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Abstract

This thesis investigates the application of solar water heating in South Africa.
The solar water heating system investigated work on the thermosiphoning effect
or natural convection. An extensive literature study has been undertaken to
investigate this phenomena. The three partial differential equations (governing
equations) are non-dimensionalized and a similarity solution is applied to obtain
two coupled non-linear ordinary differential equations. These equations are then
solved in MATLAB to obtain the velocity and temperature profiles. Two scenarios
were considered, a vertical wall with a constant wall temperature and a vertical
wall with a constant heat flux. LP SWH systems use vacuum tubes to absorb
solar radiation and transfer it to the water, which is similar to the vertical wall
with a constant heat flux. A simulation model has been developed for a LP SWH
system which is able to simulate the system performance for a given geographical
location, where the user can specify the system component attributes.
Experiments on the system were conducted to validate the simulation model. The
simulation model accompanies a 6-Step Design Guide developed to assist the user
to design a system able to satisfy the consumer’s hot water demand. The 6-Step
Design Guide developed can be used in future design considerations for LP SWH
systems in South Africa.
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1.  INTRODUCTION

In South Africa, Eskom is our main supplier of electricity. Most of its power
generation capabilities arise from coal fired power stations, located in upper
region of South Africa. Coal fired power stations create carbon emission as a
byproduct that is harmful to the environment and contribute to the effects of
Global Warming. Thus alternative power generation technologies have been
investigated throughout the years to reduce the dependence on coal fired power
stations. The costs involved in generating electricity from renewable energy are
expensive compared to coal fired power stations. Eskom has been funding
research at Universities around South Africa for this purpose to enhance the
renewable energy field and create possibilities for future power generation from
renewable energy resources.

Apart from the vision of using cleaner power generation technologies, Eskom is
generating electricity at full capacity for the high power demand in South Africa.
The current power stations are being refurbished, as some of the power stations
are in the end of their expected lifetime, and equipment, control systems and
components are starting to fail due to age. The new build power stations are in
construction phase and commission of these plants will commence in the near
future. Although these plans are in place to ensure electricity for the future, South
Africa still suffers in the present time from power availability and reliability of
continuous power supply to the consumers.

The initiative from Eskom to introduce a rebate on Solar Water Heating (SWH)
systems to households in South Africa, encourage consumers to install these
systems to reduce electricity usage for hot water, thus reducing their power
consumption. The average household uses up to 44% of their electricity for
heating water. If each household could reduce their power consumption by at
least 30% from using these SWH systems, it would reduce the demand on the grid
significantly, and consumers would save on their electricity bill.

The above mentioned scenario impress as the ideal solution for the current power
crisis experienced in South Africa, but all parties involved to execute this ideal
makes it only possible to some extent. The research conducted in this thesis is to
assist South Africa, Eskom and the consumer to apprehend this ideal. This
research elaborates on the effectiveness of renewable energy, to share insight in
the nature of solar energy and in SWH applications. Considerations to be taken
into account when designing, installing and using these systems. Furthermore
Low Pressure (LP) SWH systems are primarily important from China or India.
These systems were designed for those specific countries, but installed as is in
South Africa. The geographical location, weather data, consumer hot water
demand and solar radiation profile of South Africa differs from these countries,
thus this research concentrates in optimizing the designs for South Africa
specifically.



1.1. Global Warming

Global Warming is a term used to describe the entrapment of solar radiation by
the earth’s atmospheric layers. The atmospheric layers consist out of various
gasses and water vapor. The amount of solar energy passing through the
atmosphere remains fairly constant but due to the excessive carbon dioxide in
these atmospheric layers (Figure 1), heat is trapped, introducing the greenhouse
effect, leading to global warming. About 20% of this trapped heat warms the air
and the remaining 80% evaporates the water. An average temperature increase of
about 0.6°C has been documented worldwide over the past 50 years. In the 1980s,
this decade was recorded to be the warmest. In the 1987-1997 there have been
many disastrous floods from storms. Other documented evidence reveals a 10%
decrease in global snow cover, a 40% thinning of Arctic Ocean ice, a 20%
decrease in glacier extent and a 10% increase in rainfall in the northern
hemisphere (Silberg, 2006).
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Figure 1: CO; levels over last 1000 years (Duffie, Beckman, 1991)

1.2. Power Generation and Renewable Energy

For years people have relied on coal and oil as the main suppliers of energy for
power generation, this is due to its high availability worldwide, its abundance, low
cost and easy transportation. The process in generating power from coal has been
mastered over the years, the capacity factor for coal fired power stations are
typically in the range of 85-95%. For this reason and the low costs involved, coal
fired power stations are popular for its reliability, availability and cost
effectiveness. Due to the high carbon emissions from these power stations,
alternative power generation technologies have been investigated. Renewable
energy surfaced from identifying the potential in alternative energy resources. To
understand this concept, the process in a coal fired power station will be discussed
together with Figure 2.
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Figure 2: Power generation concept (Joyce, 2012)

From the illustration in Figure 2, coal is burned as energy source to heat up the
kettle that serves as a boiler; water inside the kettle heats up and starts to boil that
creates steam, the steam is used to turn a turbine blade which in effect is used in a
generator to produce electricity. The energy conversion process is as follow:
fossil energy — thermal energy — mechanical energy — electrical energy. From this
analysis it is clear that there are four stages in the conventional power generation
process in generating electricity. When alternative methods are introduced from a
renewable energy perspective to replace a stage in this process, the same principle
applies, and electricity is obtained. No net greenhouse gases are emitted from
renewable energy technologies and can thus lower carbon emissions and conserve
fossil fuels. These technologies include photovoltaic, solar thermal, biomass,
wind power, geothermal and hydropower (Silberg, 2006). As illustrated in
Figure 3, biomass can be burned to generate heat for the boiler application, solar
energy can be used directly to generate electricity from photovoltaic panels, or
heat for the production of steam and wind turbines generate electricity from
harnessing the energy from the wind, see.

1.3. Generating Power using Solar Energy in South Africa

The research conducted in this thesis focus on the potential of solar energy in
South Africa, and thus from this point forward, only solar energy will be
considered. South Africa is endowed with good solar radiation throughout the
country. For this reason solar energy as alternative energy can be effectively
utilized. The Northern Cape Province has the highest total annual solar radiation.
Eskom is currently in the process of constructing one of the largest Concentrated
Solar Power (CSP) plants in Upington, with a minimum capacity factor of 60%.
This CSP plant will generate 100 MW power using molten salt as the heat transfer
fluid and storage medium. In 2011, Eskom erected two solar photovoltaic farms
at Lethabo and Kendal power stations. Other smaller applications such as SWH
systems and photovoltaic panels are installed around the country at households,
schools, hospitals and businesses. The solar industry in South Africa has a great
potential for job creation and many entrepreneurs have seized this opportunity.
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Figure 3: Renewable energy power generation concept (de Meyer, 2012)

1.4. Solar Water Heating in South Africa

Solar water heating for domestic users became very popular due to its promising
results and low cost to the consumer from the rebate offered by Eskom. This
rebate program was rolled out for the reason that an average household uses
approximately +44% of their power consumption for hot water. If a SWH system
can deliver this energy, then in theory it will reduce the power usage of the
household by +44%. However these SWH systems are not optimized as
standardized systems are installed for all the households, despite their
geographical locations and annual solar radiation received. Thus these systems
can be optimized based on the consumer’s need, geographical location and the
amount of solar radiation received during summer and winter. Various solar
water heating systems are available on the market, however this research focuses
on a Low Pressure (LP) Solar Water Heating (SWH) system.



2. SOLAR ENERGY
2.1. Introduction

Solar energy is heat and radiant light emitted from the sun. In this section, the sun
as energy source will be discussed and how the energy reaching the earth’s
surface can be harnessed. For centuries humans have been developing and
implementing architecture, technologies and social living to benefit from the
energy supplied by the sun. Some civilizations worshipped the Sun as a
supernatural phenomenon, such as Inca and Aztecs, where the Germanic
paganism believed that it was a goddess. Ancient monuments, like the pyramids
in Egypt, were constructed based on solar phenomena’s, others such as the stone
megaliths are able to indicate summer and winter solstice. (Goldstein, 1997)

2.2. Birth of the Sun

About 4.57 billion years ago, the Sun was formed from the collapse of part of a
large molecular cloud consisting primarily of hydrogen and helium. The Sun was
one of the many stars that formed during this phenomenon. A shock wave from a
supernova occurrence in space compressed the gasses from the molecular cloud,
causing selected regions to collapse under their own gravity, forming the Sun.
The collapse in the cloud initiated a rotation due to the conservation of angular
momentum, and heat as by-product formed due to an increase in pressure. AS
majority of the mass concentrated in the centre, other particles flattened out in a
disk formation, becoming planets, stars and other solar systems. Gravity and
pressure from the core of the compressed cloud generated excessive heat and
triggered nuclear fusion. This fusion process continued, giving birth to our Sun.
(Williams, 2010)

2.3. Sun Characteristics

The sun is consisting out of 73% hydrogen, 24% helium and 3% other elements
including oxygen, carbon, iron, neon, nitrogen, silicon, magnesium and sulphur.
Its mass is 1.9x10% kg, with a volume of 1.4x10' km® and average density of
1.4x10° kg/m®. Compromises out of various layers (Figure 4), such as the core,
radiative zone, convective zone, photosphere, chromosphere and corona. The
surface area is about 6x10**km? with a temperature of 5505°C. The radiant power
of the sun, ordinating from the nuclear fusion process, emits 61.1MW/m? from the
sun’s surface. Earth is approximately 149.6x10° km away from the sun, and light
travels from the sun to earth in 8 minutes and 19 seconds. The annual mean solar
irradiance reaching earth’s atmosphere is between 1367 W/m? and 1420 W/m?.
The total solar irradiance or solar constant equal to 1372 W/m? represents the rate
at which solar energy is incident on a surface normal to the sun’s rays at the outer
edge of the atmosphere when the earth is at its mean distance from the sun.
(Cengel, 2009)



ST
...\. \\\}}\:'ll \\!\ ) |‘| |
0 po Hydrogen

LR
~ Y ﬁl(ﬁwmx...f’wm'u.,."?tk_:.'_'— \\il' \ﬁ&h{( &-‘ burning Core

Radiative Layer

57
g
Photosphere /rfn"

Corona

Figure 4: Layers of the Sun (Garfinkle, Gardinkle 2010)

2.4. Solar Spectrum and Energy Transfer

The sun emits various forms of electromagnetic radiation, varying in quantities.
Nearly 43% of the emitted radiation is visible light, 49% near-infrared and 7%
ultraviolet. The remainder 1% is in the form of x-rays, gamma and radio waves.
The following graph illustrates the emitted radiation with regards to the quantity
of energy and the various wavelengths (Figure 5). Energy transfer from the sun to
the earth occurs across space, which is a vacuum, and is in the form of radiation.
Radiation is the transfer of energy by electromagnetic wave motion. (Lightle,

2011).
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Figure 5: Solar spectrum (Lightle, 2011)



Once the radiation reached the atmosphere of the earth (between 1367 W/m? and
1420 W/m?, the ozone layer, water vapor and other gasses within the atmosphere
absorbs a portion of the radiation as it penetrates through the atmospheric layers
of earth. X-rays and UV rays that is harmful for humans are also absorbed. Once
the radiation reached the Troposphere atmospheric layer, radiation is further
absorbed, scattered and reflected by clouds, water vapor and other gasses. The
radiation that finally reaches the surface of the earth is known as total radiation,
and consists out of direct, diffuse and reflected solar radiation.

Far UV 120-200 nm

Extreme UV  10-120 nm

Figure 6: Radiation transfer from Sun to Earth (Emmert et al., 2010)

2.5. Sun as Energy Source for Living Organisms

The sun is the most important source of energy to sustain life on earth. It is
responsible for supplying energy for plant growth the entire ecosystem depends
on the energy from the sun (Figure 7). Producers (plants) use a process called
photosynthesis to produce glucoses from sunlight, which forms the basis of
nutrition for consumers (herbivores and omnivores). Photosynthesis (Figure 8)
takes place in the chloroplast of a plant cell. Sunlight, carbon dioxide and water
are required for this process and oxygen also forms as a byproduct which is
released into the atmosphere. The chloroplast contains chlorophyll which absorbs
the red and blue spectrum of the light wave, green light is reflected, giving
chlorophyll its green appearance. The energy from the light increases the electron
state of the water to be more energetic, where these electrons then transfer to the



energy poor carbon dioxide molecules to form energy rich sugar molecules. The
sugar molecules are stored in molecular structures in the plant cells, and oxygen is
used for respiration in living organisms. This phenomenon plays an important
role in the carbon cycle of the ecosystem. When burning biomass, it is noticed
that the photosynthesis process is reversed and carbon dioxide gas, water and
energy is produced in the presence of oxygen.
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Figure 7: Energy transfer in food chain (Young, 2005)
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Figure 8: Photosynthesis process in a leaf (Young, 2005)



3. LITERATURE STUDY
3.1. Harnessing Energy from the Sun

To be able to harness the energy received from the sun on the earth’s surface, it is
important to understand the behavior of the sun in terms of seasonal changes, the
specific geographical location, effect of weather conditions and cloud cover, solar
angles and the surface area (shape, tilt and material) absorbing the solar radiation.
The outer edge of the Earth’s atmosphere receives +1367 W/m? of energy from
the sun. The atmosphere absorbs and reflects a fraction of this radiation,
including most X-rays and ultraviolet rays. Sunlight is then distributed unevenly
in different regions. Regions on the equator receive more energy than other areas.
Different seasons also play a part in the amount of solar radiation received due to
the tilt angle of the axis of the Earth. Other factors that also should be taken into
account are the weather conditions. Some of the solar radiation is absorbed and
reflected away by the clouds, thus lowering the amount of solar radiation that hits
the ground. Air pollution also has a similar effect on solar energy. All these
factors determine the amount of solar irradiance available for utilization.

e Seasonal Changes

The tilt of the earth’s rotational axis and the orbit of the earth around the sun are
responsible for the seasonal changes. The tilt angle of 23,5 degrees are fixed
throughout the orbit, thus at certain times the Northern Hemisphere will be closer
to the sun (summer), while the Southern Hemisphere will be further away from
the sun (winter), and vice versa. Figure 9 illustrates these seasonal changes and
fixed tilt angle of the earth. The earth completes one orbit around the sun in
365.25 days. (Duffie, Beckham, 1991)

Spring equinox—March 21
/ — Earth

@— Polar axis
ba 152.1 x 10%km

Summer solstice—June 21 2 Winter solstice—December 21

24.7 Days

___J,.l-.

- ¥

Fall equinox—September 21 365.25 Days

Figure 9: Seasonal changes (Duffie, Beckham, 1991)



e Geographical Location and Solar Angles

Each geographical location on the earth’s surface has a different solar radiation
profile for solar energy available to utilize. There are many factors that influence
this solar radiation profile, but the most important factor is the latitude angle of
the specific location. The latitude angle indicates how far the area is from the
equator. Areas on or close to the equator have a higher solar radiation profiles
than areas further away. It is difficult to model or take into account all the factors
that play a role in the solar radiation profile for a specific geographical location,
such as air pollution, weather conditions, inland or coastal and nearby
surroundings. Thus it is advised to use a database that captured the solar radiation
readings over a period of time, Typical Metrological Year (TMY) data, for a
specific geographical location to conclude over its solar radiation profile. For
simulation purposes this data is available, from a mathematical point of view,
simple calculations can give an indication of an expected solar radiation profile
for the specific geographical location.

