m? to 50 m? of
reflector surface and are able to deliver temperatures in the range of 300 °C. This is was done
so that there would be different size options for various applications. Some of the applications
included cookers for school canteens, community cookers and even industrial heating [13, 41].
Reflector sizes include 2.0, 2.7 8.0, 9.7, 12.6 and 16 m? of reflector area. A 2.7 m? reflector
is able to boil 1.2 liters of water in 10 minutes. Within the same amount of time, a 9.7 m?

reflector is able to boil 4.5 liters of water [13]. Most of these cookers are direct cookers and
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the cooking vessels are stationary. The production of low pressure steam is also possible with
the use of Scheffler reflectors.

In addition to cooking, the Scheffler reflector has allowed applications such as industrial
heating and manufacturing processes to be possible so as to limit the use of conventional fossil
fuels. Bhirud and Tandale [41] investigated the use of Scheffler reflectors for industrial heating
applications. The heating of mild steel plates to 135°C was done in an oven using two-fixed
focus Scheffler reflectors, each having a reflector aperture area of 10 m?. For mild steel plates
of mass 100 kg, the heating time required for the plates to reach 135 °C was 27 minutes. The
system was able to deliver 2.5 kWh of energy during the heating process.

Jayasimha [42] reported on the use of Scheffler reflectors for steam generation to be used
for commercial laundry and dry cleaning. There was a total of 15 reflectors each with an
area of 16 m2. The second application was the generation of steam for washing compressor
components. This system made use of 4 reflectors and is shown in Figure 1.9. One of the
planned projects included steam generation for the evaporation of water from milk for the

production of sweets. This would require 8 reflectors in total.

Figure 1.9: The four 16 m? Scheffler reflectors used to generate steam for washing compressor com-

ponents. Adapted from Jayasimha [42].

As reported by Pulfer [11], a marmalade factory employed a 4.5 m? Scheffler reflector for
the manufacturing of jams, marmalades and stewed fruits, in order to limit their use of liquid

petroleum gas (LPG) due to its high cost. It was found that when the pot was filled with
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40 liters of water at an initial temperature of 29 °C, the temperature had risen to 92°C in 2
hours and 10 minutes.

For a rather different application, a 50 m? Scheffler reflector was developed by Wolfgang
Scheffler [43], for use in a solar crematorium in India. This was to reduce the 200-300 kg of
wood that would normally have to be used in a cremation. The reflector was designed to heat
a cremation chamber 2 m in length to a temperature greater than 700 °C. When the chamber
was pre-heated a temperature above 900 °C was reached. This enabled the burning of 4 kg
of goat meat in 35 minutes. The solar crematorium concept seems to be a viable alternative
to using wood. However, it can pose problems during cloudy weather and a backup option
such as gas or wood should always be available. Considering the climate in India where there
are approximately 300 sunny days per year [42], the Scheffler crematorium is an attractive
technology.

Many Scheffler systems do not incorporate storage to allow for cooking, water heating or
steam generation during periods of low insolation. This was taken into account when Tyroller
[44] developed a solar steam sterilizer with heat storage for use in rural hospitals. A 10 m?
Scheffler reflector was used to focus energy onto a 230 kg block of iron. The iron block serves
as the receiver and storage unit. The block is heated to temperatures of up to 500°C. The
system is able to run a 76 liter sterilizer 4 times a day.

A compound parabolic concentrator (CPC) for the purpose of in situ steam generation was
constructed by Oommen and Jayaraman [45]. As an alternative to other CPC designs, the
current CPC module was designed with oversized reflectors to reduce gap losses and accommo-
date a cylindrical absorber. The absorber assembly consisted of five selectively coated copper
pipes of outside diameter 19.5 mm and length 1060 mm. The pipe assembly was enclosed by
a borosilicate glass cover. The application to steam cooking was possible by connecting the
system to a pressure cooker. Experiments were carried out with a pressure cooker that had
a capacity of 5 liters. The pressure cooker started giving off steam after 55 minutes. The
cooking of 1 kg of rice with 1.5 liters of water was completed in 125 minutes.

Senthilkumar et al.[46] also used a CPC for low pressure steam generation. However, there
were no oversized reflectors incorporated as with the design by Oomen and Jayaraman. The
absorber was a copper sphere of 100 mm radius covered with a dull black paint. Copper tubes
were used as transport pipes into and out of the absorber, with water as the heat transfer
fluid. Since the losses from the absorber were mainly due to re-radiation, the authors decided

to eliminate a glass covering around the absorber. Since one of the possible applications for
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the present device was steam generation tests were carried out to investigate its performance.
Experiments showed that when the absorber was filled with 3.5 liters of water, the temperature
had risen to 80°C in a period of 70 minutes. When the output temperature reached 98°C, a
steady output of steam was observed. The steam generation efficiency was calculated to be
approximately 38%. Some of the applications of the CPC module includes steam cooking and
water and oil heating. As one of the ways to improve the absorber efficiency and hence steam
generation efficiency, the use of a selective coating on the absorber was suggested by some
authors.

Contrary to the above and other designs, Popoola and Ayanda [47] chose to use a conical
shaped concentrator for their solar concentrating system with oil as the heat transfer fluid.
One of the factors influencing their choice was that the energy received by the absorber using
a conical concentrator is greater than any other concentrator of equal aperture area. The
receiver was a cylindrical structure fabricated from copper. A copper sheet was rolled into
a cylinder and fixed at the joining ends by a zinc metal alloy. Copper has a thermal con-
ductivity of 386 W/mK [48], which is significantly higher than stainless steel and aluminium.
The cylinder was painted black to enhance the absorption of radiation. The highest receiver
temperature recorded was 166 °C. The system lacked automatic tracking, making it difficult
for applications such as steam generation to be achieved. Automatic tracking would have
allowed the system to be constantly pointing at the sun so that a larger amount of radiation
could be absorbed hence higher receiver temperatures would have been achieved.

Perfectly-shaped parabolic dish concentrators are complicated to design and construct in
an experimental setting. This is because it is difficult to produce an accurately curved object
from flat sheets of metal. The accuracy of the parabolic shape determines how well a sharp
point focus can be achieved. The point focus is the main reason that parabolic dish con-
centrators have the ability of achieving significantly higher temperatures than other types of
concentrators. It is their ability to achieve higher operating temperatures i.e temperatures in
excess of 1500 °C, that makes the parabolic dish concentrator the most efficient of all concen-
trating systems [1]. For cooking purposes however, such high temperatures are not necessary
and instead Fresnel concentrators are able to provide adequate temperatures. Fresnel con-
centrators have become popular for solar cooking applications since they provide adequate
cooking temperatures and may be easier and cheaper to fabricate [6]. With this in mind,
Sonune and Philip [26] developed and tested a Fresnel type SPRERI concentrating cooker

for domestic cooking. This direct solar cooker was able to reach temperatures above 90 °C,
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allowing various types of food items to be cooked. However, this system required manual
tracking which was considered to be quite problematic since the women using it were taken
away from completing other household chores. Manual tracking requires re-positioning of the
concentrating system by 15° every hour.

Franco et al.[49, 50] constructed a communal Fresnel type cooker for use in boarding
schools and communal centres. The design allowed for interchanging of receivers for different
purposes such as boiling, baking and frying. The first receiver was a blackened stainless steel
coil pipe of 10 cm diameter placed within a Pyrex glass cover. The Pyrex cover was used to
limit the natural convective heat loss. For an irradiance of 1000 W/m?, it was found that
1.5 kg of steam was produced. With this boiler-type receiver the duration needed to heat the
water until it boils was 10 minutes.

The second receiver alternative comprised black aluminium triangular shaped bars again
contained in a Pyrex vessel. The triangular bars were arranged radially to form the shape of
a cylinder within the Pyrex vessel. Once the bars are heated they can be removed and placed
on a rack or tray, with the cooking pot on top of them. Heating the pot through conduction
allows this method to be used for cooking or baking. Aluminium was used for this purpose
since it has a higher thermal conductivity than stainless steel. This would allow the cooking
pot to reach a higher temperature. The coiled pipe receiver and aluminium cylinder receiver
are shown in Figure 1.10.

The last receiver alternative was to use a blackened pot placed at the focus. The walls
of the pot reached temperatures higher than 200 °C, making frying possible. This option was
found to be best for larger families.

Franco et al.[50] also used the boiler-type coil receiver for the pasteurization of goat milk.
The receiver was able to reach a temperature of 65 °C after 75 minutes. This temperature was
sufficient for low-temperature pasteurization. The pasteurization of 10 liters of milk was done
in approximately 1 hour.

In general, for parabolic dish concentrators a cavity or tubular receiver is preferred over
a flat receiver. The shape of the cavity receiver could be hemispherical, cylindrical or box-
shaped with the aperture facing the incoming concentrated radiation. Cavity receivers have
been found to have a lower convective heat loss and an increased geometric concentration
ratio by the inclusion of secondary reflectors at the aperture. A tubular receiver is usually
coiled into either a cylindrical, cone or hemispherical shape to promote absorption of reflected

radiation from all directions. Volumetric receivers are enclosed by a glass covering to reduce
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(a) (k)

Figure 1.10: (a) Blackened stainless steel coil receiver. (b) Blackened triangular aluminium bars.

Adapted from Franco et al. [49, 50].

heat loss from the absorbing medium to its surroundings and to prevent damage to the ab-
sorbing medium. The receivers are usually painted black and parts that are not exposed to
the concentrated radiation are well insulated.

The materials used in the construction of the receivers are generally metals with high ther-
mal conductivity. These metals include carbon steel, aluminium, cast iron and copper. The
properties of these materials such as their thermal conductivity, density, chemical composition
and mechanical strength depend on the grade of the material. The most appropriate type of
material and grade should be carefully chosen before being used as part of any solar thermal
System.

Many of the receiver designs reviewed in this section involve bending and coiling of pipes
and employing glass covers to limit convective heat loss. The use of insulation is important
in reducing conductive losses from the receiver. Therefore, the type of insulation used should
be carefully selected. It has also been established that the use of selective coatings or black
paint significantly improves the amount of radiation absorbed. Selective coatings are usually
more expensive, which is why black paint is a popular alternative. However, a crucial require-
ment of the ordinary black paint used on the high-temperature receivers is that they need to
withstand the heat. This problem can be overcome by using high-temperature resistant black

paint which is specially designed for this purpose.



Chapter 2

Solar radiation and solar technology

The solar radiation emitted from the sun is in the form of electromagnetic energy. The
radiation has wavelengths, A, ranging from 300 (gamma rays) to 3000 nm (microwaves). Most
of these wavelengths are screened from the earth’s surface by different layers of the atmosphere.
The main wavelength that does reach the surface is that of visible light (380 < A < 780 nm).
However, portions on either side of the visible spectrum are not completely cut off and are
able to pass through the atmosphere. These are the ultra-violet (A < 380 nm) and infrared
(A > 780 nm) ranges. The infrared range has wavelengths which are too long to be seen by the
naked eye, whereas the ultra-violet region contains wavelengths which are too short. The solar
spectrum is approximately equal to that of a black body at a temperature of 5800 K. Due to
the absorption of certain frequencies by water vapour, dust particles and other molecules in
the air, the spectrum that is received by the earth’s surface is significantly altered [16]. Figure
2.1 shows the solar energy spectrum.

Irradiance is the term given to the amount of radiant energy received on a surface per unit
area per unit time. The amount of solar radiation reaching the surface of the earth is greatly
reduced by the absorption, reflection and scattering of light. Factors such as air molecules,
clouds, dust particles and water vapour contribute to the reduction of the amount of sunlight
received. Radiation that experiences any of these processes is referred to as diffuse solar
radiation. The radiation that does not undergo scattering, absorption or reflection is known
as direct or beam radiation [16]. The direct and diffuse solar radiation can be summed to give
the global solar radiation. The global (sky-+solar disk) radiation, G, incident on a horizontal
surface is the sum of the direct beam, B, projected onto the surface modified by the cosine of

the incidence angle of the beam, i, and sky radiation, D, from the dome of the sky excluding
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Figure 2.1: Spectral distribution of solar energy above the atmosphere (red) at zero airmass and the
altered spectrum (blue) that reaches the surface of the earth at airmass equal to 1.5 (reproduced by

Lysko [51]).

the sun [52]. This relationship is expressed by [52]:

G = Bcosi+ D. (2.1)

2.1 Sun-Earth geometry

The elliptical orbit of the earth’s path around the sun is shown in Figure 2.2. It indicates
the position of the earth relative to the sun at different times of the year. The declination,
d, angle is the angle between the sun’s direction and the equatorial plane. This angle varies
through the year and is at its extreme during the solstices (longest or shortest length of day)
and at zero during the equinoxes (equal day and equal night). The North-South (N-S) pole
axis is normal to the equatorial plane whilst the declination axis is at an angle of §,=23.45°
away from the normal to the plane of revolution. The variation of the declination angle is

shown in Figure 2.3 can be expressed by
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where §, varies between +J, = +23.45° (for mid-summer in the northern hemisphere) and
—0, = —23.45° (for mid-winter in the northern hemisphere). The day in the in the year is

represented by n where n = 1 for 1 January [54].

Sun's
radiation

2| Dec.

Figure 2.3: Variation of the declination angle through the year. The earth’s circles of latitude are

shown. A declination angle of 0° denotes the two equinoxes [54].

For solar energy calculations, apparent solar time (ST) is used to express the time of
day. Apparent solar time is based on the apparent angular motion of the sun across the sky

and does not coincide with clock time [16]. The time when the sun crosses the meridian of
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the observer is the local solar noon. The relationship between apparent solar time and local

standard time (LST) is calculated using the following equation
ST = LST + EOT + (st — lipcar) -4min/degree, (2.3)

where I and [jy.q is the standard meridian of the local time zone and local longitude, respec-

tively and FOT is time in minutes given by
EOT =9.87sin2B — 7.53 cos B — 1.5sin B, (2.4)

where B = 360(n — 81)/364 degrees [55].

2.2 Solar radiation measurement instruments

The measurement of solar radiation is referred to as radiometry [56]. Assessment of the
solar resource at a particular location is needed in order to design and construct efficient and
cost effective solar energy systems. Terrestrial solar radiation is measured using instruments
such as pyranometers and pyrheliometers. Pyrheliometers measure shortwave direct solar
radiation, whereas pyranometers measure shortwave global radiation and diffuse radiation
by the use of a shadow band or shading ball across the sensor. The World Radiometric
Reference (WRR) provides a standard measurement scale for all the radiometers in the world.
The WRR is maintained by the World Meteorological Organisation (WMO) situated at the
Physical Meteorological Observatory in Davos, (PMOD), Switzerland. A group of absolute
cavity pyrheliometers (ACP) comprise the WRR, and all other radiometers are calibrated
against these ACPs since they provide the most accurate and precise radiometric reference
[52]. All radiometers must be traceable to the WRR. The radiometry instruments mounted
onto a Solys 2 solar tracker at the Westville radiometry station at UKZN can be seen in Figure

2.4.

