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ABSTRACT

An investigation was performed into a new desalination plant operating on the
principles of distillation through the utilisation of solar energy only. The need for
such a system is due to the high energy requirements of current large scale
desalination systems and that, in the future, more and more desalinated water will be

required to sustain life in certain areas.

A conceptual design of such a plant was completed and it proved its feasibility by
providing an in depth explanation of the principles that govern its operation. A
computer model, in the form of a MathCAD program, was developed to simulating
this process flow. The accuracy of the program was investigated with the help of a
pilot plant. It is shown that such a full scaie plant would produce, in the region of
) Saldanha Bay, a town on the Western Coast of South Africa, 5000m’ of potable water
a day with a solar absorption/evaporation area of 1,87km’ requiring only 1,75kWh per
cubic meter of water produced. Its electrical energy requirements can be provided
using solar panels allowing the plant to remain independent of external electrical
supplies. This electrical energy requirement is less than 33% of the least energy

intensive alternative method, reverse osmosis.

Since the production rate is dependent on the absorption/evaporation area the plant

can be scaled to fit the specific production rate required.
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1. INTRODUCTION

1.1 Background

A recent United Nations study shows that nearly half the world’s population will
experience critical water shortage by 2025 [1]. Areas of South Africa are likely to be
among those facing increasingly frequent water shortages. A much debated concern
over the world’s changing climate adds to the urgency of focusing attention to this
potentially crippling threat to South Africa’s population and economy. In total the
world has 36 million cubic kilometres of fresh water of which only 0,25% is
contained in lakes and rivers [2]. The world’s ever growing population and industries
put more and more pressure on this dwindling supply. In some cases rivers, such as
the Colorado in the USA, often do not reach the sea. This i1s due to either

mismanagement or over consumption of their water [3].

The sea is by far the greatest source and store of water. To tackle this looming
disaster, more than 15 000 desalination systems are currently in operation, producing
potable water in a 120 countries worldwide [4]. This amounts to more than 36 million
cubic meter of water a day [6]. The problem with desalination is the high cost of
operating a conventional plant. Multi-stage flash, the most common of the large
production facilities, requires up to 23,4kWh of electrical power for each cubic meter
of potable water produced (see Section 1.3.1.1). For the energy rich countries, such as
those in the Middle East, this is not as great a problem as facing developing nations.
Large desalination plants require two things the developing world lacks, large start up
capital and a lot of electrical or heat energy.

The aim of this project is to find a new desalination plant design requiring
significantly less electricity to purify seawater. Conventional large capacity plants
operate on high temperature evaporation of seawater to produce potable water, such as
Multi-Stage Flash (MSF) (see' Section 1.3.1.1), or at high pressure to part fresh water
from seawater, such as Reverse Osmosis (see Section 1.3.1.2). Both high temperature
and high pressure systems require significant quantities of energy. This is their
Achilles tendon and the cause for high cost operation. To drastically reduce energy
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consumption a new desalination plant should operate at close to atmospheric pressure

and at raised temperatures unassisted by electricity or fossil fuels.

1.2 Concept of Envisaged Plant

The proposed plant, like the MSF (Multi-stage Flash), evaporates seawater then, cools
down the evaporated moisture to condense it and finally produce pure fresh water.
But, unlike the MSF, the evaporation is preformed at temperatures achieved by solar
radiation heating, not through electrical heating. The pressure in water circulation is
also only sufficient to overcome pipe loses and achieve elevation change. This low
pressure and temperature achieved through solar heating could limit the electrical

energy required of this new system to a mere 1,75kWh/m’® of pure water produced.

To further reduce the cost of operation pumps and fans, required for circulating the air
and seawater, will be powered using photovoltaic {(PV) cells (see Section 1.3.2.1).
Although PV cells are expensive they have a long lifespan, require little to no
maintenance and are environmentally friendly [5]. Also, the plant will only be in
operation when the sun is out, which is the only time power is required, which is the

only time the PV cells will generate electricity.

This desalination plant consists of an evaporator, condenser and a secondary water

heater.

Seawater is pumped through a condenser and is heated by energy transfer from warm
air leaving the evaporator. The seawater is then heated further in a secondary heater
before it flows into and through an evaporator. Seawater not evaporated (which has a
slightly increased salt concentration) flows back into the sea. Air from the condenser
flows into the evaporator where it is heated and it picks up moisture from the
seawater. Warm, moist air leaves the evaporator and flows into the condenser, where
it is cooled down by cold seawater. During cooling, vapour in the air condenses. Cold
air with a reduced absolute humidity leaves the condenser and flows back into the

evaporator. Desalinated water flows out at the bottom of the condenser.
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A schematic representation of the process is shown in Figure 1. The solid lines with

arrows represent the flow of salt water. The dashed lines with arrows represent the

flow of air.
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Figure 1: Schematic representation of proposed desalination plant

The reader is referred to Section 1.4 for a complete and in-depth explanation of the
desalination process of the envisaged plant. Also, the Tesearch presented here was
preformed with the sole purpose of investigating the technical feasibility of this
specific process and to determine whether or not it merits further research into it

economic feasibility and process automation.

This plant is ideal for coastal areas with cold sea currents, high solar radiation and
mostly clear skies. Most of South Africa’s West Coast falls into this category. In fact
most coastal areas with cold sea currents have a low rainfall, predominantly clear
skies and can, therefore, benefit. The plant would function best if built at minimum
elevation above sea level required to ensure safety and as close to the sea as possible

to reduce pipe losses.

Water fit for human consumption would also be fit for livestock and irrigation.
Consequently such a plant could assist in extending arable land and increasing food
production. The water would be ideal for industrial use as well, since no further

purification would be required.
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1.3 Literature Review

1.3.1 Existing Desalination Systems

Desalination can be achieved using many different techniques, all of which can be

classified into one of the following categories [7]:

1. phase change or thermal processes; and

2. membrane or single phase processes.
In Table 1 below the most common of these are listed.

Table 1: Desalination Processes

Phase-change Processes | Membrane Processes

Multi-stage Flash Reverse Osmosis

Muilti Effect boiling Reverse Osmosis with Brine Conversion
Solar Stills Electrodialysis

One of these desalination processes, electrodialysis, specialises in brine purification
and is therefore excluded from the literature review [8]. All of them, except solar
stills, are traditionally driven by fossil or nuclear energy. In recent years much
research was done into developing renewable energy driven desalination processes.
- Most notable of these are conventional desalination systems driven by electricity
produced by renewable energy systems such as wind turbines and photovoltaic cells.

Section 1.3.1.5; page 8 discusses these in more detail.

Each system discussed below has inherent design advantages and disadvantages. The
same applies to operation and operating principles. An in-depth survey is required to
determine which would best serve a specific area or function best. Consequently, this
section focuses on basic operation and background, not on advantages and
disadvantages. In the light of this electrical requirements are the sole criteria of

comparison.
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1.3.1.1 Multi-Stage Flash (MSF)

MSF is by far the most common of the large quantity desalination systems in
operation. Of the world desalination production it has 60% of the market share and if
one looks at the Middle East this figure jumps to 80% [10]. It has been around since
the late 1950s, first adopted by the Gulf States. A vast store of experience has been
accumulated enabling designers to greatly improve the process, technology,
construction and operation of the MSF plant [11}. This is probably what has ensured
its survival. Even though this system is tried and trusted, it is the desalination system
requiring the biggest amount of energy to produce purified water compéred to other
large quantity production facilities. Energy consumption can be as high as
23,4kWh/m’, nearly three times more than an average reverse osmosis plant [12]. k is
the great pool of knowledge of MSF systems that had resulted in simple operation,
ease of design and adequate solutions to the operation problems. These operation
problems, among others, are scale formation, corrosion and fouling. All these factors
ensure 37% of all large quantity production facilities, built between 1994 and 2003,
were MSF plants in spite of their high energy requirements {10].

MSF systems require low pressure steam for operation. That is why they are normally
constructed in conjunction with power plants. The low quality, low pressure steam
exiting the turbines can be used to heat brine or seawater [12]. Figure 2; page 6 shows
the ﬂolv(f process of a small MSF plant [13]. This particular system has 12 stége, 9 heat
recovery and 3 heat rejection stages. Steam enters the brine heater where it condenses.
This change in phase supplies the required energy to heat the brine. The optimum
brine temperature to start the first stage flash is called the top brine temperature [11].
The heated brine enters the first flash chamber where its pressure and temperature
drops slightly causing a small amount of vapour to form. This vapour then condenses
around the brine pre-heater pipes to form desalinated water. The remaining brine,
which has a slightly higher salt concentration and lower temperature than in the first
stage, then flows into the second stage flash chamber and the process is repeated.
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Figure 2: Schematic representation of a MSF plant

1.3.1.2 Reverse Osmosis (RO)

Osmosis is defined as the movement of a substance through a selectively permeable
membrane because of a difference in chemical concentration on opposite sides of the
membrane. Water is transported through the membrane from the region of high
chemical potential to the region of low chemical potential. Reverse osmosis (RO}, on
the other hand, is when sufficient hydreulic pressure is applied to the region of higher
chemic;d potential to change the direction of naturally occurring osmosis [14]. This
means fresh water can literally be squeezed from seawater through a selective
permeable membrane. In 1960 Loeb and Sourirajan successfully manufactured a
synthetic cellulose acetate membrane opening a new era in seawater purification. This

was the beginning of RO desalination [15].

RO generally consists of a pre-treatrent, a high pressure pump and RO modules or
membranes (see Figure 3; page 7). The RO membranes are sensitive to coagulation
and chemical degradation; water is filtered and treated before being pressurised to
protect the membranes. Conventional RO membranes do not permit operation at
pressures higher than 7MPa. This limits feed water conversion to about 40%. The
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electrical energy requirement of RO systems is about 5,5kWh/m’,

significantly less than required by MSF systems [16],[17].

Conventional System
. High
Seawater Pressure RO Element Pm
C=35%5W &0MPx
Pretregtment
Brine
. Water (60)
-

Figure 3: Schematic representation of a conventional RO plant

1.3.1.3 Reverse Osmosis with Brine Conversion System
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This is

A new type of reverse osmosis membrane developed allows operation at 9MPa and

salt concentration of as high as 5,8%. This development allows the brine water from

the conventional RO plant to be purified even more (see Figure 4) [16]. Now it is

possible to achieve a 60% feed water recovery; such yields were previously unheard

of. Using these high-performance membranes and better anti-biofouling methods, the

electrical energy requirements of conventional RO systems have been reduced to

4,6kWh/m® [17].
Conventional System
High
Seawater Pressue  ROElemeot  Foois
(200 1 S 4
e | T
Water
Pretreatment (40+20)
—
Brine Water
Water (50) RO Element ch;eq
CuS 5% 5W
-0 L
Booster Pamp W’WI(E)
() Water Flow Ratio 6.0 - max 10DMPa %(m)
Caf. 7% SW

Figure 4: Schematic representation of a RO plant with BCS
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1.3.1.4 Multi-effect distillation (MED)

MED has been around a long time. Dating to the middle of the 19th Centaury it is one
of the older methods of purifying seawater. Steam flows in a closed circuit through a
first evaporator were it is condensed before it flowing back to a boiler (see Figure 5,
page 8). The latent encrgy rejected during phase change evaporates some of the
seawater as it flows through a first evaporator. What is left of the seawater flows into
the second evaporator where some of it is evaporated by the cooling steam from
evaporator 1. As the steam from evaporator 1 cools some condenses to form
desalinated water. What is left of evaporator one’s steam with that of the newly
evaporated steam from evaporator 2 then flows to evaporator 3 and the process

repeated [18],[22]. This system requires about 5kWh/m® for water produced [22].

00k g water
1* evapesator ™ e ¥ rveporni A pvaporaiar
steam 93°C R 8mC 6T
=== m=e o= iR
gy e e | -
. 5
’“n.-..’ :-a'\n’ N (N H v

2 T S
= L ;

Figure 5; Schematic representation of a MED plant

1.3.1.5 Renewable Energy Powered Desalination Systems

Renewable energy powered desalination systems can be categorised into direct and

indirect collection systems.

- Direct Collection Systems

Solar stills are the most common of the direct collection systems. Compared to
conventional systems solar stills are a simple technology that can be operated by

unskilled workers. It also requires very low maintenance making it ideal for poor

remote communities were the demand is less than 200 m’/day [9].
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The conventional solar still consists of a basin wherein a constant amount of seawater
is covered and enclosed by glass or plastic panels which are inclined at a Small angle
to the horizontal envelope. The air inside, between the panels and basin is stationary.
Solar radiation passes through a glass panel and is trapped by the greenhouse effect
and his heats the water which then evaporates. The evaporated water condenses on
the inclined glass panels, collects into droplets, runs down the glass into gutters and

from here to reservoir tanks. Figure 6 below shows some common solar still designs.

BASIS TYPE SOLAR STILE SINCLE SLOPFD COVER DESICN
' W i W . sy &
INFLATED PLASTIC COVER DESICN GREENHOTUSE TYPE SOLAR STILL
/// %/’% “
V-SHAPF PLASTIC COVER DESIGN INCLINED GLASS COVER DESIGN

Figure 6: Common solar still designs.

In some cases external equipment is used as an extra thermal energy source. These
are then known as active solar stills. The external equipment may be solar collectors

or waste energy from industria! plants or boilers [19].

Indirect Collection Systems

Here renewable energy systems (solar collectors, photovoltaic cell wind or water
turbines, etc.) produce electricity which then powers conventional desalination
systems [19].

At present these systems are evolving through the research and development stage or

are implemented in small pilot plants with capacities of from a few cubic meters a day

to 100 m® a day.
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Figure 7 shows that the most popular combination of renewable energy systems and

desalination systems is photovoltaic cells and reverse osmosis (RO) [20].

Figure 7: Renewahle energy-driven desalination processes and energy sources.

The cost of producing potable water form renewable energy powered desalination
systems are still greater than that of systems powered by conventional fossil fuel or
nuclear powered systems (sec Table 2). This is not due to the cost of generating the
electricity but due to capital and maintenance cost of dedicated renewable power

generators [21].

Table 2: Cost of RO-plants powered by renewable energy.

Enerpy source - Power gensrafion costs Ene:gycodsefdesaimanm Total costs of desalination
. (SMWK) ) (3m)

Wind

4ma” 103239 0.65-1.40 135-2.10

6 ms™ 45-59 8.27-0.35 . 0.97-1.05

et 27-32 0.16-0.19 0.86-0.80
Solar

Photoveltics 342410 205-2.45 275315

Solar thermal 185257 1.10-1.54 1.35-223
Tidat 21-104 0.50-0.63 1.19-132
Geothermal 34315 032-1.90 1.02-2.58
Tanventional power plant 2745 016027 075085

1.3.28o0lar Power Generation

There are several different solar power generators on the market and in operation.
Some are expensive and still in the research stage, such as the solar chimney. Others,

such as solar thermal engines, are expensive and generate power far in excess required
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by the system under investigation [5]. The only type suited for use with the envisaged

system is solar photovoltaics.