Mathematical Model to Determine Solar Radiation Profile

The following equations (Kalogirou, 2005) can be used or adapted to determine
the solar radiation received on a horizontal surface on a given time and day of the
year. Later in this section, the amount of solar radiation on a tilted surface will be
investigated, and derives from this fundamental understanding. First the
extraterrestrial solar radiation on a plane normal to the intercepting solar radiation
on a specific day of the year must be calculated. The following equation and
graph can be used for this purpose.

360N

Gon = Ggc 1+ 0.033 cos Ses (3.2)

Where, Ggc represents the solar constant, with the value of 1367 W/m?.
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Figure 10: Extraterrestrial solar radiation variation (Kalogirou, 2005)
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The solar radiation on a plane parallel to the ground, thus the extraterrestrial
horizontal surface, can be expressed as follows.

G,y = Gy cOs @ (3.2
Where @ represents the solar altitude angle with

cos ® =sinL sind +cos L cos § cos h (3.3)
As illustrated in Figure 11; L,6 and h represents latitude, solar declination and
hour angle respectively. Point P on the figure represents the specific geographical

location with latitude (L), and the angles of the sun respectively to this point are
indicated on the figure.

_, Center
~  ofsun
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!/
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\ Equatorial plane

Figure 11: Solar angles and positions (Kalogirou, 2005)

The local latitude of geographical location is represented by L and is positive for
the northern hemisphere, and negative for the southern hemisphere. As &
represents the solar declination throughout the year, which defines the angular
distance of the sun’s rays north/south of the equator, and can be calculated from
the following equation with N being any day of the year. (Kalogirou, 2005)

§=23.45sin = 284+ N (3.4)

The hour angle is represented by h and defines the point on the earth’s surface
through which the earth would turn to bring the meridian of the point directly
under the sun. At noon (Apparent Solar Time, AST=12), when the sun is at its
highest position over the point and solar irradiation is at its peak.

h = (AST — 12)15 (3.5)

When calculations using solar geometry are applied, it is considered that the earth
is fixed, for simplicity, since all motion is relative. With respect to the view from
the earth to the sun (Figure 12) two astronomical angles are considered, the solar
altitude (@) and solar azimuth (z).
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Figure 12: Sun path across the sky during the day (Kalogirou, 2005)

The solar azimuth angle is defined as the angle of the sun’s rays measured in the
horizontal plane from true south for the Northern Hemisphere or true north for the
Southern Hemisphere, where westward is designated as positive.

cos § sin h

sin z (3.6)

Cos

Where « represents the solar altitude measured from the horizon
e Solar Tracking and Absorption Surfaces

The intensity of solar radiation at which the sun’s rays strike the surface, is
essentially a function of the angle of incidence (). When the sun’s position is
overhead, 90 degrees from the horizon, incoming rays are most intense. The
intensity decreases as the angle decreases because the sun rays spread over a
larger surface area. Thus to receive the same amount of solar radiation intensity
on the same horizontal area (Figure 13 and Figure 14), a larger surface area is
required. During summer the horizontal surface is closer to perpendicular to the
sun rays, receiving more concentrated solar energy. In winter, the sun rays hit the
horizontal surface at a glancing angle, spreading out the energy. (Lightle, 2011)

R - f

Same energy but more Same energy but more spread
concentrated, means  out, means less heating.
greater heating.

Figure 13: Solar energy distribution on surface (Lightle, 2011)
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Figure 14: Annual changes in the sun's position in the sky (Kalogirou, 2005)

In order to expose the surface area to the maximum amount of energy, the surface
area should be positioned to intercept the incoming rays of the sun perpendicular.
All radiation that strikes the surface area, this includes direct, diffused and
reflected sunlight, can be absorbed/utilized (this is not applicable for
concentrating collectors as concentrating collectors only utilizes direct radiation).
Different tracking mechanisms are available to ensure that the
absorption/intercepting surface is exposed primarily to perpendicular direct solar
radiation for the duration of the day. As discussed earlier two astronomical solar
angles are defined to describe the position of sun relative to earth, the solar
altitude and azimuth angles. These two angles should be tracked by the absorbing
surface area. Figure 15 shows a tilted absorber surface with respected solar angles
(indicating the position of the sun).

There are three basic mechanisms of tracking; two-axis tracking (full tracking),
fixed surface (no-tracking), one-axis tracking (E-W tracking and N-S tracking),
illustrated in Figure 16. The full-tracking mechanism refers to a two-axis tracking
mechanism, ensuring that the absorbing surface area is continuously facing the
sun. Thus the angle of incidence for this type of tracking is always 0°. One-axis
tracking either follows the altitude or azimuth angle of the sun. The last
mechanism of tracking is the fixed tilted surface, in this instance there is no
tracking involved, and most solar systems have a fixed tilted surface exposed to
the sun. The reasoning for this is due to the cost implications, calibration and
maintenance for tracking devices. Flat plate collectors normally don’t have
tracking devices, some photovoltaic panels and concentrating collectors have one
axis tracking devices and other concentrating collectors, photovoltaic systems and
heliostat mirror fields (solar power plants) make use of two-axis tracking systems.
Systems using vacuum tubes (low pressure and high pressure) have a “built-in”
one axis tracking device, due to the round geometry of the absorber surface,
tubular shape, thus passively tracking the sun.

13
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Figure 15: Tilted absorber surface and solar angles (Kalogirou, 2005)
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Figure 16: One-axis and Two-axis tracking (Kreith, Goswami, 2007)
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3.2. Low Pressure Solar Water Heating

These systems use natural convection as means of heat transfer. The system
consists of a storage tank and vacuum tubes as the main components. The
vacuum tubes are connected directly into the storage tank allowing the water to
fill the tubes. The vacuum tube consists of two concentric glass tube, sealed at the
one end with an annular vacuum space to reduce heat loss. The inner glass tube
has a selective absorber coating on the outside. Thus solar radiation is absorbed
by the tube and transferred to the water inside the tube. Due to increase in
temperature a density difference drive the hot water upwards into the storage tank;
this phenomenon is known as natural convection. The fluid flow is induced by
the buoyancy effect.

HORIZONTAL TANK

HOT WATER

COLD WATER
ABSORBER SURFACE

VACUUM ENVELOPE

Figure 17: LP SWH system (Budihardjo, 2005)

3.3. Optical Efficiency and Heat Transfer for Vacuum Tubes

The optical efficiency of the tube plays the most important role in successfully
absorbing the solar radiation, and thus transferring the energy to the water inside
the tube. When sun light strikes the tube, some light is reflected and absorbed by
the outer glass tube. The optical properties of glass is as follows, reflectance — the
inherent ability of the glass to reflect incoming rays, absorptance — how much of
the incoming ray the glass will absorb, and transmittance — the amount of
incoming rays successfully passing through the glass without being absorbed or
reflected. The inner tube (absorber tube) absorbs the solar radiation that passed
through the outer tube; a portion of this radiation is reflected away from the
absorber tube where another fraction of the radiation is emitted. The following
Figure illustrates this clearly. Due to the nature of the absorber tube, the water
inside the tube experience a constant heat input along the wall of the absorber
tube, which induce the natural convection phenomenon by transferring the solar
energy to the water. The following Section explains this phenomenon in
extensive detail.
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Figure 18: Optical properties of vacuum tube (Apricus, 2012)
3.4. Natural Convection

Convection is the mechanism by which heat is transferred through a fluid in the
presence of a bulk fluid motion. This manner of heat transfer can be divided into
two groups, forced and natural convection. The manner in which the fluid motion
is initiated determines the type of convection. In forced convection, the fluid flow
is initiated by an external force, such as a fan or pump. In natural convection, the
fluid flow is induced by the buoyancy effect. Natural convection is normally used
in cooling applications, such as electronic equipment, refrigeration coils, power
transmission lines and from bodies of animals or humans. The use of natural
convection as means of cooling became very popular due to its natural occurrence,
eliminating the installation of cooling equipment. In many solar water heating
applications, natural convection is used for heating purposes. Low pressure solar
water heaters are the latest technology in solar water heating that use natural
convection in an efficient and effective manner. (Cengel, 2009)

3.4.1. History

Natural convection ensures a very effective method of heat transfer when the
acceleration force is large. In mechanical engineering there are various
applications that produce high centrifugal accelerations such as rotary machinery.
E. Schmidt (1930) proposed to use natural convection in the cooling of turbine
blades. The blades contained a number of thin cylindrical cavities pointing
radially outwards from a reservoir with a cool fluid in the hub. During operation
heat transfer at the circumferences to the fluid and the effect of the centrifugal
force field cause the heated fluid to move towards the hub and be replaced by the
cool fluid. Turbine blades were constructed in Germany during the war using the
cooling method proposed by E. Schmidt.
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In 1952 M.J. Lighthill first explored the theoretical considerations on natural
convection in tubes. Lighthill developed methods to predict the flow and heat
transfer caused by natural convection in vertical heated tubes. The tubes where
closed at the bottom and opened at the top into a reservoir. From these methods a
prediction can be made whether the flow is laminar or turbulent and if the
boundary layer of heated fluid fills the tube or fills the tube with a stagnant region
near the end. Lighthill founded that the flow depends on a modified Grashof
number and on the length-radius ratio.

3.4.2.Basic Theory

Heat transfer can occur either by radiation, conduction or convection. In this
section a brief understanding in the physical mechanism of natural convection is
discussed. As a hot object enters a colder fluid (gas or liquid), the outer
temperature layer of the object will drop while the surrounding fluid temperature
rise. A density difference between the hot and cold fluid cause the hotter fluid to
rise creating a natural convection current (Figure 19). Heat transfer is enhanced
as a result of the natural convection current. The same phenomenon occurs when
a cold medium enters a warmer fluid however the natural convection currents are
reversed. (Cengel, 2009)
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Figure 19: Natural convection currents and heat transfer (Cengel, 2009)

3.4.3.Buoyancy Effect

The gravitational field is a vital component in the natural convection
phenomenon, and without it, heat transfer would only occur by means of
conduction. A net force pushes a light fluid placed in a heavier fluid upwards in
the presence of a gravitational field. This force is known as the buoyancy force
and has a magnitude equal to the weight of the fluid displaced by the body. In
natural convection the lighter fluid is an effect of the temperature rise within the
fluid, and thus a relationship between the density and temperature of the fluid
exists. The volume expansion coefficient B is used to express this relationship
under constant pressure, see the follow Equation: (Cengel, 2009)
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F=—0Tm =71

3.7)

Where T and p the temperature and density of the fluid close to surface
respectively represents, and subscript co denotes away from surface. The net
buoyancy force thus increase with an increase in the density difference within the
fluid due to an increase in temperature, see Equation 3.8-3.9.

Frete =W — Fbuoyancy = pbodygV —pgV (3.8)

Where g and V the gravitational acceleration and the volume of body respectively
represents as in Figure 20. Furthermore Equation 3.7 can be rewritten as

P — P = pB(T —T) (3.9)

Figure 20: Buoyancy effect (Cengel, 2009)

It is clear from Equation 3.10, that an increase in temperature within the fluid will
result in a positive net buoyancy force per unit volume, pushing the less dense
fluid upwards. See Table 1 for various conditions in the buoyancy effect.

Fret = Po—p 8= pB(T —To)g (3.10)
Condition Effect Result

T>Te P =P >0 Less d};rﬁeste?h?i,d rises

T =Te P =P =0 No natﬁr;gtl (:zor?\'/ection

T <Te P = p <0 More deﬁggtfﬁjig,descend

Table 1: Buoyancy effects (Cengel, 2009)

A higher buoyancy force creates stronger natural convection currents which result
in a higher heat transfer rate. Thus the flow rate of the fluid determines the
magnitude of the heat transfer, as in forced convection, a high flow rate result in a
high heat transfer rate. In natural convection, the flow rate is determined by the
balance between buoyancy and friction force. (Cengel, 2009)
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3.4.4.Governing Equations

There are three fundamental laws that a fluid element conform to. In order to
understand the behaviour of fluid flow these three fundamental laws are
investigated. This analysis is from first principles where governing equations are
formulated to predict the fluid flow and temperature gradient in boundary layers.
The flow is assumed to be steady and two-dimensional and the fluid Newtonian
with constant properties. In Figure 21, the flow direction is parallel to the surface
and denoted by X, whereas y denote flow normal to the surface. The velocity in
the x-direction and y-direction is denoted by u and v respectively. Where u(X,y)
and v(x,y) the velocity in a two-dimensional fluid element represents.

T,
T ___-_-———---““"1’_{15;'.;,-_
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Figure 21: Velocity boundary layer (Cengel, 2009)

The following section discusses these three fundamental laws which are; the
Conservation of Mass, Conservation of Momentum and Conservation of Energy.
From this investigation the continuity, momentum and energy equations are
obtained for laminar flow with boundary conditions. These equations will be used
to obtain the velocity and temperature profiles for a wall with either a constant
wall temperature, or constant heat flux along the wall. (Cengel, 2009)

e Conservation of Mass (Continuity Equation):

The conservation of mass principle states that no mass can be created or destroyed
during a process. Thus a mass balance should be satisfied where all the mass be
accounted for, see Equation 3.11.

Rate of mass flow
out of the control volume

Rate of mass flow
into the control volume (3.11)
Where the magnitude of the mass flow rate (m) the product of the density (p),
mean velocity (u) and cross-sectional area (dy) normal to flow is. From the fluid
element (Figure 22), the fluids enters the control volume at a mass flow rate, see
Equation 3.12, and leaves the control volume at mass flow rate, see Equation 3.13.

19



1 dx

Figure 22: Fluid element for conservation of mass (Cengel, 2009)

My, = pu(dy. 1) (3.12)
du
Moye =P U+ gdx dy.1 (3.13)

The same method is applied for the mass flow rate in the y-direction, and the
resulting equations together with Equation 3.12 and Equation 3.13 are substituted
in Equation 3.11.

pu dy.1 +pv dx.1 =p u+§—idx dy.1 +p v+§—;dy dx.1 (3.14)

The continuity equation can be obtained by dividing Equation 3.14 by dx.dy. 1,
see Equation 3.15.

ou 617_

4L = 3.15
6x+6y 0 (3.15)

e Conservation of Enerqgy (Energy Equation):

The change in energy content of a system undergoing any process is equal to the
difference between the energy input and output. In a steady-flow process this
energy content stays constant, thus the energy entering the control volume equal
the energy leaving the control volume, see Equation 3.16. Similarly for the rate of
energy, see Equation 3.17.