2.2.1 Pyrheliometers

Pyrheliometers are used to measure the direct solar radiation received at a particular location.
They measure the nearly collimated radiation within a narrow field of view, typically between
5.0 and 5.8° [52]. The Absolute Cavity Radiometer (ACR) is of the highest class and all other
pyrheliometers are calibrated against it. A Kipp and Zonen Normal Incidence Pyrheliome-

ter (NIP) was used for obtaining measurements in this thesis. The angle of aperture for the
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Figure 2.4: Radiometry instruments at the Westville station. The pyrheliometer, shaded and un-

shaded pyranometers are mounted onto a Solys 2 solar tracker. The tracker is shown facing North.

instrument is 5.0 £ 0.2° and has a sensitivity of approximately 7.4 uV/Wm~2 [57]. To con-
tinuously measure the direct solar radiation the pyrheliometer has to be constantly following
the sun. This is achieved by the use of a solar tracker. The pyrheliometer is mounted onto
the tracker and allowed to track the sun throughout the day. There are different categories of
solar trackers: passive, microprocessor and electro-optically controlled. The microprocessor-
based tracker is considered to have a higher level of accuracy compared to the passive and
electro-optical systems. Trackers can be further specified by the axis of rotation, whether one
axis of rotation, or two and three axes of rotation [58]. Commonly used solar trackers are
Eppley’s ST-1 or ST-3, Solys and BRUSAG’s INTRA. The Kipp and Zonen pyrheliometer

was mounted onto a Solys 2 tracker, as shown in Figure 2.5.

2.2.2 Pyranometers

Global and diffuse solar radiation can be measured by the use of pyranometers. They measure
the radiation that is incident on them within the solid angle 27. It consists of a copper-
constantan thermopile sensing element which is housed in a domed structure. The copper-
constantan thermopile converts the temperature to a voltage [16]. The function of the dome
cover is to shield the sensing element from wind and rain, as this may affect its temperature.
However, the dome still allows transmission of the solar radiation equally from all directions.
Measurement of the diffuse component can be achieved by the use of a shadow band or shading

ball covering the sensing element. The direct component of the solar radiation is blocked by the
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shading device so that only the scattered radiation can be received by the sensor. Alternatively,
if the direct component is known the diffuse component can be calculated using equation (2.1).
For this research, the Kipp and Zonen shaded and unshaded pyranometers used to measure the
direct and diffuse components have sensitivity values of 9.1 and 9.3 V/Wm~2 respectively,

and are shown in Figure 2.5.

2.3 Current solar technology

Many countries around the world have recognized the growing necessity of solar technology for
electricity generation. As the world’s population continues to grow and the need to provide
a sustainable future becomes critical, closer attention is being drawn to the development of
new, efficient and sustainable solar powered systems. Many applications of solar technology

exist in many parts of the world. Below is a brief discussion of some of these technologies.

2.3.1 Photovoltaic (PV) cells

PV cells consist of semiconductors that convert solar radiation into an electric current by the
photoelectric effect. Several photovoltaic cells form a photovoltaic module or a panel which
is the main component of a solar generator. Solar panels are usually installed on the rooftops

of homes and buildings [59].

2.3.2 Concentrating solar power (CSP)
Parabolic trough concentrator (PTC)

Parabolic trough concentrating (PTC) systems make use of linear parabolic mirrors that re-
flect light onto a tubular receiver through which a heat transfer fluid flows. The receiver is
normally coated with a selective absorber and encased within a glass covering. The troughs
are mounted next to each other on a north-south axis to form an array and are allowed to
track the sun throughout the day. The heat transfer fluid used for PTC systems is usually
a synthetic oil that can reach temperatures of approximately 400°C. The heated oil flows
through a heat exchanger where water is heated to produce steam. The steam is then used to
power turbines.

The largest array of PTCs is the Solar Electric Generating Systems (SEGS) plant (Figure
2.6) situated in Southern California. The SEGS power plant has a total installed capacity of
354 MW [3]. Nevada Solar One is another operational plant with a capacity of 64 MW. An ap-
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Figure 2.5: (a) Pyrheliometer mounted onto the Solys 2 tracker measures the direct radiation. Inset:
Front view of the pyhreliometer that is constantly pointed at the sun. (b) Shaded and unshaded
pyranometers mounted on a stationary plate on top of the Solys 2 tracker. The diffuse component is

measured by the shaded pyranometer, which uses a shadow ball to cover the sensing element.

plication of the PTC technology in Southern Spain is the Plataforma Solar de Almeria (PSA),
which consists of several 50 MW parabolic trough systems. Some of these include Anadasol 1,
2 and 3, Solnova, Palma del Rio and Puertollano. The Andasol plants are operational while

the remaining ones are under construction [60]. South Africa’s first CSP plants are currently
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under construction. One of these include a 100 MW parabolic trough called KaXu Solar One.

It is located in the Northern Cape and will have a storage capacity of three hours [61].

Figure 2.6: SEGS III parabolic trough plant at Kramer Junction, California [62].

Parabolic dish/Stirling engine

Parabolic dish/Stirling engines use large dish type receivers that focus light onto a small area
above the center of the dish. The parabolic dish is covered by mirrors to concentrate light
onto the receiver allowing the heat transfer fluid within the receiver to reach temperatures of
750°C and above. The heated fluid drives either a steam or a Stirling engine. These dishes
require accurate two-axis tracking in order to keep them focused at the sun at all times. Stir-
ling engines have been designed to be used as off-grid systems for remote and undeveloped
areas. A 1.75 GW solar farm consisting of Stirling engines has been planned for the California

Mojave Desert [3]. Figure 2.7 shows dish/Stirling technology.

Central receiver

Central receiver systems require independently-tracking mirrors positioned in an array to fo-
cus light onto a central tower. Within the towers a nitrate salt combination is used to store

the heat allowing temperatures of up to 650°C to be reached. Nitrate salts have high heat
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Figure 2.7: Dish/Stirling engine technology [60].

capacity which allows them to store a large amount of thermal energy. In addition they are
non-flammable and non-toxic. The reflective mirrors used for these systems are flat, signifi-
cantly lowering manufacturing costs since they do not require specialized machinery to be bent
accurately into curved shapes. The first commercial central receiver plant providing electricity
to several thousand homes is called the PS10 and is situated in Seville, Spain. The plant was
built in 2007 and has an installed capacity of 11 MW. This was followed by a second 22 MW
plant, with an additional capacity of 600 MW being planned [3]. Shown in Figure 2.8 is the
Solar 2 central receiver plant which was an upgrade from Solar 1. The Solar 2 plant had suc-
ceeded in proving the technical feasibility of a central receiver plant with molten salt storage.
This provided critical data which later influenced the design for one of the most significant
achievements in Spain, which was the 20 MW Gemasolar tower plant. This plant generates
energy continuously and has a 15 hour molten salt storage. Gemasolar has higher working
temperatures than previous tower plants such as the PS10 [60]. Khi Solar One is a 50 MW
solar tower plant that is under construction in South Africa, that will have a two hour storage

capacity [61].
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Figure 2.8: Solar 2 tower plant, Mojave Desert, California [63].

Linear Fresnel reflector (LFR)

Linear Fresnel Reflector systems use flat rings of mirrors to reflect light onto receivers sus-
pended above the reflecting surface [3]. Athough LFRs are not as efficient as parabolic dish and
trough systems, they may be favourable when it comes to reducing manufacturing costs due
to flat mirrors being cheaper to fabricate than curved mirrors. The first concentrating linear
Fresnel prototype was the 5 MW Kimberlina plant which was built in Bakersfield, California
in 2008 [60].



Chapter 3

Solar thermal cooker system

One of the small scale applications of solar thermal power is a solar thermal cooker. This
chapter describes a solar thermal cooker system that was designed and constructed for the
work of this thesis. Included are the different components of the system and their functions,
with emphasis on the receiver. Each of the components will be discussed separately.

A solar thermal cooker system generally comprises a concentrator, receiver, heat transfer
fluid and an optional storage system. A schematic of the cooker system for this thesis is shown
in Figure 3.1. The system constructed consists of an off-axis concentrator, a receiver, water

as the heat transfer fluid and a latent thermal energy storage system.

steam “
el
. NaNO3- KNO3
N water PCM
Receiver
boiling chamber
Storage

Concentrator

Figure 3.1: Schematic of the experimental setup of the system with the parabolic concentrator,
receiver and storage container with NaNO3-KNOj phase change material (PCM). The dish concentrates
the incoming radiation onto the receiver which heats the heat transfer fluid. The heat transfer fluid is

circulated through the storage to heat the PCM.
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The general idea of the system is that water is heated in the receiver by concentrated
radiation until it becomes superheated. The steam produced from the superheated water
circulates through a pipe clamped beneath the storage top-plate. The steam condenses within
the pipe and heats the thermal storage which consists of NaNO3-KNO3 PCM. The condensate

flows back to the receiver where it is re-heated.

3.1 Concentrator

The purpose of a solar concentrator (or collector) is to direct the incoming radiation onto
a small receiving area or focal region located on the parabola optical axis. Concentrating
systems are generally associated with higher operating temperatures than non-concentrating
systems, since they are able to produce a higher heat flux by converging the incoming radiation
into a small area. To obtain optimal dimensions of a concentrator and the receiver several
factors must be taken into account. These include geometric concentration ratio, Cr, ratio of
the focal length, f, to concentrator aperture diameter, d, and rim angle, ¢, which is the angle
between a line that extends from the rim of the dish to the focal point, F, and a vertical line
through the focal point. Of these, the concentration ratio is the most important factor since
it provides a method of estimating the optimal size of the concentrator and receiver to obtain
the highest energy output [64].

The concentration ratio, defined as the ratio of aperture area, A,, to absorber area, Ay, of
the solar concentrator determines the intensity of the solar radiation intercepted by the receiver
[23]. The quantity Agps is defined as the absorbing area of the receiver normal to the incoming
radiation. A high heat flux makes it possible to attain medium to high temperatures suitable
for applications such as cooking and steam generation. The heat losses from the concentrator
are proportional to the area of the absorber and inversely proportional to the concentration.
The concentration ratio, Cg, is given by

Aq  Aperture area

Cr=

Ags  Absorber area’

For concentrating collectors, Cr is always greater than 1 [64].
The curvature of the concentrator can be described by focal length-to-diameter ratio, f/d,
and rim angle. The relationship between them is illustrated in Figure 3.2, which shows several

concentrators with the same diameter. It can be seen that the rim angle decreases as the f/d
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ratio increases. A concentrator with a small rim angle has little curvature with the focal point
located far from the reflecting surface. As shown in Figure 3.3, concentrating solar power
(CSP) systems using cavity receivers with small apertures should make use of concentrators
with small rim angles. This will allow the outermost reflected rays to reach the aperture of
the cavity receiver. Conversely, CSP systems using tubular receivers should use concentrators
with large rim angles and shorter focal lengths [64]. Placing the receiver closer to the concen-

trator will allow reflected radiation to be intercepted from all directions.

Rim angle. #

f/d ratio

Figure 3.2: Relationship between f/d ratio and parabola rim angle. For several parabola surfaces
with the same aperture diameter and common focal point, as the rim angle increases the parabola

surface becomes more curved and the focal length becomes shorter. Adapted from Romero-Alvarez

and Zarza [64].
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Figure 3.3: The effect of the parabola rim angle on the type of receiver used. (a) A parabola with
small rim angle has less curvature and a focal point far away, and therefore a cavity type receiver should
be used since this enables the outermost reflected rays to reach the cavity aperture. (b) A parabola
with large rim angle and a closer focal point makes better use of a tubular/cylindrical receiver which

allows reflected radiation to be intercepted from all directions.

3.1.1 Geometry of an off-axis parabolic dish

The central parabolic dish is regarded as the ‘parent’ parabola and the off-axis (or off-set)
parabolic dish is a lateral section of this parent parabola [65]. A lateral section refers to a
section or surface that does not form a base. This is depicted in Figure 3.4. The focus (or
focal point) is the point at which the reflected radiation converges. The focal length, f, is the
distance between the vertex and the focus of the parabola. The parent and off-axis parabolas
share the same focal point. However, the position of the focal point for the off-axis parabola
is situated near the lower part of the dish instead of in the center, as in the case of the parent
parabola. The touch point of a line (ab) tangent to the off-axis parabola indicates the lowest
point of this parabola. The angle, «, between the tangent line and the horizontal is the off-axis
angle. Positioning the off-axis parabola at this angle will give a flux distribution that can be
contained within the smallest focal region.

A parabola that is symmetric about the y-axis can be described by equation (3.2). The

rays of sunlight parallel to the y-axis will intersect at a point called the focus or focal point.
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Figure 3.4: Schematic depicting the off-axis segment (grey portion) relative to the parent parabola.
The touch point of the tangent line (red) to the off-axis parabola indicates its lowest point. The parent
and off-axis parabolas have a common focus and the same focal length. Focal region of the off-axis

segment is toward the lower part of the off-axis dish. Adapted from Munir et al. [65].

The focal length is found by equation (3.4) [66]:

y = ax?, (3.2)
where
_ 1 (3.3)
a= i .
which gives
- 3.4

Alternatively, the focal length can be obtained from the diameter and the depth, §, of the

parabolic dish using [66]:
d2

I'= 165

(3.5)
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ReflecTech Mirror Film

ReflecTech Mirror Film is a silvered polymer film that was developed by ReflecTech Inc. and
the National Renewable Energy Laboratory (NREL). This highly reflective film of 0.1 mm
thickness has a specular reflectance and a solar weighted-hemispherical reflectance of 93%
and 94%, respectively. It is highly durable to withstand harsh outdoor conditions, extremely
lightweight, moisture resistant and is not susceptible to breakage as is the case with glass
reflectors [67].

For the work of thesis, the concentrator comprises a 1200 mm off-axis (or off-set) parabolic
dish covered with lightweight Reflectech mirror film. This was a commercially available satel-
lite television dish manufactured by Visiosat (Model: SMC 120). The Reflectech film was
chosen due to its curveability, light weight material and high specular reflectance. The film
was cut into strips of 55 mm in width. The film strips were fixed to the dish surface such that
three separate strips were used to cover the width of the dish instead of one complete strip.
This had to be done so that the film will take the shape of the dish as closely as possible and
there will be no creasing or overlapping of the film. The concentrator has an off-axis angle of

22.3° and a focal length of 780 mm.

3.1.2 Determination of the flux distribution by the method of Ray-tracing

The geometric precision and optical quality of the concentrator significantly impacts the
amount of radiation absorbed by the receiver and hence the overall performance of the system.
Optical losses can be caused by imperfections of the shape of the concentrator, the reflecting
surface or both. Therefore, it is imperative that the concentrator be assessed with respect to
its optical performance.