1.3.2.1 Photovoltaic Cell (PV)

When exposed to light the material that makes up a PV cell generates a direct
electrical current. PV cells have a low efficiency, of the order of 10-20%, and are
fairly expensive. What makes it so attractive, however; is its reliability, low
maintenance requirement; and durability. It has a service life of at least 25 years.

Furthermore, PV cells do not produce noise or emission pollution [5].

Since solar radiation is not constant across the surface of the earth, so the power
generated by PV is also not constant, but geographically determined. This varying
power production and the fact direct current is produced does not allow a direct
connection to most electrical equipment. To overcome this problem batteries are
charged by PVs and inverters are used to develop the alternating current required by

most electrical equipment.

1.4 Envisaged Plant

Of the three stages in the process flow of this plant, condenser, secondary water heater
and evaporator (see Figure 8; page 14), the evaporator was the one that required by far
the most design attention. The main reason was its unusual design. Whereas the
condenser is a fairly standard shell-and-tube device and the design of the secondary
water heater is based on that of the evaporator. The function of both the secondary
water heater and the condenser was to achieve the optimum temperatures of the
seawater and air at the inlet to the evaporator. The design of both will affect their size,
not the mass flow rates through them, since the energy exchange required to achieve
their temperature change are fixed but the structure will determine how fast the
change will occur. Whether or not the plant would work comes down to whether or
not the design of the evaporétor can achieve the level of productivity desired. Both the
secondary water heater and the condenser were designed with functionality and

practicality in mind. Their designs allow for effective operation, even if not the most
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favourable, in order to keep the programming of their computer models relatively
simple. A schematic representation of the plant is shown in Figure 8; page 14.

The condenser would be of the counter flow shell-and-tube type. Cold water, pumped
directly from the settling ponds flows into the pipes. The settling ponds are used to
separate the bigger suspended particles, such as sand, from the seawater. Warm moist
air from the evaporator flows on the outside of the pipes. The cold sea water absorbs
heat from the warm moist air, thereby reducing air temperature. This increases its
relative humidity to saturation. Further cooling in the condenser causes condensation,
thus some of the water vapour in the air turns into pure liquid water. The slope of the
condenser is such that it transports the air back down to the inlet level of the
evaporator, restarting the process. "

The water temperature exiting the condenser will be lower than that of the air. The
water is used to heat the air inside the evaporator, which is impossible if the water is
colder than the surrounding air. To overcome this problem a secondary water heater is
introduced. It is essentially of the same structure as that of the evaporator, consisting
of double glass panels with water flowing under them and over a concrete surface.
Solar radiation enters though the glass and is absorbed, mostly, by the concrete which
heats the water. The water, already heated partially in the condenser, enters the heater
at a higher elevation than the evaporator, flowing down through the heater into the

evaporator.

The evaporator is a simple structure consisting of a sloped concrete floor covered and
enclosed by double-glazed glass. Heated water from the secondary water heater enters
the evaporator, runs down the slope of the concrete floor and exits at the bottom,
running back into the sea. The air, on the other hand, flows between the glass panels
and the Water, from the bottom of the slope. Solar radiation enters through the glass
panels and is trapped by the “greenhouse effect”. Most of this energy is absorbed by
the concrete, which in turn heats the water. Energy is transferred from the water to the
air by forced convection and by the water being evaporated. Premature condensation
or condensation on the inner surface of the innermost glass layer would greatly reduce
the solar energy entering the evaporator. The use of double-glazed glass panels

increases the surface temperature on the inside of the Iower glass panel to prevent
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condensation. Heat loss back to the atmosphere is also reduces by having two glass

panels with an air gap between them.

The remaining seawater returning back to the sea flows through a low pressure turbine

to recover some of the initial energy used to elevate the seawater.
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Figure 8: Scaled schematic representation of the envisaged plant
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Script Overview

In the next four chapters each of the main process areas of the plant are discussed,
namely the evaporator, secondary heater, condenser and fluid transfer systems.
Discussion is on the basis of energy gained from solar radiation, its energy transfers,
- fluid flows and the application of the conservation of mass and energy. A diagram is
seen at the top of each page (o assist the reader to keep frack of where in the fext
he/she might be, as well as what will follow. Then follows a chapter on fluid
properties wherein all those required for the calculation mentioned, described and
listed in the proceeding four chapters are presented. This chapter ends off the

theoretical section of the thesis.

In Chapter 7 the computer model developed to simulate the desalination plant is
presented and discussed. In the following chapter the computer model is described
which is used to determine the system requirements of the plant should it be used to
supply the quantity of water required by the residential area of a town on the West
Coast of South Africa. |

The thesis ends with an investigation into the. accuracy of the computer modelling,

recommendations for future research and conclusions.

Note:

1. Cross-referencing throughout helps the reader link information and gain a
greater understanding.

2. The equations relating to energy transfer listed in these chapters can be found in
most comprehensive heat transfer books, such as Heat Transfer by Holman [23]
whereas the equations pertaining to flow can be found in fluid mechanics books
such as Fluid Mechanics by Douglas, Gasiorek and Swaffield [27]. When this is

not the case the specific references is given.
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2. EVAPORATOR

Figure 9 shows a schematic representation of the evaporator (seen from the side). The
two glass panels trap the air beneath them, while separated by an air gap. The air
flows beneath the glass and above the water, as the water flows over the concrete

foundation in the opposite direction.

:0xiOuter Glass Panel 1
Air Gap
<. Inper Glass Panel 55
| Air Flow |
v e > “7
/ . /
’ ;

l € — e = — Water Flow |

Figure 9: Side view schematic representation of evaporator

2.1 Solar Radiation

As solar radiation strikes the outer surface of outer glass panel (g1) a fraction of it is
reflected back into the atmosphere. Another fraction is absorbed, while a final fraction
is transmitted. The magnitudes of these are given by the reflectivity (p), absorbtivity
(o) and transitivity (1) of glass respectively (see Figure 10; below). The same happens
to the solar radiation reaching the inner glass panel (g;). A fraction of the radiation
reflected of g is reflected back off g;. Each time radiation is reflected an amount is
absorbed by the glass panels and transmitted. The total amount of solar energy
absorbed by the panels can be calculated from Figure 10; page 16 as well as the

amount to have passed into the evaporator.
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Figure 10: Solar radiation diagram of evaporator’s glass panels

2.1.1 Solar Radiation Absorbed by the Outer Glass Panel (W/mz):

The solar radiation absorbed by the outer glass panel (Eg;) consists of the radiation

absorbed when the incident energy originally passed through it, as well as a small
amount absorbed each time the solar radiation is reflected by it.

2
Egl = aglE'i + aglpgzrglEi + aglpglpgz

agIE'i [l + ngTgIZ pglnngRJ
0

2 3 2 3
TaE + QpPg) Poy T + 0Py Py TuE +.

Equation 1
Where: E; = Solar Incident Radiation (W/m”)
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2.1.2 Solar Radiation Absorbed by Inner Glass Panel (W/mz):

Similarly to the radiation absorbed by the outer glass panel, that of the inner glass
panel (Eg) can be determined by adding the small amount of radiation absorbed by it
every time the solar radiation gets reflected by it.

2 2 3 3
EgZ = thglEi +ag2pglpg2‘rgl"Ei +agngl sz TglEi +ag2pgl sz z-glE'i +...

n
n n
= gZTglEfngl ng
0

Equation 2

2.1.3 Solar Radiation Entering Evaporator (W/nt'):

By adding the radiation transmitted through the inner glass panel each time it reflected

the solar radiation, one can calculate the amount of solar radiation entering the

evaporator (E.):
E =71 . E+ E+p  p. vt . E+p. p 1.7 E +
e T “gltg2™i pglpgzrglrgz i pgl pg2 gitg2™i pgl ng glrgz [
n
n n
.= gl’,‘.'ng;Zpgl Py
0
Equation 3

The radiation entering the evaporator is absorbed, reflected and transmitted by the air,
water and concrete. To simplify this complex calculation it was assumed the radiation
entering the evaporator is absorbed by the concrete and the water heated by forced

convection from the concrete.

- Assumption 1: All solar radiation entering through the glass panels is absorbed

solely by the concrete foundation.
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Equation 4

2.2 Energy Transfer

Figure 11; page 20 shows the enrergy transfers associatéd with the evaporator. The
concrete foundation is heated as it absorbs solar radiation entering through the glass
panels. It in turn heats scawater which then heats air flowing above it. Energy is lost
from the air through the glass panels when the air is warmer than the inner surface of

the inner glass panel, but gained when the glass surface is warmer than the air.

2.2.1 Conduction Heat transfer from Concrete Foundation to Ground

(Qcond:

In order to determine energy transfer between the concrete foundation and the ground
one need to know the temperature of the ground some distance away from the
foundation and the grounds therrnal conductivity. Both values were difficult to
establish and will vary along the length and width of the foundation. The thermal
conductivity of rock and soil are sufficiently low for them to be considered insulators.

Therefore, to simplify this problem, the following assumption was made:

 Assumption 2: The loss of energy from the conerete to the ground is 5% of the
solar radiation absorbed by the foundation.

-0, =005E.4

Equation 5
Where: A = Contact area between ground and concrete foundation (m?)
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E, = Solar radiation absorbed by concrete
Eg; = Solar radiation absorbed by inner giass panel
E, = Solar radiation absorbed by outer glass panel
Quonc = Conduction energy lose from concrete to ground
Q.w = Forced convection from concrete to seawater
Q.. = Forced convection from seawater to air
Q. = Mass transfer form seawater to air
Q.. = Radiation heat transfer from seawater to inner glass panel
Q.; = Forced convection from air to inner glass
Qcongz = Conduction through inner glass panel
Quong = Free convection through air gap
Q. = Thermal radiation from inner to outer glass panel
Q.. = Forced convection from outer glass panel to atmosphere
Q. = Thermal radiation from outer glass panel to atmosphere

Figure 11: Schematic representation of the energy transfers of the evaporator

2.2.2 Forced Convection Heat Transfer between Concrete Foundation and

Seawater (Q..,):

Forced convection is the heat transfer occurring when a fluid flows due to external
means over a surface and a temperature difference exists between them. Convection
heat transfer equations are generally in the following form (known as Newton’s Law
of Cooling):
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Q=hA(T, - T,)

Equation 6
Where: Q = Rate of energy transfer between the two mediums (W)
h = Heat transfer coefficient (W/m’K)
T = Temperature of 2 medium (K)
A= Area in contact between two mediums (m?)

The heat transfer coefficient is, in general, based on boundary layer theory (which was
first introduced by the German scientist Ludwig Prandtl) or determined empirically.
In this instance the flow occurs over a flat surface (the concrete) and the heat transfer
coéﬂicient is calculated from the equations below. The equation for turbulent flow
over a flat surface or flow with Reynolds Number higher than 5x10° is based on the
Colburn Analogy of fluid friction and heat transfer.

With laminar boundary layer:
kN
h, = “ ' if Re, <5x10°
x
Equation 7
i !
Where: Nu, =0,322Re,2 Pr?
Equation 8
Andby: h_ = pc,uSt, if 5x10° <Re, <10’
Equation 9

When the Reynolds Number is between 5x10° and 107 the flow is turbulent and

velocity profile that can be approximated by the 7" root law i.e.:

0,0296Re . *

Where: S, =—-—’-—21—— if 5x10° <Re, <10’

Pr3
Equation 10
And with Reynolds Number between 107 and 10° the velocity profile can be

approximated by the logarithmic profile.
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And: St, = if 107 <Re, <10°
Pr3 |
Equation 11
And: Re = Ll
H
Equation 12
c
And: Pr=-% ad

Equation 13
And: Nu, = Local Nusselt Number

St, = Local Stanton Number
Re, = Local Reynolds Number
Pr = Prandtl Number
h, = Local heat transfer coefficient (W/m’K)
p = Density of energy absorbing medium (kg/m’)
¢, = Specific heat capacity at constant pressure of energy absorbing medium
(kJ/kgK)

u = Free stream velocity of moving medium or relative free stream velocity

I

if both mediums in motion (m/s)
u = Dynamic viscosity of energy absorbing medium (kg/ms)
k = Thermal conductivity of energy absorbing medium (W/mK)
x = Distance from leading edge of flat surface (m)

Thus, the energy gained by the seawater at any point in the evaporator (from Equation

6; page 21) is:

0., =h AT, -T,)

Equation 14
Where: T, = Temperature of concrete foundation (K)
T.w = Temperature of seawater (K)
= Local forced convection heat transfer coefficient between concrete
foundation and seawater (W/m?K)

The properties of the energy absorbing medium (in this case the seawater) are

calculated at the film temperature (Ty). This temperature is the mathematical average
of the temperatures of the two mediums in contact.
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T +T,
T — 1 2
r2
Equation 15
Ty =t L
2

Equation 16
Where: Ty, = Film temperature between the concrete foundation and seawater (K)

- 2.2.3 Forced Convection Heat T ransfer Between Seawater and Air (Q,,):

Since the heat transfer here is also by forced convection it is also governed by

Equation 6 to Equation 15; page 21:

Thus, the energy gained by the air (from Equation 6; page 21) is:

0 = AT, ~T,)
Equation 17
‘Where: T, = Temperature of air (K)
h,.. = Local forced convection heat transfer coefficient between air

and seawater (W/m°K)

Also from Equation 15; page 23 the film temperature between air and seawater (Trew)

is:

7 = I, +T,
for )
Equation 18
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2.2.4 Thermal Radiation Heat Transfer between Seawater and Inner Glass

Panel (Q,,):
Thermal radiation heat transfer is governed by the equation:

o ot 1 -1,")
| (1_31)+ 1 +(1_32)
glAl AIF;Z SZAZ

Equation 19
. Where: ¢ = Stefan-Boltzmann Constant (5,669x10° W/m’K*)
e = Emissivity of the two surfaces respectively
T = Temperature of the two surfaces respectively (K)
A = Area of the two surfaces respectively
F\2 = Shape-factor of the two surfaces

If the two surfaces are flat, infinite and parallel their shape-facior is equal to 1. In
addition, if their areas are equal, Equation 19 simplifies to:

0= aA!T,4 -7} )

L.}.i_l
& &

Equation 20

Because of the evaporator’s very large size and design one could assume its surfaces
are infinite, flat and parallel. The surface of the seawater, however, will not be flat.
This is due to its flow and to the flow of the air over its surface. By personal
observation of light breezes blowing over pond surfaces it is estimated that the surface
area may increase to 120% or more of its flat surface area. This will be called the

wave factor (v).