Ein —Eout = AEsystem =0 (3.16)
Ein — Eout = AEsystem =0 (3.17)

Equation 3.17 can also be expressed as the energy transferred by heat, work and
mass, see Equation 3.18 and Figure 23.

Ein - Eout heat + Ein - Eout + Ein - Eout =0 (318)

work mass
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Figure 23: Fluid element for conservation in energy (Cengel, 2009)

In Equation 3.19 the energy transfer rate of mass entering and leaving the control
volume in the x-direction is expressed as:

a mestream X

Ein — Eout massx — Mestream x — MEstream x + 9x dx (3.19)

Where egiream the total energy of a flowing fluid stream per unit mass represents
and its magnitude is equal to the sum of the enthalpy (h), kinetic energy and
potential energy. The kinetic and potential energy is relatively small compared to
the enthalpy and thus neglected in the analysis (Cengel, 2009). Thus the energy
of the fluid per unit mass is:

estream = h = CpT (3.20)

Where C, and T the specific heat and temperature respectively represents. When
Equation 3.20 is substituted in Equation 3.19 with m = p dy.1 , the following
expression is obtained, see Equation 3.21

0 pdy1CpT oT ou
Ein = Eout pqe5, = _de =—pC, ua+ Ta dxdy (3.21)

The net energy transfer to the control volume by mass is obtained by adding the
result of the energy transfer rate of mass in the y-direction to Equation 3.21, see
Equation 3.22.

oT ou oT ov
—pCy u——+T—= dxdy —pC, v=—+T—— dxdy (3.22)

E,, — E
. Tout ox 0x oy dy

mass

If the continuity equation du &x + dv &y = 0 is substituted in Equation 3.22, the
following expression is obtained for the net rate of energy transfer to the control

21



volume by mass:

oT oT
—pCy, u——+v—— dxdy (3.23)

Ein - Eout dx ay

mass

Similarly, the same procedure is followed to obtain the net rate of heat conduction
to the volume element, see Equations 3.24-3.26.

20,

Ein — Eout heat,x =0Qx— OQx+ ox dx (324)
0 oT 02T
Ein - Eout heat.x = —a —k dy 1 a dx = kﬁdXdy (325)
92 2 92T 92
Ein — Eout heat = kﬁd?(dy + k(’)_yZdXdy =k m + W dxdy (326)

Work done by the body and surface forces is the last mechanism of energy
transfer associated with the fluid in the control volume. The work done by the
body force is only considered when the gravitational force is very large. The
surface forces are due to fluid pressure and viscous shear stresses. The surface
forces due to the fluid pressure are already taken into account in the analysis by
using the enthalpy instead of the internal energy. The shear stresses can be
neglected as it is only considered when the viscous effects are very large. In this
analysis the velocities involved are low or moderate, resulting in small viscous
effects. By substituting Equation 3.23 and Equation 3.26 into Equation 3.18 the
energy equation for steady two-dimensional flow is obtained, when shear stresses
are negligible and fluid properties constant. (Cengel, 2009)

o AT, o _ 0T 0T .
Pip Yo% v(’)y 7 0x?  0y? (3.27)

e Conservation of Momentum (Momentum Equation):

By applying Newton’s second law of motion to a differential control volume
element in the boundary layer, the differential equation of motion in the velocity
boundary layer is obtained. Newton’s second law states the net force acting on
the control volume is equal to the mass times the acceleration of the fluid element
within the control volume, which is also equal to the net rate of momentum
outflow from the control volume (Cengel, 2009), see Equation 3.28.
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f Acceleration "|| "
(Mass)|. "m0 L | =
\in a specified direction] |

Net force (body and surface)
acting in that direction |

(3.28)

The forces acting on the control volume consists out of body and surface forces.
The body forces act throughout the entire body of the control volume and are
proportional to the volume of the body. These forces include gravity, electric or
magnetic forces. Surface forces on the other hand act on the control surface and
are proportional to the surface area. Thus Equation 3.28 can also be expressed as:

sm-a, = surfacex T Fpoayx (3.29)

Where ém = p(dx - dy - 1) and representing the mass of the fluid element. The
acceleration a,, in the x-direction is

_du Odudx Odudy  Ou ou

=G Toxdt Taydr “ox oy

(3.30)

With u = u(x,y) and its differential du = (du 0dx)dx + (du/dy)dy. |If the
fluid element in Figure 24 is considered, the net surface force acting in the x-
direction can be expressed as in Equation 3.31.
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Figure 24: Fluid element for conservation in momentum (Cengel, 2009)

ot op dr 0dP
Fourfacex = Edy dx.1 — ady dy.1 = @—a dx.dy.1 (3.31)

With t = u(du/dy) representing the viscous stress, Equation 3.31 can be
expressed as:

d%u OP
Fsurfacex = .ua_yz " ox dx.dy.1 (3.32)
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The surface forces are due to pressure and viscous effects. Viscous stresses
consist out of two perpendicular components, a normal stress which is normal to
the surface, and a shear stress along the surface. Normal stresses are very small
compared to shear stress due to their velocity gradient components and thus
neglected in Equation 3.31 and Figure 24. The x-momentum equation is obtained
by substituting Equations 3.30 and 3.32 in Equation 3.29 and dividing the result
by dx-dy-1,see Equation 3.33. The body force acting in the x-direction can be
added to right side of the equation with units expressed per unit volume of fluid.

6u+ ou  0*u 0P 333
P %ox vay _”ayz ox (3.33)

The following boundary layer approximations are considered (Figure 25). In a
boundary layer, the velocity component in the flow direction is much larger than
that in the normal direction, thus u > v with negligible 0v/dx and dv/dy.
Furthermore, u varies significantly with y in the normal direction, while the
variation of u with x along the flow is usually small, thus du/dy > du/dx. The
same approximation applies to the temperature gradient, with T /0y > 0T /0x.
Thus the velocity and temperature gradients normal to the surface are larger than
along the surface. (Cengel, 2009)

1) Velocity components:
vV<=Eu
2) Velocity grandients: T
dv dav =
—=0,—-=0 U,
dx ay —_—
dx — ay v e
3) Temperature gradients: _ ___________-——--"“'______
aT _oT 5 b
ox dy AT N

Figure 25: Boundary layer approximations (Cengel, 2009)

The governing equations derived are applicable for forced convection, though for
natural convection the mass and energy equations are also applicable. Due to the
buoyance effect in natural convection, the momentum equation needs to be
modified.
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Continuity Equation ou ov
—+—=0 3.15
6x + Sy (3.15)
Energy Equation c oT oT " 0°T 0°T (3.27)
pP p u a +v @ = W + a—yz .
Momentum Equation ou N ou 0°u 0P (3.33)
Pruge™V dy # dy? 0Ox '

e Modified Momentum Equation for Natural Convection:

For this analysis the flow is assumed to be steady and laminar. The fluid is
assumed to be Newtonian with constant properties, but due to the buoyance effect,
the density difference p — p., is excluded as the density difference between the
inside and outside of the boundary layer result in the rise of the buoyance force,
sustaining flow. This is known as the Boussinesq Approximation. (Cengel, 2009)
The differential volume element in natural convection (Figure 26), is considered.
The forces acting on the differential volume element are pressure forces, acting on
the top and bottom surfaces, the force of gravity on the whole volume element and
shear stresses acting on the side surfaces. The normal stresses are very small
compared to the shear stresses and thus neglected in the analysis.

P
Boundary l P+ —ax

u="10

Stationary " | dy ":
fluid ar
atT, T l: dx ; :1 T+—dy
|
|

Figure 26: Free convection boundary layer and fluid element (Cengel, 2009)

The conservation of momentum in the Xx-direction is the same as in forced
convection but with the effect of the gravitational force added, see Equation 3.34.
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6u+ ou  0*u 0P 334
P %ox vay _”ayz ax P9I (3:34)

With reference to Figure 26 and Equation 3.34, the x-momentum equation for
stationary fluid outside the boundary layer can be obtained, since u=0, see
Equation 3.35.

OF, 3.35
W = —Pd ( ' )
With u > v in the boundary layer, it result that dv/dx = dv/dy = 0, and with no
other body forces in the y-direction the force balance in the y-direction result
indP/dy = 0. Thus there is no pressure difference in the y-direction and
therefore P = P x = P,(x) and dP/dx = dP.,/dx = —p,g. Equation 3.34 can
now be expressed as Equation 3.36 with p_ — p g representing the net upward
force per unit volume of the fluid, or the difference between the fluid weight and
buoyance force. The net upward force ensures initiation and sustaining the
convection currents.

0u+ ou 02u+ 336
P UmTVay “HaEt PeP 9 (3.36)

From the previous sections it is clear there is a relationship between the density
and temperature difference denoted by Equation 3.9, p, —p=pB T — T, .
When this equation is substituted into Equation 3.36 and the result divided by p,
the momentum equation for natural convection is obtained, see Equation 3.37.

ou ou 0%u

—_— —_—= T—Ty .
u0x+v0y vay2+gﬁ( ) (3.37)

Where v = u/p and the kinematic viscosity of the fluid represents.
3.4.5.Non-Dimensionalize Governing Equations

The governing equations obtained in Section 3.4.4 are very complex due to their
coupled, elliptic, partial differential characteristics. Thus approximations are
made to simplify these equations. The Boussinesq and boundary layer
approximation is already applied in Section 3.4.4. The flow is assumed to be
laminar, steady and two-dimensional, whereas the fluid incompressible with
constant properties, except density. By non-dimensionalizing the governing
equations and applying a similarity solution the three complex partial differential
equations can be reduced to two ordinary differential equations.
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Continuity Equation ou ov
U % _ 3.15
6x + &y (3.15)
Energy Equation oT oT 0°T 0°T
— = 3.27
pCy, u Ix +v 3y k 3%z + - 3y? (3.27)
Momentum Equation ou ou 0%u
— =y — T—T, 3.37
Us—+v Y vay2+gﬁ( ) (3.37)

The governing equations are non dimensionalized introducing the non-

dimensional quantities, where X ==, Y == , U = u— V=—and 0= TT_T;

Equations 3.15, 3.27 and 3.37 are non dlmensmnallzed to 3. 15a 3.27a and 3.37a
as shown below. Where Gr, Re and Pr the Grashof, Reynolds and Prandtl number
respectively represents. The significance of these numbers is discussed in the
following Section.

Continuity Equation S_U 4 S_V _ (3.15a)
0X &Y
Energy Equation 00 00 1 0%60
i 3.27a
Ua + V@Y RePrayY? ( )
Momentum Equation oU ou  Gr 1 0%U
- - 3.37a
ax o TR’ T Rea? (3372)

3.4.6.Non-Dimensionalized Numbers (Gr, Nu, Re, Pr)
e Grashof Number (Gr)

The modified Grashof number plays an important role in heat transfer by natural
convection and represents the natural convection effects (flow regime) which are
the ratio between the buoyance force and the viscous force acting on the fluid, see
Equation 3.38. The higher the Grashof number, the higher the heat transfer rate.
The Grashof number also determines if the flow is laminar or turbulent, in the
scenario of a vertical plate, flow is become turbulent at Grashof numbers great
than 10° (Cengel, 2009)
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« Ty—T, fI?
G = OVKlf (3.38)

Where «, v and k the coefficient of cubic expansion, kinematic viscosity and
thermal diffusivity respectively represents. The typical length is represented by L
where (T, — T;) the temperature difference represents. To maximise the Grashof
number (maximum heat transfer), the acceleration should be large and the
pressure and temperature of fluid should be close to the critical condition. This
will ensure that the viscosity is at a minimum and the coefficient of expansion is
very large.

e Nusselt Number (Nu)

Another important parameter in heat transfer is the Nusselt number, the
dimensionless convection heat transfer coefficient, representing the enhancement
of heat transfer through a fluid layer as a result of convection relative to
conduction across the same fluid layer, see Equation 3.39. The higher the Nusselt
number, the more effective the convection, where a Nu=1 indicates that the heat
transfer across the layer are purely by conduction, thus no fluid motion present.
(Cengel, 2009)

B Q
Ny = kA(T, — T;)/L

(3.39)

Where Q,A and k the rate of heat transfer, area and thermal conductivity
respectively represents.

¢ Reynolds Number (Re)

The Reynolds number represents the ratio between the inertia forces and the
viscous forces, see Equation 3.40. Large Reynolds numbers indicate that inertia
forces are larger than the viscous forces, thus the viscous forces are not able to
prevent rapid fluctuations within the fluid, and flow becomes turbulent. Small
Reynolds numbers indicate that the viscous forces are large enough to overcome
the inertia forces, keeping the fluid stable, thus laminar flow. (Cengel, 2009)

VL,
v

Re = (3.40)

Where V,L.and v the upstream velocity, length and kinematic viscosity
represents respectively.
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¢ Prandtl Number (Pr)

The Prandtl Number describe the relative thickness of the thermal and velocity
boundary layers and is the ratio between the molecular diffusivity of momentum
and the molecular diffusivity of heat. Prandtl numbers range from 0.01 (liquid
metals) to >100 000 (heavy oils). The Prandtl number for water is in the range of
10. The lower the Prantl number, the faster the heat diffuses in the medium
relative to momentum. Thus the thermal boundary for low Prandtl numbers is
wider than at high Prantl numbers. (Cengel, 2009)

C

pr = g =2 (3.41)

Where v,a,u,C, and k the kinematic viscosity, thermal diffusivity, dynamic
viscosity, specific heat constant and thermal conductivity respectively represents.

3.4.7.Similarity Solution:

In this section a similarity solution, introduced by Ostrach in 1953, is applied to
the non-dimensional governing equations from the previous sections, to obtain
ordinary differential equations. These ordinary differential equations are solved
using a simulation model in Matlab, creating temperature and velocity profiles as
illustrated in Figure 27, for flow over a vertical wall with a constant wall
temperature (isothermal) or a constant heat flux (isoflux).

T, Ty

N Temperature N Temperature

e e
T T,

L2 w

;1 Velocity = . Velocity
1 profile _— T profile
u=0 4 =0 4 =0

H=

q— - Boundary
layer

Boundary
layer

Stationary —
fluid
at T,

Stationary
fluid
at T,

Figure 27: Vertical wall: Isothermal (left) and Isoflux (right) (Cengel, 2009)
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e Vertical Wall with Constant Wall Temperature:

In this scenario, a vertical wall with a constant wall temperature is in the presence
of a bulk fluid (gas or liquid). Natural convection currents are initiated up the
wall due to the wall temperature being greater than that of the fluid. The
following boundary conditions in Table 2 are applicable for fluid flow over an
isothermal vertical wall. The dimensionless governing equations are recalled for
analysis.