In order to determine the focal region of the collector the method of ray-tracing was used.
There were five red lasers (laser class IIla) mounted onto a movable horizontal arm and point-
ing perpendicularly to the horizontal. The lasers were first calibrated against a flat mirror to
ensure that the beam was exactly vertical to the horizontal. The experimental setup for the
ray-tracing procedure is presented in Figure 3.5. The film surface was separated into three
panels i.e a left, right and center panel. Each of these panels was scanned separately and is
indicated by a different colour on the ray-tracing pattern. The mid-section of the concentrator
was scanned first to determine the mid-point of the focal region and thereafter, every second
foil strip in each panel. The reflections were studied on a screen tilted at an angle of 45°

to the horizontal, as depicted in the schematic in Figure 3.6. The incident rays strike the
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concentrator surface and converge at the focal point. The theoretical focal point as specified
by the manufacturer is 780 mm. However, scans were done at focal lengths of 688, 723, 790
and 800 mm to verify the manufacturer’s specification. The distribution of the reflections at
the focal length of 780 mm is shown in Figure 3.7. The reflections from the left, center and
right panels were indicated on the screen in blue, red and green, respectively. More than 90%
of the reflections can be contained within a circle of 100 mm diameter. The extreme points
(top, bottom, left and right) of the concentrator are indicated by an ‘X’ in Figure 3.7. For
this focal length the extremities were also within the focal region of 100 mm diameter circle.

An advanced method used to characterize concentrators is by digital Photogrammetry,
which was developed by Shortis and Johnston [68]. It involves the use of a network of multiple
photographs of a targeted object taken from a range of viewing positions, to obtain high-
accuracy, 3D coordinate data for the object being measured. An advantage of using digital
photgrammetry as a measurement device is that it is a rapid technique that does not require

any contact with the object and can accommodate objects of different sizes.

“|Reflected rays

Reflected rays

RIS Center panel

(a) (b)

Figure 3.5: (a) Experimental setup for the ray-tracing of the off-set parabolic concentrator with
red lasers. Parallel incident rays from the laser diodes strike the surface of the concentrator, and the
reflected rays are marked on the screen positioned at 45 ° to the horizontal. (b) Front view of reflected

rays as seen on screem.



3.2 Receiver 39

incident rays
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Figure 3.6: Schematic of the incident and reflected rays from an off-set parabolic concentrator. The
concentrator is inclined at 22.3 ° to the horizontal. The screen on which the flux distribution is studied

is inclined at 45° to the horizontal and placed at a height of 780 mm.
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Figure 3.7: Ray-tracing pattern for focal length of 780 mm with screen at an angle of 45° to the
horizontal. More than 90% of the reflections can be contained within a circle of 100 mm diameter.
Left, center and right panels indicated in blue, red and green, respectively. Points marked with ‘X’

indicate the four extreme points of the dish.
3.2 Receiver

A device that is used in high temperature solar concentrators for the conversion of concentrated

solar radiation to heat is called a receiver [69]. The purpose of the receiver is to absorb as much
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radiation as possible and transfer this energy to the heat transfer fluid. The receiver is therefore
an important component of any solar concentrating system. In the case of a parabolic dish
concentrator, the receiver may be designed in various ways to optimize its efficiency. Receivers
can be fabricated from different materials such as aluminium, steel, copper and even fibers
as in the case for air-based systems. The geometry of the receiver, the use of a selective
absorber and the use of glass with low iron content are some of the methods employed to
increase the amount of radiation absorbed by the receiver. The amount of heat lost from the
receiver can greatly reduce the performance or efficiency of the system. The three main heat
loss mechanisms from a receiver are conduction, convection and radiation [37]. This should

be considered when designing a receiver to ensure that these losses are kept to a minimum.

3.2.1 Receiver geometry

The design of a receiver depends on factors such as the type of concentrator used, the operating
temperature and pressure of the system, working fluid used in the system and the radiation
flux available at the receiver surface [29]. However, the shape and size of the receiver are the
two factors that greatly influence the amount heat lost to the environment. A schematic of

the receiver constructed for the work of this thesis is shown in Figure 3.8.
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Figure 3.8: Receiver, constructed from mild steel, in the shape of a cylinder serves as a boiling
chamber. The water is heated by the concentrated radiation striking the spherical cap. The steam
rises toward the top of the cylinder where it leaves the receiver through the steam pipe (red). The

condensed water (blue) enters the receiver at the bottom of the cylinder where it is re-heated.
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It consists of a mild steel (grade EN8) cylinder 160 mm in length, with a spherical cap of 100
mm in diameter. Water is used within the cylinder as the heat transfer fluid. The cylindrical
shape serves as a boiling chamber and contains ceramic boiling chips to facilitate the boiling
process. The cylinder and spherical cap have a wall thickness of 4 mm. The cylindrical part
of the receiver is insulated and the spherical part which receives the concentrated radiation is
coated with Solvalitt black paint, which can withstand a temperature of up to 600 °C [70]. The
water is heated by the concentrated rays striking the spherical cap. The steam produced by
the boiling water rises upward, where it leaves the receiver through the steam pipe (red). The
condensed water (blue) enters the receiver at the bottom of the cylinder where it is re-heated.
As will be shown in Chapter 4, the receiver is required to produce superheated water at a
temperature of approximately 250 °C in order to melt PCM salt in the storage.

Using equation (3.1) and the concentrator and receiver dimensions, listed in Table 3.1, the
theoretical concentration ratio was calculated to be 144. The absorbing area of the receiver
normal to the concentrated radiation was taken as wr2. The area of the concentrator, Agisp,
is given by

Adish = Tab, (3.6)

where a and b are the semi-major and semi-minor axes, respectively. The aperture area, A,
of the concentrator is defined as the area of the concentrator multiplied by the cosine of the
off-axis angle, given as

A, = Agishcosa. (3.7)

Table 3.1: Concentrator and receiver dimensions.

Concentrator Receiver
Semi-major axis (mm) 635 -
Semi-minor axis (mm) 615 -
Diameter (mm) - 100
Length (mm) - 160
Focal length (mm) 780 -
Wall thickness (mm) - 4
Mass (kg) 8.5 2.5
Material Mild steel with powder coating | Mild steel with black paint
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3.2.2 Receiver analysis
Receiver efficiency

The energy balance for the receiver is given as
Pret = Prec — Bossa (38)

where
Ppet = useful energy transferred to the working fluid
Prec = energy collected by the receiver
Py,ss = total energy loss from the receiver [40].
The power, Py, captured by the concentrator and the power reaching the receiver, Py,

are given by the following equations:
Piish = Ipn1Aa, (3.9)

Prec = nOPdisfu (310)

where Ipny is the direct normal irradiation in W/ m?2 and 7o is the optical efficiency.

The optical efficiency, ng, is given by

no = RyitmRray, (3.11)

where Rp, is the film reflectance and R,y is the fraction of reflections contained in a 100
mm diameter from the ray-tracing experiment and « is the off-axis angle. The factor Ry, is
a property that characterizes the concentrator and R,y is a property that characterizes both
the concentrator and the receiver.

The heat loss from the receiver is in the form of conduction, convection and radiation, and

the total heat loss is a combination of these three mechanisms, given by [40]:

F’loss = Icond + Pconv + Prad- (3'12)

The overall efficiency of the receiver, 7., is obtained by [40]:

o Pnet
Threc = P

rec

(3.13)

The heat loss mechanisms vary in the different regions of the receiver and one may be
more dominant than the other. The receiver is divided into two parts: the spherical portion

(or spherical cap) and the cylindrical portion. The spherical cap is exposed to concentrated



3.2 Receiver 43

radiation while the cylindrical portion is insulated is 25 mm thick Superwool insulation. Since
the receiver comprises spherical and cylindrical geomteries, using the above equations, the
heat loss from each part is calculated separately and the total heat loss from the receiver is
the sum of the two. The heat loss analysis for this thesis follows closely from Incropera and

deWitt [71]. The heat loss mechanisms will be discussed in further detail.

3.2.3 Heat loss mechanisms
Conduction

Conduction is the mode of energy transfer where the heat flow is due to the temperature
difference within a body or between bodies in thermal contact, without the involvement of
mass flow and mixing [48]. The aim of a conduction analysis is to obtain the temperature
distribution within a medium. The temperature distribution is a representation of how the
temperature varies with position within the medium. Once the temperature distribution
has been determined, the conduction heat flux from any point in the medium or on the
surface of the medium may be obtained using Fourier’s law [71]. Fourier’s law states that,
the heat flow by conduction in any direction is proportional to the temperature gradient and
area perpendicular to the flow direction and is in the direction of the negative gradient. The

mathematical form of Fourier’s law in one dimension is given by
P.ong = —kA dT/dx, (3.14)

where A is the cross-sectional area and d7T/dz is the temperature gradient. The negative sign
in equation (3.14) indicates the transfer of heat in the direction of decreasing temperature.
The proportionality constant in the relation is known as thermal conductivity, k, of the ma-
terial [48]. For engineering applications, knowledge of the temperature distribution allows for
the optimization of the thickness of an insulating material, or to determine how compatible
special coatings or adhesives may be if used on the medium.

According to Incropera and deWitt [71], one of the ways used to determine the tempera-
ture distribution and perform a heat conduction analysis is by the use of the heat equation.
Consider a differential control volume dzdydz shown in Figure 3.9. The conduction heat rates
at the z, y and z surfaces are indicated by ¢., ¢, and g¢., respectively.

From Fourier’s law the conduction heat rate through each of the surfaces is

oT
Gz = —kAdT/dx = —k‘dydz%, (3.15)
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Figure 3.9: Differential control volume depicting the conduction heat rates through the volume in

the z, y and z directions. Adapted from Incropera and deWitt [71].

or

qy = —kAdT/dy = —kdxdza—y, (3.16)
oT

q. = —kAdT/dz = —kdxdyg. (3.17)

The conduction heat rates at the opposite sides of each surface can be expressed using a

Taylor series
gz 1 aqu 2 1 83%5
Gorde = 0+ 00 51 a2 M 3 3

Neglecting the higher order terms, equation (3.18) becomes

da® + ... (3.18)

04z
Similarly,
dq
Qy+dy = Gy + a; dy, (3.20)
9q:
Qotdz = Q= + 9% dz. (3.21)

Within the control volume there may be an energy source that can be associated with the

rate of thermal energy generation. This energy source term, Eg, is given by
Eg = qdxdydz, (3.22)

where ¢ is the rate at which energy is generated per unit volume of the medium in W /m?3.

The rate of change of thermal energy stored, Ey, by the material within the control volume
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is expressed as

. orT
Eg = pCp——dxdydz, (3.23)

ot
where pC,0T /0t is the time rate of change of the sensible thermal energy of the medium per

unit volume. Using the general form of the conservation of energy which is
E’in + Eg - Eout = E8t7 (324)

where Em and Eout is the flow of energy into and out of the medium, respectively. Substituting
equations (3.15)-(3.17) and equations (3.19)-(3.21) into the energy conservation equation we
obtain

. or
Qo + Gy + 4z + Gz dy dz = Gurae = Qy+y = Gordz = POy dudydz. (3.25)
Substituting from equations (3.19)-(3.21) again, the above equation becomes

Gz 8Qy 0q: oT
_3a:d By dy + 9, dz = pC) P 5

—dzdydz. (3.26)

Using equations (3.15)-(3.17) in the previous equation and dividing throughout by dzdydz, the

general form of the heat equation in Cartesian coordinates is

g (, 0T o (,0T o (. oT oT
— | k— k— k— ] = — 2
895( 8$> ay< ay> 82( 0z >+q PO (3:27)
Simplifying the above by removing & as a constant from the first three terms, equation (3.27)
becomes
o*T o*T o*T\ ¢ 10T
“ c - o) +i=2 2
<8x2>+<8y2>+<822)+k a dt’ (3:28)

where a = k/pC,, is the thermal diffusivity [71].

For the purpose of this thesis, the heat equation in cylindrical and spherical coordinates
is of more importance since the receiver has these geometries. Using the same method as
before and applying an energy balance to the control volume in Figure 3.10 (a) and (b), the
heat equation can be derived for cylindrical and spherical coordinates, respectively. These

equations are given as

1 (9 aT 1 3 8T 8 oT ) oT

Cylindrical:

Spherical:

10 ( ,0T 1 9 (0T 1 0 or\ . ., oT
7“287“<kr 87“> + 7‘2S111298¢<k8¢> + 7~25m980(ksme&9> +q - pCp 8t’ (3'30)
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where 7 is the radius of the cylinder or sphere [71].

The temperature gradients in cylindrical and spherical symmetries are in the radial direc-
tion (r-direction) only and therefore, their conduction may be treated as one-dimensional. For
the cylindrical case, eliminating the circumferential and axial directions and for steady-state

conditions with no heat generation, gives
10 oT
- <kr> = 0. (3.31)

Similarly, for the spherical case, equation (3.30), eliminating the polar and azimuthal directions

yields [71]:
19 ( ,0T\
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Figure 3.10: Differential control volumes depicting the conduction heat rates for (a) cylindrical
geometry. The control volume in (7,¢,z) coordinates is rdr-d¢-dz. (b) spherical geometry. The control

volume in (r,¢,0) coordinates is r?dr-sinfd¢-df. Adapted from Incropera and deWitt [71].

Under steady-state conditions (temperature at each point is independent of time) with no
heat generation, the heat conduction for cylindrical and spherical symmetries may be analyzed
either by using the appropriate form of the heat equation (standard method) or by using

Fourier’s law and integrating the rate equation (alternative method) [71]. The appropriate
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form of Fourier’s law and the rate at which energy is conducted through a cylinder is given by

dr

Gcond,c = *k(27TTL) % ;

(3.33)

where 2L = A, which is the area through which the heat transfer occurs and L is the length
of the cylinder. The temperature distribution within the cylinder may be obtained by solving

equation (3.31) and applying boundary conditions. Integrating equation (3.31) twice gives
T(r) = Cilnr + Cs. (3.34)

Applying the following boundary conditions to solve for C} and Cs:
T(r1) = Tsn and T(rq) = Tspo.
Substituting the boundary conditions into equation (3.34) we obtain
Ts1 = Cilnry + Gy and Tso = Cilnre + Co.
Solving the above equations for €7 and C; and substituting into equation (3.34) we obtain

the temperature distribution in a cylinder:

Ts,l - Ts,2l < r
N

. ) + Ty (3.35)

7(r) = -

Combining equations (3.35) and (3.33) the conduction heat rate through a cylinder is given

by
_ 2nLk(Tsy — Tsp2)
qcond,c = ln(rl/TQ) )

where 7 is the inner radius, 7 the outer radius and Ts; and Tso are the temperatures of

(3.36)

surface 1 and 2, respectively. The quantity Ry cond, is the thermal resistance due to conduction

and is expressed as
In(ry/ra)

oLk (3.37)

]%th,condc -

For spherical geometry the alternative method is used to obtain the heat transfer rate. In this
method the heat rate equation is integrated in order to obtain the temperature distribution.
Using equation (3.33) and the area for a sphere which is 4772, the appropriate form of Fourier’s

law that can be used to analyze the conduction through a sphere is

dT
qcond,sp = _k'(4777'2)%‘ (338)

Since geond,sp is constant and independant of the radius r, the above equation can be written

cond,s "2 d Ts2
deond,sp / N / kdT. (3.39)

2
4 1 r T

in integral form as follows
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Performing the above integration yields

qcond,sp 1 1
— | — — — | =k(Ts1 —Ts2). 3.40
| L 2| < k(T - Toa) (3.40)
Assuming k is a constant, the rate of conduction through a spherical shell is given by

. 47‘(‘]{3(T5’1 — T372)
QCond,sp (1/7"1) _ (1/7"2) 9

(3.41)

where k, T 1 and T 7 are the same as for the cylindrical case. The thermal resistance, Reond,sp,

for a spherical shell is

1 1 1
Rth,condsp = m < - ), (342)

™ 2

where r; and r9 are inner and outer radii of the sphere, respectively [71].