Assumption 3: The surface area of the seawater is increase by 20% due the its

flow and the flow of air, thusv=1,2.
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Therefore: 4, =v4,
Equation 21
Since all the energy leaving the seawater through radiation reaches the surface of the

inner glass panel, the shape-factor remains 1, but Equation 19 simplifies to:

4 4
_at,(5' -1)
1 + L{—I— - IJ
& &
Equation 22

The heat transfer through radiation from the seawater to the inner glass panel can be
determined by (from Equation 22):

Q

4 4
o o (T, ~T,")
1+{1ﬂq

£, £,

Where: g, = Emissivity of the seawater surfaces.

Equation 23

&;» = Emissivity of the inner glass panel.
T = Temperature of the inner surface of the inner glass panel (K)
A, = Area of the inner glass panel (m%)

2.2.5 Mass transfer from seawater to air (Qm):

The energy entering the air due to the evaporation from the seawater can be

determined by the equation:
er = mmrhg
Equation 24
w}lere: mml = h}!’lIA(cW - cﬂ)
Equation 25

And: m,,, = Evaporation rate (kg/s)
h, = Enthalpy of water vapour (J/’kg)
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h,,= Mass transfer coefficient (im/s)
A = Area of air and seawater in contact {m)

¢, = Vapour concentration at the seawater surface (kg/m’)
¢, = Vapour concentration in the free stream air (kg/m’)

When mass transfer and heat transfer occurs simultaneously, as is the case here, a
correlation can be drawn between the forced heat transfer coefficient (h.y) and the
mass transfer coefficient (hyy):

h.
by = ;
Sc )3
pacp E
Equation 26
Where: Sc = Ha
p.D
Equation 27

And: p, = Desity of the air (kg/m’)
¢, = Specific heat capacity at constant pressure air (kJ/kgK)
Sc = Schmidt Number
Pr = Prandt]l Number
1, = Dynamic viscosity of air (kg/ms)
D = Diffusion coefficient (m?/s)

2.2.6 Forced Convection from the Air to Inner Glass Panel (Q.,):

Similar to convection heat transfer Q... and Q.w, the forced convection heat transfer

from the air to the inner glass panel is also govemned by Equation 6 to Equation 15;

page 21:

Thus, the energy gained by the inner glass panel (from Equation 6; page 21) is:

Qs =h AT, ~T,5.)
Equation 28
Where: h,., = Local forced convection heat transfer coefficient between air
and inner glass panel (W/m’K)
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And from Equation 15; page 23 the film temperature between air and inner glass

panel (Trw) is:
T, +T
_ g a

TfCS - 2

Equation 29
Where: Ty, = Film temperature between the inner glass panel and air (K)

2.2.7 Conduction Heat Transfer through the Inner Glass Panel (i Qco,,gz):

The conduction heat transfer equation, based on Fourier’s Law, is:

k4
g= T(Tl ~-T,)
Equation 30
Where: k = Thermal conductivity of the energy transferring material (W/mK)
A= Area of energy transfer (m)
t = Thickness of energy transferring material (m)
T = Surface temperatures of the energy transferring material (K)
Applying this equation to the conduction through the inner glass panel:
kA
g2
QcongZ = ¢ (TgZ.r' - TgZo)
g2
Eguation 31

 Where: kg = Thermal conductivity of the inner glass surface (W/mK)
t,» = Thickness of inner glass panel (m)
Ty, = Outer surface temperatures of the inner glass panel (K)
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2.2.8 Free Convection Heat Transfer through the Air Gap (Qong):

When the temperature of the outer surface of the inner glass panel is colder then that
of the inner surface of the outer glass panel no free convection will occur. That is due
to the fact that the air at the top of the air gap will be warm and less dense that the air
at the bottom of the gap. The heated air will remain at the top, while the colder air
rematins at the bottom thus no convection. In such a case energy transfers occur by

conduction and Equation 30 applies.

chng = M (T

g2 Tgli )
212

Equation 32
Where: t;; = Distance between glass panels (m)
Tj10 = Inner temperature of the outer glass panel (K)

When the temperature gradient is turned around free convection will occur and an
effective thermal conductivity (k¢) for the air can be determined, then again the

conduction equation can be used.

Qcang = M(Tg}.’o _Tgli)
g2
Equation 33
Where: k, =k, i GrPr<1700
Otherwise: k, = C{(GrPr)’
Equation 34
Where: C = 0,059 and n=04 if 1700 < GrPr <7000

C=0,212 and n= if 7000 < GrPr < 3,2x10°

C =0,059 and n= if GrPr<32x10°
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And: G

Ha

P.
Equation 35

T +T,,
With: =528
2

Equation 36

With: Gr = Grashof Number
g = Acceleration due to gravity (m/s”)

2.2.9 Thermal Radiation Heat Transfer between Glass Panels (Q,,):

The two surfaces of the glass panels facing each other can be seen as infinite and

parallel. They also are flat and equal in size, thus Equation 20; page 24 applies.

ot -1,,°)

® L.{__I__]

Egl ng

Equation 37
Where: £, = Emmisivity of outer glass panel

2.2.10 Conduction Heat Transfer through Outer Glass Panel (Q.,nz1):

Just as conduction through the inner glass panel the equation for Qggre; is:

kA
ngl = L(T gli T Tglo )

ty
Equation 38
Where: kg, = Thermal conductivity of the outer glass surface (W/mK)
t,; = Thickness of inner glass panet (m)
Tg10 = Outer surface temperatures of the inner glass panel (K}
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2.2.11 Forced Convection Heat Transfer between the Outer Glass Panel
and Atmosphere (Q.,):

This desalination plant will be built at the coast where there is usually a wind
blowing. This wind will cause forced convection heat transfer from the outer glass
panel to the atmosphere. Since the heat transfer here is also by forced convection it is

also governed by Equation 6 to Equation 15; page 21:

Thus, the energy loss from the glass panel (from Equation 6; page 21):

0,= hxcaA(Tglo T, )
Equation 39
Where: Tym = Temperature ofatmosphere (K)
h,..= Local forced convection heat transfer coefficient on the outside surface of the outer
- glass panel (W/m’K)

And from Equation 15; page 23 the film temperature between outer glass panel and

atmosphere between air and seawater (Tx,) is:

T _I::a+Tal'm

fee 2

Fquation 40

2.2.12 Thermal Radiation Heat Transfer from the Outer Glass Panel to
the Atmosphere (Q,,):

When the thermal radiation heat transfer is from a heated object to the atmosphere a
simplified version of Equation 20; page 24 can be utilised:

4 4
Qm = GgglA(Tg!o - I:’Jbs )
Equation 41
Where: Ty, = Black body temperature of sky (K)
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When the atmospheric humidity is high, such as it is at coastal areas, the black body
temperature of the sky can be assumed to be equal to the ambient temperature [24].

Assumption 4: The black body temperature of the sky is equal to the ambient

temperature.
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2.3 Fluid Flows

There are different equations describing the flow of fluids inside a conduit, such as
ducts, and the flow of liquids in open channels. The air flow inside the evaporator is
bordered on all side by either the evaporator itself or the seawater, thus the air flows
in a conduit. The seawater on the other hand flows in a channel, since it is bordered
on all sides except on top. The following equations can be utilised for the flow of the
two fluids.

2.3.1 Seawater Flow:

2.3.1.1 Velocity:

The below is combination of the Darcy-Weisbach and Colebrook-White equations
[25].

u,, =—{32gRS )% log] i + 12554,

48R, R(2gRS):

Equation 42

Where: R, =£-"L
. P

Equation 43
And: A, =H_W

Equation 44
And: P, =2H_, +W

Equation 45

Where: R,y = Mean hydraulic radius of seawater flow (m)
S=Slope of evaporator
k. = Relative roughness of concrete foundation
A, = Cross sectional area of flow (m?)
P, = Wetted perimeter of flow (m)
H,,, = Depth of flow (m)
W = Width of evaporator (m)
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2.3.1.2 Flow Rate:

2.3.1.3 Mass Flow Rate:

Where: V,, = Volume flow rate of seawater (m’/s)

m,, = Mass flow rate of seawater (kg/s)

2.3.2 Air Flow:

2.3.2.1 Velocity:

Where: V,= Volume flow rate of air (m’/s)

2.3.2.2 Flow Rate:

2.3.2.3 Mass Flow Rate:

m, =V,p,
Where: m,= Mass flow rate of air (kg/s)
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Equation 46

Equation 47

Equation 48

Equation 49

Equation 50
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~ 2.3.24 Pressure Loss:

In order to determine the pressure lose from friction the speed at which the air moves
over its borders is required. The air’s boundary consists of both glass and scawater,
but the glass s stationary where as the seawater is in motion. On the sides and top it is
bounded by glass and at the bottom it is bounded by seawater. The relative speed
between the glass and air is equal to the speed at which the air moves, but the relative
speed between the air and the seawater is equal to the speed of the air and seawater
combined. In order to determine a velocity which can be substituted into the head
loss equations below a relative ‘boundary velocity’ is determined. This boundary
velocity is calculated from boundary periphery ratios as seen in Equation 52 below.
Similar to this, the seawater and glass panels also have different relative roughness
and a ‘relative boundary roughness’ must be calculated (see Equation 57 below).
Equation 51 is used to determine the head lose due to friction and is know as ‘Darcy’s
Equation’ were as the equation for calculating the friction coefficient, Equation 56 is
known as the “Colebrook-White Equation’.

B f ﬂluare12
" 2¢(4R,)
Equation 51
With: u_, = T3 S 3 TR
P, +F,
Equation 52
Where: u,,,., =u, +u_,
Equation 53
Ang P, =W +2H,
Equation 54
And: P, =
Equation 55
ke 1oss ||
5
hod: fa= =4 g'(3714}2) R JE]
Equation 56
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kP, +k,F,

Where: &, = P P
ag T Law
Equation 57
And: R, = 4,
: P,
Equation 58
And: A, =HW
Equation 59
And: P, =2(H, +W)
Equation 60

Where: Hp= Head loss due to friction (m)
L= Distance of flow (m) .
Uy = Relative boundary velocity (m/s)
R, = Mean hydraulic radius of air flow (m)
U5 — Relative velocity between air and seawater {m/s)
P,; = Contact periphery between glass and air (m)
P..= Contact periphery between seawater and air (m)
H, = Depth of air flow (m)
fa = Friction coefficient

kg = Mean relative roughness of air flow borders

2.4 Mass and Energy Transfer

Since this system is powered by the sun no rapid change occurs. Temperatures and
flow rates within the system will change gradually, thus, for any given instant one

could assume a steady state operation.
Assumption S: Steady state exists throughout the system.

Note: In this section the presented equations and assumptions are utilised along with
the principles of energy and mass conservation to form a coherent sequence of
calculations required to determine the fluid and structure temperatures. To
prevent duplication focus will only be on energy and mass transfer and the

temperatures associated with them. The reader is referred to Section 2.2 for
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the explanation of their calculations. This applies to the corresponding

sections in the chapters “Secondary Water Heater” and “Condenser”.

Numerical integration is used to evaluate it entire evaporator. Each section
investigated, in turn, is small enough that the property change of the two fluids is so
small that Assumption 6 can be made. Here n, an integer, depicts the start of an
integration section and n+1 the end of it as well as the start of the next one. n would
be zero at the inlet of the evaporator and equal to N at its exit. N is the length of the
evaporator divided by the length of an integration section and thus also equél to the
number of integration sections. One integration section is shown in Figuré 12; page
37.

Assumption 6: The properties of the two fluids remain constant from position n

to position n+1.

At n the temperatures of the seawater and the air is known and the solar radiation
entering the system can be calculated, it is now possible to calculate the energy and
mass transfers for steady state as well as the temperatures associated with them. As
soon as the energy transfers to and from the fluids are known one can determine
energy change they experienced from n to n+1 and thus the change in temperature, if

the following assumptions are made:

Assumption 7: The temperature difference between the two fluids remains
constant between position n to position n+1.

Assumption 8: The temperatures of the evaporator; glass panels and concrete,
remain constant between position n to position n+1.

Assumption 9: No energy transfer occurs in the glass panels and concrete

between numerical integration sections.
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Figure 12: Evaporator energy transfers for numerical integration

2.4.1 Energy Transfers and Temperatures for Steady State

Only the temperatures of the seawater and the air are known. A starting point the
outside temperature of the outer glass panel is assumed. By energy balancing the
actual temperature of the outer surface of the outer glass panel can be calculated.

1. Assume an outside tempetature Tg, for the outer glass panel.

2. Determine the energy transfers O, and Q,:

0, =0z, AT, -T,,") Equation 41; page 30

0, = hmA(Tglo T om ) Equation 39; page 30

3. Since the temperature of the outer glass panel remains constant the energy into

and out of it must be equal, thus:
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Ormg + 0, +E, 4=0, +0,,

Equation 61

But the energy conducted and transmitted through the glass panel is equal to the

energy entering the inner glass surfaced:

Qcangl =Qrg +Qcong

Equation 62
Qmﬂgl =Qro+Qm - EglA
Equation 63
From Equation 38; page 29:
T _ Qcaﬂgl tg] " T

gli — ﬂ_ glo

gl

4. Since the temperature of the outer glass panel remains constant the energy into

and out of it must be equal, thus:

ang +Q,g +Eg1A =0,+0,

< Qcong +Qrg = Qcongl _'EglA

Equation 64

5. At a certain outer surface temperature the inner gla;s panel will radiate and
conduct, through the air gap, the quantity of energy that would validate Equation
64. This temperature cannot be calculated directly, thus an assumption must be
made of its value and its actual value calculated using the following steps:

e Assume an outer surface temperature T2, of the inner glass panel.

e Calculate the energy transfer Qong:

k A
Orone = IL-(T 220 — Lo ) Equation 33; page 28

g12
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e Calculate what Q,; must be to validate to Equation 64:

Qcongl g[ Qcorrg

¢ From Equation 37; page 29, calculate what the outer surface temperature of
the inner glass panel must be to radiate this quantity to the outer glass panel.
This would be a different temperature T g, from the assumed one T,

=

220

Equation 65

e Redefine Ty, as T g

Equation 66

e Redo the stepé of #5 until the difference between T, and Ty, is acceptably

small, the smaller the difference the more accurate the calculation would be.

This would then be the temperature for the outer surface of the inner glass
panel that would validate Equation 64; page 38.

6. The amount of energy conducted and transmitted though the inner glass panel is
equal to the sum of Q. and Q.. As with the outer glass panel, the inner surface

temperature of the inner glass panel can be determined from.

ch +Qrw +Eg2A = Qcong +Qrg
Equation 67
Where: QcangZ = ch + Qrw

Equation 68
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Thus: Qcangz = Qcong +Qrg —Eg2A

Equation 69

0
- cong2® g2 +T

£22i g2o
kA4

Equation 31; page 27

7. There is a curtain net amount of energy available inside the evaporator AQ. to
drive the temperature change therein. This amount of energy is equal to the
difference of solar radiation entering the inside of the evaporator and leaving it by

conduction through the glass panels and concrete.