Location Velocity Temperature
y=0 u=v=20 T =T,
y — 00 u—-0 T->Ty,

Table 2: Boundary conditions: Isothermal vertical wall

Continuity Equation S_U 4 S_V _ (3.15a)
0X &Y
Energy Equation 00 20 1 0%60
- - -7 3.27a
v 15).4 v dY ReProY? ( )
Momentum Equation ou ou  Gr 1 0%U
- - - 3.37a
U6X+V6Y R929+R66Y2 ( )

When a stream function is introduced and applied to the continuity equation the
continuity equation is satisfied, see Equation 3.42. The momentum and energy
equations still remain.

_

oY
oy

v T oX

V= (3.42)

A similarity variable n and dimensionless stream function f are defined to convert
the governing partial differential equations into ordinary differential equations.
Gebhart in 1988 have presented a general approach to determine the conditions
for similarity in a variety of flow circumstances. In the scenario where flow is
over a vertical isothermal surface, the similarity variables are, see Equation 3.43.
(Jaluria, 1980)

n= (3.43)

R I

er 0.25 er 0.25
e Y(x,y) =4vf 1 e

30



Where v the kinematic viscosity represents. From Equation 3.42, the x-velocity
component (U) can be further be expressed in terms of the stream function, see
Equation 3.44.

oY 9P an Gr, *°1 Gr, °*° 2v .
= = ! —_— —_— — = — . ! 44
AT A S Y S (344)

The three partial differential equations are transformed with the similarity
variables to two ordinary differential equations, see Equation 3.45 and 3.46. The
primes indicate the differentiation of f n and 6 n with respect to the similarity
variable n. The first derivative is represented by one prime, second derivative by
two and third derivative by three. The function f n and 6 n takes on the role of
the dependant variable for the velocity and temperature boundary layer
respectively.

f"H3ff"=2f%2+6=0 (3.45)
0" +3Prfo’ =0 (3.46)

The boundary conditions in Table 3 are transformed to solve the momentum and
energy equations. For conditions close to the wall n = 0, the velocity profile is
zero and the temperature the same as the wall temperature. For conditions far
away from the wall n — oo, the stream function strives to be stagnant and the
temperature strives to be the same temperature as the bulk fluid. These conditions
correspond with the assumptions in Figure 27.

Location Velocity Temperature
n=0 f=f =0 6=1
7N — 00 f—-0 0-0

Table 3: Transformed boundary conditions: Isothermal vertical wall

In order to solve Equations 3.45 and 3.46 numerically, these equations are first
reduced to first order differential equations by defining new dependant variables,
FO, F1,F2 0° and ©%, see Equations 3.47-3.51. (Goldstein, 2004)

dr? =F? 3.47
d_F1 _ g2 (3.48)
dn
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dF? 3.49
—=—3F0F2+2F12—®0 ( )

dn
4 _ . (250
dn
det 3.51
—— = —3PrF°e? (35
dn

Where F?and ©° equivalent to fand® is. . This five coupled first order

ordinary differential equations can be solved in Matlab using the built-in ODE45
solver, see Section 3.4.8.

e Vertical Wall with Constant Heat Flux:

In this scenario, a vertical wall with a constant heat flux is in the presence of a
bulk fluid (gas or liquid). Natural convection currents are initiated up the wall
due to the constant energy to the wall, thus the temperature of the fluid increase as
it moves up the wall. The following boundary conditions in Table 4 are
applicable for fluid flow over an isoflux vertical wall.

Location Velocity Temperature
y=0 u=v=20 T =T
y — u—-0 T->T,

Table 4: Boundary conditions: Isoflux vertical wall

As in the isothermal scenario, a stream function is introduced and applied to the
continuity equation, the continuity equation is satisfied, see Equation 3.52. The
momentum and energy equations still remain.

Y oY

U—a—y Vz—a—X

(3.52)

There is no constant wall temperature in the isoflux scenario and thus a different
set of similarity variables are applied, see Equation 3.53. Sparrow and Gregg,
(1958) obtained the similarity solution for a vertical plate with a uniform heat flux
boundary condition. They investigated Prandtl numbers in the range 0.1 to 100.
(Wong, 2003)
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1/5 _ gﬁqw 1 (353)

n= Dlyx_ D1 = W
4 5*gBq,v> °
Y x,y =D,x5f 7 Dy= ———— = (3.54)

Where q,, and k the heat flux at the wall and thermal conductivity respectively
represents. The similarity variable for temperature is represented in Equation 3.55.

D, To—T
By =——
x5qy/k

From Equation 3.52, the velocity components can be further be expressed in terms
of the stream function, see Equation 3.56.

(3.55)

3, D, /
5x5

As in the isothermal scenario, the three partial differential equations, are reduced
to two ordinary differential equations, see Equations 3.57 and 3.58.

flll_3 fl 2+4_ff”_9=0 (357)
0" +Pr 4f0' —0f' =0 (3.58)

The boundary conditions in Table 4 are transformed to solve the momentum and
energy equations.

Location Velocity Temperature
n=0 f=f =0 0'=1
n— oo ff->0 -0

Table 5: Transformed boundary conditions: Isoflux vertical wall

In order to solve Equations 3.57 and 3.58 numerically, these equations are first
reduced to first order differential equations by defining new dependant variables,
FO F1,F%, 0° and ©%, see Equations 3.59-3.63. (Goldstein, 2004)

dFo

— =F! 3.59
7 =F (359)

33



d_Fl _ p2 (3.60)
dn

dF? 3.61
W=3 F12_4F0F2+®0 ( )
40 _ oy 362
dn

de?t 3.63
W = —Pr 4F%01 — °F! (363)

Where F? and ©° equivalent to f and 0 is. The first derivative is represented by
one prime, second derivative by two and third derivative by three. This five
coupled first order ordinary differential equations are used in the can be solved in
Matlab using the built-in ODE45 solver. Results for the velocity and temperature
profiles of this scenario can be seen in Section 3.4.8.

3.4.8.Velocity and Temperature Profiles (2D)

In Section 3.4.7 two coupled two ordinary differential equations are obtained for
flow induced by a vertical wall with either a constant wall temperature or constant
heat flux. These equations are solved numerically to obtain the velocity and
temperature profiles for these scenarios. In 1911, Pohlhausen was the first to
solve these equations for a vertical wall with constant wall temperature. By 1930,
Schmidt and Beckmann solved these equations for Pr = 0.733. In 1953, Ostrach
increased the solution to Prandtl numbers ranging from 0.01 to 1000. Sparrow
and Gregg (1958) obtained a similarity solution for a vertical wall with a constant
heat flux and investigated Prandtl number ranging from 0.1 to 100.

e Vertical Wall with Constant Wall Temperature:

The dimensionless velocity and temperature distribution developed by Ostrach in
1953 can be seen in Figure 28 and Figure 29. Values for f” 0 and 8’ 0 are
obtained from solutions provided by Ostrach. A Matlab model has been
developed to solve these solutions and compare it to solutions obtained by
Ostrach. The model can also provide the velocity and temperature profile for a
vertical wall with any wall temperature and length. The model can be adapted for
various fluids if the fluid properties are available. These figures will give
valuable insight for a basic understanding in fluid flow where a vertical isothermal
wall is considered.
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Figure 28: Dimensionless velocity distribution (Ostrach, 1953)
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Figure 29: Dimensionless temperature distribution (Ostrach, 1953)
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The dimensionless temperature and velocity distribution graphs are simulated in
the Matlab model, see Figure 30 and Figure 31. When these results from the
model are compared to those from Ostrach, a clear resemblance is observed, see
Table 6. The model is thus accurate in solving the ordinary differential equations
with boundary conditions. These dimensionless distribution graphs, see Figure 32
and Figure 33, are used to obtain the velocity and temperature profiles for a given
wall temperature and length, see Figure 34 and Figure 35. The wall has a length
of 10cm and temperature of 50 °C. The fluid medium is water with a temperature
of 15 °C.

l:l 3 T T T T T T T T T

025 = Pr=072
Pr=1

02k = Pr=10 i

Pr=100

1 T T T T T T T T T

Figure 31: Dimensionless temperature distribution with various Prandtl numbers
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Ostrach (1953) Matlab Model
Prif"o0 60 f’o 6’0
0.733 | 0.6741 0.5078 0.6742 0.5048

1| 0.6421 0.5671 0.6414 0.5669
10| 0.4192 1.1680 0.4186 1.1677
100 | 0.2517 2.1914 0.2509 2.1857

Table 6: Calculated values for various values of Pr using Matlab

—— Pr=5 089

1 T T T T T T T T T
— Pr=5.08%
L -
@ 05F
|:| 1 1 L 1 L |
0 0.4 1 14 i 24 3 3Ah 4 45
T

Figure 33: Dimensionless temperature distribution
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Figure 34: Velocity profile created in Matlab
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Figure 35: Temperature profile created in Matlab
e Vertical Wall with Constant Heat Flux:

Values for f” 0 and & 0 are obtained from solutions provided by Sparrow and
Gregg (1958), see Table 7. A Matlab model has been developed to obtain the
velocity and temperature profile for a vertical wall with a certain length and
constant heat flux. The model can be adapted for various fluids if the fluid
properties are available. These figures will give valuable insight for a basic
understanding in fluid flow where a vertical isoflux wall is considered. The
dimensionless temperature and velocity distribution graphs are simulated by the
Matlab model (Figure 36 and Figure 37). When these results from the model are
compared to those from Sparrow and Gregg, a clear resemblance is observed. The
model is thus accurate in solving the ordinary differential equations with
boundary conditions. These dimensionless distribution graphs (Figure 38 and
Figure 39), are used to obtain the velocity and temperature profiles for a given
heat flux and wall length (Figure 40 and Figure 41). The wall has a length of
10cm and the heat flux applied is 800 W /m?. The fluid medium is water with a
temperature of 15 °C.
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Pr |f70 |60

0.1 |1.64340 | -2.7507
1 0.72196 | -1.3574
10 | 0.30639 | -0.76746
100 | 0.12620 | -0.46566

Table 7: Calculated values for various values of Pr (Sparrow, Gregg, 1958)

0.6

Figure 37: Dimensionless temperature distribution with various Prandtl numbers
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Sparrow (1958) Matlab Model

Pr{f” o0 60 0 00

0.1 1.6434 -2.7507 1.5896 | -2.6860

110.7219 -1.3574 0.7218 -1.3577

10 | 0.3063 -0.7674 0.3062 | -0.7684

100 | 0.1262 -0.4656 0.1249 | -0.4689

Table 8: Calculated values for various values of Pr (Sparrow, Gregg, 1958)

[}
—
im
T
1

I:I T T T T T T T T
— Pr=7 8777
(] -
@ 06 F -

Figure 39: Dimensionless temperature distribution
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Figure 40: Velocity profile created in Matlab

= Temperature (°C)

2

-

2

B

o

o

w©

°

©

g 0 0.005 0.0 0.015 0.02
Horizontal position (cm)

Figure 41: Temperature profile created in Matlab

There is a clear difference between the velocity and temperature graphs from the
simulations for an isothermal and isoflux vertical wall. In both simulations, the
Prandtl number was 7.5. To obtain the same Prandtl number, the wall temperature
and heat flux were adjusted, to be able to make a comparison between the two
scenarios. In the isothermal case the temperature distribution reduces gradually
further away from the wall with almost uniform layers. In the isoflux case, the
temperature distribution grows along the wall and reduces gradually away from
the wall. It is also clear from the simulations that a higher velocity is achieved in
the isothermal case. However if the length of the wall is increased significantly,
the velocity and temperature of the isoflux scenario will be greater for the same
given wall length in the isothermal case. This is due to an increase in energy per
unit length from the constant heat flux. In LP SWHs, the isoflux scenario can be
applied to the vacuum tubes. The vacuum tubes are exposed to the solar radiation
throughout the day and for any given instance, a constant heat flux is observed on
the tube wall with a flux distribution around the circumference as in Figure 42.
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Figure 42: Solar flux distribution on a tube (Matlab simulation)

3.4.9.Velocity and Temperature Profiles (3D)

The geometrical shape of the vacuum tubes found in the low pressure solar water
heaters are three dimensional and the model obtained in Section 3.4.8 only
account for flow in the second dimension. However, the model is a good
representation of the flow that occurs in the tubes. When the diameter is very
large compared to the length of the tube, natural convection flow currents over a
flat plate can be considered (Lighthill, 1952), and thus the model can be applied.
The main purpose of the model is to validate the theory found in literature and
provides a visual understanding of the flow found in natural convection. In the
three dimensional realm the governing equations and boundary conditions are
adapted to account for the extra added dimension and geographical shape of the
object, see Figure 43, Figure 44 and Figure 45. Shahi, 2010, developed the
temperature and velocity profiles, illustrated in Figure 43, for these equations. It
is noticed that the velocity and temperature profiles are similar to those in 2D.

Velocity Profile
Temperature Profile

Figure 43: Tube with constant heat flux (Shahi, 2010)
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The boundary conditions are in the following forms:
ar the walls: v, vy v, =0

dT(R.8.2)

at (r=Rz):(0.L8:{0m: — T =g ()
, ) (0.0 82 {0.m) ¢ ke ar q )
dv dv
t (r:(0Rz:i0.h8=0m: =ZL==-—"L=0 , =0,
at (r:(0.R)z: (0.1 m: o= Vg
b e
at (z=0 6:(0mr:(0OR)) : M =10
dz
dv  du —0
at the inlet bnundary:{ﬁ 0z
T=T,
_fov ﬂu}
&+ &

o _
at the outlet boundary :
BT

i3z "

Figure 44: Boundary conditions (Shahi, 2010)
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The momentum equations (for r, 8 and z directions Jare as follows:

13(rvy,) | 18(vey,) Vs |, B(v.v,)
n | 7 . 4+ . — 8 4 AT

dr rooon r dz
- opy iy v, N 1dv, v, N 10%, 2dv, N v,
=% TM g T T R T e T 2

- i:’lfger‘F ( T— Tre-j)

Td(rv,vg) | 10(vgve) | WVe |, O(vvg)
'}”F(r ar Tt o8 Tr * ﬂz)
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1a(rvv,) 1w, div.v)
||F[ i r*zx + Ol + VT 1')

ar r o0 iz
P, v,  1dv, 1w, P
- g 1 4 4 '
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The continuity equation:

1dl!".-'l 1d'.-'.u o,
T ar Troe " E_ﬂ

The energy equation:

18(rv,T) | 1d(ve]) | B(v,T) _ kg (18 8T 18T  &T
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Figure 45: Governing equations (3D), (Shahi, 2010)




3.4.10. Mass Flow Rate

In 2005, 1. Budihardjo developed a correlation for the natural circulation flow rate
through single-ended tubes (at the tube opening). The flow rate correlation is
based on the solar input the tube receives, the tank temperature, the collector’s tilt
angle and tube aspect ratio.