Convection

This is the mode of energy transfer between a solid surface and the adjacent fluid that is
in motion, and it involves the combined effects of conduction and fluid motion. The faster
the fluid motion, the greater the convection heat transfer. In the absence of any bulk fluid
motion, heat transfer between a solid surface and the adjacent fluid is by pure conduction
[72]. Convection can be described as either natural or free convection or forced convection.
Forced convection occurs when the fluid flow is due to an external factor such as a fan, pump
or even wind. Free convection of the fluid is a result of the buoyancy forces due to density
differences caused by temperature variation of the fluid. The convection heat transfer rate is
proportional to the temperature difference and the relationship is known as Newton’s law of
cooling, expressed as

Pcom} = hAS(TS - TOO)7 (343)

where h is the convection heat transfer coefficient in W/m?K, A, is the surface area over which
the convection heat transfer occurs and 7T and T, are the surface temperature and ambient
temperature, respectively [71]. The convective heat transfer mode is also subjected to thermal
resistance as in the case of the conduction mode. From Newton’s law of cooling the general

form of the thermal resistance due to convection is

Ty — Too
QCO’H’U .

The thermal resistance due to convection for cylindrical and spherical geometry is given by

Rth,com} - (344)

equation (3.45) and equation (3.46), respectively

1

_— A4
2nrLh’ (3.45)

}%th,convC =
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1

_— A4
Amr2h’ (3.46)

Rth,convsp =

where 7 is the outer radius of the cylinder or sphere [71].

Radiation

The process by which heat is transferred from a body by virtue of its temperature is called
thermal radiation [48]. Radiative heat transfer differs from conductive and convective heat
transfer by two significant features: (1) no medium is required and (2) the energy transfer is
proportional to the fourth power of the temperatures of the bodies involved [73]. In the study
of radiative heat transfer the ideal surface is the blackbody, which is one that absorbs all the
radiation incident upon it at any wavelength and temperature [48]. The total hemispherical

emissive power of a blackbody is given by the Stefan-Boltzmann equation
Ey = oT?, (3.47)

where o = 5.67x 1078 W/m?K*, E}, is the total emissive power and T is the temperature in
Kelvin. All other surfaces emit radiation that is less than that of a blackbody and the thermal
emission from most surfaces can be expressed as the difference between the power emitted

from the surface and the power gained from the environment, according to

Prog = ed A(TY —T2), (3.48)
where € is the emissivity of the radiating surface and A is the area. Emissivity values vary
from one material to another and ranges from zero to one [73].
3.2.4 Receiver heat loss factor

If the radiative losses are small (Prqg < Pjoss) such that P.,q may be neglected, the power

loss by the receiver may be approximated as
Ploss = Pcond + Peono- (349)

As shown in equations (3.14) and (3.43), P.ong and Peon, may be expressed as linear
functions of the temperature difference Tye. - Tymp, where T;... is the average receiver surface
temperature and Tg,,, is ambient temperature (equal to T, in equations (3.43) and (3.48)).

For this case P,.; may be approximated as

Pnet = Prec - UArec(Trec - Tamb)a (350)
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where A,.. is the total surface area of the receiver, over which losses occur, and U is the
receiver heat loss factor.

If the quantities 19, U and A,.., which are properties of the concentrator and receiver
system, are known then P,,.; may be calculated as a function of Py;sp, Trec and Ty,,p,. However,
whereas 1y and A,.. are relatively straightforward to calculate, U requires more complex
modelling of the receiver, which is beyond the scope of this thesis. Such modelling would need
to take account of the variation of temperature over the surface of the receiver (which itself
may vary with T;..), air convection, geometry and fraction of insulation coverage, and other
such physical processes. Alternatively, if P, and Pre. are known, then U may be estimated

empirically using equation (3.50).

3.2.5 Heat transfer fluid (HTF)

Another important component of a solar thermal cooker system is the heat transfer fluid
(HTF). The HTF is responsible for absorbing the thermal energy from the receiver and trans-
ferring this energy to parts of the system where it is required. The HTF may be used to
directly heat a cooking surface or if the energy is required during periods of low insolation,
it may be used to charge a storage system. An important factor to consider when choosing
HTFs is that they must be non-toxic and non-hazardous. Some of the HTFs commonly used
are water, synthetic oils, and air. For the present solar cooker system water has been used as

the HTF.

Water

Water is a commonly used heat transfer fluid as it is cheap, widely available and non-toxic.
It has a high thermal heat capacity of ~ 4.2 kJ/kg-K. Thermal conductivities of most liquids
decrease with increasing temperature. The exception is water, which exhibits increasing ther-
mal conductivity up to about 150°C and decreasing thermal conductivity thereafter. Water
has the highest thermal conductivity of all common liquids except liquid metals [73]. The
thermophysical properties for water can be found in Figure B.1 (Appendix B) [71].

For this system, there is a flow of steam from the receiver to the storage system and the
condensate is returned to the receiver by gravity. Water is heated within the receiver until it
starts to boil and the less dense steam molecules rise to the top of the receiver. The steam
leaves the top pipe of the receiver and travels through the pipe clamped beneath the hot-

plate. When the energy from the steam is transferred to the hot-plate, it condenses and the
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condensate flows back into the receiver where it is re-heated.

3.2.6 Heat transfer in the receiver during boiling

Boiling occurs at a solid-liquid interface when a liquid is brought into contact with a surface
maintained at a temperature T, which is sufficiently above the saturation temperature, Ty,
of the liquid [72]. The boiling process is characterized by vapour bubbles that rapidly form
at the solid-liquid interface. Those with enough energy are able to become detached from the
surface and rise to the free surface of the liquid. Since the process involves the movement of
fluid, it is associated with the convective heat transfer mode. The convection heat transfer

process from the solid to the liquid occurs according to the following equation
q//s = h(Ts‘Tsat) = hA Te; (351)

where, ¢’, is the heat flux and AT, is the excess temperature. According to the Nukiyama’s
boiling curve (for saturated water at atmospheric pressure) Figure 3.11, there are four main
boiling regimes: free convection, nucleate, transition and film boiling. Each of these regimes
are characterized by their excess temperature and the type of bubble formation that is pro-
duced [71].

According to the boiling curve nucleate boiling occurs where AT, o < 30°C. There are
two distinct types of bubble formation in the nucleate boiling regime i.e isolated bubbles and
jet/column formation [71]. The former is what occurs in the receiver in order to generate
steam. As water is heated in the receiver it approaches its boiling point and bubbles begin
to form. This corresponds to region A-B on the boiling curve. Vapour bubbles emerge from
distinct sites on a heated surface and their number increases with increasing heat flux density.
These distinct sites, referred to as cavities or nucleation sites, allow for the formation of bub-
bles by trapping small quantities of gas or vapour [71]. The boiling chips within the receiver
provide these cavities to initiate the boiling process. Immediately after a bubble is formed
its growth is mainly governed by heat conduction near the vapour-liquid interface. Shortly
thereafter, radial convection becomes dominant. After bubble departure heat conduction, and
radial and axial convection become the controlling heat transfer mechanisms. During the
rising and the departure of the bubbles, their internal energy is transferred from the heated
surface to the surrounding fluid [71].

As boiling within the receiver progresses the water changes phase and steam is produced.
The density of steam is less than that of water since steam molecules are further apart from

each other. Therefore, the space above the water level becomes filled with the less dense steam
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molecules, and this allows the steam to rise up the outlet pipe where it is circulated through
the hot-plate of the storage container. As the pressure from the steam increases, it exerts
pressure on the remaining water causing the boiling point of the water to increase. This is
due to the fact that an increased pressure on the water surface makes it difficult for water
molecules to escape from the surface. As the water is further heated, steam pressure increases
and the temperature of the water is raised to become superheated water. This superheated
water, which is water under pressure at temperatures in the range 100-374°C, is required
for heating the thermal energy storage and melting PCM salt at 223 °C, as will be shown in
Chapter 4.

Boiling regimes

Frae convection Nucleate Transition Film

Critical heat flux, q';.ﬂa”
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Figure 3.11: Nukiyama’s boiling curve. Boiling in the receiver corresponds to points A and B of the

nucleate boiling regime on the boiling curve. Adapted from Incropera and DeWitt [71].
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3.3 Tracker

In order to maximize the amount of solar radiation absorbed by the receiver, the concentrator
is allowed to track the sun throughout the day. An adequate tracking mechanism needs to
follow the sun with a certain degree of accuracy during clear and cloudy conditions, and
return the collector to the starting position at the end of the day [74]. An incorrect tracking
system will compromise the amount of concentrated radiation being absorbed since the solar
flux distribution may not be accurately focused onto the receiver. A decrease in receiver
performance will cause a decrease in the overall system performance [75]. The tracking angles

that describe the daily motion of the sun are depicted in Figure 3.12.

Solar zenith angle, 6,: This is also called the zenith distance and is the angle between the

local zenith and the line joining the observer and the sun. It is an angle between 0 and 90 °.

Solar altitude angle, a: This is the sun’s angular height above the horizon. Also referred
to as the solar elevation, it ranges from 0 to 90° and is the compliment of the solar zenith

angle.

Solar azimuth angle, ¢: The solar azimuth is the angle at the local zenith, between the
plane of the observer’s meridian and the plane of a great circle passing through the zenith and
the sun. It is measured east positive, west negative, (south zero) and hence varies between 0 °

and + 180°.

Hour angle, w: The hour angle is measured at the celestial pole between the observer’s
meridian and the solar meridian. Starting from midday, it changes 15° per an hour.

The relationship between the solar angles is given by the following equations:

cos 6, = sind sin ¢ + cos d cos ¢ cosw = sin «, (3.52)
. cos d sin w
siny) = ——, (3.53)
CoS

where ¢ and ¢ are the declination and latitude angles, respectively [76]. The declination angle
is defined in Chapter 2 and the latitude angle defined as the angle between a line from the
earth’s center to a point on the earth and the equatorial plane.

For this thesis, a polar axis tracking system was constructed. The concentrator was rotated

about the polar axis at 15° per an hour to keep it focused on the receiver. The polar axis is
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Figure 3.12: (a) Celestial sphere and the sun’s coordinates relative to the observer on earth at point
O. Adapted from Igbal [76]. (b) Apparent daily motion of the sun across the sky from sunrise to sunset
for the southern hemisphere, with the observer at point O. The angles (6,), («) and (¢) represent the

sun’s zenith, altitude and azimuth, respectively.

aligned parallel to the earths N-S axis and is inclined to the horizontal at an angle equal to the
local latitude, which for Durban, is approximately 30°. A chaindrive system consisting of a

tracking wheel, bicycle chain and sprocket and a 12 V swing gate motor were positioned onto
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the rotating cylinder of the system. This allowed for east-west tracking and the declination
was adjusted manually by a screw mechanism. An electronic sun sensor (manufactured by
Lingding Energy) was mounted on the top of the concentrator and connected to the motor.
As shown in Figure 3.13, the photodiodes positioned on the left, right, top and bottom detects
a shadow that the sun casts. Once the shadow is detected it moves in the appropriate direc-
tion so that the shadow is no longer present. Once this is the case the sensor is now facing
the sun directly. The relays are used to control the message sent to the motor and whether
the motor should move depending on the position of the sun. The circuitry is housed in a
plastic casing. The motor, which draws very little current, does not run continuously. When
the sensor is out of focus it activates the motor and the motor jogs until the sun is in focus
again. Once in focus the motor stops and the process is repeated when the sun goes out of fo-

cus. At the end of the day the system has to be manually turned back to the starting position.
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Figure 3.13: Sun sensor for tracking system. (a) Sensor box with cover. Reflective strip prevents the

box from over heating. (b) Sensor box without top cover showing the photodiode and relay circuitry.



Chapter 4

Thermal energy storage (TES)

The other important component of a solar thermal system is a thermal energy storage (TES).
Storage of thermal energy is important since it reduces the gap between supply and demand,
and allows for the utilization of the energy during off-sunshine hours [5]. Since the space for
a thermal energy storage system is often limited, optimal design is needed in order to make
efficient use of the storage volume. TES systems can be categorized into two broad groups,
namely sensible and latent storage. This chapter discusses the distinction between sensible
and latent heat storage, and the storage systems designed and constructed for the work of this

thesis.

4.1 Sensible heat storage

Sensible heat storage systems are those that exhibit no phase change of the storage material.
The thermal energy is stored by raising the temperature of the solid or liquid. This method of
heat storage uses the heat capacity and the change in material temperature during charging
and discharging [5]. The amount of heat stored is dependent on factors such as the specific heat
of the storage medium, operating temperatures, thermal conductivity and diffusivity, vapour
pressure, quantity of the storage material etc. This needs to be taken into consideration during
the design of the heat storage system [77]. The quantity of energy stored, @, in a sensible
storage medium is given by the following
Ty

Q= . mCy dT = mCqp(Ty — T;), (4.1)

where, m, Cyp, Ty and T; are the mass, heat capacity, final and initial temperatures of the

material, respectively [5]. A list of some commonly used sensible energy storage media with
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their corresponding melting point, thermal conductivity, specific heat capacity and heat of

fusion can be found in Agyenim et al.[78], Sharma et al.[5], Kenisarin [79] and Zalba et al.[80].

4.2 Latent heat storage

Latent heat storage is based on the absorption or release of heat when the storage material
undergoes a change of phase, either from solid to liquid, liquid to gas or vice versa.

Phase Change Materials (PCMs) are considered to be latent energy storage materials
since the transfer of thermal energy occurs when the material undergoes a change in state
or “phase.” Compared to sensible storage media, PCMs store energy at a nearly constant
temperature and they utilize a significantly smaller volume. PCMs are able to store 5-14
times more energy per unit volume than some sensible storage media such as water, masonry
or rock [5]. The phase change process of a PCM from solid phase to liquid phase and vice
versa is depicted in Figure 4.1, and the latent energy storage capacity with a PCM medium

is given by the following equation

T Ty
Q= / mCp dT 4+ may, Ahy, mC, dT (4.2)
T; Tm
which, upon integration, yields
Q= m[Csp(Tm —T;) + amAhy, + Clp(Tf — Tm)], (4.3)

where Cj), is the sensible heat capacity between T; and Ty, a,, is the fraction melted, Ah,,

is the heat of fusion and Cj, is the latent heat capacity between T, and T [5].