AQe = EeA - angz - Qcanc

Equation 70

8. Since the temperatures of the evaporator structure are constant, the sum of the
energy change of the seawater AQy and air AQ, will be equal to the available
energy AQ..

AQ, =AQ, +AQ,

Equation 71

9. For steady state Equation 71 above must be justified. By calculating AQ, one can
then calculate AQ,, from Equation 71 to use for further. calculations of the steady
state temperatures.

e Since the temperature of the air and inner glass panel is known one can
calculate Q. from:

0, =h AT, -T,,) Equation 28; page 26
e Also, the energy transfer between the seawater and air Qg from:
o, = hmA(Tm - i':,) Equation 17; page 23

CL Lourens 40 CPUT



CEVAPCRATOR i 3. SECONDARY WATER HEATER — 4. CONDENSER — 5. FLUID TRANSFER SYSTEMS — 6. FLUID PROPERTIES 3

® And Qu, which is the energy entering the air through mass transfer, from:
O, =m,h, Equation 24; page 25

e The energy change of the air AQ, can now be determined from the difference

between its energy gains and loses.

AQa =Qm: +ch _ch

Equation 72

10. Now the energy change of the seawater can be determined from the energy

balance of the evaporator.
AQ , =AQ0, —AQ, Equation 71; page 40

11. The energy change of the seawater is also equal to the difference between its

energy gains and loses.

AQSW =QCCW _QCW _Qﬂlf "Qrw

Equation 73

12. A new surface temperature of the inner glass panel can riow be calculated from:

50
TN
:‘1'—‘

.i..

<
S

i
0 [
4]

|

[a—ry
e
S——

+
~y
-
| -

= Equation 23; page 25
g2i O'A 5w q pag

13. As long as Ty and T p; are not equal, or sufficiently close, the outside surface
temperature assumed for the outer glass panel is not correct. If Tg; > T ;i then
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the Tgyo is too high and vice versa. An updated temperature Ty, can be
calculated from:

To =T, +{T

glo glo

g2 _Tg2i )

Equation 74

14. The new Ty, is closer to the true value and by repeating #1 to #14 the actual
energy transfers and temperatures associated therewith can be calculated. With all
this done the goal of determining what the energy changes of the two ﬁujds are, is

achieved.

2.4.2 Fluid Temperature Change

Now that all the energy transfers associated with steady state have been calculated the
temperature change experienced by the fluids from one end of the numerical
integration section to the other can be calculated. Note that the fluid energy changes
in Section 2.4.1 take the conservation of energy into consideration but now, since
there is mass transfer between the seawater and air, mass conservation must also be

applied.

2.4.2.1 Seawater:

Energy is gained by the seawater from the concrete (Q.w) and lost in the form of
radiation (Qw), convection (Qcw) and mass transfer (Qy). The energy associated with
mass transfer is the energy leaving the seawater, but the energy required to liberate a
unit mass of water is equal to the difference in enthalpy of water in vapour and liquid

form, thus:
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Q_ﬁ: zmmt( g_hf)

Equation 75
Where: Q= Energy required to liberate vapour (W)
h, = Enthalpy of water vapour (kJ/kg)
hr = Enthalpy of water (kl/kg)

The energy to achieve this comes from the net of the other energy transfers and the
temperature change of the seawater that does not experience phase change. Note also

that the seawater flows from n+1 to n.

(ch:w Q Q )+( stlcpszsw 41 m cpsw sw) er:

Equation 76
But, from Equation 73; page 41 and Equation 75; page 43:

AQ,, +mm,hJ,r +(mm+‘cme —mmcpr )=0

Wiy W,
Equation 77
m,h, +AQ_+m_ cp,T

swrn—l
My €O sw

Air:

The vapour entering the air is warmer than the air itself, Thus, the energy that heats
the air comes both from the net energy change between Q. and Qg and the cooling
down of the vapour. To simplify this calculation it is broken up into two parts, the
initial heating or the heating from the difference between Q. and Q; and a final heat
by the cooling vapour.

Initial Heating:

Note that both the dry air and the original vapour must be heated.

Q. -0 mdacpda(T ~T, )+ mdarn(hg, —hg.)

Equation 78
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_ Q0O —mar, g — 1y, )
My CP s
Where: my, = Mass flow rate of dry air (kg/s)
T = Temperature after initial heating (K)
Cpa4a = Specific heat of dry heat (kJ/kgK)
hg; = Enthalpy of water vapour at T,; (kJ/kg)
h,, = Initial enthalpy of water vapour (kl/kg)
1, = Initial absolute humidity

But, since the h; is derived at temperature Ty, iteration is required to solve Th.

Final Heating:

Here the heating can be calculated from two fluids mixing where the sum of their
initial respective energy is equal to their combined energy after mixing at a new

temperature, thus:

m,, (hgsw ~h,,. )+ MauCP oL + MaaliByy =MD, To, FMulyihy

Equation 79
mml (h - hg,.+g )+ mdacpdaiTai + mdarlhg! - rn+1h

M4, CP

w1

oW

Thus: T. =

Apet

Where: i = Are properties measured at T;

n+1= Properties measured at the exit of numerical integration section (K)

Note again that integration is needed since the equation is used to calculate T+

while hgy. is dependent at Tonv1.

Now that the exit temperatures of the two fluids are known the same calculation can

be applied to the next integration section.
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3. SECONDARY WATER HEATER

The structure of the sccondary water heater is essentially the same as the evaporator.
The only difference is the area between the concrete foundation and the inner glass

panel is entirely flooded with water (see Figure 13).

@1 Outer Glass Panel

Air Gap
i sz Inner Glass Panel
“» Water Flow s

l\ .. > ’I

Figure 13: Side view schematic representation of secondary water heater

3.1 Solar Radiation

Since the double glass panel configuration is the same as for the evaporator the
radiation absorbed by the outer and inner glass panels can also be determined by

Equation 1; page 17 and Equation 2; page 18 respectively.

The total amount of solar radiation entering the heater (Esh) can be determined by

Equation 3; page 18 in the form:

n
n n
E 4=tk Z Pt Pg2
[4]

Equation 80

Now, applying Assumption 1; page 18 to the heater to determine the solar radiation
absorbed by its foundation (Ec):
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Equation 81

3.2 Energy Transfer

Figure 14 shows the energy transfers associated to the secondary water heater. The
concrete foundation gets heated as it absorbs the solar radiation entering through the
glass panels. It in turn heats the seawater. Energy is lost from the seawater through

the glass panels.

. = Solar radiation absorbed by concrete
E,, = Solar radiation absorbed by inner glass panel
E,; = Solar radiation absorbed by outer glass panel
Qconc = Conduction energy lose from concrete to ground
Q.. =Forced convection from concrete to seawater
Q.; = Forced convection from air to inner glass
Qcong2 = Conduction through inner glass panel
Qcug = Free convection through air gap
Qg = Thermal radiation from inner to outer glass panel
Q. = Forced convection from outer glass panel to atmosphere

Qw = Thermal radiation from outer glass panel to atmosphere

.Figure 14: Schematic representation of the energy transfers of the secondary water

heater
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3.2.1Conduction Heat transfer form Concrete Foundation to Ground

(Qcond:

Equation 6; page 21 is applied to the concrete foundation for exactly the same reasons

as for the evaporator, thus, from Equation 16; page 23:

0. =005E.A

Equation 82

3.2.2 Forced Convection Heat Transfer Between Concrete Foundation
and Seawater (Q..,):

Since the heat transfer is by forced convection Equation 6; page 21 through Equation
16; page 23 applies here too.

3.2.3 Forced Convection Heat Transfer Between Inner Glass Panel and

Seawater (Q...):

Here too Equation 6; page 21 through Equation 16; page 23 can be applied, but
different here than in the evaporator the energy transfer is not between air and glass
but between seawater and glass, thus, from Equation 28; page 26:

0, =h AT, -T,)

Equation 83
Where: h,, = Local forced convection heat transfer coefficient between seawater and inner glass
panel (W/m’K)
And from Equation 29; page 27:.
7 - T +1,
g 2

Equation 84
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Where: Tg, = Film temperature between the concrete foundation and seawater (K)

3.2.4The following heat transfer values can be determined using the

equations as derived for the evaporator:

Qcongz (Equation 31; page 27),
Qcong (Equation 32; page 28),
Q:; (Equation 37; page 29),

Qconz1 (Equation 38; page 29),
Q.o (Equation 39; page 30 and Equation 40; page 30),

Q. (Assumption 4; page 31and Equation 41; page 30)

3.3 Fluid Flow

Here the seawater is bounded on all sides, thus conduit equations apply. Since it is
bounded on three sides by concrete and on the other by glass relative boundary
roughness must once again by calculated.

3.3.1 Flow Rate:

Equation 85
Where: V, = Volume flow rate (m’/s)
A,,, = Flow area inside secondary water heater (m?)

1, = Flow Speed of seawater (m/s)

3.3.2 Mass Flow Rate:

- m =Vpsw

W w

Equation 86
Where: m,, = Mass flow rate of seawater {kg/s)
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Pressure Loss:
B f ﬂluwz
7 2g(4R,,)
Equation 87
-2
k 1,255
And: f, ={—4lo S
Ia 3714r..) " &, 7,
Equation 88
kP +kP
Where: &, =& =
P, +P,
Equation 89
With; Pgw =W
Equation 90
And: P, =W +2H ,

Equation 91

And:R_, = A

PL‘W
Equation 92

Where: Hyp = Head loss due to friction (m)
L = Distance of flow (m)
Rsw = Mean hydraulic radius of seawater flow (m)
P,, = Contact periphery between glass and seawater (m)
P, = Contact periphery between concrete and seawater (m)
ka = Mean relative roughness of seawater flow borders

3.4 Applying Mass and Energy Transfer

The heater experiences no mass transfer between fluids and its steady state

temperatures and energy transfer can be calculated as follows.
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Figure 15: Secondary water heater energy transfer for numerical integration.

3.4.1 Energy Transfers and Temperatures for Steady State

1. Since the glass panel structure of the evaporator and heater are identical #1 to #5

of the heater are exactly the same as for the evaporator.
2. The amount of energy conducted and transmitted though the inner glass pane! is

equal to the sum of Q. and Qrw and similarly to the outer glass panel the inner

surface temperature of the inner glass panel can be determined from.

ch +E32A = Qcong +Qrg

Equation 93
Where: ngz = ch
Equation 94
Thus: ngz = ng + Q,g -FE ng
| Equation 95
e = Q;k’:gj}—z + T, Equation 31; page 27

3.. Just as it was for the evaporator, the amount of energy available is, equal to AQ.

where:
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AQ, =EA-0,,.,~ 0. Equation 70; page 40

4. But here the seawater is the only fluid inside the heater and therefore it alone

experiences a temperature change, thus:

AQ, =AQ,
Equation 96
And: AQW = Qccw _ch

Equation 97

5. Since the temperature of the concrete remains constant its energy balance gives:

EcA _Qcom: HQ::W =
Equation 98
Thus: @, =E.A-0,,.
And: QO =0, —AQ, From Equation 97; page 51

6. Now a new temperature T g; for the inner surface of the inner glass panel can be

determined from:

h_A

124

7. As long as Ty and T g; are not equal, or sufficiently close, the outside surface
ternperature assumed for the outer glass panel is not correct. If Tg; > T i then
the Ty10 is too high and vice versa. An updated temperature Tgjo can be calculated

from;

Tglo g!o + (T“gl!t .g2i )

Equation 99

8. The new Ty, is closer to the true value and by repeating #1 to #14 the actual
energy transfers and temperatures associated therewith can be calculated. With all
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this done the goal of determining what the energy changes of the two fluids are, is
achieved.

3.4.2 Fluid Temperature Change

Since the mass of the seawater remains constant and its temperature change is known,

it is a simple calculation to determine its exit temperature from the section.

AQ_ =m_cp,, (Tm _—Tm)

n+]

Equation 100

A
Thus: T, =-A+T

W, W,

A+l n
" mSchSW

Now that the exit temperature of the seawater is known the same calculation can be

applied to the next integration section.
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4. CONDENSER

Figure 16 shows a schematic representation of the condenser. Seawater flows through
the condenser piping and the air in the area between the piping in the opposite
direction. The seawater is heated as it extracts energy from the warm humid air. As
the air cools condensation occurs on the outside of the condenser pipes. The

condensate drips down and collects in the desalinated water channel.

O 00 O0O0
O 00O0O
O0O0O0O0

o oo oo
00000
0 0000

-0 O O O ©

.o oooo

m%

ser Piping
Desalinated Water Channel_/

Figure 16: Schematic representation of condenser

4.1 Energy Transfer

As the air flows over the pipes it loses energy to the pipes through the condensate
film. This energy is transferred by conduction through the pipe wall to the seawater
(see Figure 17; page 54). All the condenser pipes and the flow around them are

identical, thus, only one pipe is considered.
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Q.cw = Forced convection from pipe wall to seawater
Qeonp = Conduction through pipe wall
Qe = Energy transfer from air to pipe wall through condensate

Figure 17: Schematic representation of condenser pipe heat transfer

4.1.1 Convection Heat Transfer from the Air to the Outer Wall of the
Condenser Pipe (Q.p0):

Since this heat transfer is in the form of forced convection the amount of energy
transferred from the humid air to the outer surface of the condenser pipe is calculated
by Equation 6; page 21:

Qecpe = P oo T, =T
Equation 101
Where: g, = Heat transfer coefficient from the air through the condensation film to condenser pipe
(W/m’K)
Tepo = Outside surface temperature condenser pipe {K)
A po= Outside area of condenser pipe (m?)