WEATHER DATA TANK
—
(J'J"" HEAT LOSS COEFFICIENT
) w
Ur s = 08—
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o T

=u-enllector w PN.MFL

FLOW RATE CORRELATION

0.4084
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Neubes s tube

Figure 46: Mass flow rate correlation developed by Budihardjo in 2005

3.5. Collector Features
3.5.1. Tilt Angle

To maximise the annual energy collection from the collector, the tilt angle of the
collector should be mounted at an optimal tilt angle. In 2009, R. Tang
investigated the optimal tilt angles of all-glass evacuated tube solar collectors and
developed a detailed mathematical procedure for calculating the collected
radiation on a tube for any given tilt and azimuth angle. It was found that south
facing collectors only rely on the optimal tilt angle for maximum annual energy
collection. The optimal tilt angle for these collectors are generally less than the
site latitude, and the optimal tilt angle decreases with an increase in the central
distance (B) between adjacent tubes, see Table 9. Where D, and D, the inside
and outside diameter respectively represents.
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Optimal Tilt Angles (Degrees) Optimal Tilt Angles (Degrees)
Latitude | B=80 B=90 B=100 B=110 B=120 | B=70 B=80 B=90 B=100
45.75°N | 34.8 34.0 334 32.8 32.3 34.3 33.5 32.7 32.1
43.78°N | 31.6 30.9 30.3 29.8 29.3 31.2 30.4 29.7 29.1
39.95°N | 30.5 29.8 29.3 28.8 28.4 30.1 29.4 28.8 28.2
36.02°N | 26.9 26.4 25.9 25.4 25.0 26.6 25.9 25.4 25.0
34.25°N | 219 214 20.9 20.5 20.1 21.6 21.0 20.5 20.1
31.20°N | 20.2 19.7 19.3 19.0 18.6 19.9 194 19.0 18.5
30.67°N 154 14.9 14.5 14.1 13.9 15.0 14.5 14.1 13.8
25.01°N | 21.0 20.7 20.3 20.1 19.8 20.8 20.4 20.1 19.7
Tubes D, =47,D, = 58 D, =37,D, = 47

Table 9: Optimal tilt angles for south facing collectors (Tang et al., 2009)

According to Tang 2009, for areas with a high solar radiation index, the optimal
tilt angle is close to the site latitude, whereas areas with a low solar radiation
index, the optimal tilt angle is lower than the site latitude. If the site latitude is
larger than 30°, the optimal tilt angle is 10° lower than that of the site latitude.
Vacuum tube collectors are different than flat-plate collectors which are generally
installed with the same tilt angle as the site latitude. South facing tube collectors
should thus be installed with a tilt angle lower than the site latitude to ensure
maximum annual collectable radiation. If two cities in South Africa are
considered, Johannesburg (26.12°S 28.4°E) and Cape Town (33.55°S 18.22°E),
the total annual energy collection for these cities will vary according this study,
thus an optimal tilt angle is required for these cities respectively. The fixed tilt
angle of 45° that’s used for most low pressure solar water heaters should be
reconsidered if these systems are to be optimized.

3.5.2. Length-Radius Ratio

Lighthill (1951) developed methods to predict the flow and heat transfer caused
by natural convection in vertical heated tubes. From these methods a prediction
can be made whether the flow is laminar or turbulent and if the boundary layer of
heated fluid fills the tube or fills the tube with a stagnant region near the end.
Lighthill founded that the flow depends on a modified Grashof number and on the
length-radius ratio. When stagnant region develop in the vacuum tube, this
section will become inactive, resulting in lower heat transfer in the tube
(Budihardjo, 2005). The parameter defining the existence of a stagnant region as
developed by Lighthill is:

r
T = Racosez (3.64)

Where R,, 0 and L/r the Rayleigh number (based on the radius of the tube), tilt
angle from the vertical and length-radius ratio respectively represents. When
T<350 a stagnant region forms.
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4, THERMAL ENERGY ANALYSIS
4.1. Three Basic Mechanisms of Heat Transfer

In this section the basic mechanisms within heat transfer are investigated. It is
important to understand how solar radiation is transferred to storage tank to obtain
heated water as the end product and where heat is lost through design. In this
section the efficiency of the system will be discussed, factors in heat transfer that
play a role in the efficiency of the system, is the heat loss through conduction,
convection and radiation. Conduction is the transfer of energy from more
energetic particles of a substance to the adjacent, less energetic ones as a result of
interactions between particles. Convection is the mode of heat transfer between a
solid surface and the adjacent liquid or gas that is in motion. Radiation is the
energy emitted by matter in the form of electromagnetic waves (or photons) as a
result of the changes in the electronic configurations of the atoms or molecules.
(Cengel, 2009)

4.2. Energy Flow Analysis of LP SWH System

From the literature study done in Section 3, it was clear that the collector tilt angle
played an important role in successfully absorbing the incoming solar radiation.
For flat plate collectors, the maximum value the IAM can take on is 1; this is
when solar incidence is perpendicular to the absorber surface, thus when optical
efficiency of both angles for tubular collector are the same, the IAM=1, see
Equation 4.1 and Figure 47. Due to the round geometry of the tubes, the tubes
passively track the sun, thus absorbing more solar radiation than a fixed flat plate
collector with the same absorber surface area as illustrated in Figure 48.
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Figure 47: Optical efficiency on different solar angles
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Figure 48: IAM between tubular and flat plate collector (Apricus, 2012)

Mo
[AM = — (4.1)

ny

Where ng andn, represents the instantaneous collector efficiency for E-W
incidence angle, and collector efficiency for normal incidence radiation
respectively. The following figure illustrates the reflectance and transmittance of
solar radiation intercepted by the tube. The absorbed radiation by inner tube
(absorber tube) is transferred to the water present in the tube.

: Collector envelope
: Absorber tube
: Selective absorber tube

O o=

: Incidence intensity

: Integrated solar reflectance
of absorbing area

r: Integrated solar reflectance

of envelope

. o

Figure 49: Solar radiation reflectance within the tube (Window et al., 1983)
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From the simulation results, based on the theory covered in Section 3, the tube
wall represents a wall with a constant heat flux input. Thus energy (heat) is
transferred to the fluid (water) by means of natural convection. Hot water rises up
in the tube and entering the storage tank. As illustrated in Figure 50, cold water
inside the storage tank replaces the hot water due to a density difference, and
enters the tube at its opening. The cycle continues until no more solar radiation is
absorbed from the tubes and tank stratification reaches equilibrium.

Figure 50: Flow structure from tube into tank (Budihardjo, 2005)

4.2.1.System Efficiency

The efficiency of a system indicates how successful the system utilizes the energy
it receives. The efficiency of the LP SWH system dependants on the component
properties. The biggest challenge in any hot water system is to prevent heat loss
either through conduction, convection or radiation.

_ Energy Absorbed  Q,

m= Energy Received — GA (4.2)

Where Q,,, G and A represents energy absorbed, total solar radiation on collector
and collector area respectively. Furthermore, the energy absorbed can be
described as follows, see Equation 4.3-4.4 and Figure 51:

Qu—collector = dEsystem + Qloss—tank (4. 3)

t2

Qu—collector = me ,-T, + Uoss—tankAtank T — Tq 4.4
t1

In the following sections, the thermal loss of the tubes and tank will be
investigated.
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Figure 51: Energy absorbed and loss in LP SWH system (Budihardjo, 2005)

4.2.2.Energy Loss (Vacuum Tubes)

One of the biggest advantages of using vacuum tubes, as to flat plate collectors,
apart from tracking the sun passively due to its geometry, is the fact that the tubes
have a vacuum between the outer and inner cylinder. Heat can only be transferred
in a vacuum by means of radiation. This gradually reduces heat loss by the tubes.
Heat is lost through conduction by the tube joints at the tube opening (which is
inside the storage tank, thus heat is lost to the water inside the tank. Another
small amount of heat is conducted away from the collector by the tube support.
The outer tubes lose heat by means of convection to the atmosphere. The water
inside the tubes serves as “cooling medium”, heat is transferred to the water by
means of natural convection, cooling the inner tube. Figure 52 illustrates the
different types of heat loss within the tube.

e Conduction through tube support

_ ktsAc—ts Tabs - Tg

Qcond - Lts (4. 5)

Where ks, A._ts and L, represents thermal conductivity of tube support,
tube support area and length of tube support respectively. Where T, and Ty
represents the temperature of the absorber tube and outer tube respectively.
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Figure 52: Energy loss from vacuum tubes

e Conduction through tube joints

kgAc—j Tabs - Tg
Qcona = I

; (4. 6)

Where kg, A._; and L; represents thermal conductivity of the tube glass, tube

joint area and length of tube joint respectively. Where T, and T, represents
the temperature of the absorber tube and outer tube respectively.

e Convection through outer tube

Qconv = UAg Taps — Tg (4.7)

Where U and A, represents the thermal loss coefficient of the tube and tube
area respectively. Where T, and T, represents the temperature of the
absorber tube and outer tube respectively.
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e Radiation between inner and outer tube

Qraa = 0Aaps T;bs - Tg4 (4.8)
Where o and A, represents the Stefan-Boltzmann constant and inner tube
area respectively. Where T, and T, represents the temperature of the
absorber tube and outer tube respectively. The outer tube furthermore radiate
heat out to the atmosphere.

4.2.3.Energy Loss (Tank)

The storage tank stores the hot water for utilization. The higher the water
temperature compared to the ambient temperature, the higher the heat loss rate. A
hot water storage tank consists out of an inner layer (where hot water is stored), a
very thick insulation layer, and the outer casing. The thick insulation reduces the
amount of heat loss to the environment. The efficiency of a storage tank depends
on how successful the insulation layer prevents heat loss. Once heat is conducted
through the insulation layer to the outer casing, heat is further distributed to the
environment through convection and radiation.

t2

Qloss—tank = Uloss—tankAtank T - Ta (4. 9)
t1

Qmssv!auk

dE

system

Qu-coﬂfecror

Figure 53: Heat loss through storage tank (Budihardjo, 2005)
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5. EXPERIMENTAL SETUP
5.1. Aim of Experiments

The aim of the following experiments is to validate the literature study done in the
previous sections. The results would be used in simulation programs (TRNSYS
and MATLAB) to simulate the LP SWH with accurate component attributes to be
as precise as possible, thus reducing the probability of uncertainty in system
performance. The main aim of the experiments is t0 determine the system’s
performance over a period of time; the system’s performance would then be
compared to the simulation model results under similar weather conditions. These
results would be compared between the experiment and simulation and a valuable
conclusion can then be made with regards to system optimization and areas for
improvement, thus design considerations to take into account.

5.2. Measurements Required

The following tests are required in order to successfully simulate the system in
MATLAB or TRNSYS.

TEST1: Determine heat loss coefficient of storage tank
TEST2: Determine coefficients (a, b) for collector efficiency formula
TEST3: Determine optical efficiency of the collector over solar noon

TEST4: Determine system performance over given time frame

5.2.1. TEST1: Heat Loss Coefficient of Tank (\V=100L)

The following formula (correlation specified in the 1ISO 9459-2 (1995)) is used to
determine the heat loss coefficient of a tank.

_ pCpV]n Ti - Ta

UA
At T, =T, (5.1)

Where p and C,, represents the density and capicity of heat for the water and
storage tank respectivily. The volume of the tank filled with water is represented
by V. The average initial, final and ambient temperatures over a period of time
are represented by T;, Ty and T, respectively with time as t. The storage tank is
filled with water and heated with an element to a desired temperature. The tank is
left to cool down over a period of time and tube holes closed-up with insulation
material (stoppers). The logged data is used in the above mentioned formula to
determine the heat loss coefficient. The following section shows these results,
and the average heat loss coeffient for the tank calculated to be U=0.70 W/m?.
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Figure 54: Tests required on LP SWH system for simulation
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Figure 55: TEST1: Experimental results (Over 70 hours)
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Time Node1 Node2 Node3 Average Ambient
Minutes °C °C °C °C °C
0 53.45 54.21 54.18 53.95 19.66

5 53.44 54.22 54.14 53.93 19.67
10 53.42 54.20 54.13 53.92 19.76
15 53.40 54.15 54.10 53.88 19.74
20 53.37 54.13 54.07 53.86 19.69
25 53.35 54.10 54.06 53.84 19.72
30 53.40 54.10 56.46 54.65 19.80
35 53.53 54.56 63.46 57.18 19.78
40 53.67 58.88 67.04 59.86 19.82
45 53.80 62.31 70.56 62.22 19.87
50 54.18 64.96 73.80 64.31 19.90
55 59.82 65.83 74.68 66.78 19.93
60 60.78 69.51 77.37 69.22 19.93
65 65.30 70.97 78.06 71.44 19.97
70 66.34 74.23 81.03 73.87 20.02
75 69.24 76.04 83.10 76.13 20.06
80 69.78 76.34 83.37 76.50 20.03
85 69.75 76.42 83.22 76.46 19.91
90 69.69 76.44 83.09 76.41 19.88
95 69.64 76.46 82.99 76.36 19.95
100 69.60 76.48 82.87 76.32 19.95
105 69.56 76.49 82.69 76.25 19.97
110 69.54 76.50 82.53 76.19 19.93

115  69.52  76.51 82.37 76.13 19.95
120 6949 7651 82.19 76.06 20.04

Table 10: TEST1: Experimental logged results (First 2 hours interval)

Hours Duration Ta  Ti Tf UA U
2-10 8 hours 20 76.06 7242 099 0.64
10-20 10 hours 20 7242 68.43 1.17 0.75
20-30 10 hours 20 68.43 64.78 1.16 0.74
30-40 10 hours 20 64.78 61.60 1.09 0.70
40-50 10 hours 20 61.60 5854 1.13 0.72
50-60 10 hours 20 5854 55,89 1.05 0.67
60-70 10 hours 20 5589 53.39 1.06 0.68
Average Value U= 070 W/m?

Table 11: TESTL1: Experimental logged results calculations
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Figure 56: TEST1 - Apparatus: Element (Top), Tank with stoppers (Middle) and
Laptop logging data (Bottom)
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5.2.2. TEST2: Heat Loss Coefficient of Vacuum Tubes (ID=42, L=1.8m)

As in TESTL1 for the storage tank, the same method is applied to determine the
heat loss coefficient for the tubes (Figure 57). Another important parameter that
is calculated from this test, is the coefficients a and b that plays a vital role in
determining the collector efficiency, see equations below.