Melting (heat goes into the solid as it melts)
o
Pl »

Y
Solidification (heat leaves the liquid as it solidifies)

Liquid

Figure 4.1: Schematic of the phase change process [81].

Criteria for phase change material selection:

A classification of phase change materials can be found in Sharma et al.[5]. They can be

broadly categorized as organics, inorganics or eutectics. Some examples of PCMs include



4.3 Salt storage system 58

water, paraffins and non-paraffins, salt hydrates, nitrate salts, polyalcohols and other vari-
ous organic and inorganic compounds. These storage materials have different operating and
transition temperatures as well as varying heats of fusion. Therefore, it is important that
the thermophysical, kinetic and chemical properties of the PCM be thoroughly investigated
before using them for a particular application. Some of these important criteria are listed

below [5, 78]:

e Melting point in the desired operating temperature range (temperature range of appli-

cation).

e High latent heat of fusion per unit mass, so that a smaller amount of material stores a

given amount of energy.
e High specific heat to provide additional significant sensible energy storage effects.

e High thermal conductivity, so that the temperature gradients for charging and discharg-

ing the storage material are small.

e Small volume changes during phase transition, so that a simple container and heat

exchanger geometry can be used.

e Exhibit little or no subcooling (occurs when the PCM begins to solidify at a temperature

below its solidification temperature) during freezing.

e Chemically stable, no chemical decomposition and corrosion resistance to construction

materials.
e Should consist of non-poisonous, non-flammable and non-explosive elements/compounds.

e Abundantly available at low cost.

4.3 Salt storage system

Any storage system using latent energy storage must comprise three main components. Firstly,
it requires a solid-liquid PCM whose phase transition is within the required operating tem-
perature range, and where most of the added heat is stored as latent heat of fusion. Secondly,

a suitable container for retaining the storage substance. Lastly, a heat exchanger in order
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to transfer heat from the source to the PCM, and from the PCM to the sink. Although la-
tent energy storage is still a developing technology, it seems to have a great deal of potential

especially for high temperature storage [82].

4.3.1 NaNOj3;-KNOj; binary mixture

The storage system constructed for the work of this thesis consists of a eutectic mixture con-
taining sodium nitrate (NaNOs) and potassium nitrate (KNO3z) in a 50:50 molar percentage.
A eutectic mixture is one that consists of two or more substances with a melting point that
is lower than the melting point of any other mixture containing the same substances. Eu-
tectics almost always melt and freeze without segregation. This prevents separation of the
components. In addition, during melting both components liquefy simultaneously [5]. The
NaNO3-KNOj3 binary mixture falls into the category of inorganic PCMs. This nitrate salt

combination is also known as “solar salt”.

Analysis by Differential Scanning Calorimeter (DSC)

The heat capacities of the NaNO3 and KNO3 binary mixture can be analyzed using a Differen-
tial Scanning Calorimeter (DSC). A typical DSC heating thermogram is shown schematically
in Figure 4.2. It is a curve that shows the heat of fusion versus temperature. Latent heat of
fusion is the amount of heat added to melt the PCM, and is represented by the area under
the peak. The phase change process begins at a temperature T';, reaches its peak at T, and
ends at T,.

The melting point of NaNO3 and KNOg is 307°C and 333 °C, respectively [80]. These
temperatures are relatively high and in most cases will not be achieved in small scale solar
cookers. However, when the NaNO3 and KNOs salts are combined into a 50:50 (mol %)
binary mixture it has a melting point of 223°C [83], which is within the suitable range for
solar cooking applications. The melting and solidification peaks are shown in Figure 4.3. A
50:50 mole ratio is used since it is the most stable combination and the components will not
separate. Some of the pertinent literature listing thermophysical properties of other PCM
salts includes Sharma et al.[5], Liu et al.[84], Kenisarin [79], Kenisarin and Mahkamov [85],
Farid et al.[86], Lopez et al.[87] and Zalba et al.[80].
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Figure 4.2: Schematic of a DSC heating thermogram for a phase change material [81].
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Figure 4.3: DSC heating thermogram of NaNO3z and KNOj for 50:50 mol %. The solid-solid phase
transition peak and melting peak is at 109 and 220 °C, respectively. Adapted from Foong [83].

4.3.2 Storage geometry

The storage container used for this system is a cylinder of 300 mm height and 300 mm diam-

eter and was constructed from mild steel (grade EN8). Figure 4.4 shows a schematic of the
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storage system. The cylinder had a wall thickness of 5 mm and weighed approximately 16
kg. The storage system consists of the cylinder, the top-plate with fin arrangement and the
NaNO3-KNO3z PCM.

300 miry

300 mm

NaNO3-KNO3 mixture Im
(a) (b)

Figure 4.4: Schematic of the salt storage system. (a) Side view of the storage tank filled with NaNQOs-
KNO3 binary mixture and copper fins. (b) Top view of aluminium hot-plate with steel pipe clamped

to the surface.

The top-plate and fin arrangement are one unit, where the top-plate was made from
aluminium (grade 6082) and the fins were made from copper. The copper fins were fitted into
slots made in the aluminium plate so that there would be good thermal contact. A total of 7
fins each with 5 mm thickness and 270 mm in length were used. The 7 fins and the 20 mm
thick aluminium top-plate weighed 21 and 4 kgs, respectively. The fins have a spacing of 38
mm (center-to-center). A mild steel pipe (grade EN8) of 8 mm/6 mm (OD/ID) was shaped to
fit in between the fins and was clamped to the surface of the aluminium plate. A slight groove
was made for the pipe to have better contact with the plate. Strips of 0.5 mm thick copper
sheet were moulded over the pipes so that a better distribution of heat could be achieved.
The total weight of the storage container without the phase change material was 41 kgs. Five
thermowells spaced 35 mm apart were welded into the wall, along the height of the container.
The probes were positioned parallel to the fins and at a distance of appoximately 19 mm away

from the fins. This allowed for the insertion of K-type thermocouple probes for temperature
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measurement. Figure 4.5 shows the storage container with the fin arrangement, before the
bottom section of the container was fitted and before the dry solar salt mixture was added.

The salt mixture was filled in the gaps between the fins within the storage container. The
total mass of salt used was 14.5 kg (6.61 kg of NaNO3 and 7.86 kg of KNO3), which gave
the storage container a total weight of 55.5 kg. The storage container was insulated with
Superwool insulation with a total thickness of 75 mm and placed approximately 1100 mm
above ground level. One of the requirements of a thermosyphon system is that the storage
container be above the receiver so that the hot fluid/steam is allowed to rise and the cold
fluid /condensate will sink to the bottom.

As mentioned previously, the water heated within the receiver is converted into steam and
circulates through the coiled pipe that is clamped beneath the aluminium plate. The contact
with the colder hot-plate causes the steam to transfer its thermal energy by conduction to the
plate and condenses. The continuous process of steam flowing through the pipe in contact
with the hot-plate causes the temperature of the plate to rise. The energy from the plate is
transferred by conduction to the copper fins to heat the solar salt mixture. The copper fins
within the storage container serves two purposes. The first is that they transfer the heat from
the hot-plate into the salt so that the salt can melt throughout the day. The second is that
when the salt solidifies at night and releases its latent energy, the fins transfer this energy

from the salt back to the hot-plate where it can be used for water heating or cooking.
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Figure 4.5: (a) Salt storage container with copper fin arrangement viewed upside down (hot-plate
face down). (b) Copper strips cover the stainless steel pipe that is clamped to the hot-plate so that
the heat can be distributed evenly. Thermowell welded into the wall of the container to allow for the

insertion of K-type thermocouple probe.
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4.4 Alternative storage system

In addition to the salt storage system, an alternative storage system was constructed. This
was needed because (as will be shown in Chapter 7), leaks in the pipe connections resulted
in receiver temperatures significantly lower than 200 °C, so melting of salt was not possible.
Furthermore, it was found that there was a settling effect of the salt in the storage container.
Therefore, an alternative storage system was constructed and was used to demonstrate the

following:

e De-airing of the system.

e Transfer of heat from the receiver to the storage system.

This system consisted of a copper coil, 16 mm/13 mm (OD/ID) (531g), immersed in water
and contained in an aluminium pot (625 g). The coil had two turns and was mounted into
the pot such that it did not touch the base or the sides of the pot. This system replaced
the salt storage and was connected to the inlet and outlet steel pipes. The steam produces a
flow through the copper pipe and condenses when in contact with the colder part of the pipe.
The heat released during condensation is transferred to the surrounding fluid and raises its
temperature. The same procedure was carried out with the water being replaced by cooking
oil as the storage medium. A schematic of the alternative storage system and the storage
container before the water/oil was filled are shown in Figure 4.6. The storage container was

insulated with one layer (25 mm) of Superwool insulation.

4.5 Insulation

Insulation plays a vital role in thermal energy storage systems. It consists of material with
high thermal resistance, and its primary purpose is to retard the heat flow rate by conduction,
convection and radiation. The way in which this is achieved is by the use of numerous tiny
dead-air cells that prevent convective heat transfer. In order to reduce the radiation effects
a closed cell structure is created within the insulation material to avoid a large temperature
difference. This breaks the radiation “paths” into smaller distances causing the longwave in-
frared radiation to be absorbed or scattered by the insulating material. However, the decrease
in cell size causes an increase in conduction as well as an increase in the material density. Insu-
lation material can be categorized into either inorganic or organic materials. This can then be

further classified into fibrous or cellular materials [88]. Alternatively, they can be classified as
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Figure 4.6: (a) Schematic of alternative storage system. The copper pipe assembly is connected
to the existing steel pipes. (b) Copper coil placed into an aluminium storage container before filling

water/oil as the storage medium.

either high or low temperature. The selection of the appropriate insulation material depends

on the type of application as well as the physical and thermal properties of the material.

4.5.1 Thermal conductivity

The most important parameter of insulating material is thermal conductivity, which is a

measure of how effective a material is in conducting heat. This is known as the k-value and
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is expressed in W/m-K. Comparison of the k-values for different insulation materials gives
an indication of which material will be more effective for a particular application. Generally,
materials with high thermal conductivity values are good heat conductors and materials with
low thermal conductivity values are poor heat conductors (or insulators). However, the k-
value is temperature dependent and as the temperature increases, the k-value will increase.

The thermal conductivity for conduction (in the z-direction) can be expressed by the following
-4
0T /ox’

where ¢’ is the conduction heat flux (W/m?) and 97 /0x is the temperature gradient. The

(4.4)

negative sign in the above equation indicates that the heat is being transferred in the direction
of decreasing temperature [71].

There are various factors that need to be considered for the selection of thermal insulation
material. Some of these include cost, durability of the material, thermal conductivity, the
material’s compressive strength, resistance to fire, health and safety hazards and the ease of
application. However, when considering the thermal performance of the material, the k-value
is of most importance.

As mentioned previously, insulation can also be classified as either high or low temperature.
Some common low temperature options include rock/slag/glass wool, vermiculite, cellulose
and polystyrene. A comprehensive description of the different low temperature insulating
materials and their properties can be found in Bynum [89]. Progress is being made towards
superior insulation materials for high temperature applications, which possess lower k-values
and are significantly thinner, lighter and less dense. Some of these superior or “state-of-
the-art” materials include aerogels, vacuum insulation panels, gas-filled panels, plastic fiber
insulation and phase-change materials [90]. Further details can be found in literature such as
Jelle et al.[90, 91], Fricke et al.[92, 93], Simmler and Brunner [94], Alam et al.[95] and Baetens

et al.[96]. For the purpose of this system, high temperature insulation material has been used.

4.5.2 Superwool

Superwool insulation has been used as part of the thermal energy storage system. It has a
chemical composition of 62-68% SiOs, 26-32% CaO and 3-7% MgO, and can withstand tem-
peratures up to 1200 °C [97]. The insulation used was 25 mm thick with density of 128 kg/m?3.
The storage container was insulated with a total Superwool thickness of 75 mm. The unex-
posed parts of the receiver and transport pipes were insulated with the same material. The

variation of thermal conductivity with temperature for the Superwool material for different
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densities is shown in Figure 4.7.
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Chapter 5

System operation and experimental

setup

This chapter describes the solar thermal cooker system that was designed and constructed
for the work of this thesis, with respect to its experimental setup and operation. Various
quantities such as the expected energy input, output and storage capacities, that have been
calculated using equations from Chapter 3, will be presented here. The experimental setup
includes a description of the type of heat source and storage material used, duration of heating
and the importance of a de-airing process. The experimental method in terms of a procedure
for the experiments is discussed in Chapter 6. Results from the experiments are presented

and discussed in Chapter 7.

5.1 System operation with solar heating

As mentioned in Chapter 3, the concentrator is responsible for capturing the incoming radia-
tion and directing it toward the receiver. Conduction of the incoming radiation through the
spherical cap raises the temperature of the inner wall of the receiver. Within the receiver,
energy is passed through convection from the inner wall to the water and then throughout the
mass of the water. Heat transfer through convection and radiation also occur from the spher-
ical cap of the receiver where the incoming radiation is focused. The heat loss and efficiency
of the receiver are calculated using equations (3.12) and (3.13), respectively.

The total energy contained in water, steam or a mixture of the two is referred to as the
enthalpy of the fluid and is expressed in kilojoules per kilogram (kJ/kg). These quantities

can be found in steam tables which are used to determine the amount of energy available in
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water or steam at a given temperature and pressure. The enthalpy of water and steam found

in steam tables can be described as follows:

o The enthalpy of liquid, (hy), is a measure of the amount of sensible energy contained in

the water at a specific temperature.

o The enthalpy of evaporation, (hgy), or latent heat of vaporization is the quantity of energy

needed to convert one kilogram of water to one kilogram of steam at a given pressure.

o The enthalpy of steam, (hy), is the total latent energy contained in saturated steam at
the given pressure. This energy is the sum of the liquid enthalpy and the enthalpy of

evaporation and is given by the following equation

hQth—l—hfg, (5.1)

where values for hy, hy and hy4 are given in Table B.1 (Appendix B) [99]. For the receiver being
completely filled (625 ml), the quantity of sensible energy required to raise the temperature

of the water from 25°C (ambient) to 100 °C was calculated using equation (4.1) as follows

Qs = (mwCp + mgyCy) AT = [(0.625 kg)(4.19 kJ /kgK)
+ (2.5 kg)(0.486 kJ /kgK)](373 — 298 K)

= 288 kJ, (5.2)

where m,, is the mass of the water, mg and Cy are the mass and heat capacity of the steel
receiver, respectively. The additional vaporization energy, @,, required to produce steam was

calculated according to
Qv = myCy = (0.625 kg) (2257 kJ /kgK) = 1410 kJ, (5.3)

where C), is the heat capacity of the vapour. Therefore, a total energy, G, of 1698 kJ is
required to convert all the water to steam. For an estimated Py of 677 W, the time taken to
heat the receiver and convert all the water to steam was approximately 42 minutes according

to the following equation

_ Qtot
Pnet ’

¢ (5.4)

where t is the time in seconds and @y is the total energy in kJ.
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5.1.1 Heat transfer and steam flow

For this system, the receiver is considered to be the heat source and the storage the heat sink.
The basic requirement for transfer of heat is the presence of a temperature difference. There
can be no net heat transfer between two media that are at the same temperature therefore, it
is the temperature difference that is the driving force for the heat transfer. Heat will always
flow from a high-temperature medium (heat source) to a low-temperature medium (heat sink)
until thermal equilibrium is reached. This is when the two media reach the same temperature
and a temperature gradient no longer exists [72].