The heat transfer coefficient for the heat flow through the condensation film, while
condensation is taking place is given as (Nusselt’s Equation for Condensation Heat
Transfer Coefficient) [26]:
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hccpo - 0,725{kfpf (pf — Py )ghfng
/ufdcw(Ta _TCPO)

Equation 102

Where: k; = Water film thermal conductivity (W/mK)
pr = Density of water film (kg/m’)
py= Vapour density in air (kg/m’)
by = Enthalpy of the vaporization of water (J/kg)
Ms = Dynamic viscosity of the water film (kg/ms)
d.po= Outside diameter of condenser pipe (m)

This equation is intended for small temperature differences as is the case with the
condenser. This heat transfer coefficient, however, is for one pipe only and when
condenser pipes are position below one another the condensate dripping from one
pipe onto the next influences the coefficient of the next pipe. In order to determine an
average heat transfer coefficient for number of pipes positioned its way the following

equation can be utilised:

ol

“I;ccpo = hapoN

Equation 103

Where: N = Number of pipes in a rows

4.1.2 Conduction through the Condenser Pipe (Q.op:p):

The conduction heat transfer equation previously mentioned {Equation 30; page 27)
can be applied here but, because of the internal and external area differences of the

pipe, the conduction area must be calculated using this equation:

r
A =7l'|l{ i ]l
-

Where: 1., = Outside radius of condenser pipe (m)

Equation 104

T = Inside radius of condenser pipe (m)
1= Length along which conduction occurs (m)
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Equation 105
With: k= Thermal conductivity of condenser pipe (W/mK)
t,= Thickness of condenser pipe wall (m)
Ti= Inner wall temperature of condenser pipe (K)

4.1.3 Forced Convection between Pipe Wall and the Seawater (Q.,.):

Since this is forced convection Equation 6; page 21 applies, but the flow occurs on the

inside of a pipe, thus:

Nu, =0,023Re"* Pr®*

Equation 106
u,d,,
with: Re = —Pw i,
Hew
Equation 107
Where: d.; = Inside diameter of condenser pipe (m)
Psw = Dynamic viscosity of seawater (kg/ms)
Psw = Density of seawater (kg/m’)
Uy, = Seawater velocity (m/s)
And: ch.pw = hccpw Acpi (Tqai - T sw)
Equation 108
Where: 4, = md 1
Equation 109

Where: d.; = Inside diameter of condenser pipe {(m)
h,cpw = Heat transfer coefficient between pipe wall and seawater (W/m’K)
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4.1.4 Fluid Flow

4.1.4.1 Air Flow:

At the inlet and outlet of the condenser is a number of supply and discharge pipes.
These pipes are positioned perpendicular to the air flow. This causes a pressure drop.
Between the supply and discharge pipes the air flows parallel to the pipes and the
pressure loss is from friction. Here the flow is once again in the form of duct flow,
but the duct flow equations only apply after the flow has become fully developed.
With the typical flow and temperature of the condenser this would occur in
approximately 4 meters, and, compared to the length of the condenser (approximately

250m) this is negligible, therefore the following assumption is made.

Assumption 10: The flow in the condenser becomes fully developed fast enough

for the under developed region to be ignored.

Flow Rate:
V,=4,u,

Equation 110
Where: 4, =WH - N_A4,_,
Equation 111

. T 2
Wlth: qu = Zd

pe

Equation 112
Where: V, = Volume flow rate of air (m’/s)

A, = Flow area inside condenser (m°)
A, = Cross sectional area of condenser pipe (m?)
N, = Number of condenser pipes
W = Inside width of condensf:r {m)

H= Inside height of condenser {m)

u, = Flow velocity of air (m/s)
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Mass Flow Rate:

m, =V,p,

Where: m,= Mass flow rate air (kg/s}

Pressure Loss:

Over Condenser Pipe:

Equation 113

Once again here are two different borders to the air flow. One being the condenser

pipes and the other the condenser wall and a relative boundary roughness must be

calculated. Similar to the evaporator this is done by the periphery ratios of the two

borders as can be seen in Equation 116.

_ fﬂlunz
" 2g(aR,)
-2
Wit f 1,255
ith: =}—-
4 371(4R ) R, Jfa
N_k, P, +kP
Where: kﬂ SRL . . 4 £ =
P, +P,,
with: P, = md,_,
And: P, =2(W + HY
A
And: R, =——=
P..+E,

Where: kg = Mean relative roughness of air flow borders
k., = Relative roughness of condenser pipe

Pyp = Contact periphery between air and condenser pipe (m)
P, = Contact periphery between air and condenser wall {(m)
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A

Supply and Discharge Pipes:

Figure 18 demonstrates how the supply and discharge seawater pipes are positioned
perpendicular to the air flow. These pipe diameters are reduced and increased,

respectively, to ensure the flow speed in them remains constant.

Warm Airin
i i e o . e 4t i | e Vg e e o e —
‘Warm Seawster
Ot
- I i
I T | S | O N | Elpe e
— g o i ...s‘_‘[__ —— = — o — —
Celd Seawsierin
_—_—P |
e S SO —— ——
Cold Ar Oud

Figure 18: Schematic representation of condenser seen from the above

The pressure loss in the air can be calculated from the flow equations. Note, since the
diameter of the supply and discharge pipes decrease an average separation diameter is
calculated for the use in these equations. The drag coefficient is determined from
tabulated data, and with a flow rate in the condenser as is present, itis close to one. In

fact this is approximately true for Reynolds Numbers of between 107 and 10° [27).

Assumption 11: The drag coefficient remains equal to 1.

N_id, Cou’
H,= 294

_ Equation 120
Where: N, = Number of pipe rows in condenser
1 = Length of supply and effluent pipes protruding into condenser (m)
dy;= Average diameter of supply and effluent pipes (m)
Cp= Drag coeflicient
A, = Condenser area before reaching supply/effluent pipes (m’)
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4.1.4.2 Seawater Flow:

Supply Pipe to Condenser Pipe

Pressure L.oss:

This pipe network can be approximated by a parallel pipe system.

Cu mrm—%m 4.3 Mass and Enargy Conservation

Assumption 12: The supply, condenser and discharge pipes form a perfect

parallel pipe network.

To calculate the pressure loss from the supply line into the condenser pipe the

following equations can be applied to the first tﬁp-oﬂ'. Here the loss from the larger

supply line to the condenser pipe is by a T tap-off, but there is a reduction in diameter

of the pipe too.
ZKum2
Hs] =
2g

Where: Hy = Head lose due to shock (m)

K = Shock loss coefficient

Uy = Flow velocity inside condenser pipe (m/s)

And: K=1,8 for T tap off

And for reduction: .
AlfA 0,1 0,3 0,5 0,7 1,0
K 041 1 034 | 0,24 | 0,14 0
CL Lourens 60
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Condenser Pipe:

Flow Rate:

V,=4_ u

cpi “* sw

Equation 122

Where: A = Flow area inside condenser pipe (m?)

Mass Flow Rate;

m,=V,p,

Equation 123

Pressure Loss:

S,
" 2g(4R,,)

Equation 124

-2
1,255

: =|-4] i ’

Where: f, "g{_?,,n(ue,wfr Ru\Fr J

Equation 125

4
And: R, =—2-
cpi
Equation 126
Where: P, = Internal periphery of condenser pipe (m)

Condenser Pipe to Discharge Pipe:

Similar to the loss that occurs at the transfer from the supply line to the condenser
pipe, loss occurs here because of a T-connection, but instead of a sudden reduction,
sudden expansion occurs. Equation 121; page 60 can once again be used with the K-
values for the T-junction still 1,8 and the K-value for the sudden expansion calculated
by the following equation, which is referred to as the ‘Borda-Camot Relationship:
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A
K{l_ )
Ap

Where: A, = Condenser pipe area (m?)

Equation 127

A4, = Discharge pipe area (m”)

4.2 Applying Mass and Energy Transfer

Similar to the evaporator and the secondary water heater the energy of the fluids are
known at position n (see Figure 15). Numerical integration can once again be used to
calculate the change in temperature of the seawater and the air, between n and n+1

Air Flow
—_—————— n+1

—q——-———7—
i
1
|
1
I
|
|
|
|
1
|
!

Condenser Pipe |

Film Condensation

—

Figure 19: Condenser pipe energy transfer for numerical intergation

4.2.1 Energy Transfers and Temperatures for Steady State

The following steps can be used to calculate the surface temperatures of the condenser

pipes as well as the energy changes of the two fluids.

1. Assume an inner surface temperature for the condenser pipe T

2. Calculate the energy transfer Qccpw from:
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Qe = hccprcp,( i —Tm) Equation 108; page 56

. The energy conducted through the wall and the energy transferred to the seawater
are equal since the temperature of the pipe remains constant.

Qconcp = Qccpw

Equation 128

. From the heat conduction equation one can now calculate the temperature of the

outer surface of the condenser pipe:

QCOHC L
T = k PAP o

Equation 105; page 56
. Since the temperature of the pipe’s outer surface temperature and the temperature

of the air are known the amount of energy transferred from the air to the pipe can
be calculated.

Oecpe = epapoTe —Topo) Equation 101; page 54

. For steady state Qccpa and Qewpe must be equal. If Qcepa > Qcwpe, Topi must be

increased and vice versa.

Qccpa - chpc
T . =T, +|———
cpi cpi ( 1000

The difference between Qgepa and Qcwpe might be substantial, depending on how

accurate the first assumption for Ty was. A too large difference between these values

might cause the iteration values of T, to diverge instead of converging and to stop

this from happening their difference is divided by a 1000.

7. Steps 1 to 6 must be repeated until Qccpa and Qcwpe are sufficiently close in

magnitude.
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4.2.2 Fluid Temperature Change

Once again, as for the evaporator and condenser, it is now possible to determine the
temperature changes for the fluids from one end of the numerical integration section
to the other since the energy change of both fluids is known. Since no mass transfer
exits too or from the seawater, its mass flow rate remains constant. It is a simple
calculation of determining its exit temperature. But in the case of the air, its moisture
content reduces as more and more moisture condenses onto the condenser pipes,
therefore the mass flow rate reduces and a more substantial set of calculations is

required.

4.2.2.1 Seawater:

The energy change of the seawater is equal to the amount of energy that is transferred

from the condenser pipe wall to the seawater.

Ast = Qccwp

Equation 129

The equation governing the heat transfer of the seawater is the same as for the

secondary heater but in this case the seawater flows from n+1 to n, thus:

T, = AQ., +T, From Equation 100; page 52
bomgcp,, "
4.2.2.2 Air:

The air can experience two different types of cooling.
e Cooling without condensation occurs when the air is still warmer than its
saturation temperature, and,

¢ Cooling with condensation occurs when air is cooled further after saturation.
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The energy extracted from the air, and thus its energy change, is equal to the energy
transfer from it to the condenser pipe.

AQ, =0 e

Equatien 130

Cooling without Condensation:

While this cooling occurs no mass transfer takes place and both moisture and air cool.

AQar = cp,, my, (T:?;m - Ta,. )+ Myl (hgnu - hgn )
| Equation 131
— AQa —mgr, (hg.m - hg,, )

e+l
an m;,

+T

Gy

Thus: T

Here iteration will be needed to solve the equation since hgyj is dependant on Tan+1-
Cooling with Condensation:

Mass transfer does occur here along with the cooling of the moisture and the air. The
equation can be divided into three sections: Cooling of the dry air, cooling of the
moisture that remains in the air after the cooling and phase change of the moisture
which condenses from its vapour form to the liquid form. This condensing moisture

leaves the system since it drips from the piping into the desalinated water channel.

AQ, =c,my (IL.H -1, ) + Mgl (hg,m ~h, ) +my, (r w  Tha th,u - ke, )
Equation 132
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X st

_ AQa — M ln (hg,,..,i - hg, )_ my, (rn T Xh a hgn ) +T

T g dy

cpamda

Here iteration will be needed to solve the equation since hgy+; is dependant on Tan+y.
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S. FLUID TRANSFER SYSTEMS

Two fluid transfer systems can be distinguished in the plant, one being the duct
system that transfers the air from the evaporator to the condenser and back. The other
is the pipe system that transfers seawater from the pump station to the condenser and
from the condenser to the secondary water heater. From the secondary water heater
the seawater flows by gravity to and through the evaporator, thus no calculations are

required for the seawater transfer from the secondary water heater to the evaporator.

~ 5.1 Energy Transfers

These two transfer systems, one from the condenser to evaporator and another from
the evaporator to the condenser, have no other purpose but to transfer the fluid

mediums. They are assumed to be well insulated and thus adiabatic.

Assumption 13: Temperatures of the fluids transported through the transfer

systems remain constant,

5.2 Fluid Flow

Both these systems and have pressure losses in the form of either friction loss or

shock 1oss. Their flow properties can by calculated by the equations below.

5.2.1 Flow Rate:

V =Au
Equation 133
Where: A= Flow area inside duct/pipe (m”)
V=Flow rate inside duct/pipe (m’/s)
u = Flow velocity inside duct/pipe (m/s)
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5.2.2 Mass Flow Rate:

m=Vp
Equation 134

Where: m = Mass flow rate inside duct/pipe (kg/s)
p = Density of medium inside duct/pipe (kg/s)

5.2.3 Pressure Loss:

5.2.3.1 Friction Loss:

Equation 135

Equation 136
A
And: R=—
P

- Equation 137
Where: A = Flow area inside duct/pipe (m?)
P = Periphery of duct/pipe (m)

5.2.3.2 Shock Loss:

Since the areas of the transfer systems remain uniform, shock loss will occur only
when there is a change in the direction of flow, or when the fluid flows through a

valve. For both cases the flow equation is applied.
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H Z Ku?
it 14 2g
Equation 138
Where: Hg = Head lose due to shock (m)
K = Shock loss coefficient

Change in direction occurs in two fashions in these systems, either by a 90" long
radius bend or by a 45° bend. The K-value for these changes in direction is 0,6 and

0,4 respectively and the K-valve for a fully opened butterfly valve is 0,2.

In order to determine the total head loss (Hy) from one end of a transfer system the
7 other the sum of the head loss due the friction and shock must be calculated.

H,=H,+H,

Equation 139
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6. FLUID PROPERTIES

As both seawater and air flow through the evaporator their temperatures change and
they lose pressure from friction. Furthermore, the seawater’s salinity increases as
water evaporates and the water evaporated from the seawater increases humidity. All
these cause changes in the properties of both the seawater and of the air. The
following equations can be used to determine the instantancous properties of the
fluids. Note that although pressurc has an effect on the thermal conductivity,
viscosity and specific heat capacity of fluids, the effect is small and for calculation

purposes it is ignored.

| Assumption 14: Change in pressure has no effect on thermal conductivity,

viscosity and specific heat capacity of fluids.

6.1 Seawater Properties

6.1.1 Dynamic Viscosity [28]:

logm(p;o J B [:—:12009][14(1 +aS+a,S’ )+ B(1 +5,S+5,S’ Xf - 20)]

Equation 140
Where: f1,, =1,002+¢,S +¢,S”

Equation 141
And: p., = Viscosity of solution as 20°C (kg/ms)
u = Viscosity of seawater (kg/ms)
t = Seawater temperature ("C)
S = Salinity of seawater (g’kg)

With:

A=137220 B =0,000813 ¢, =-0,001 550
a; =-0,001 015 b, = 0,006 102 ¢; = -0,000 0093
a, = 0,000 005 b, = -0,000 040
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6.1.2 Density [29]:
P 10322 [ZSIS(I)SO)].{ZII—I?)SOJ
=0 j=0
Equation 142
with: 7, (x)=1
Equation 143
And: T,(x)=x
_ Equation 144
 And: T, (x)=2xT -T_,
Equation 145

25 -150 2t—-250)
Where: x=| =—————| or
[ 150 J ( 110 J

3.972600 —0,084913 -0,005318
And: b= 0115079  0,002695  0,000682
0,0001109 -0,000330 -0,000011

6.1.3 Thermal Conductivity [31]:

. 0,333
G T
Ink=Inlk, + X)+}23—-——|1-
(k. + )+( > T)( T+YJ

c
Equation 146
Wwith: X = 0,00025
Equation 147
And:Y =0,03§
Equation 148
And: G =343,5+0,37S
Equation 149
Where: T = Temperature of seawater (K)
T.= Critical temperature of distilled water = 647 K
k. = Thermal conductivity of distilled water = 0,240 W/mK
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6.1.4 Specific Heat Capacity [32]:

The following equation is documented in the article “Physical Properties of Seawater
Solutions: Heat Capacity” but the specific heat capacity it calculates does not
correlate to the tabulated data as given in the same text.

cp=(a, +a,8S +a,S)+(b, +b,S+b,S +(c, +¢c,S+¢, S +(d, +d,S +d, S}

Equation 150

Where:

a;=5328 b, =-6,913x 107 c;=9,6x10° d=2,5x10°

a,=-9,76 x 107 b, =7351x 10" c;=-1,927x 10% d,=1,666 x 10°
 a;=4,04x 10" b;=3,15x 10° c;=8,23x10° d; =-7,125 x 10°7

Although the specific heat capacity of seawater changes with variation in
concentration and temperature the change is small. There is only a 1,4% increase in
the specific heat capacity of seawater, of normal concentration, between a temperature
of 0°C and 100°C. The salt concentration increase in this system is less than 5g/kg,
which causes only a 0,7% change in specific heat capacity at 20°C.