_ me Ti _Tf

U= A, T, —T, (5.210)

Where m, C, and A, represents the mass of the water inside the tube, the specific
heat of the water and area of the inner tube respectively. The subscripts of the
temperatures indicate i-initial, f-final, m-mean and a-ambient temperatures.

G G

2
n=n,—a L~ Ta b L~ Ta (5.3)
Where 1,7, and G represents the collector efficiency, optical efficiency and total
solar radiation on tilted collector respectively. The temperatures with subscripts ¢
and a represents the average water temperature inside the collector tubes and
ambient temperature respectively. In order to determine a and b linear regression
(Figure 58) is applied to a series of tube heat loss tests with the same
environmental conditions, see.
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Figure 57: TEST2: LEFT: Experimental setup schematic (Budihardjo, 2005)
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The apparatus should be set up as in Figure 57. Attach five thermocouples
equally spaced on the rod. Insert the rod in the tube which is vertically mounted
with a stand. Ensure that the end and opening of the tube is well insulated with
the polystyrene end caps. When the apparatus is set up, fill the tube with boiling
water and start logging the temperatures. The duration of the test is 17 hours.

The test results of each day is saved in an excel spread sheet format. Calculations
are done on these results to obtain explanatory graphs and values on the tube. The
following graph (Figure 58), shows the average temperature of the water in the
tube during the test duration.
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Figure 58: Average water temperature in tube (1 day = 1 test)

A series of six tests were conducted including a repeatability test to check for
continuity. The results of the six tests were used in the linear regression to
determine the coefficients (a and b) in the efficiency formula. The following
section includes the test results (Appendix A) as well as the values that were
obtained from calculations, shown in Figures. Tests conducted on tubes with
42mm inner diameter, length of 1.8m and center distance between adjacent tubes
are 90mm.
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Figure 59: Repeatability test of TEST2 - Two different tubes
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Figure 60: TEST2: Day5 - Linear regression (a=0.6292, b=0.0045)
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Heat Loss Coefficient of Tube with Linear

Regression (6 Days)
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Figure 61: TEST2: Linear regression of 6 Tests (a=0.6110, b=0.0062)
.42
a=0.4168—— = 0.6110 (5.4)
90
.42
b= 0'0042W = 0.0062 (5.5)

5.2.3. TEST3: Optical Efficiency of Collector

The optical efficiency of the collector is determined by an outdoor test. The test is over
a period of 30min during solar noon. The total solar radiation and initial and final tank
temperature is measured during this period. The results from TESTL, tank heat loss
coefficient, are used in the following equation together with the measured results.

Mo

Z&Z
GA

t2
me TZ - T1 + t1 Uloss—tankAtank T — Ta

GA
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TEST3 : Optical Efficiency Test
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Figure 62: TEST3: Optical efficiency data set (19 July 2012 - Cape Town)
TIME T1 T2 T3 T4 T5 T_Avg Solar(G) T_Amb
11:30 38.53 35.76 38.37 44.66 36.39 | 38.742 136.78  14.32
11:40 38.86 36.04 38.78 45.44 36.87 | 39.198  358.35 14.73
11:50 39.27 36.43 39.21 45.62 37.36 | 39.578  326.93 15.40
12:00 39.86 37.00 39.86 45.64 37.82 | 40.036  410.29 16.06
Table 12: TEST3: Solar noon data set (2 July 2012 - Cape Town) 1, = 0.5410
TIME T1 T2 T3 T4 T5 T_Avg Solar(G) T_Amb
11:30  57.46  54.73 57.50  62.48 54.59 | 57.352 445.10 15.13
11:40 5828 5557  58.39 63.22 55.42 | 58.176 453.10 15.17
11:50  59.15 56.29  59.11 64.19 56.14 | 58.976 460.05 15.32
12:00  60.01 57.22 59.93 65.03 56.9 | 59.818 467.20 15.45
Table 13: TEST3: Solar noon data set (5 July 2012 - Cape Town) 1, = 0.5437
TIME T1 T2 T3 T4 T5 T_Avg Solar(G) T_Amb
11:30 7151 73.70 76.15  81.69 73.71 75.352  466.00 24.50
11:40 7233 7455 77.16  82.44 74.64 76.224  463.50 24.72
11:50 72.96  75.46  78.12  83.64 75.62 77.160  507.33 24.74
12:00 73.84 76.42 78.84  84.79 76.68 78.114  464.68 24.84

Table 14: TEST3: Solar noon data set (19 July 2012 - Cape Town) 1, = 0.5504
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5.2.4. TEST4: Thermal Performance of System

This test indicates how well the system performs at a given geographical location, under
various weather conditions, for a specific time of the year (winter/summer) with a given
amount of solar radiation received. The location for this test was on a roof at the
University of Cape Town (GPS coordinates 33°57°27°S 18°27°38°E). Two different
tests were conducted to determine the thermal performance of the system. The first test
results were not ideal, thus a second test with improvements were conducted. The
following section explains the methodology followed for conducting the experiments,
lessons learnt and improvements made.

The thermal performance of the system is measured by placing thermocouples inside the
storage tank at various height levels. The temperatures are then logged together with a
total solar radiation reading. To ensure continuous results, the ideal test conditions
would be to have the water temperature of the tank at ambient temperature at the
beginning of each day, before energy is collected from the collector. Thus the total
energy collected by the system can be determined from incorporating results from
TEST1-3, the daily solar radiation profile and thermocouple readings.

Test results from TEST1 indicate that the storage tank is well insulated and that the
energy gained throughout the day from the collector, will not be lost throughout the
night purely by convection/radiation loss. Due to constraints the hot water could not be
recycled back into the tank to ensure that enough thermal energy is removed from the
system. The heat loss was thus induced by circulating the hot water through a heat
exchanger at night time.

The induced circulation was achieved by a circulating pump and control system. A PV
panel is used to charge a battery during the day (powering the circulation pump by
night). A control system measures the voltage over the PV panel during the day and
when the voltage drop to a certain set value, a timer is activated, activating the
circulation pump for a set time. Water is circulated through the heat exchanger and cold
water return to the storage tank.

e TEST4-A: October 2011

The heat exchanger used for this test was a copper tube creating a loop by leaving the
bottom of the tank and entering the side top of the tank (Figure 63). The tubing is
22mm in diameter. The control system was made from typical power electronic
components (Figure 64) such as op-amps, relays, capacitors and resistors. The control
system built on a circuit board was tested in a lab before putting it in the field to ensure
all components where functioning correctly. The data logged for this period was in
October 2011. Test results and interpretation is showed and discussed in the following
paragraph. Although the results from TEST4-A were undesirable, it is included as
valuable conclusions were made that inspired improvements amended on the system
and more desirable data results were achieved TEST4-B.
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Figure 64: Control system for TEST4-A
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A total of nine thermocouples were placed inside the LP SWH system. Three
thermocouples were placed in the tank at three elevated levels, at the bottom of the tank,
the middle and in the top of the tank. An average of these three thermocouple readings
would indicate the thermal energy gain or loss of the system in the appropriate formula.
The other six thermocouples were placed inside the tubes as indicated in Figure 63 to
measure the cold water entering the tubes, and hot water leaving the tubes. During
installation five of the thermocouples were lost due to poor quality. The following
figure shows the results obtained from the first attempt. Two thermocouples at the tube
openings (hot water leaving — top) and two tank thermocouples (top and middle) were
working. These thermocouple readings supplied enough information to make valuable
interpretations and improvements on the system.
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Figure 65: Thermocouple reading analysis TEST4-A

From the above figure, it is clear that the sampling time was set at an interval too high,
thus creating irregularity/spiking in the graph. The second observation is that the
amount of cooling from the circulation pump and heat exchanger (seen in Figure 63) is
not sufficient. The pump was activated at about 17:15 (when the voltage dropped over
the PV panel), and almost no cooling is observed, just mixing inside the tank.
Furthermore, the overall amount heat loss is not sufficient for the next day to ensure that
the system will not reach high temperatures (boiling) which cause turbulence and
promote energy loss. It would be ideal to operate the system in temperatures ranging
from ambient to 60-70 degrees, allowing heating to reach 80 degrees maximum, thus
having a cooling temperature drop of about 20 degrees.

Conclusion:

The sampling rate should be changed to a lower sampling rate. The heat exchanger has
to be improved to ensure for better cooling. No thermocouples are required in the tubes;
increase the number of thermocouples in the tank for better variation in readings.
Improve the control system for better reliability.

63



e TEST4-B: July 2012

In this test, the results of TEST4-A have been considered and improvements on the
system were made. All the thermocouples and electrical interface components have
been replaced with off-the-shelve components. Thus no components have been used to
build the desired control system on a circuit board. The schematic of the wiring system
can be seen in Appendix-B, and implementation in Figure 66 below. Thus clearly
showing the improvements on the electrical interface made. Furthermore the heat
exchanger has been improved by using the radiator of an automobile, the improved
surface area with fins and tubes allow for better heat loss. The radiator has been placed
in such a way that the extraction fan of the building blow on the radiator, inducing
forced convection and thus improving the efficiency of the radiator. The five
thermocouples have been placed inside the tank at various levels, equally spaced. The
following figure shows the schematic of the improved system. The test results are
showed and discussed in the following paragraph.

Relay for
solenoid valve &
circulation pump

Thermocouple
interface

Figure 66: Electrical interface and control system TEST4-B
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Figure 67: Improved system with radiator and electrical interface TEST4-B
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Figure 68: TEST4-B Experimental setup
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Due to the improvements made on the system, more desirable results were obtained.
The electrical interface and control system delivered results that were accurate and
reliable, the control system operated in an effective manner to ensure for efficient
cooling. An average cooling of 20 degrees per cooling cycle was observed. The
circulating pump was activated for 60 minutes for one cooling cycle. A further 5 degree
drop in temperature was observed overnight. A complete set of experimental data for
the month of July 2012 was obtained. Calculations and a comparison between the
system performance and simulation model will be based on these results. See the
Appendix for more experimental results and Section 7 for interpretation of these results.

Solar Radiation Profile (2 July - 4 July 2012)
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Figure 69: Solar radiation profile (Top) and system performance (Bottom)
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6. SIMULATIONS

A simulation model has been developed for LP SWHSs. This simulation model is used
to simulate the effects of various tilt angles, length-radius ratios, effect of water
temperature and solar radiation received. The simulation model is based on the theory
covered in the above sections and results obtained are valuable for practical
considerations for LP SWH design and installations. The flow patterns in a
thermosiphoning tube has been investigated by Budihardjo in 2005 and results obtained
indicate that a tube with uniform top heating induce flow as a single stream to the
bottom of the tube and back to the top in a loop. Larger heat fluxes flow may induce
transitional or turbulent flow, but the counter-flowing stream characteristics still hold
(Schmid et al., 1986).

OPENING Y. LENGTH Y2 LENGTH % LENGTH

M 6 cmis

TOP

HEATING el

I 0 cmis

Figure 70: Velocity contours at various axial locations, Tube length = 1420 mm,
diameter = 34 mm, tilt angle = 45°, heat input 75 W (Budihardjo, 2005)

e Tilt Angle

The tilt angle of a collector plays a very important role in solar collectors. Literature
shows that extensive research has been done to determine the optimal tilt angle for solar
collectors such as flat-plate collectors. However, collectors such as the LP SWH
systems consists out of tubes, tracking the sun passively due to the tube geometry, thus
having a higher peak solar window. It is favorable for any collector to intercept the
direct radiation of the sun perpendicular to the absorber surface of the collector; this
reduces the amount of rays being deflected away from the surface, losing in effect
useable energy from the sun. A transverse and longitudinal incidence angle
modification is thus desired for the tube geometry of the LP SWH collector (Zambolin
et al 2010). A simulation model was created in TRNSY'S to determine the optimal tilt
angles for a collector. It was found that the tilt angle of 45° was indeed not the optimal
tilt angle to use throughout South Africa. Four geographical locations where chosen for
the simulation for comparison. These cities include Cape Town, Johannesburg, Durban
and Upington. The tilt angle that provides maximum energy collected (Figure 71) on a
tilted surface throughout the year is a tilt angle equal to the site latitude.
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Figure 71: Total annual energy on a tilted surface




This theory is a well-known fact in the solar industry and considered by many solar
collector installers and manufactures. However the consumer might not benefit as much
from this tilt angle in the winter seasons when the demand for hot water increase. Thus
the tilt angle is adjusted to accommodate the need of the consumer for winter seasons, it
is found that a tilt angle approximately 15-20° higher than the site latitude would be
more beneficial, this corresponds with the sun path during winter seasons. It is clear
that the tilt angle of the collector should be adjusted seasonally to maximized energy
collection (Figure 72). To optimize the tilt angle for the system based on the maximum
amount of solar energy it receives, at least two tilt angles are required for the system. It
is clear that different tilt angles are required for both summer and winter seasons. The
following table shows the increase in energy by adjusting the tilt angle to accommodate
the sun.
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Figure 72: Summer (Top) and winter (Bottom) energy profiles for a tilted surface
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Total annual energy on tilted | Cape Town | Johannesburg Durban Upington
surface per m?: [MWh] 33.5'S 26.28'S 29.53's 28.26'S

Standardized Collector (45%) [2.02 2.07 1.72 231

Maximise (Tilt at site latitude) [2.17 721 % |2.25 8.72 %T|1.84 704 %T|2.51 856 %T

Optimise (Summer + Winter) |2.26 11,73 %|2.37 14.44 %1 |1.92 11.56 %T|2.64 14.21 %T

Tilt angle
summer 15 7.5 7.5 7.5
Winter 52.3 a5 45 45

Table 15: Available energy increase by adjusting tilt angle

e System Performance

The following LP SWH system has been simulated in TRNSYS; 153 liter tank with 21
vacuum tubes with an inner tube diameter = 34 mm and tube length = 1.42 m. Detailed
information on this system can be found in Budihardjo, 2005. The reasoning for using
the system proposed in research conducted by Budihardjo was to validate the simulation
results with Budihardjo’s simulation and experimental results. The following graph
shows an increase in tank temperature and the effect of the tank temperature on the
mass flow rate within the tubes, the collector has a tilt angle of 45 degrees and energy
collected by the collector and one tube is shown in the upper graph. Recalling Figure
46, in order to obtain the mass flow rate, the correlation developed by Budihardjo in
2005 was used in the simulation model. It is clear that an increase in tank temperature
affect the mass flow rate, this is due to the effect of the Prandtl number. As the tank
temperature increase, the Prandtl number decreases (the viscosity and specific heat
decreases, and the thermal conductivity increases). A lower viscosity ensures less
resistance in fluid flow and thus a larger mass flow. The high thermal conductivity
ensure that heat conducts more efficiently throughout the fluid and the higher buoyance
force results in the lower specific heat, requiring less heat to raise the temperature of the
fluid by one degree (increasing the density difference within the fluid). On a clear
sunny summer day in Cape Town, the collector will increase the tank temperature from
20 degrees to 50 degrees.
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Figure 73: Effect of tank temperature on mass flow rate

Similarly the amount of solar radiation the collector utilizes affects the tank temperature
and mass flow rate, shown in Figure 74, these simulation results are from a typical
winter day in Cape Town.
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Figure 74: Effect of solar radiation on mass flow rate and tank temperature

The parameters (tube length, tube diameter and tank size) of the system have been
changed to illustrate its effects on the system performance. It was found that if the 21
tubes are replaced with 12 tubes with a diameter of 47 mm and length of 1.8 m, similar
results are found as in Figure 74. The energy collected by the collector is the same, but
the power rating of each tube has increased from approximately 40 W to 70 W, this is
due to the increase in diameter and length of the tube. This change greatly affected the
mass flow rate within the tubes as represented in the following graph.
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Figure 75: Effect of tube diameter and length on mass flow and tank temperature

The University of Cape Town investigated the performance of a LP SWH with the
following specifications; tank size of 100 L with 12 tubes, tube inside diameter 42 mm
and length 1.8 m. The collector’s performance is monitored in Cape Town, on the roof
at the University of Cape Town. Tests have been done on the system to determine the
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heat loss coefficient of the tank and tubes, and the optical efficiency of the collector.
These results have been used in the TRNSYS simulation program. To obtain accurate
results it is recommended that these tests are performed on the system components to
implement it in a simulation program. Simulation results give a good approximation of
the system performance when attributes of the system components are changed. These
results can be used for design considerations and installations of LP SWHs to
accommodate the consumer’s needs and maximization of solar radiation received.