In order for the steam to flow from the point where it is produced to the point of utilization,
there needs to be a difference in pressure. As boiling progresses in the receiver the pressure
begins to increase due to the change of volume from liquid to gas. Provided that the system
is sealed, as the pressure increases the boiling point of the water also increases according to
the Pressure-Temperature (P-T') curve in Figure 5.1. When water is heated at a pressure
above atmospheric, the boiling point of the water is higher than 100 °C and the sensible heat
required to reach the boiling point will be greater. If water is heated at a pressure below
atmospheric, the boiling point will be lower than 100°C [99]. The boiling point temperature
and corresponding energy at a specific pressure can be found in steam tables.

Figure 5.2 depicts the flow of steam within the system. There are two modes of operation,
mode A and B, as indicated by level A and B. When the water level in the receiver covers
the condensate pipe only, the receiver operates in mode A where the steam produced in the
receiver it takes the higher outlet pipe due to the less dense steam molecules. The natural
circulation of steam is initiated by the top pipe becoming filled with steam as it gets produced
in the receiver. As the steam travels through the coil in the storage it transfers its energy to
the surrounding colder medium and eventually condenses. The condensate drips downward
into the receiver where it is re-heated. Mode B operation is when the water level in the receiver
is at level B, such that both pipes are exposed and the steam travels up both pipes into the
storage. When the steam condenses in the storage the condensate is returned to the receiver
via the lower pipe due to gravity. This process will continue as long as steam is being produced,
and the steam flowing into the storage will be constantly replenished as it condenses. The
same amount of energy that is required to produce steam is released back to its surroundings
during condensation. This is the useful amount of energy that may be used for heating since
it is the total energy in the steam that is extracted when the steam is condensed back to

water. The mass of steam, mg, being produced by the receiver was calculated according to
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tables [98].
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Figure 5.2: Flow of steam within the system as it is produced in the receiver. Mode A (level A):

steam produced flows through the upper pipe only to the storage where it condenses. Mode B (level

B): steam produced flows through both pipes to the storage where it condensates. During both modes

of operation the condensate flows back to the receiver, via the lower pipe due to gravity, where it is

re-heated.
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the following equation

ms = 3600-L, (5.5)
hg

where ¢ is the heat rate in J/s and ms is in kg/h.

Since there was no flow meter incorporated into the system, the water level in the receiver
can be estimated using Figure 5.3. This curve is a relationship between the quantity of water
in the receiver and the time it takes for the water to reach 100°C and boil that quantity of
water. The maximum quantity of water that the receiver could contain was 625 ml. If the
time taken for the water to reach 100°C and the boiling time is known, then the amount of

remaining fluid in the receiver can be estimated.
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Figure 5.3: Relationship between varying quantities of water in the receiver and the time it takes
for each of these quantities to reach 100 °C and boil that quantity of water. The maximum amount of

water that the receiver can contain is 625 ml.

The system was designed to produce superheated water in the receiver at a boiling tem-
perature of 250 °C and at a pressure of 40 bar. This was required since the temperature to
melt the NaNO3-KNO3 PCM is 223 °C. Steam produced from the superheated water at a
temperature of 250 °C has a pressure of 40 bar as shown in the Pressure-Temperature (P-T')
curve in Figure 5.1. It will be shown in Chapter 7 (sections 7.2 and 7.3) that the expected

pressure of 40 bar at 250 °C could not be attained due to leaks in the pipe connections.
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For the salt storage system, the amount of sensible energy, ()5, needed to heat the stor-
age from 80-250°C was calculated according to the general equation (equation (4.1)) which

incorporates the heat capacities of the relevant materials

Qs = (msaltcpl + msthQ + mcucpg + mAle4)AT
= [(14.5 kg) (1500 J /kgK) + (16 kg)(486 J /kgK)

+ (21 kg)(385 J /kgK) + (4 kg)(900 J /kgK)](170 K) = 1.9 kWh, (5.6)

where the values for Cp1, Cp2, Cp3 and Cpy are listed in Table B.2 (Appendix B) and the mass
for the different materials can be found in Chapter 4. The total sensible energy was calculated
to be 1.9 kWh. The latent energy, @;, was calculated by multiplying the latent heat capacity,

Cip, of the salt by the mass as follows
Q1 = msait Cp = (14.5 kg)(120 kJ /kg) = 0.5 kWh. (5.7)

The latent heat energy was calculated to be 0.5 kWh, giving the salt storage a total heat
capacity of 2.4 kWh.

As mentioned in Chapter 4 the salt storage container was insulated with 75 mm thick
Superwool insulation. This required 3 layers of the 25 mm thick Superwool material. Since the
storage tank is cylindrical in shape the heat loss rate was calculated using equation (3.36) and
the thermal resistances due to conduction and convection were calculated by equations (3.37)
and (3.45), respectively. The conduction through the composite layers of insulation involves
adding the individual thermal resistance for each layer of insulation, to find the total thermal
resistance for the container wall and insulation layers. For the 3 layers of insulation and a
storage container wall thickness of 5 mm, the total thermal resistance due to conduction and
convection was calculated to be 4.4 K/W. The thermal conductivity for the relevant insulation
density was estimated using Figure 4.7. The convection coefficient, h,, was assumed to be the

highest for natural convection at 25 W/m?K.

5.1.2 Importance of de-airing

A de-airing process is an essential part of the experimental setup. To de-air the system means
to remove the air so that only steam is present. Air is considered an insulator. Due to the
high resistance of air, it cannot maintain the temperature or the latent heat of steam. This
causes a reduction in temperature thus, making its presence within the system undesirable.

A layer of air that is 1 mm thick can offer the same resistance to heat flow as a layer of water
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25 mm thick [100]. Therefore, in order to obtain an efficient transfer of heat from the receiver

to the storage the system has to be de-aired. The de-airing method is discussed in Chapter 6.

5.1.3 Energy loss through leaks

Steam leaks are a significant loss of energy. Steam has a higher heat carrying capacity than
water therefore, the energy loss from a steam leak would be greater than a condensate leak [99].
For the purpose of this thesis, all the leaks in the system are treated as one leak. Assuming
10% of the mass of steam produced is lost, then the amount of energy lost through the leak,

Pieqr, was estimated according to
Prear, = 0.1mshyq, (5.8)

where Pjeqp is in kJ/h and hyg, which is the latent heat energy at a specific pressure, can be

found in steam tables [99].

5.2 System operation with alternative heating

For the alternative heating of the receiver a blowtorch was used as the heat source. The
reason for using an alternative heat source was so that it could be established whether all the
energy reflected from the concentrator was actually reaching the receiver. Also, if only the
solar source was used the de-airing process could not be achieved even after an entire day,
due to the present leaks in the system. The blowtorch provided a high energy source at the
receiver so that the water could boil and the air could be expelled from the system within a
short period of time. If there were no leaks in the system the solar source could have been
used for the de-airing process.

The power from the blowtorch was estimated by heating a flat plate coated with high
temperature resistant black paint for a short time period. The reason for heating for a short
period was so that the heat loss from the plate would be minimum. The sensible heating of the
flat plate was calculated according to equation (4.1). The amount of sensible energy required
to raise the temperature of the plate from 42-123 °C in 60 seconds was 39 kJ. Therefore, the
amount of power provided by the blowtorch was 654 W.

5.2.1 Alternative storage system

The amount of energy required to heat the alternative storage system with water as the storage

medium was calculated using equation (4.1) together with the relevant heat capacity values



5.2 System operation with alternative heating 75

from Table B.2 (Appendix B). The amount of sensible energy required to raise the temperature
of the water from 25 to 100 °C was 1315 kJ. Replacing the water with oil, the energy required
to heat the oil to the same temperature was 534 kJ. The water requires approximately 2.5
times more energy than the oil to be heated to 100 °C. In addition, using equation (5.4) and
an input power of 654 W, the heating time for the water and oil storage was calculated to
be approximately 34 and 14 minutes, respectively. The heating time of the water was more
than twice that of the oil. This is due to the heat capacity of the water being approximately
2.5 times greater than the heat capacity of the oil. Heat loss from the storage system was
calculated using equations (3.37) and (3.45). The total thermal resistance for the pot having
1.5 mm wall thickness and one layer of 25 mm thick Superwool insulation was calculated to

be 5.1 K/W. The convection coefficient, h,, was assumed to be 25 W/m?2K.



Chapter 6

Experimental method

This chapter outlines the experimental procedure, using the experimental setup described
in Chapter 5, to investigate the performance of the solar thermal cooker system that was
constructed for the work of this thesis. The test site for the experiments was on a roof platform
at the School of Chemistry and Physics, at the Westville campus, University of KwaZulu-Natal.
The roof platform is 205 m above sea level on latitude S29°49’2” and longitude E30°56°40”.
This site was chosen since it had an unobstructed view of the horizon and no shading from
the nearby buildings. The direct normal radiation (DNI) and wind speed being received at
the site were monitored together with the temperature of the water within the receiver and

temperature of the storage media.

6.1 Test schedule

Several tests were conducted for the investigation of the receiver. Five tests were conducted
using the solar source and three tests were conducted using a blowtorch. The tests conducted
with the solar source on the receiver were done in two parts: open system and closed system.
The first two days were conducted with the system open. This was where the outlet pipe
carrying the steam was disconnected from the storage container. The reason for doing this
was so that the system could be de-aired as the steam was produced. De-airing the system is
needed in order to ensure good heat transfer between the steam and the storage material. The
remaining six days of the tests were conducted with the system closed. This was when the
outlet steam pipe was connected to the storage tank so that the steam produced can circulate
through the pipe clamped beneath the top-plate.

The last three tests were conducted using a blowtorch. The blowtorch was clamped ap-
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proximately 5 cm in front of the receiver and a soot-free blue flame was used to heat the
receiver. This was a controlled test since the heat flow from the blowtorch was kept con-
stant as well as the position of the blowtorch relative to the receiver. A summary of the test
schedule is given in Table 6.1. It includes the type of test conducted, the heat source and stor-

age medium used, approximate duration of the test and whether the system was open or closed.

Table 6.1: Summary of the experimental test schedule.

Date of test Type of test | Heat source | Storage Type Duration
14 February 2013 | Open system Solar PCM salt 5 hours
6 March 2013 Open system Solar PCM salt 2 hours
13 March 2013 | Closed system Solar PCM salt 4 hours
18 March 2013 | Closed system Solar PCM salt 4 hours
22 March 2013 | Closed system Solar PCM salt 3.5 hours
4 April 2013 Closed system Blowtorch PCM salt 11 minutes
25 April 2013 Closed system Blowtorch Water ! 2 hours 26 minutes
25 April 2013 Closed system Blowtorch Oil 1 hour 48 minutes

For all of the solar heating tests conducted, manual tracking of the concentrator was used.

This was due to the following reasons:

e The sensor that was used to determine the sun’s position was connected to the motor
of the chaindrive. The motor was activated when the sun was out of position which was
every 5 - 10 minutes. However, since the chaindrive consisted of a bicycle chain and
sprockets, the teeth were relatively far apart. This caused the motor to move further
than the exact focal position and hence, resulted in the concentrator being out of focus.
Manual tracking was used to correct this and keep the dish focused on the receiver at

all times.

e The swing gate motor used with the chaindrive ceased at some time during the tracking.
This was due to the load of the dish and supporting arms being too heavy. This in turn

caused the sensor to jog the motor back and forth trying to find the exact position of

"Water and oil were used as storage mediums with the alternative storage system described in Chapter 4.
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the sun. This resulted in the focal image being shifted off the receiver hence, lowering

the receiver temperature.

6.2 De-airing the system

De-airing the system was important for ensuring good heat transfer. This was done by first
overflowing the system with de-aired water so that the air trapped in the pipes could be
expelled. The valve situated next to the pressure gauge was left open and the pipes were
connected to close the system. The water was then heated until it started to boil and steam
was produced. At first there was steam together with a spray of water droplets. Once the
water droplets stopped and only clean, dry steam was seen escaping from the valve, the valve
was closed and the steam was allowed to circulate through the system. For the alternative
storage system with oil as the storage medium the above method was carried out. The oil was
filled into the storage container before the de-airing process began. With water as the storage

medium the method was slightly altered as follows:

e The system was filled with water until it reached an overflow condition. During this

time the storage container was empty.

e The valve was left open and water in the receiver was heated until boiling started and

steam was being produced.

e Once clean steam was observed leaving the valve, the valve was shut off so that the

system was closed.
e The storage container was filled with water.

It will be shown that the system could not be completely de-aired due to leaks in the pipe

connections.

6.3 Data Acquisition system

The data logging and acquisition for the temperatures were done using a Hewlett Packard (HP)
34970A Datalogger (20 channel multiplexer), with Benchlink software. Figure 6.1 shows the
positions of the thermocouples within the system, denoted by ‘X,” and how the thermocouples

were connected to the multiplexer, data logger and computer. One thermocouple was placed
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at the receiver and five along the height of the storage container. Figure 6.2 shows the ther-
mocouples for the storage. Probes together with thermowells were the type of thermocouples
used. Temperatures from the receiver and storage were logged in 1 minute intervals by the HP
data logger. All of the thermocouples used within the system were K-type (Chromel-Alumel).
The outside surface temperature of the receiver was measured using a thermal imaging cam-
era (FLIR model T335 with QuickReport software, 2% accuracy) and the temperatures were
recorded in 15 minute intervals. The viewing angle of the thermal images had to be taken at
approximately 45° to the target to avoid obstructing the incoming radiation on the concen-
trator.

To monitor the pressure within the system a glycerine-filled pressure gauge (0-10 MPa)
was used. This was positioned along the water pipe of the system, close to the storage tank.
In addition, a venting valve, mounted next to the pressure gauge, was incorporated within the
system for venting steam if the pressure were to reach the maximum level. The positions of
the pressure gauge and valve within the system are indicated in Figure 6.2 .

The direct, diffuse and global radiation were monitored by a Kipp and Zonen pyrheliometer
and pyranometers, respectively. The daily, hourly and minute data were logged by a CR1000
data logger (with LoggerNet software). A weather station (Vantage Pro2 with Weatherlink
software, 5% accuracy) was used to monitor the wind speed at the test site. Wind speeds were
logged every 15 minutes.