The specific heat of the seawater is fixed to 4,006kJ/kgK, which is about a value

average for this plant.

Assumption 15: The specific heat capacity of the seawater is constant at 4,006
kJ/kgK.

6.2 Air Properties

The air contains moisture and this water vapour content changes its properties. The
properties of the dry air’s and the vapour are calculated separately and then combined
to determine their collective propeﬁies. In the case of specific heat capacity, which is
a mass dependent property, the combined effect of the air and vapour is determined by
calculating the respective specific heat at a given temperature then adding these

according to their mass contribution. Similarly their combined thermal conductivity
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and dynamic viscosity is determined. But instead of using their mass fraction as a
basis for their combined property their Mol fraction is used since these properties are

independed on mass.

Assumption 16: The combined properties of the air and the moisture it contains
can be calculated by adding their respective properties
according to their mass contribution in the case of specific heat
capacity and by their mol fraction in the case of thermal

conductivity and dynamic viscosity.

To set up a temperature dependant equation for determining the thermal conductivity,
- specific heat and dynamic viscosity respectively, a spreadsheet was created of
tabulated data, as documented in Heat Transfer by Holman [23] and Thermodynamic
and Transfer Properties of Fluids [30] and a graph was drawn to fit these data points.

6.2.1 Thermal Conductivity:

k,, = Nﬂk, + Nﬁ,akda

Equation 151

Where: k,, =7,58x107°T +3,479x10°°

Equation 152

And:
k, =-3,767616x10™*T* +1,247242x107° T +3,184034 x10”°T + 7,678236x 10
| Equation 153

And: N = ———
» N, +N_

Equation 154
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N ia

And: N, =——tda__
"N +N,

Equation 155
Where: ky, = Thermal conductivity of moist air (KW/mK)

kia = Thermal conductivity of dry air (kW/mK)

k, = Thermal conductivity of vapour (kW/mK)

Ng, = Mole frraction of vapour in air
Npy, = Mol fraction of dry air

T= Temperature at which properties is determined (K)
N, = Mol quantity of water vapour (Mol)
Naa=Mol quantity of dry air (Mol)

6.2.2 Dynamic Viscosity:

 Hpe =NgH, +Nfdaluda

Equation 156

Where: 1, =7,58x107T +4,745x107°

Equation 157

And: p, =1299155x107"2T? 43872699 x 10T — 2,390839x10~°

: Equation 158
Where: pn, =Dynamic viscosity of moist air (kg/ms)
M4, = Dynamic viscosity of dry air (kg/ms)
= Dynamic viscosity of water vapour (kg/ms)

6.2.3 Specific Heat Capacity [32]:

Ppa =M, (PG TMCP

Egquation 159

Where: ¢p,, =3,542857x107 T —1,626857x107*T +1,021769

Equation 160
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And: cp, =-5.103046x107°T* +1,252416x10°T* —3,165154x107* T +1.861896

Equation 161

Equation 162

my,
And: m,, =—%
m,+m,,

Eguation 163
Where: cpg,= Specific heat capacity of moist air (kW/mK)

CP4 = Specific heat capacity of dry air (kW/mK)

cp, = Specific heat capacity of water vapour (KkW/mK)

myg, = Mass fraction of vapour in air
Mgy, = Mass fraction of dry air

m, = Mass flow rate of moisture in air (Mol)

my,= Mass flow rate of dry air (Mol)

6.2.4 Moisture Concentration:

Cpog = Coe RH
Equation 164

Where: ¢, = Pa

.RWT

Equation 165
And: €., = Moisture concentration of moist air (kg/m’)

€. = Moisture concentration of moist air at saturation (kglm3)
R,, = Partial pressure of the water vapour (Pa)
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6.2.5 Density of Moist Air:

p = PP
™ 0,287035T

With: pp,, = Density of moist air (kg/m3)
6.2.6 Diffusivity of Vapour in Air [23]:
3

' 2
p=s3s7——1— 1,1
- 1 J \iz. i,

{ﬁ+ﬁ

And: D = Diffusivity of vapour in air (cm¥/s)
V, = Motecutar volume of air
V,.= Molecular volume of water
M,=Molecular mass of air
M,, = Molecular mass of water

6.2.7 Other Properties:

M, =My +m,
With: m, =rm_,
Thus: m,, =mda(1+r)

0,62198p,
p-p,

Where: r =
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Wwith: p, = p, RH

Equation 172

Where: In(p,,,) =%+C2 +C,T+CT*+CT° +C,InT

Equation 173
And: m,, = Mass of moist air (kg)

1= Absolte humidity of moist air
pv = Partial pressure of the water vapour (Pa)
Ps: = Saturation pressure (Pa)
RH= Relative Humidity

And:

C, =-5,800 220 6 x 10° Ci=4,1764778x 10°
C,=1,3914993 Cs=-1,4452093 x 10°
C;=-4,864 023 9x 107 Cs= 6,545 9673
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7. PROGRAMMING

7.1 Program Oyerview

The reader is referred to the last page of this chapter were a complete program
sequence diagram can be found of the computer mode! developed using MathCad

version 11.

The aim of the computer model is a program that will determine the required size of
- the secondary water heater, condenser and evaporator as well as the required mass

flow rates and velocities of both the air and seawatér.

The starting point of the program is the production rate of the plant as well as the
temperature and humidity ranges of the plant, for these are the factors that will
determine the plant size and required mass flow rate of the air. One other required
specification is the temperature of the seawater at exit from the condenser as this

- determines its mass flow rate.

The program calculates:

Structural size for evaporator, secondary Water heater and condenser

Required mass flow rate for seawater and air to.achieve desired production rate
Thermal property changes of all fiuids as they moves trough the system

Flow property changes of all fluids as they move through the system

Structural and fluid temperatures throughout the system

'

Energy and mass transfers throughout the system

No s W

Pump and fan power requirements

The continuous recalculation of thermal and flow properties and mass and energy

transfers ensures a greater degree of accuracy.
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Y CNBIVEENF S 7.2 Program Break Down

The programme starts at 1 (as seen in Figure 20, below) and works its way through 2,
3 and 4 and finally back to 1. It thus follows the air flow, but runs opposite to the

flow of the seawater.

In order to perform the program calculations the folowing boundaries need to be set.
1. Maximum and minimum temperature and humidity of the air
2. Minimum temperature of the scawater
3. Seawater temperature at exit from condenser
These sets of values are required, along with the plant’s production rate, to calculate

the mass flow rates of the air and water.

SEAWATERFLOW | l
U] cowmem | h
AR FLOW A i
T T T T T T T T T T T r—*T ‘‘‘‘‘ \
i I ] i
- * A ¥
|
4 ! @ @
-
! EVAPORATOR ! :
SECONDARY
' < ! ! HEATER L_/
i f

Figure 20: Flow diagram of desalination plant

The temperature and humidity of the air are at their minima at inlet to the evaporator
(at 1) and at maxima at outlet (at 2). A specific evaporator size will be required to
achieve this preset temperature change, for the bigger the size tl;e more solar energy is
absorbed. The preset maximum relative humidity is achieved by calculating the
necessary air speed within the evaporator as the air speed is a major contributing
factor to evaporation rate. “The right air speed will ensure that maximum relative
humidity be achieved just before exit form the evaporator, thereby preventing
condensate from forming on the inner surface of the innermost glass panel, which

would cause a drastic reduction in solar radiation entering the evaporator.
The minimum temperature of the seawater is also at 1. Since this value is known the
required temperature of the seawater at inlet to the evaporator that will cause this exit

temperature can be calculated.
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The air speed inside the evaporator and the size of the evaporator will both contribute
to what the temperature of the seawater must be when entering the evaporator. Hence
the size of the evaporator, the air flow speed and the inlet temperature of the seawater
must be calculated simultanecusly.

At 2 the seawater temperature is at its maximum. Now both the seawater temperature
at 2 and 3 is known and from the required temperature change the necessary size of
- the secondary water heater is calculated. '

Next, the necessary size of the condenser, to reduce the temperature of the air down to
-its starting or minimum value, is calculated. From this calculation it is also

determined what seawater mass flow rate is required.

The pressuré losses of both seawater and air are calculated throughout the system and
from this the program finally calculates the power requirements of the pumps and

fans.

7.2 Programme Break Down

The program can be broken up into the groups of steps listed below.

Define overall constants
Evaluate evaporator

Evaluate secondary water heater
Evaluate condenser

Determine power requirements

AN G T

Program output and manual redefinition

- Each of these is explained in more detail on the next few pages by breaking them up
further. In each case the relevant extracts from the program sequence is provided.
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1. Define Overall Constants
a) Set production, ambient, structural, calculation and property constants as well as

temperature and humidity ranges.
b) Set miscellaneous structural requirements (Features not calculated by program).

To Evaluate
Evaporator

Figure 21: Program sequence extract — Define overall Constants

2. Evaluate Evaporator (Three Nested Loops)
a) Set starting values of main evaporator loop (air speed calculation).
b) Set starting values of nested evaporator loop (length calculation).
¢) Set starting values of nested evaporator iteration loop (steady state
calculations).
- d) Calculated nested loop sequence.
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Frum Define
Overall Constants

" From Manual
redefinitien and
Program Output

Setn=n+1

h 4

Te Eval
Condenser

Figure 22: Program sequence extract — Evaluate evaporator
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3. Evaluate Secondary Water Heater (Two Nested Loops)
a) Set starting values of main secondary water heater loop (length calculation).

b) Set starting values of nested secondary water heater iteration loop (steady state

calculation).

c) Calculated nested loop sequence.

Figure 23: Program sequence extract — Evaluate secondary water heater
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4. Evaluate Condenser (3 Nested Loops) .
a) Set starting values of main condenser loop (seawater mass flow rate calculation).

b) Set starting values of nested condenser loop (length calculation).
c) Set starting values of nested condenser iteration loop (steady state

calculations).
d) Calculated nested loop sequence.

—
From Evaiuate  Datine sturfing
& goi reraton vanes for
Water Haster M flow loap
[ -
.

Setn=n+1

AMC integratian To Systam Powsr
secionvaests [ Hequmments
o

Figure 24: Program sequence extract — Evaluate condenser
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5. System Power Requirements
From the seawater and air pressure losses calculate the power requirements of the

pumps and fans.

From Evaluate
Condenser

Cdadate;ysta‘rfs

To Manual
Redefinition &
Program Output

Figure 25: Program sequence extract — system power requirements

6. Manual Redefinition & Program Output
a) Manually redefine starting values of main evaporator loop and re-perform #2 to #6
until desired overall accuracy achieved

b) Write program outputs to a matrix and display it.

From System
Power Requirernernts

To Evaluate
Evaporatos

Figure 26: Program sequence extract — manual redefinition and program output
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avaporator length
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Calculate new
avapacator langth
Yaz
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humidty been ki
achisved
Wita svaporator -
rical Intagration »
wection vatues to
s

Figure 27: Program Sequence Diagram
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8. CASE STUDY

8.1 Location

As mentioned in Section 1.2 this plant is ideal for coastal areas with cold sea currents,
high solar radiation and mostly clear skies. Saldanha Bay, on the Western Coast of
South Africa, is a typical example. It has, in its mid summer month of January, a
maximum solar radiation of a little more than 1000 W/m® and an average of 800
W/m” for an 8 hour period from 9am until 5pm [34]. Its average ambient condition,
for the same period, is 25°C, relative humidity of 10% and an onshore wind of 30

km/h. Its coastal seawater temperature is around 14°C.

In January Saldanha Bay’s residential area requires 5000 m® of potable water a day.
This is for all types of use by domestic consumers but excludes all industrial and
commercial areas of the town In this particular scenario the plant is required to
produce the required 5 000 m’ of water in an 8 hour operation day. This would
constitute, at average, a production rate of 173,6kg/s. Assuming the production rate to
be proportional to incident solar radiation, the maximum production rate of the plant
would need to be 217 kg/s.

Assumption 17: Production rate is proportional to incident solar radiation.

The miscellaneous structural requirements, such as glass panel thickness, width,
number of condenser pipes, ect, of the evaporator, secondary water heater and
condenser, as mentioned in section 7.2, are listed, where it is defined in the program

listing in Appendix A.

8.2 Program Output

The following structural sizes, mass flow rates and electrical power are required, as

determined by the program, in order to achieve this maximum production rate.
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Evaporator Size: 1,871 km®
Secondary Water Heater Size: 0,15 km*>
Condenser Length: 230m
Mass Flow Rate of Air: 1532 kg/s (dry air)

With Temperature Range: 15 °C at 100% RH to 60 °C at 98% RH
Mass Flow Rate of Seawater: 3164 kg/s

With Temperature Range: 14 to 65,5 °C
Fan Power Requirement: 1,08 MW
Pump Power Requirement: 286 kW

Electrical Power Consumption at
Maximum Production: 1,75 kWh/m®

In all, the program calculates a great deal of data conceming the design of the system
and the Table 1 below contains the most important of these.

Note: As was mentioned in Section 1.4 the condenser can be improved, making its
design more compact and cost effective but the seawater flow rate required to cool the

air down will remain the same.