6.1. Simulation Model: System Performance — TRNSYS

The simulation model developed in TRNSYS simulates specifically the system
performance for a given geographical location (Cape Town, Johannesburg, Durban or
Upington). The simulation results from this model are used for comparison against the
experimental results obtained in the previous section. The experimental results from
TEST1-3 are used in this simulation model to obtain an accurate simulation of the
system. Various other system attributes can also be monitored from this simulation
such as the mass flow rate within the tubes, the Reynolds number (indicating if flow is
laminar or turbulent) and water properties at simulated tank temperature. Results from
this simulation model can be seen in Figure 73-Figure 75 as an example, more results
are showed and discussed in Section 7.

6.2. Simulation Model: MATLAB - Simulink

The simulation model created in MATLAB — Simulink simulates various systems in
order to observe the effects on the system with different system components and
attributes such as tank volume, tube size, tank temperature and mass flow rate under the
same solar radiation profile. These simulations are based on the theory covered in the
previous sections and it is clear that the tube sizing and tank temperature affects the
mass flow rate within the tube (thermosiphoning). Simulation results are used in the
Section 7 where design considerations for LP SWH are discussed.
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Figure 76: TRNSYS LP SWH Simulation Model
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Figure 79: Comparisons between two systems (150L vs. 100L)
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7.  RESULTS

In this section the experimental and simulation results are compared and discussed.
From this analysis the design consideration for LP SWH systems for South Africa is
developed. The thermal performance of the system during July 2012 indicates how well
the system performed during the winter season in the Cape Town.

7.1. Experimental Results
7.1.1. Thermal Energy Gained by System

The thermal performance of the system is shown in the graph below, where the green
and red line represents the total horizontal radiation and the ambient temperature
respectively. Tank temperatures are represented by the blue and black lines. The total
amount of thermal energy gained per day is calculated, from Equation 4.4, and
illustrated in Figure 81. The average thermal energy collected by the system range
between 15 - 40 kW/day. On the 17 July, a total of 48 kW was collected; this was due
to good solar radiation on that day, with the previous days being less ideal, allowing the
system to be cooled down to a tank temperature of about 30 degrees on the morning of
the 17 July. With good solar radiation on that day, the system collected enough energy
to reach an average tank temperature of 70 degrees. The next day, 18 July, had a similar
solar radiation profile, but the system only collected 41 kW, and the day after 30 kW.
This is due to high initial tank temperatures at the beginning of each day. At high water
temperatures it requires more energy to raise the temperature of the water with 1 degree,
and this phenomenon is observed during these three days.
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Figure 80: Experimental results - thermal performance of system in July 2012

78



Thermal Energy Collected by LP SWH

9 10 11 12 13 14 15 16 17 18 19

Solar Radiation Profile

wn

0

T T T
< Mm 1N N N o
~ — o

[Aep/umi]
Aep Jad pa129)|0d AS4aud [ewidy] [BIOL

n n
< (42

8

Day of the Month

o
o
~

—_—
T 1
o o o o o o o
o o o o o o
O LN < ™ oV} -

[w/M] uonieipeu sejos |ejuoziioy [elo|

7102/L0/61
7102/L0/81
T10T/L0/LT
T10T/L0/LT
7102/L0/9T
7102/L0/ST
7102/L0/ST
7102/L0/¥T
T10T/L0/€T
T10T/L0/€T
7102/L0/TT
T102/L0/T1T
T107/L0/11
7102/L0/0T
7102/L0/60
7102/L0/80
T102/L0/80
T102/L0/L0
¢102/L0/90
¢102/L0/90
¢102/L0/S0
¢102/L0/v0
T102/L0/%0
7102/L0/€0
7102/L0/20
2102/L0/20
2102/L0/10
7102/90/0¢€

Day of the Month

horizontal radiation received (Bottom)
79

Figure 81: Total thermal energy gained by system (Top) with corresponding total



7.1.2.Environmental Impacts on Experimental Results

The environmental effects on the system can be seen in the experimental results. No
solar radiation is observed (Figure 82) this was due to continuous heavy rainfall in the
region over this period. The sudden drop in temperature within the tank is due to the
cooling mechanism that is activated, the continuous temperature drop over the following
days is due to the heat loss through the storage tank. This graph is similar to the test
results conducted in TEST1, but with a higher thermal loss due to the low ambient
temperatures and weather conditions.
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Figure 82: Heavily overcast and rain in Cape Town (20-22 July 2012)

7.2. Comparing Simulation and Experimental Results

The main aim of the simulation model is to optimize the LP SWH system for South
Africa. To validate the simulation model, experiments have been conducted to obtain
accurate system/component attributes for the simulation model, such as heat loss
coefficient of the tank and tubes, optical efficiency of collector and efficiency constants
a and b in the efficiency formula. These system/component attributes were obtained
through experiments TEST1-3. In TEST4 the system performance was measured and is
used in this section to compare against the simulation model’s results. Experimental
data used for comparison was chosen based only on the total horizontal solar radiation
measured. A similar solar radiation profile is chosen in the simulation model in
simulation month July (Figure 83). As observed from the experimental measured
results, the simulation solar radiation profiles are similar, see Figure 83 and Figure 84,
were the average peak solar radiation is in the range of 400-500 W/m?.
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Figure 83: Simulation results - Total horizontal solar radiation in July (Cape Town)
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Figure 84: Experimental results - Total horizontal solar radiation in July (Cape Town)

The 3" of July has been chosen to compare experimental and simulation results. On
this day, the solar radiation profile is very close to a sine wave profile (Figure 85), a
typical solar radiation profile to expect on a clear sunny day. The corresponding system
performance is observed in Figure 86. The total horizontal solar radiation for this day is
14,692 kW/m?. Thus a similar day has been chosen in the simulation model. The
simulated day delivered the total horizontal solar radiation of about 14,600 kW/m?.
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Figure 85: 3 July 2012 - Total horizontal solar radiation profile
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Figure 86: 3 July 2012 - System performance

In Figure 86 it is observed that the average tank temperature increased from 42 degrees
to 71 degrees with an ambient temperature ranging between 10 to 20 degrees. In the
simulation results, the average tank temperature increased from 40 degrees to 72
degrees with ambient temperatures ranging between 10 to 20 degrees during that time,

(Figure 88).

It is clear from this comparison that the simulation model is a good
representative of the actual system. Thus the simulation model can represent the system
accurately under any weather conditions for any geographical location. Results of the
simulation model are presented in Section 6.
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Figure 88: Average tank temperature increase during day

7.3. Validating Experimental Results

Budihardjo, 2005 conducted similar tests on a different LP SWH system in order to
determine the mass flow rate correlation. This section demonstrates the difference and
similarities between the two systems. The following table shows the comparison.

Budihardjo, 2005
200L, 24 Tubes, 1.4m 34mm

University of Cape Town 2012
100L, 12 Tubes, 1.8m, 42mm

TEST1: Heat loss
coefficient of tank

0.79 W/m?

0.70 W/m?

TEST2: Heat loss
coefficient of tubes

U|_ = 0-0042(Tavg - Tamb) + 0.552

UL = 0.0042(T g - Tamp) + 0.4168

TEST2: a & b constants

a=0.8417, b=0.0063

a=0.6110, b=0.0062

TESTS3: Optical efficiency

0.55

0.54

Table 16: Comparison between experimental results and literature
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7.4. Design Considerations for LP SWH in South Africa

e STEP 1: Choose Geographical Location

The first and most important factor in designing a solar collector is the geographical
location where it will be installed. Each location is unique in its weather conditions
throughout the year, and the site latitude various from different sites. Thus this is an
important factor to consider and an investigation in the weather conditions of the
specific site should be undertaken. Various databases on the internet are available to
obtain reliable information regarding weather conditions and annual solar radiation
availability. Recalling Table 13, it is clear that various locations have different solar
radiation availability and a solar collector system should be designed to accommodate
the location. Harnessing solar radiation from the sun is discussed in Section 3.1. It is
advisable to consider all aspects of the geographical location, such as weather behavior
during summer and winter. In the Western Cape, during summer, less rainfall is
observed with higher solar radiation readings. In rainfall season for Gauteng is in
summer, thus more cloud cover is perceived but with a higher solar index. Thus a
system designed for Gauteng, should take this into account that less solar radiation is
available during this period, although a higher solar index is available. The same
scenario could be applied for the Western Cape, having its rainfall season in winter, and
having a lower solar index available. Thus a Western Cape system should
accommodate the rainfall (cloud cover) and lower solar index.

Total annual energy on tilted | Cape Town | Johannesburg Durban Upington
surface per m?: [MWh] 33.5'S 26.28'S 29.53's 28.26'S
Standardized Collector (45%) [2.02 2.07 1.72 231

Maximise (Tilt at site latitude) [2.17 7.21 %|2.25 8.72 %1 (184 704 %T|2.51 856 %1
Optimise [Summer + Winter) |2.26 11.73 %1|2.37 14.44 %192 11.56 %T|2.64 14.21 %T

Tilt angle
summer 15 7.5 7.5 7.5
Winter 52.3 a5 45 45

Table 13: Available energy increase by adjusting tilt angle

e STEP 2: Adjust Tilt Angle According to Geographical Location

As seen from the simulation results, the tilt angle of a collector should be adjusted to
accommodate the winter and summer seasons. If a fixed tilt angle is preferred
throughout the year, a tilt angle is recommended to accommodate winter seasons when
the demand for hot water is higher.

e STEP 3: Determine Hot Water Demand

The third factor considered in the design considerations is the consumer’s requirements
(hot water demand). It is evident that a large family would need a large system to
accommodate their hot water demand. The following table could be used as a guide to
determine the size of the solar tank.
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Application Volume water used Temperature required

1 x hand wash 3 Liter 40 °C

1 x shower 35 Liter 40 °C

1 x bath 120 Liter 40 °C

1 x dish washing 5 Liter 40 °C

1 x dish washer 20 Liter 50 °C

1 x washing machine 30 Liter 50 °C
cleaning/cooking 3 Liter 40 °C
Average consumption values per person per day:

Low consumption 20-30 Liter 40 - 45°C
Average consumption 30-50 Liter 40 - 45°C
High consumption 50-70 Liter 40 - 45°C

Table 17: Water consumption per person

The following equation determines the tank and collector size for a family. For
example, if a family consists out of 4 people, the volume of the tank can be determined
as follow:

V = 4 persons x 50L @45°C = 200 L @ 45°C per day (7.1)

e STEP 4: Determine Collector Size

In Step 3 the hot water demand is calculated and the energy required to heat up the
water from ambient temperature or colder water (15°C to 45°C) every day is:

Q =mC,AT = 200 4200 45—15 =252M]=7kWh (7.2)

A 7 kWh collector can provide the family with hot water.

e STEP 5: Determine Tube Size

Power ratings of the tubes can be determined from the tube dimensions. For a given
tube with an inner tube diameter of 47 mm and tube length of 1.8 m has a power rating
of approximately 450 Wh/day in the summer and 380 Wh/day in the winter for weather
conditions relevant to Cape Town. Thus 16 tubes (16x450=7.2kWh) will be necessary
in the summer and 19 tubes (19x380=7.22kWh) in the winter. This scenario has been
used in the simulation model and results are presented in Figure 89, supporting the
calculations. If the location is prone to more cloudy weather conditions, where solar
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radiation is limited (Durban), more tubes will be required to deliver the same system
performance of a collector of the same size situated in a more favorable location
(Upington), thus increasing the collector size.

200 Liter, D=47¥ mm, L=1.8m 50
45 43
» 40 40
@ 35 35
% 30 30
o -~
E 15 15
F 10 10

5 5

0 0

Summer day Winter day
16 Tubes 19 Tubes

Figure 89: Collector size for summer and winter seasons (Cape Town)

The flow rate within the tubes can be altered by changing the tube dimensions. This
was illustrated in Figure 74 and Figure 75 with the smaller tubes delivering a lower
mass flow rate than the larger tubes, a greater amount of smaller tubes are required to
deliver the same amount of heat. This may increase system costs. A lower mass flow
rate might be required by the consumer depending on the application. It is
recommended that the tube dimensions are changed, rather than the tilt angle of the
collector due to the chance of losing available solar radiation.

e STEP 6: Simulate System Performance

In order to analyze if the system would perform according to the consumer’s needs, the
simulation model developed should be used. It is recommended that standardized
system components should be used when designing a system as manufacturing costs of
non-standardized components would be more expensive. Standardized components
properties such as heat loss coefficients are normally available and could be
incorporated into the simulation model.

The following section will demonstrate the 6-Step Design Guide developed for Design
Consideration for LP SWH systems in South Africa. Three different scenarios have
been created, each with its unique set of parameters, such as geographical locations and
size of the family. In this demonstration the costs of the systems are not taken into
account and could be investigated in future work.
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e Scenario A: Single male living in Sandton

This young male is 24 years old and would like to invest in a LP SWH system for his
apartment in Sandton, Johannesburg - Gauteng. He is working from 8h00 to 17h00
during the week, and requires hot water for showering, cooking and other domestic
usage when he returns from work.