The complete solar cooker system that was constructed is shown in Figure 6.3. The system
is situated facing North on the roof platform of the Physics building. Detailed dimensions of

system components are given in Appendix C.
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Figure 6.1: Instrument setup at the test site. (a) Wind station using the Vantage Pro2 data logger.
(b) Radiometric instruments (pyrheliometer and shaded and unshaded pyranometers) connected to
CR1000 data logger. (c) Solar thermal cooker connected to the HP 34970A data logger through a 20
channel multiplexer. Positions of thermocouples within the system denoted by ‘X,” one thermocouple
at the receiver and five along the height of the storage cylinder. Pressure gauge and venting valve

circled in red.
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()

Figure 6.2: (a) Storage tank containing NaNO3-KNOj3 phase change material covered by Superwool
insulation. Five thermocouples place along the height of the container. (b) Pressure gauge and venting

valve.
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Figure 6.3: Solar thermal cooker system situated on the roof platform of Physics building at the
Westville Campus, UKZN. The support structure is positioned facing North and the storage system is
situated at the back.



Chapter 7

Experimental results and discussion

The results of the experimental tests and a discussion of these results are presented in this
chapter. There were five tests conducted for the solar heating of the receiver. The first
two were with the system left open and the remaining tests were with the system closed.
There were also two tests conducted on the system with an alternative heat source and an
alternative storage system. The heating of the receiver and storage are shown, and details of
the temperatures reached within the receiver and the storage are listed. Thermal images of
the surface during heating and a comparison between receiver surface temperature and wind

speed, are also included.

7.1 Solar heating

Test for 14 February 2013 - Open system with solar source and PCM storage:
The variation of the temperature of the water heated within the receiver is shown in Figure
7.1. The receiver was filled with 625 ml of water and approximately 300 ml more was used
to overflow the system. The water was heated for 5 hours by the sun where the average DNI
for the test period was 89641 W /m?2. The initial heating period was between 9:15 and 12:00,
after which the receiver temperature began to flatten out. The water reached a maximum
temperature of 98 +1 °C, after approximately 4 hours of heating, at 12:54. The system during
the test period was left open i.e disconnected from the storage tank and water vapour was
allowed to escape to the atmosphere. The reason for this was so that the air within the system
could be boiled out. Since the water did not attain 100 °C, steam was not produced to expel
the air from the system. The fluctuation in water temperature was due to the re-positioning

of the collector during manual tracking.
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Figure 7.1: Test conducted on 14 February 2013. Variation of the water temperature within the
receiver for the system open with solar source and PCM storage. Water vapour produced escaped to
the atmosphere and the water in the receiver attained a maximum temperature of 98 °C after 5 hours

of heating. The average DNI during the test period was 896 W /m?.

Test for 6 March 2013 - Open system with solar source and PCM storage: A
second test was carried out on the receiver with the system open and with the remaining
amount of water from the previous test. The purpose of this test was to verify the previous
test, where steam could not be produced and the air could not be boiled out of the system.
The variation of the water temperature is shown in Figure 7.2. The maximum temperature
of the water was 87 + 2°C at 12:17, which was approximately 90 minutes after the initial
heating began. The approximate heating period was between 11:05 and 12:07 thereafter, the
receiver temperature began to flatten out, similar to the previous test. The average DNI for
the test period was 89241 W/m?. Similarly to the test conducted on 14 February 2013, the

temperature of the water did not reach 100 °C and only water vapour was observed.
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Figure 7.2: Test conducted on 6 March 2013. Variation of the water temperature within the receiver
for the system open with solar source and PCM storage. The maximum temperature the water attained

was 87 °C. Only water vapour was observed. Average DNI for the test period was 892 W/m?.

Test for 13 March 2013 - Closed system with solar source and PCM storage:
During this test the system was closed (steam pipe connected to the storage) and the receiver
was heated. Any water vapour or steam produced was allowed to circulate through the
storage. The variation of the water temperature is shown in Figure 7.3. The water reached
100°C approximately 1 hour and 15 minutes after the initial heating began. It attained a
maximum temperature of 108 &= 1°C at 11:25. This indicated that there was steam produced
within the system. However, the steam production was not maintained for the entire test
period and the temperature of the water decreased to maintain an average of 87 + 0.4 °C, for
the remainder of the test period. The heating up phase of the receiver was between 10:00 and
11:45. Thereafter, there was a decrease followed by a flattening out in the receiver temperature
which was an indication of the heat being transferred to the storage. The incoming energy
was first used to heat the receiver and once the receiver was heated the excess energy was
transferred to the storage.

The fluctuation in water temperature was again due to the manual tracking of the collector.

There was also fluctuation in the DNI due to the presence of clouds which may have also
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Figure 7.3: Test conducted on 13 March 2013. Variation of the water temperature within the
receiver for the system closed with solar source and PCM storage. A maximum temperature of 108 °C

was attained at 11:25. Average DNI was 975 W/m? during the test period.

contributed to the decrease in the receiver temperature. The average DNI for the test period
was 9754+1 W/m?. However, despite the presence of clouds and the use of manual tracking,
the receiver was still able to produce steam in less than 2 hours of heating.

The variation of the receiver’s spherical surface temperature with wind speed is shown
in Figure 7.4. The receiver surface temperature and wind speed were recorded at 15 minute
intervals. At each interval, it can be seen that generally, when the wind speed increases the
receiver surface temperature decreases and vice versa. This was due to heat being lost from the
receiver surface due to convection. High wind speeds cool the spherical surface of the receiver
by carrying away heat, hence lowering the temperature. The average surface temperature of
the spherical cap reached a maximum of 115+ 2°C at 11:15. The heat loss due to convection
at this temperature was found to be 36+1 W, while the radiative loss was 13+0.4 W. This
indicated that convection was the dominant heat loss component. Convective and radiative
heat loss occur in parallel from the receiver’s spherical surface and the total heat loss from
the spherical cap was 49+2 W, at the maximum average temperature of 115°C and a wind

speed of 5.4 m/s. The variation of the heat loss with wind speed, for the entire test period, is
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shown in Figure 7.4.

The cylindrical portion of the receiver was not exposed to concentrated radiation and was
insulated with a 25 mm thick layer of insulation. According to equations 3.37 and 3.45 (and
neglecting radiative heat loss) the rate of heat transfer from from the inner cylinder wall
to ambient at maximum water temperature of 108 °C, was calculated to be 740.04 W. This
brought the total heat loss for the entire receiver (spherical and cylindrical parts) to 56+2
W. The thermal conductivity for the Superwool insulation was estimated to be 0.05 W/m?K

from Figure 4.7.
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Test for 18 March 2013 - Closed system with solar source and PCM storage: For
this test, the temperature of the water in the receiver reached 100 °C approximately 30 minutes
after the initial heating began and steam was produced, as shown in Figure 7.5. It reached
a maximum temperature of 136 + 1°C at 10:53 and maintained temperatures above 100°C
between 11:30 and 13:50. During this time there was a constant production of steam from
the receiver. However, the pressure within the system still remained close to 0 MPa which
indicated that the water was still boiling at atmospheric pressure. The significant decrease
followed by the flattening out in the receiver temperature after 11:00 was again an indication
of heat transferred to the storage. The average DNI for the test period was 91241 W/m?. The
illuminated receiver is shown in Figure 7.6. The fluctuation in water temperature throughout
the test period was due to the misalignment of the concentrator during manual tracking.

Thermal images of the heated receiver surface at the start, middle and end of the test
period are shown in Figure 7.7. These were taken at 15 minute intervals using the FLIR
thermal camera. The receiver surface temperature was maintained at an average of 1174+4°C
during the test period and reached a maximum temperature of 131 & 3°C at 12:30. The
average temperature of the receiver surface at the start, middle and end of the test period
was 55 £ 1°C, 125 + 3°C and 101 £ 2°C degrees, respectively. From the thermal images it
can be seen that the receiver was not always uniformly illuminated and instead a hot-spot
exists. The temperature of the hot-spot was significantly higher than the rest of the cap. The
temperature of the hot-spot was, 243 £ 5°C which was approximately 125 °C higher than the
average temperature of other parts of the spherical cap. The heat loss from the hot-spot was
approximately 36% higher than other parts of the spherical cap.

The temperature of the receiver surface during the test period is shown in Figure 7.8.
There was a significant correlation between surface temperature and wind speed. Surface
temperature decreases with increasing wind speed and vice versa. The variation of total heat
loss from the receiver’s spherical surface with wind speed is also shown in Figure 7.8. The
heat loss for the highest receiver surface temperature of 131 °C was 26+1 W. For the insulated
cylindrical part of the receiver, the heat loss at this temperature was 9+0.1 W. Therefore, the
total heat loss from the entire receiver was 344+1 W. This indicated that convection was the
dominant heat loss mechanism. The average wind speed for the test period was 2.4 m/s and

the pressure within the system remained close to 0 MPa (0 = 0.02 bar).
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Figure 7.5: Test conducted on 18 March 2013. Variation of the water temperature within the receiver

for the system closed with solar source and PCM storage. The water reached 100 °C, steam production

began during the initial 30 minutes of the test period and reached a maximum of 136 °C. The production

of steam was maintained for more than an hour during the test period.

Figure 7.6: Sun illuminated receiver during test conducted on 18 March 2013 taken at 12:28. The

cylindrical part of the receiver was insulated with 25 mm thick Superwool insulation and the spherical

part of the receiver was exposed to the concentrated radiation. The average receiver surface temperature

reached a maximum of 131 °C at 12:30. The DNI was at an average of 912 W/m? during the test period.
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Figure 7.7: Thermal temperature profile of the receiver surface for test conducted on 18 March 2013
with the solar source. Temperature profile (a) at the start of the test period at average temperature
of 55°C, (b) at the middle of the test period at average temperature of 125°C and (c) at the end of
the test period at average temperature of 101 °C. The maximum surface temperature during the test

period was 131°C at 12:30. A distinct hot spot can the seen on the receiver surface.
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Test for 22 March 2013 - Closed system with solar source and PCM storage: This
was the third test of the heating of the water in the receiver with the system closed. Figure
7.9 shows the heating of the water where steam production began at 11:05, approximately
34 minutes after the initial heating began. The water reached a maximum temperature of
118 £ 2°C at 11:30. The period between 12:15 and 14:00 indicated heat transferred to the
storage. Average DNI for the test period was 85643 W /m?2. The heat loss variation, from the
receiver’s spherical cap, with the wind speed is shown in Figure 7.10. The heat loss from the
spherical cap was calculated to be 53.0+1.7 W at the highest average surface temperature of
123 £3°C . The heat loss from the cylindrical portion of the receiver at this temperature was

10+£0.1 W, making the total heat loss from the receiver 63+2 W.
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Figure 7.9: Test for 22 March 2013. Variation of the water temperature within the receiver for the
system closed with solar source and PCM storage. Steam production began at 11:05 and reached a

maximum of 118°C at 11:30. Average DNI for the test period was 856 W/m?.
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7.2 Alternative heating

Test for 4 April 2013 - Alternative heat source (blowtorch) and PCM storage:
Figure 7.11 shows the heating of the receiver with the blowtorch. When heating began the
water reached a temperature of 105°C in 6 minutes. It reached a maximum of 133 °C for the
duration of the test which was 13 minutes. During this time the pressure in the system had
risen to 1 MPa (10+£0.2 bar). Due to leaks in the pipe connections and since steam was being
rapidly produced the test was stopped due to safety reasons. The thermal temperature profile
of the heated receiver is shown in Figure 7.11. The average surface temperature of the receiver
was 169 + 3°C. The temperature of the hot spot where the blowtorch was concentrated on

was 360 £+ 7°C.

Test for 25 April 2013 - Alternative storage system with blowtorch and water
storage: The alternative storage was used to demonstrate if there was an effective transfer
of heat taking place within the system. This was an easier system to measure and analyze
compared to the salt storage. As described in Chapter 4 (section 4.4), this consisted of a
copper coil connected to the existing transport pipes and immersed in water or oil. The
steam flowing through the copper pipe condenses when it comes into contact with the colder
environment which is the pipe wall and the surrounding liquid.

The test was conducted with the blowtorch as the heat source. After the system was
de-aired, the water in the receiver was heated until it started to boil. It took 46 minutes for
the water in the receiver to reach 100 °C. The heating curve for the water in the receiver and
storage is shown in Figure 7.12. It can be seen that when the water temperature began to
decrease, at approximately 13:39, the temperature of the water in the storage continued to
increase where it reached a maximum temperature of 70°C. This indicated that there was
heat being transferred to the storage medium. It took 1 hour and 48 minutes for the water (4
kg) in the storage container to reach its maximum temperature of 70°C at 13:58.

There was an average temperature difference of 42+ 1 °C between the water in the receiver
and the water in the storage. The amount of energy used to heat the storage during this time
was 754 kJ. The storage could not be heated to 100 °C since this required an additional 561
kJ. Some of the additional energy required was being lost to the environment due to leaks
in the pipe connections. The heat loss rate from the storage was 9 W when the maximum
storage temperature was reached.

The process was repeated with cooking oil (3.8 kg) as the storage medium. The heating
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Figure 7.11: Blowtorch heating of the receiver for 2 April 2013. (a) Variation of the water temperature
in the receiver with PCM storage. Steam production began within 6 minutes of the initial heating. (b)

Thermal temperature profile for the receiver surface during the test.

curve for the oil is shown in Figure 7.13. The water in the receiver reached 100°C in 14
minutes. The oil reached a maximum temperature of 96 4+ 2°C after 1 hour and 42 minutes.
Although, the initial heating of the oil to 70 °C took 23 minutes, which is 9 minutes more than

the theoretical heating time. Steam production was maintained throughout most of the test
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period.

The quantity of energy used during the heating period of the oil was 505 kJ. Initially
the water in the receiver heated up rapidly and then began to level out. The fluctuations in
the receiver temperature were caused by the interruption of the heat from the blowtorch due
to wind. The water in the receiver took 14 minutes to start boiling, a significantly shorter
time than for the test conducted with the water storage. The average temperature difference
between temperature of the water in the receiver and the oil was 40 4+ 2°C. The oil storage
reached a temperature that was 26 °C higher than the water storage in a shorter time. This
was due to the heat capacity of oil being 2.5 times lower than the heat capacity of water. The
heat loss rate from the storage when the oil was at the maximum temperature of 96 °C was
14 W. It can be seen from Figure 7.13, at approximately 11:25, there was a sharp increase in
receiver temperature. This was an indication of the water being boiled out of the receiver and
as a result only air was being heated. This caused the oil temperature to decrease since there
was no longer steam being produced. Therefore, the heating of the oil was limited by the
steam leaking from the system. The oil being heated to 200 °C was achievable if the system
were leak free.

The experimental heating time for the water and oil storage was significantly longer than
the theoretical heating time, as calculated in Chapter 5. This was due to energy being lost
through leaks in the system and as a result the heating time was increased. The estimated
energy loss from the system through the leaks, Pjcqx, during the the heating of the oil and
water storage was 235 kJ/h. This appears to be reasonable since in approximately 2 hours
the energy available to the water storage medium could have been raised from 754 kJ to 1224
kJ and correspondingly, the oil storage medium from 505 kJ to 975 kJ. This would result
in the water storage reaching a higher temperature of 98°C and the oil storage reaching a

temperature of 162°C, in the same time period.
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Figure 7.12: Alternative heating for 25 April 2013. Heating of the water in the receiver with the
blowtorch and the alternative storage system with water as the storage medium. The water in the
receiver reached a maximum of 130°C at 13:38, while the water in the storage reached a maximum of

70°C at 13:58.