The size of the evaporator and secondary water heater is dependent on the thickness
of the glass panels. The thicker the panel the less heat is lost through them to the
atmosphere and, therefore, a smaller solar absorption area is required. In this scenario
50 mm thick glass panels were used, as they are good heat insulators, they are also

very rigid therefore requiring less structural support than thinner glass.
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System Specifications

Air | Temperature Range 15 - 60°C

Relative Humidity Range 100% - 98%

Pressure Change Over Fans 99,17 - 100 kPa

Mass Flow Rate (Dry Air) 1531,8 kg/s

% Recovery from Low Pressure Turbine 70 %
Seawater | Temperature Range 14 - 65,5°C

Pressure Change Over Pumps 101,33 - 160,69 kPa

Mass Flow Rate 32821 ka/s

Salinity Change

30,2 - 32,8 g/kg

Evaporator

Length 1872m
Width 1000m
Inner Height 228 mm
Slope 0,004
Glass Panel Thickness 50 mm
Air Gap Between Panels 10 mm
Air Velocity at Inlet 6,1 m/s
Seawater Velocity at Inlet 0,19 m/s

Air Pressure Change (Inlet to Exit)

100 - 99,23 kPa

Secondary Water Heater

Length 3M1m
Width 500 m
Inner Height 26 mm
Slope 0,001
Glass Panel Thickness 50 mm
Air Gap Between Panels 10 mm
Seawater Velocity at Inlet 0,25 m/s

Seawater Pressure Change (inlet to Exit)

105 - 101,33 kPa

Condens

ers

| Length 249 m
Inner Width 216 m
Inner Height 8.65 m
Number of Pipe Columns 50
Number of Pipe Rows 20
Distance Between Pipes 368 mm
Pipe Diameter 65 mm
Pipe Wall Thickness 1,5 mm
Velocity of Air at Inlet 5 m/s
Seawater Pipe Velocity 0,54 mis

Air Pressure Change (Iniet to Exit)_

99,18 - 99,19 Pa

Seawater Pressure Change (Inlet to Exit)

151,54 - 117,82 Pa
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8.3 Output Graphs

A few of the more important graphs of the program output follow and a brief
description of each is provided. |

8.3.1 Temperature Change inside Evaporator

The graph below depicts the temperature change through the evaporator.
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Graph I: Temperature Change inside Evaporator

Initially the temperature of the seawater and air are almost the same and therefore
there is a small change in the temperature of the air as it moves up the length of the
evaporator. This rate of change increases as the temperature difference between air
and seawater increases. As the air and seawater temperatures increases the
temperature of the glass panels increases causing a greater energy loss back to the
atmosphere. This is why the rate of temperature change of the air and seawater
decreases, since less energy is available to cause temperature change. This loss of
energy is helped by the increasing air velocity through the evaporator (see Section
8.3.2, page 91).
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- The third temperature line represents the dewpoint temperature of the air. Initially the
two temperatures of the air and its dewpoint temperature are equa! since the air is
saturated when it enters the evaporator (relative humidity of 100%). One design
requirement of the evaporator is that no condensation must form on the inner surface
of its inner glass panel, since this would reduce the amount of solar radiation entering
the system. As long as the dewpoint temperature line is below that of the air
temperature line this would not happen. The average relative humidity of the air is
approximately 92%. Except for the air inlet to the evaporator the highest relative
humidity of the air will be at exit from the evaporator and is where the two lines are

again close to one another for here the relative humidity is 98%.

8.3.2 Flow Velacities through the Evaporator

The graph below depicts the velocity change of both the air and water as it moves
through the evaporator.
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Graph 2: Flow velocities through evaporator.

As the temperature of the air increases its density decreases, thus its volume increases.
The effect hereof is that the velocity at which the air travels through the evaporator

increases.
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The seawater velocity, on the other hand, decreases as it moves through the
evaporator, in the opposite direction than that of the air, since its mass flow rate

decreases as it evaporates.

8.3.3 Mass Transfer from and Mass Flow Rate of Seawater

The graph below depicts both the rate of mass trnsfer from (evaporation) and the

mass flow rate of the seawater as it moves through the evaporator.
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Graph 3: Mass transfer rate from and mass flow rate of seawater through the

evaporator.

Mass transfer is dependent on the concentration difference between the mediums,
which in turn are dependant on the medium’s temperatures. Also mass transfer is
dependent on the relative velocity between the two mediums. Initially there is very
little difference in the temperature of the air and seawater. This gradually changes
and with the increase in velocity of the air (see Section 8.3.2, page 91) the mass
transfer rate from the seawater to the air increases. As the rate of change of the
temperature of the seawater and air decreases and the humidity of the air increases the

rate of change of the mass transfer also decreases.
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8.3.4 Temperature Change through Condenser

The graph below depicts the temperature change of both the seawater and the air as

they move through the condenser.
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Graph 4: Temperature change through condenser

The air and seawater flow in opposite directions. Where‘ the air enters and the
scawater leaves the condenser the difference between their temperatures is small
(about 1°C). This small difference results in little energy transfer. Initially the
temperature change of the air is less than that of the seawater since the mass flow rate
of the air is more than double that of the seawater and it contains a lot of moisture
(approximately 153 g of moisture per kilogram of dry air). As the temperature of the
air decreases, more of the moisture it contains condenses. Hence, because of a much
larger specific heat of water than dry air, less energy needs to be extracted from the air
to effect a similar temperature change. The effect of this is that the rate of
temperature change of the air increases, not just because of a greater temperature
difference between the two fluids but also because the moisture content of the air

decreases. The closer the air gets to the outlet of the condenser the smaller the
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temperature difference between the air and seawaterrand thus the smaller the rate of

change in the temperature of the air.

- 8.3.5 Absolute Humidity through Condenser

The rate of mass transfer from the air (condensation) is greatly dependent on the
temperature difference between the air and on the pipe’s surface temperature and thus
on the temperature of the seawater inside the pipe. Thus, as the temperature
difference increases so does the condensation rate and accordingly the rate of change
of the humidity of the air. The absolute humidity of the air at exit from the condenser
. is not zero since the air still contains a little moisture, about 11g/kg of dry air.
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Graph 5: Absolute humidity through condenser
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8.4 Cost Evaluation

There are two possible applicationé for this particular plant, should it be privately
owned. One would be to sell the water to a municipality who, in turn, could sell it for
industrial, commercial or residential use. Another would be to bottle the water and
sell it as an alternative to bottled spring water and as a supplement to the municipal
supply. A marketing slogan could be “purer than rainwater” or “not even mother
nature could make it this good”. Should the national market be satma_téd the
international market could be accessed.

- The major difference between these two scenarios is the selling price. Currently the
Saldanha Municipality buys water from the West Coast District Board’s purifying
plant at Withoogte at R2,53/m> and sells it for residential use at approximately
R5,54/1113 whereas Spar, a grocery chain store in South Africa, sells five litres of
spring water at R20 a bottle which is equivalent to R 4000/m’ [35].

Table 2, below, shows a much approximated cost estimation of the Saldanha Bay
Desalination System. Since the energy cost of the plant would be zero, and it has few
moving parts its maintenance cost should be low, therefore the required selling price
per unit of water is determined by taking into consideration a capital expenditure

recovery period of 20 years into consideration.

In order to simplify the calculation it is assumed the cost of building the evaporator is
- 80% of the entire cost of building the desalination plant for the evaporator is the
largest and most complex of the structures.

Assumption 18: The evaporator carries 80% of the total cost of building the
desalination plant.

Saldanha has an average solar radiation during the year of about 610W/mZ
According to Assumption 17; page 87 production rate of the plant is directly
proportional to the incident solar radiation, thus the average daily production rate of
the plant can be calculated as follows [34]:
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Equation 174
Where: P,,, = Average production rate (m’/day)
P.., =Maximum production achieved during summer (5000m’/day)
Yy = Average incident solar energy (800W/m?)
Lnee = Maximum average daily incident solar energy (610W/m?)

This calculates to about 3800m*/day.

TFable 4: Cost Estimation of Saldanha Desalination Plant

Evaporator Area
(m?) 1871000
Costim? _

Steel R 150.00 R 280,650,000

Glass R 250.00 R 467,750,000

Foundation R 100.00 R 187,100,000

Cost of Evaporator R 935,500,000

Evaporator Cost Fraction of Total System Cost 80%
Total Cost Estimated Cost R 1,169,375,000

Initial Capital Expenditure Recovery Period (yrs) 20
Average daily production (m*/day) 3800
Required Selling Price per Cubic Meter R 33.70
Required Selling Price per Liter R 0.03

Looking at these values it is abundantly clear building this plant with the aim at
selling the water it produces to a municipality is not economically sound. In order to
_recover initial capital expenditure in twenty years the desalinated water would have to
be sold at R33,70/m’. This is more than 6 times the value Saldanha Bay residents pay
for water. On the other hand, should a national and/or international desalinated bottle
water market sufficiently large exist able to absorb 3800 m® of water a day the plant
would repay its initial capital investment in less than 12 months. This includes a
bottling and distribution cost of half the production cost. Thereafter all the revenue
generated, less that spent on maintenance, bottling, advertising, remuneration and

distribution, becomes profit.

CL Lourens 96 cPUT



-7 PROGRAMMING —ZE % CRSE STV — 9. MODELING — 10. CONCLUSION — 11. RECOMMENDATIONS — 12. REFERENCES
E 8.1 Lcation — 8.2 Program Oulput — 8.3 Qulput Graphs —KE Bl Evikiudn

These are “ballpark” figures at best, thus an in depth investigation into techno-
economic feasibility of the system is required for both municipal use as well as for
application to the bottled market. The bottled market will dictate the production

requirements of such a plant and this will impart on its feasibility.

Recommendation 1: Perform an indepth investigation into the techno-economic
feasibility of this plant for municipal use.

Recommendation 2: Investigate whether or not a bottled water market exists
that will justify building a plant, scale to fit market. This
will have to include the marketability of the water.
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9. MODELLING

9.1 Goal of Modelling

In order to verify if the computer modelling of the desalination system is accurate a
pilot plant was built; althongh not a working model. It consisted only of the
evaporator section, the heart of the plant. Since the secondary water heater works on
much the same principles as the evaporator and the condenser is of the conventional

shell-and-tube type, this focus was given only to the evaporator.

At inlet and outlet of the pilot plant a number of fluid propertics were measured. The
inlet data was then entered into the pilot plant program and its output compared to

measurements taken at exit from the pilot plant evaporator.

Fresh water was used for these tests as it was easily come by, was less corrosive and

did not have a salinity needing to be maintained.

9.2 Pilot Plant Description

The evaporator consisted of an 18m long and 1.8m wide solar absorption area,
consisting of thin metal plates, with glass panels above them. The inner height of the
evaporator (the distance between the glass panels and absorption area) is
approximately 185mm. The evaporator rested on a metal frame structure. Between
the metal frame structure and the evaporator was layer of wood (serving as a solid flat
base) and a layer of Styrofoam (serving as heat insulation). On the sides the
evaporator consisted of more thin plate covered by styrofoam.

On cither end of the evaporator was a rectangular metal tank that serves a number of
functions. Since there was no secondary water heater the water is artificially heated
by means of heating elements in both tanks and the water was circulated from the
water exit side back to the inlet side using a pump. The temperature inside the tanks
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was controlled by a temperature probe and controller. The tanks also ensured an
evenly distributed flow onto and off of the absorption area.

They water ran down a slight slope while the air was sucked out of the evaporator by

means of a fan.

The pump had a bypass system allowing the throttling of the water flow, whereas the

fan is connected to a variable speed drive.

On either end there was a relative humidity sensor, a hot wire anemometer measuring
air teinperature and velocity and a temperature probe measuring water temperature. A
- flow meter inside the circulation pipeline measured water flow rate and a solar

radiation sensor inside measured the solar incident radiation entering the evaporator.

A complete equipment specification list is included in Appendix D.

9.3 Test Procedure

Al the measuring instruments, the two relative humidity sensors, two anemometers,
to temperature probes and flow meter are connected to a computer that does real-time

simultaneous data logging every five seconds.

" The tests were preformed over a number of days in the following sequence. Five
different water flow rate and four different fan velocity settings were selected. On test
day one the first water flow rate setting and the first fan velocity settings was used.
The test was preformed for half an hour after which the second fan velocity setting
was used, the test preformed, and then the third and fourth fan velocity setting was
used and each time test repeated. On the second day the second water flow rate set
and the same set of test perform. -This was repeated for five days, each day with a

single water flow rate setting and four fan velocity settings.

No testing was performed on windy days to limit the effect it will have on the energy
lost through the structure of the evaporator.
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Table 5: Test Scheduling.

| Test | Pump Fan
Day | Setting Setting |
Day 1 1 1
2
3
4
Day 2 | 2 1
2
3
4
Day 3 I 3 1
2
3
4
Day 4 | 4 1
2
3
4
Day 5 | 5 1
2
3
4

9.4 Data Analysis

The graph below is a typical example of the sets of data collected by each of the testes

mentioned. In the half hour of testing in each of the tests about 300 data sets were

collected, each set having the inlet and outlet temperature of both the air and water,

the inlet and outlet velocity and relative humidity of the air, the flow rate of the water

and the solar radiation all at the same point in time. In order to reduce the amount of

data points in this particular graph the average of 10 consecutive points were
calculated and plotted.
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Graph 6: Data point plot of water flow rate setting 1 and fan speed setting 1,

The changé in air temperature and humidity is highly dependent on the flow velocity
of the air inside the evaporator since the energy and mass transfer from the water to
the air is dependent on the flow velocity. Each time a new fan speed was set (thus a
new test started) the system found a new equilibrium (new equilibrium reached in
approximately 3 minutes). The higher the fan speed, the lower were the equilibrium

temperatures of both air and water, since the mass flow rate of the air increased.

9.5 Modelling Program

A program was prepared especially for the pilot plant. Tt operated on exactly the same
principles as that of the main program. The only difference between the two is the
modelling unit contained the evaporator part only. To further specialise, the pilot
plant program the structural dimensions and properties unique to the pilot plant were
defined and implemented.

Since the program operated on the same principle as the evaporator part of the main
program an explanation and breakdown of it was not provided. However, the pilot

plant program listing is included in Appendix C.
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The flow properties, relative humidity, flow velocity .and water and air temperatures,
at air inlet to the evaporator was fed into the program which then calculate all the flow
properties at air exit to the evaporator and displayed the most important. The
evaluation of the program could now be preformed by comparing the actual data at
exit to that calculated by the pilot plant program.

9.6 Program Evaluation

Each of the following flow properties was evaluated by comparing actual data at
outlet from the evaporator to that calculated by the pilot plant program:

1. Air temperature at exit from evaporator
2. Seawater at inlet to evaporator (same side as air inlet)

3. Relative humidity at exit from evaporator

In order to calculate an average discrepancy between the calculated and actual data

the following equation was employed.