» STEP1: Choosing Geographical Location — Solar Radiation Profile

From the simulation results (Figure 90), a LP SWH system should be designed to
accommodate a summer season ranging between 700-800 W/m?, and a winter season
ranging between 400-600 W/m?. It is also clear from this simulation results that there is
a lot of cloud cover in the summer season, indicated by the large amount of gaps in the
profile, especially in the beginning (January) and in the end of the year (October &
November).

1200 1200

o
=]
=

800

600

400

Total Horizontal Radiation [W/m2]

200

Total Horizontal Radiation [Wim2]

0
1} 730 1460 2190 2920 3650 4380 3110 9840 6370 7300 8030 8760
Simulation Time =8760.00 [hr]

Figure 90: Total Horizontal solar radiation profile for Sandton (Jan-Dec)

» STEP 2: Adjust Tilt Angle According to Geographical Location

It is clear from Figure 90 that at least two tilt angles are required for this system. Thus
various tilt angels have been simulated from the simulation model in order to choose the
most beneficial tilt angle for summer and winter seasons. From the simulation results a
tilt angle of 7.5-30 degrees would be most beneficial for summer and a tilt angle of 45-
60 degrees for winter. Due to the thermosiphoning effect in the tubes, gravity is
required, thus a tilt angle of 7.5 degrees will affect the thermosiphoning effect, thus a tilt
angle of 30 degrees would be more desirable to ensure better heat transfer.
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Figure 91: Annual solar radiation on various tilt angles (Top to Bottom = 7.5, 30, 45, 60
degrees)
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» STEP 3: Determine Hot Water Demand

From Table 15, the hot water demand of this consumer would be more or less 50 liters
at 45 degrees per day. Thus a 50 liter tank will suffice his needs, but due to
standardization, it is preferred to offer him a 100 liter tank, as manufacturing costs
would be higher for a non-standardized tank.

» STEP 4: Determine Collector Size

In Step 3 the hot water demand is calculated and the energy required to heat up the
water from ambient temperature or colder water (15°C to 45°C) every day is:

Q = mC,AT = 100 4200 45—15 =12.6 MJ = 3.5kWh (7.3)

A 3.5 kWh collector can provide the consumer with hot water.

» STEP 5: Determine Tube Size

It is recommended that standardized tubes are used when determining the tube sizing.
The tubes will also have an impact on the total system cost, thus it is recommended to
gather information on what is commercially available on the market. For the purpose of
this demonstration, the tubes used in TEST2-3 are used as the component properties
where obtained for the simulation model. Using the 1.8m length, 47mm diameter tubes,
the power rating for a tube in summer is more or less 650 Wh/day with a collector tilt of
30 degrees. The power rating in winter is about 400 Wh/day with a collector tilt of 45
degrees. Thus in summer 6 tubes are required, and in winter 9 tubes.

» STEP 6: Simulate System Performance

The 6-Step design guide has been used as input for the simulation model. The
simulation model simulated two days. The first day is in summer (1 January) with a
collector consisting out of 6 tubes with a tilt angle of 30 degrees. The second day is
winter (1 July) with a collector consisting out of 9 tubes with a tilt angle of 45 degrees.
The collector’s power rating for the simulation was calculated to be 3.3 kWh/day, thus
could satisfy the requirement in Step4. As per Figure 92 it is clear that these two
collector configurations will satisfy the consumer’s need. More simulations can narrow
down the design to optimize other weather conditions such as rainfall, and days with
less solar radiation availability. The simulation results and the design guide is a good
indication to the consumer and manufacturer in terms of cost and system performance.
Higher tank temperatures can be achieved with adding more tubes to the system, but
thus also increasing total system cost.
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Figure 92: Summer (Top) and winter (Bottom) simulation for 100L system

e Scenario B: Large family male living in Durban

A large family consisting out of a two parents, two children and two grandparents all
live in a large house situated in Durban. The family is consider installing a LP SWH
system in order to reduce their electricity bill. Due to the amount of people living in
this house, a large quantity of hot water is used for cleaning, cooking, washing clothes
and bathing.

» STEP1: Choosing Geographical Location — Solar Radiation Profile

The LP SWH system should be designed to accommodate the low radiation availability
in Durban. From simulation it is clear that the system could utilize solar radiation in the
summer season between 600-700 W/m?, and a winter season between 400-600 W/m?.
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Figure 93: Total Horizontal solar radiation profile for Durban (Jan-Dec)

» STEP 2: Adjust Tilt Angle According to Geographical Location

It is clear from Figure 93 that at least two tilt angles are required for this system. Thus
various tilt angels have been simulated from the simulation model in order to choose the
most beneficial tilt angle for summer and winter seasons. From the simulation results a
tilt angle of 7.5-30 degrees would be most beneficial for summer and a tilt angle of 45-
60 degrees for winter. Due to the thermosiphoning effect in the tubes, gravity is
required, thus a tilt angle of 7.5 degrees will affect the thermosiphoning effect, thus a tilt
angle of 30 degrees would be more desirable to ensure better heat transfer. Looking at
all the simulations at once, a 45 degree tilt angle could be used throughout the year.

» STEP 3: Determine Hot Water Demand

From Table 15, the hot water demand for a family of this size is high. The family
would use more or less 320 liters at 45 degrees per day. Thus a 350 liter tank will
suffice their needs

» STEP 4: Determine Collector Size

In Step 3 the hot water demand is calculated and the energy required to heat up the
water from ambient temperature or colder water (15°C to 45°C) every day is:

Q =mC,AT = 350 4200 45—15 =44.1M]J = 12.25kWh (7.3)

A 12.25 kWh collector can provide the consumer with hot water.
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» STEP 5: Determine Tube Size

Using the 1.8m length, 47mm diameter tubes, the power rating for a tube in summer is
more or less 400 Wh/day with a collector tilt of 45 degrees. The power rating in winter
is about 380 Wh/day with a collector tilt of 45 degrees. The tubes having similar power
ratings are due to the tilt angle of the collector at 45 degrees, thus only a slight change
in solar radiation availability is observed throughout the year (Figure 94). The collector
would thus in summer need 31 tubes and in winter 33 tubes.

» STEP 6: Simulate System Performance

The 6-Step design guide has been used as input for the simulation model. The
simulation model simulated two days. The first day is in summer (3 January) with a
collector consisting out of 31 tubes with a tilt angle of 45 degrees. The second day is
winter (1 July) with a collector consisting out of 33 tubes with a tilt angle of 45 degrees.
The collector’s power rating for the simulation was calculated to be 12 kWh/day, thus
could satisfy the requirement in Step4. As per Figure 95 it is clear that these two
collector configurations will satisfy the consumer’s need. More simulationS can narrow
down the design to optimize other weather conditions such as rainfall, and days with
less solar radiation availability. Higher tank temperatures can be achieved with adding
more tubes to the system, but thus also increasing on total system cost.
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8. CONCLUSIONS AND FUTURE WORK
8.1. Conclusions

This thesis investigated the application of solar water heating in South Africa. LP SWH
systems are mainly imported from China and India, with a fixed tilt angle of 45 degrees.
Due to the variation in the solar radiation distribution across South Africa, the need
surfaced to investigate these systems for optimization. These systems work on the
thermosiphoning effect or natural convection. Thus an extensive study has been
undertaken to investigate this phenomena. Fluid flow plays an important role in the
heat transfer process associated with natural convection. From theory, governing
equations for natural convection were investigated and solved to obtain the velocity and
temperature profiles. The three partial differential equations (governing equations) are
non-dimensionalized and a similarity solution is applied to obtain two coupled non-
linear ordinary differential equations which are solved in MATLAB. Two scenarios
were considered for the simulation, a vertical wall with a constant wall temperature and
a vertical wall with a constant heat flux. From the literature study, no comparison
between the two scenarios have been found in the same source, thus this thesis covered
both scenarios showing the similarities and differences. In LP SWHSs vacuum tubes are
used to absorb solar radiation and transfer it to the water, thus this method of heat
transfer is similar to the vertical wall with a constant heat flux. From the literature
study and simulation results, valuable insight in natural convection is obtained which
can assist future designs and developments in any systems using natural convection as a
method of heat transfer.

A simulation model based on the literature study has been developed for a LP SWH
system. This simulation model is able to simulate the system performance for a given
geographical location, where the user can specify the system attributes, such as the tilt
angle of the collector, the volume of the tank, the number of tubes and the length and
diameter of the tubes. To validate the simulation model, experiments on the system
were conducted where the heat loss coefficient of the tank and tubes were determined,
the optical efficiency of the collector and the system performance in real weather
conditions. The results of the experiments were incorporated into the simulation model
and the simulation results were compared against the experimental results. The results
concurred and the simulation model was validated. Experimental results were
compared against literature for validation and similarities were concluded. Thus the
simulation model is a good representative for a LP SWH system and can be used for
design considerations in future designs.
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8.2. Future Work

A 6-Step Design Guide has been developed to assist the user to design a system which
can satisfy the consumer’s hot water demand. The only input required from the
consumer is their geographical location and hot water demand. From this the user is
able to predict with the 6-Step Design Guide the sizing of LP SWH system. The system
performance can be simulated to validate if the proposed system could satisfy the
consumer’s need. Future work to consider is to expand the 6-Step Design Guide to
incorporate a data base of standardized components, such as tank sizing and tube sizing
(length and diameter). The heat loss coefficients of these components should also be
available to the user to be able to incorporate it into the simulation model. The
extended data base would give the user more freedom in developing a system which
could satisfy the consumer’s needs (financially, hot water demand and system
response). Financial implications should also be investigated, such as the costing of
individual components, manufacturing costs and payback periods. Currently South
Africa does not have the technology to compete against the manufacturing capabilities
in China to manufacture these systems on a competitive level, a techno-economic study
should be undertaken to investigate the possibility of manufacturing these systems
locally, creating jobs and manufacturing components more favorable for the climate and
consumer’s need in South Africa.
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APPENDIX - A

HOUR
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0
10.5
11.0
11.5
12.0
125
13.0
135
14.0
14.5
15.0
15.5
16.0
16.5
17.0

DAY 1
Avg-Amb U

64

63

60 0.65
59 0.65
58 0.65
57 0.64
55 0.64
55 0.64
54 0.64
53 0.64
52 0.63
51 0.63
49 0.63
48 0.61
a7 0.60
46 0.60
45 0.60
44 0.61
43 0.58
43 0.58
42 0.59
41 0.59
40 0.58
39 0.57
38 0.57
38 0.57
37 0.56
36 0.55
35 0.56
35 0.55
34 0.55
33 0.54
33 0.55
32

DAY 2

Avg-Amb
64
63
60
58
57
56
54
54
53
52
51
50
48
47
46
45
44
43
42
41
40
40
39
38
37
36
36
35
34
33
33
32
31
31

U

0.68
0.65
0.65
0.65
0.64
0.64
0.64
0.62
0.62
0.63
0.62
0.61
0.61
0.63
0.64
0.62
0.62
0.61
0.65
0.61
0.61
0.59
0.60
0.58
0.60
0.57
0.57
0.56
0.57
0.56
0.57
0.55
0.56

DAY 3

Avg-Amb
65
63
60
58
57
55
54
54
53
52
51
49
48
47
46
45
44
43
42
41
40
39
39
38
37
36
36
35
34
34
33
32
32
31

U

0.71
0.69
0.67
0.66
0.66
0.66
0.66
0.65
0.65
0.67
0.66
0.65
0.65
0.66
0.66
0.64
0.63
0.62
0.62
0.64
0.61
0.61
0.60
0.59
0.61
0.60
0.58
0.59
0.59
0.57
0.58
0.57
0.56

DAY 4
Avg-Amb
66
64
61
59
58
57
55
55
54
53
52
51
50
49
48
47
46
45
44
43
42
41
40
39
38
38
37
36
36
35
34
34
33
32

U
0.78
0.72
0.69
0.69
0.66
0.65
0.65
0.65
0.65
0.63
0.63
0.63
0.63
0.62
0.61
0.61
0.60
0.60
0.59
0.60
0.58
0.58
0.57
0.57
0.57
0.57
0.59
0.57
0.55
0.57
0.58
0.57
0.58
0.58

DAY 5

Avg-Amb
63
62
59
58
57
55
54
54
53
52
50
49
48
47
46
45
44
43
42
42
41
40
39
38
37
37
36
35
35
34
33
32
32
31

U

0.65
0.66
0.64
0.66
0.64
0.64
0.65
0.63
0.63
0.62
0.64
0.63
0.62
0.62
0.61
0.62
0.61
0.60
0.60
0.59
0.58
0.58
0.56
0.57
0.56
0.56
0.55
0.58
0.59
0.60

DAY 6
Avg-Amb
64
62
59
58
57
56
54
54
53
52
51
50
49
48
47
46
45
44
43
42
41
41
40
39
38
38
37
36
35
35
34
33
33
32

U
0.65
0.61
0.59
0.59
0.60
0.60
0.60
0.60
0.59
0.60
0.60
0.57
0.59
0.59
0.58
0.58
0.58
0.58
0.56
0.57
0.56
0.55
0.55
0.55
0.55
0.54
0.55
0.54
0.53
0.54
0.53
0.53
0.53
0.53

Average
Avg-Amb U
65 0.78
64 0.69
63 0.69
62 0.64
61 0.69
60 0.66
59 0.65
58 0.65
57 0.64
56 0.63
55 0.65
54 0.64
53 0.63
52 0.63
51 0.63
50 0.62
49 0.62
48 0.62
47 0.61
46 0.62
45 0.62
44 0.61
43 0.60
42 0.59
41 0.60
40 0.59
39 0.58
38 0.58
37 0.57
36 0.57
35 0.56
34 0.56
33 0.56
32 0.56

Table 18: TEST2 - Experimental results: Heat loss coefficient U,,4=0.62 W/m?
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APPENDIX - B
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Al Lucghgzer Lugﬁer LO%%E" Logger Logger Supply _ Supply Battery 1. All components maunted
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hattery
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— ] i o o PV Panel OC solar radiation and ambient temp
b 4 L & 4 - i sensing
& =
B 43 .3 43 a 3
3 yaToe | 2 2 z 2 z LParts
Supply
— m +1 + 2 | + +1 5 off Klemsan TT-TC-I-CFG
— | Timer Omron H3DK-S1
1 Volt monitor Electro VIC
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2 = 2 o 2 2 [w]s]| 7
g - - i - -
- - - = - | ;
5. Voltage moniter Friggers on
E E E E § VIC Volfage undervaltage when pv drops
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. = = = = = Is then activated for a preset
in = = = = = T K1 K1 fime, The pump and solenoid
will run for the timer preset fime.
S 145 — 145 —1+5 —*5
D is s A 6 16 A6 3]+
7 7 7 T 7
f— —_— — — s Pmpi c
al 8 B B 8 B Oil::l—X
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Fl [Pealgned Ey Checked DY [Approved by - dats Date Boals
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Figure 96: Electrical interface schematic for TEST4-B
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