Summary: A summary of the experimental tests conducted on the receiver is given in Table
7.1. The purpose of the first two tests that were conducted with the system open was to boil
out the air from the system. There were no temperatures of the receiver surface recorded since
the aim was to attain temperatures above 100 °C so that the water would start to boil. For the
remainder of the tests, where the system was closed, the water reached 100 °C and more, the
receiver surface temperatures were recorded and corresponding heat loss values were found.
The blowtorch was used as an alternative heat source together with an alternative storage
system to investigate whether a transfer of heat was occurring within the system. The sum-
mary of the maximum temperatures and heat loss values given in Table 7.1 are for the receiver
only. Average receiver surface temperature for the first two tests were not recorded since only
de-airing of the system was being conducted and hence, the total heat loss values were not
included. The total heat loss for the last test was not included since the blowtorch was used

as the heat source and the insulation had to be omitted to avoid burning.
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Figure 7.13: Alternative heating for 25 April 2013. Heating of the water in the receiver with the
blowtorch and the alternative storage system with oil as the storage medium. The water in the receiver
maintained an average above 100 °C throughout most of the test period, while the oil in the storage

reached a maximum of 96 °C at 11:22.

7.3 Discussion

7.3.1 Solar heating

The amount of sensible heat required to raise the temperature of water from ambient (25°C)
to 100°C is 314 kJ/kg. The amount of heat required to vaporize the water is 2257 kJ/kg.
Therefore, using equation (5.1) a total enthalpy, h¢g, of 2571 kJ/kg (714 Wh) was required to
convert water to steam at 100°C. In addition, the energy required to heat the steel receiver
to 100°C was 91 kJ.

For an average DNI of 800 W /m?, the power available to the receiver according to equation
(3.50) was approximately 677 W. Therefore, since in one hour there was only 677 W being

captured by the concentrator, it was insufficient energy to raise the temperature of the water
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Table 7.1: Summary of experimental results for the receiver. These were the maximum values attained
for the receiver’s water temperature and surface temperature. Other values include total heat loss from

the receiver as well as the average DNI and ambient temperature at the test site.

Maximum Average Total
Test date water surface heat loss | Ave DNI | Ambient
Temp (°C) | Temp (°C) | (W) | (W/m?) | (°C)
14 February 2013 98 - - 896 31
6 March 2013 87 - - 892 28
13 March 2013 108 115 55.9 975 25
18 March 2013 136 131 34.2 912 27
22 March 2013 118 123 62.9 856 26
4 April 2013 133 169 - - -

above 100 °C. However, in two hours there was 1252 W of energy being captured which was
sufficient energy to heat the water above 100 °C and convert it to steam. The mass of steam
being produced for a heat rate of 677 W was 1.1 kg/h (0.3 g/s).

When the system was left open and after 4 hours of heating, the water did not attain
100°C. This may be due to the energy carried in the water vapour being lost to the atmo-
sphere from the open pipe. When water is heated, water vapour is produced. This vapour
carries 2257 kJ /kg of energy. Therefore, 2257 kJ/kg of energy was continuously being lost to
the environment as it was being produced. Therefore, the water does not reach 100 °C since
the amount of energy being put in was insufficient to overcome the amount being lost by the
vapour. However, when the system was closed, the temperature of the water reached 100°C
within the first hour of the test period. This was due to the energy from the vapour and steam
no longer being lost to the atmosphere but allowed to circulate through the hot-plate clamped
to the top of the storage.

In Figures 7.3, 7.5 and 7.9, there was an initial heating up of the water curve followed
by a decrease in temperature and then a flattening out. The flattening out in the curve was
an indication of the heat being transferred to the storage which was at a lower temperature.
The heat from the receiver wall was transferred to the water and steam was produced. When
the steam came into contact with a colder storage surface it condensed and transferred its

energy to the storage. This continued until the temperature of the storage reached the same
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temperature as the receiver such that thermal equilibrium was established.

The pressure within the system, as measured by the gauge, during the solar heating tests
remained close to 0 MPa (0 & 0.02 bar). The system was unable to build significant over-
pressure (as measured by the gauge) due to the leaks in the pipe connections. Therefore,
the temperature of the water in the receiver could not increase higher than the maximum of
136 °C. As a result, the receiver was not able to produce superheated water required to melt
PCM salt. The slight overpressure that was present within the system, which was too small
to be measured by the gauge, was used to drive the leaks.

The highest water temperature attained on the days using solar heating was found to be
136 4 1°C for an average DNI of 91241 W/m?2. The corresponding average surface tempera-
ture and total heat loss of the receiver were 112 + 2°C and 34 W, respectively. The pressure
measured by the gauge remained close to 0 MPa (0 £ 0.02 bar) although the P-T curve indi-
cates a pressure of 3 bar at this temperature.

Heat loss from the receiver was mainly due to air convection from the spherical cap. The
efficiency of the receiver according to equation (3.13) was calculated to be 66%. This was the
highest receiver efficiency attained from all the solar heating tests. When the temperature of
the water was 28 °C lower, at 108 + 2 °C the receiver efficiency was 64%. The lowest efficiency
of the receiver was 63% which was when the temperature of the water was 118 &= 1°C.

It can be seen that throughout the tests, the time required to heat the water in the re-
ceiver decreased. This was due to the decreasing water level. From Figure 7.5 and 7.9, the
time required to boil the water decreased to 30 and 34 minutes, respectively. From Figure 5.3
the estimated water level in the receiver had decreased by 200 ml and was now 425 ml. The
difference of 4 minutes in the heating time was due to the lower average DNI available during

the second test.

Storage temperatures

Due to the leaks in the system, there was the possibility of water leaking into the storage
causing a cooling of the PCM. Due to this the storage was then opened to investigate the
condition of the PCM. It was found that the salt mixture had caked significantly and there
were air gaps within the material. The caking was due to moisture since the container was not
completely air-tight. The air gaps were due to the top-plate and fin combination being placed
into the dry mixture. This combined with an error in the measurement system meant that

the data collected from the PCM storage had to be discarded. An analysis of the efficiency of
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the system as a function of temperature could not be performed due to data from the PCM
storage being discarded.

From the tests being conducted on the receiver it was evident that temperatures of the
order of 250 °C were not going to be achieved due to leaks in the system and the inability of

the system to be pressurized. Therefore, an alternative storage system was constructed.

Reciever hot-spot

For this system, the uneven flux distribution and hence, the hot-spot shown in Figure 7.7
was caused by the inaccuracy in the shape of the concentrator. The inaccuracy could not be
corrected since reflective film was used on the concentrator surface and this took the shape of
any aberrations on surface. A similar situation was experienced by Van den Heetkamp [18],
where strips of acrylic mirror material was used as the reflective surface which produced a
non-uniform flux distribution on the receiver. As discussed in Chapter 1, this problem can be
overcome by using individual mirror tiles.

The presence of the hot-spot also indicated the effect of the lower thermal conductivity of
mild steel as compared to other metals such as copper and aluminium. Therefore, in order
to ensure an even distribution of heat on the receiver, metals with high thermal conductivity
such as copper, iron and aluminium are preferred. The presence of a hot-spot for this type
of receiver did not pose any problems since the wall of the receiver was 4 mm thick and mild
steel has a melting temperature in excess of 1000 °C. However, for a fiber-based receiver the
hot-spot will burn through the material and cause severe degradation to the receiver.

The advantage of having the receiver with a spherical portion was that the rays intercepting
the cap from a point above the receiver was absorbed. This is due to a sphere having a larger
capture area than a flat plate. These rays would be lost if a flat plate receiver were to be used
since the area of the flat circular receiver is the same as only the base of the spherical cap.
This boiler type receiver intended to generate steam can be connected directly to a pressure

cooker, similar to what was done by Oommen and Jayaraman [45].

7.3.2 Alternative heating

When heating of the receiver was conducted using a blowtorch, the temperature of the water
reached 100 °C in 6 minutes. The average surface temperature of the receiver was 169 4+ 7°C,
while the temperature of the hot-spot where the heat from the blowtorch was directed at, was

360 £+ 7°C. The water reached a maximum temperature of 134 +4°C during the 6 minutes.
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During this time there was a constant production of steam and the pressure in the system
had risen to 1 MPa (10 + 0.2 bar), despite the present leaks in the threaded pipe connections.
However, according to the P-T curve in Figure 5.1, the pressure should be approximately 2.7
bar. This indicated that there was still air within the system therefore, the pressure measured
by the pressure gauge was significantly higher. For most of the tests the pressure measured
by the pressure gauge was close to 0 MPa (0 + 0.02 bar). This suggested that there may be a
pressure within the system that was not being measured due to the range on the gauge being
too large.

Tests were carried out on the alternative storage system with the blowtorch as the heat
source. The reason for using the blowtorch was so that the de-airing process could be carried
out and to investigate if there was a successful transfer of heat from the receiver to the storage.
De-airing was not possible using solar heating as was shown in the first two tests conducted.
The mass of steam, mg, produced when using the the blowtorch was 1.0 kg/h (0.3 g/s).

For the receiver temperatures, the temperature measured by the thermocouple in the
receiver may also be influenced by the heating of the thermowell from the outside. Even
though the thermowell was situated away from the concentrated radiation its temperature
may be raised by heat being conducted along the length of the receiver cylinder. If this was
the case, then the temperature measured may be an average temperature between the water
inside the receiver and the exposed thermowell.

From the experimental tests carried out on the solar thermal cooker system, it can be seen
that the expected temperature of 250 °C and pressure of 40 bar could not be achieved. The
aim was to produce superheated water in the receiver at at boiling temperature of 250 °C, and
the steam would be used to melt NaNO3-KNO3 PCM. The main reason for this not being
achieved was due to the leaks in the pipe connections which prevented the system from being
completely de-aired and pressurized. However, despite the leaks there was successful heat
transfer to the storage. As it stands, only low temperature, low pressure steam was produced

by the receiver which is unable to melt PCM salt.



Chapter 8

Conclusions and recommendations

8.1 Conclusions

Using a 1.2 m satellite dish as a concentrator, a receiver that serves as a boiling chamber
was heated. The highest temperature the water inside the receiver obtained during the solar
heating tests was 136 °C. The overall receiver surface temperature was a maximum of 131 °C
and the maximum operating efficiency of the receiver was 66%. It was found that generally
when the wind speed is high the surface temperature of the receiver decreases. This indicated
a definite correlation between wind speed and surface temperature, and it was found that
the heat loss due to convection was the most significant. The maximum heat loss from the
receiver was 63 W. The receiver constructed for the system has proven to be an effective
boiling chamber.

The alternative storage system was tested with water and oil as the storage medium. When
water was used as the storage medium the temperature reached a maximum of 70 °C. When
oil was used as the storage medium, the temperature reached a maximum of 96 °C. It was
proven that there has been successful heat transfer to the storage when water and oil were
used as the storage medium.

The receiver needed to produce superheated water at a boiling temperature of 250 °C, in
order to melt NaNO3-KNO3 PCM in the storage. Due to leaks in the system, this could not
be achieved. Therefore, the expected temperature of 250 °C and pressure of 40 bar was not
attained. Instead there was only low temperature, low pressure steam being produced by the
receiver, which was unable to melt NaNO3-KNO3g PCM.

The off-axis parabolic dish (satellite dish) covered with Reflectech mirror film makes a

relatively good solar concentrator despite its inaccurate curvature.
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8.2 Considerations for future work

o If a satellite dish is to be used as a concentrator, adequate inspection of the dish surface
with respect to its curvature should be investigated using ray-tracing techniques, in order
to determine how accurately it has been manufactured. Any geometrical defects during
fabrication should then be taken into consideration when estimating the smallest flux

distribution for designing of the receiver.

e A two-axis automatic tracking of the concentrator should be included so that it is accu-

rately focused on the receiver at all times.

e The receiver should incorporate a wind barrier to prevent convective heat loss due to

high wind speeds.
e A pressure saftety valve must be included into the system.

e A flow meter is required to monitor the flow rate of the heat transfer fluid. Also, a digital
pressure gauge should be used instead of the present one so that small fluctuations in

pressure can be measured.

e In order for the system to operate at high pressure and to avoid leaks, other methods
for properly sealing the system are necessary. This may be in the form of specialized
welding, instead of threaded pipe connections. In addition, seamless pipes should be
used to ensure that there are no pin holes that could cause leaks. All pipes should be

pressure tested before being used in the system.

e If phase change material is to be used as a storage medium, it needs to be completely
melted and thoroughly mixed to produce a homogeneous mixture. Dry mixing of the

material should be avoided.
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Appendix A

Radiometry data for Westville

station

Radiometery data for a typical clear sky day received by the Westville radiometry station.
Figure A.1 shows the direct normal irradiation (DNI), diffuse radiation and global radiation

for 14 January 2013.
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Figure A.1: Direct, diffuse and global radiation received at the Westville station for a typical clear

sky day.



Appendix B

Thermophysical properties of water

and storage materials

Liquid T(K) pkem’) k(Wm-K) ¢, ke K) px10°(Pa-s) 3x10°(K™)

Water 273.15 1000 0.569 4217 1.750 —68.05
280 1000 0.582 4198 1.422 46.04
290 999.0 0.598 4184 1.080 174.0
300 997.0 0.613 4179 0.855 276.1
310 993.0 0.628 4178 0.695 361.9
320 989.1 0.640 4180 0.577 436.7
330 984.3 0.650 4184 0.489 504.0
340 979.4 0.660 4188 0.420 566.0
350 973.7 0.668 4195 0.365 624.2
400 937.2 0.688 4256 0.217 806
500 831.3 0.642 4660 0.118
600 648.9 0.497 7000 0.081
647.3 315.5 0.238 ~ 0.045

Figure B.1: Thermophysical properties of water. Adapted from Incropera and DeWitt [71].
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Table B.1: Enthalpy of water at different phases at a saturation temperature of 100 °C and standard

atmospheric pressure. Adapted from Incropera and DeWitt [71].

State Enthalpy (kJ/kg)
Liquid (sensible heat), (hy) 4.19
Evaporation (latent heat), (hg) 2257
Saturated steam (total heat), (hyg) 2767

Table B.2: Thermosphysical properties of the materials used in the NaNO3-KNOg3 storage and the

alternative storage system [71, 83, 101].

Heat Thermal
Material capacity (J/kg-K) | conductivity (W/m-K)
Aluminium (6082), Cps 900 204
Copper, Cp3 385 386
Mild steel (EN8), Cpo 486 51.9
NaNO3-KNO3 (50:50 mol %), Cp1 1500 -
Oil (cooking grade) 1670 0.02




Appendix C

ings

System draw

=

__

i

]

T

B

/r R R R R R R R AR
R

Figure C.1: Front-view of the dish-carrying frame with extended vertical bar for declination adjust-

ment. Receiver positioned at center of the frame. (Courtesy of Jgrgen Lgvseth).
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