=D

Z:Ifjlctuali —Calculated,

1 Actual,
%o = x100

ingecurcte D

Equation 175
Where: D = Number of data sets in each test
Actual = Actual measured flow properties at exit to evaporator
Calculated = Calculated flow properties at exit to evaporator

Graphs 7 - 11 depict the percentage discrepancy between the actual air temperature,
water temperature and relative humidity as measured during testing and that
calculated by the pildt plant program. The discrepancies were calculated using
Equation 175. '
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Graph 7: Error graph of test 1- Average percentage error verses air mass flow rate
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Graph 8: Error graph of test 2 — Average percentage error verses air mass flow rate

CL Lourens

{average mass flow rate of water 3,2kg/s)

103 CPUT



Percentage Error

Percentage Error

0.35 04 045 05 0.55 08 065 07
Average Air Mass Flow Rate (kg/s)

|:Ajr Tempurature Avg Error -#— RH Avg Error —— Water Tempurature Avg Error]

Graph 9:  Error graph of test 3 — Average percentage error verses air mass flow rate
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Graph 10: Error graph of test 4 — Average percentage error verses air mass flow rate

{average mass flow rate of water 4,8%kg/s)

CL Lourens 104 CPUT



AT IR e 10. CONCLIISION —— 11. RECOMMENDATIONS — 2. REFERENCES
Ls-‘M“mﬂ—slmmm—-s.STﬁle—&lDd:kniysis-—g_summ_&’?‘gs e i

Percentage Error

1 \.\

0 T T T B T T T

0.25 03 035 0.4 0.45 05 0.55 a6
Average Mass Flow Rate (kg/s)

_ |~#*—Air Tempurature Avg Emor —#— RH Avg Error —a—Water Tempurature Avg Error—|

Graph 11: Error graph of test 5 — Average percentage error verses air mass flow rate

(average mass flow rate of water 5,36kg/s)

In all the program evaluations the water temperature accuracy was within 98% and in
some cases more than 99% accurate. The air temperature and relative humidity on the
other hand was less accurate, within 89%o, although their percentage errors fluctuated
within this 11% of discrepancy.

There seemed to be no apparent relation between the discrépancies; there are three
major categories of possible reasons for the discrepancy. One was the inaccuracy of
the test equipment, another errors from the structural design and assumption regarding
the pilot plant. Finally, the inaccuracy of, or the application of empirical equations,

where they are not best suited. Each of these is discussed briefly below.

9.6.1 Accuracy of Measuring Equipment

The PT 100 temperature sensors and the Akron magnetic flow sensors used to
measure the temperature of flow rate of the water are known for their accuracy,

whereas the hot-wire anemometer and humidity sensor are not so accurate. Both
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have a claimed accuracy of only 5%. This problem is easily solved buying more
reliable and better test equipment, but these are exceedingly expensive and hard to
find.

All the measuring instruments were connected to a computer in order to be able to log
their readings simultaneously. Because of the length of the pilot plant, 18m, this data
had to be transferred over a significant distance via data cables. Although these data
cables had twisted pair and woven screening the data was still subjected to sewer
noise from nearby high power machinery. This may have affected the data.

9.6.2 Structural Design and Assumption Error

In order to simplify the problem of simulating the pilot plant using a computer model
some assuniption were made. The biggest are that there was no energy loss through
the sides and bottom, or through the metal structure of the pilot pant. However,
energy loss through the glass panels was taken into consideration. Part of the
structure, painted black, was lit by sunlight and accordingly absorbed energy, but the
largest part of the structure was shaded and thus energy lost through it.

9.6.3 Error due to Empirical Equations

Although empirical equations are fairly accurate they are not perfect. These equations
were developed under strict experimental procedures. The equations are often suited
for those conditions only. Due to the lack of alternative equations some empirical
equations, such as the mass transfer equation, had to be implemented where it was not
‘best suited. This particular equation was developed form flat plate boundary layer
analogy but waves form on the water from airflow. Furthermore the Reynolds
Number used in this equation was suited best when only one fluid was in motion. But
here, both the air and water were in motion. The same applied to heat transfer

equations for the heat transfer between the water and air.

CL Lourens 106 . CPUT



LG . 10. CONCLUSION — 11. RECOMMENDATIONS ——~ 12. REFERENCES
I—QJGudufModsﬁc—QzPﬂer‘ it $.3 Test Promdune — 9.4 Data Analysis — 9.5 Modeling Program =4 55 Phigkiats Ejakiston’

The structure of the evaporator also had an effect 611 these equations. Flat plant
boundary layer analogy was also used to derive the equations to calculate the heat
transfer between air and the glass panels. Although the glass panels are flat they are
supported, from below, using mild steel tubing. These tubings causes obstructions in
the flow of the air and changed its flow patterns from that of a flat plate.

It is believed errors caused by empirical equations and their unsuitable applications
were the major cause for the inaccuracies between measured values and the calculated

Ones.

Recommendation 3: Investigate the flow of the to fluids inside the evaporator,
condenser and secondary water heater in order to
produce more accurate empirical equations to calculate

mass transfers, heat transfers and pressure losses.
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10. CONCLUSIONS

10.1 The plant is technically feasible (Chapters 2 to 8). This was proven by
developing a computer model that employed the essential mass and energy

transfer equations and the principles of mass and energy conservation.

10.2  The computer model of plant simulates its performance accurately (Chapter 9).
This was proven by building a pilot of the evaporator and performing test
thereon. It was found that the computer model is accurate to within 10%.
Thus when used together in this application the error in the heat and mass

transfer equations is less than 10%.

103 It was found, using the computer model, that the plant would require 1,75
kWh/m? of potable water produced. This is up to 13,4 times less clectrical
energy than the Multi-stage Flash system requires and 3,1 times less than
conventional reverse osmosis systems, proving that the plant under
investigation requires significantly less electrical power than the two systems
currently dominating the market (Chapter 8). Thus, when considering energy
costs, low temperature evaporation is better than high temperature

evaporation.

10.4  Production rate of this plant is proportionate to the size of the evaporator.
Thus, the plant can be sized to fit the specific demand of region it supplies

potable water too.

10.5 This low power requirement and the fact that the plant would be in operation
only during daytime ensures its electricity needs can be provided using
photovoltaic cells. Although these are expensive they require remarkably little
maintenance and are extremely durable. Also, recent technological advances
in the field will result in more efficient PV’s being commercially available in
the near future [36].
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10.6  The capital investment required to build this plant is, however, very high. Itis
believed, with the current cost of municipal water, the plant capital cost would
make it unsuitable to provide water for domestic and industrial or commercial
use (Chapter 8). The capital cost of the plant could however be reduced

significantly by using more cost effective materials (see Recommendations).
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11.RECOMMENDATIONS

11.1 Technical Recommendation

» Investigate the flow of the fluids inside the evaporator, condenser and secondary
water heater in order to produce more accurate empirical equations to calculate
mass transfers, heat transfers and pressure losses (Recommendation 3, page 107).
This will greatly improve the accuracy of the computer model. It will also
sifnplify the process of developing an accurate automated control system for the

plant.

11.2 Economic Recommendations

»  Perform an in depth investigation into the techno-economic feasibility of this plant
for bulk water supply use (Recommendation 1, page 97). This would show
whether or not this specific plant design and process justifies further research into
the operation and development of a fully operational desalination plant operating

on the principle discussed within this document.

= High quality water can be bottled and marketed. The advantage; bottled water can
be sold to consumers at a profit margin as much as a 1000 times higher that the
same water could be sold for municipal reticulation. Thus, investigate whether or
not a bottled water market exists that will justify building a plant, scaled to fit the
market (Recommendation 2, page 97). This will have to include the marketability
of the water. 3

= The hiogh purity water could be used in beverage production, eg: niche market

beer. Investigate if such a market exsits.
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= The seawater exiting the evaporator has an increased salt concentration. This
water would normally flow back into the sea. Investigate the possibility of using
it as feedstock for the production of salt (NaCl) for domestic and industrial use.

11.3 Design Recommendation

= Clear, durable, though plastic could be an alternative to using double glazed glass.
This could greatly reduce the capital cost of the plant, but will have a significant
effect on the size of the evaporator and secondary heater. Investigate the effect
hereof on the evaporator and secondary heater structural design and size. Then re-

evaluate the economic feasibility of the plant.
» The base or floor of the evaporator and secondary water heater would not be large

lIoad carrying structures. Investigate alternative materials to concrete, such as
bitchimen, to reduce the capital cost of plant.
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Appendix A Program Listing
" General Information:
Dhration of Daily Operabon: dMng-hr
Average Fale of Water Produrtion Required: = g:=5106kg-duy_l
haimem Solec Riaxtsfion: By W00 Wm (pprocimae)
Average Solar Raxgion: Epygi= 800 W™ - NOTE: Averoge Solar Radiath over a span of 8 hoors,
Minrimum Rate of Prodaciion: - EL“"
- T ™ Swavg E!vg
Paviient pressure: Doty = 10T325P8 NOTE: Maximum production caicufated by the &
3 iy sodar hor from ge o
Density of seawater at 25cegps Pswas = 1027kg-m
Density of wator st 25deg- Preg5 = 995,51 2kg-m’
Wave Factor: w=12
Flavabion of inlat Above Sealevek: 2= 10m
% Recovery of Scawater Exit Head: Tl = T0%
Asciracy of Loops: R=0000005 o A=001%
Pro Ambient Conditions:
Emisivity: =09 " .
i Ervishvity: €= 08 Relative Humidity: RH = 10%
Absorbiivity:  @,o=09
Temperature: T, = 298K
Density: pe=0.1 i
~ Black Body Tempershure of the Sky: Ty, o =T,
Roughness: k= 55010 °m ) SH Toby = Tam
Gondesor Pipe Properties: Wind Spead: By = 23m353ms | (On shor)
Roughness: kw;g mo.la‘sm
Contuetlly: ko= SO Lt
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Conatants:
AuPoovmtyConstants: Seaveater Constants:
raiou § Dewpoint Temp Condbictvity Dansity Viscosity
= L3220
€, =-5:8002206-16° €y 654 Ty = 4K Av
= 13914993 Cg= 14526 3972600 ~0.0B49E3 —00653;5\ By —000I0L5
€= 8= Kpperiy™= 24010 W~ L ! ‘ : !
Cg= 07389 * 2 1 ay, = DOGEONS
=4 BEA0239.10 2 =0
Cy=-4 e b | 22 gomess  oomem B, = 0.000813
. o= 00M8S 2
= 4.1764768-10 by, = 0006102
s €qp = 04569 E”ZLE’; ~G000330 ~0.000011 v
8 by = ~0.000040
Cg=—LAA52093 10
€], = 0001550
Cgi= 65459673
3, 7= 00000093
Genarsl Constants:
Stfan-Boltzma: Constant: o= 566010 Swm 2t '
Universal Gas Canstant: Ry = 831441 kg !
Wirbeer: Av
‘Spacific Heat Capacity st Constant Presms o= S K = to0s kg !
Molacuisr Weight M,=15 M, =289
Molecater Volixte Vv, = 138 V=29
go RO
Gas Constants R'::I R':KF.
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Evaporator
—_— GhasPanels Brquired/ianted niet & Outlet Conditions:
Outer {Paned 1: inner Panel ] Paned 2. Evapotator lmet: _ Evaporstor Exit:
ity: =0.125 =015
Reflectvity: Pgl Pgr N Tempeishure: Ty = 285K Ty = 315K
Transmetivity: Ty =085 gy =085
_ Air Relative Humidity: 1o be detarmined =
Absorbitviy: gy =0025 a7 = 0035 R ot Rty = 9%
L Seawater Temperature: 5= 288.15K Ty 10 be determined
Emusity: gglgngs ggz-;ogs Towei = 2881 o
L -1 - [ . P 2 L= to be determined
Conduckvity: L= 125V Lg—t L= 125Wa 't TESSUCE: Paci == 100000Pa Py
Salingty of Seawater: Z,; to be detarmined Z,, o be datermined
Thickmess: 1g1=00lm toyi= 00lm

Distance between pannels: 15!.2.= 00lm

Reughness: b= 101077 m
Desiqn:
Slope: 3= 0001
Vikicti: W, = 1000m
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Solar Radiation Calculation

10
Reflocied by Both Glass Panel to Abvosphese: Egm ™= Pg1 B + Pg.z"glz‘Emﬂx' z (98;'91-1')

=0
Trarsmitted by Ouler Glass Panet Em] ::‘E!'E"’”‘
10
Absomed by Ouler Gl Panel: Egy= usl-smuq.ugl-psz-ﬁghl-z (,El‘.psl‘)
=0 M
10 -
Transmitted by Inner Glass Panet Ey= tgrEpa - Y. (”gl "’sl)
=0
o .,
Absorped by inner Giass Panet Egz=og1Egn Y (f—‘;l 'Psz)
v=0
Pre-Heater
Docky Fluid Transfer
Wikdth: wp:: Sh
Slope: 8, = 0:001 Long raduis bend: Ky =06
Vielocity of Seswater at Exit =025m.s” ! 45 Deg bent: Ky5=04
Sotar Rakation Ended -y Vaive: K, =02
NOTE: AR olfwer dersign specs the same &5 ot evaporsion T Fipo fnner F g 020
NOTE: Dismentions of aAK ransfer duct the same as condenser
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Condenser:
2 INDENTICAL CONDENSORS
Number of pipe per condensor: NW.= 1000
Number of pipes rows: Rq, =H
N,
Number of columns: N =2
TN,
o
Flow speed of air at condensoriniet. 0, — 5ms |
Pioe Dimenslons: N L
[Boquired'Wanted irdet & Outiet Conditions;
Crster Diameter: dq”:: 0.065m
depiF 0.062m Condensor Inlet: Condensor Exit:
" dc:pl:l_"l:pl -
Wall Thickness: tq,: 3 Ar Temperatwre: Ty = 288 15K Toei = 333.15K
2 - .
Inner Cross-gechional Area: P X ope Air Relative Hurmidity. RH, = 100% REL 1= 5%
! 1
’dqsiz Seawater Temperatitre: Towex = 287.15K T = 215K
Chiter Cross-sectona Area; Am._:
4
Inner Periphery: Pq:i; "'depi
Outer Periphery: Fepo= %4
1 - P
Salinaly of Seawatsr at iniet z2= M
. Psw25
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M= rEVA.P —freo
Pty 99179.980381018.Pa
mwu&ot—ﬂml,ﬂlﬂﬂﬁlﬁ-kg-s_l
U.«0
JPacx* PacEaty
“ﬂ'ﬁ!ho - lm-s—]
~-1
Uil oy + s
LoapStopy. « E
while LoopSiopy s, > 10-A
“:ﬂ{ighgg"“xilmug
Vg & o
2
fe+0
Lcoq-dlﬂlhn
Towexsy + Towai * 10K
vﬂEﬂD‘- 99500 Pe
A 1m
|LocpStopy + 1000w
wiile LoopSiopy > 0m
L
Mo _E
Taex + Tany
ERH_, « RA_
acy * Paci
L TIIIGKEE
FAE L 4
ﬁ’n“l’-ﬁ.ﬁE
zmq-r(}m
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sweo" Fwel

Pacy, * Paci

2 3
<) Ta:x\ Tm\ Toex Tﬂ(\
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Appendix A . Program Listing
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Appendix 8

Pilot Plant Data

WaterFlow

Water  [Humidity

WalerTamp [WaterTemp |RelHumidity [RelHumidity [Solar AlrTemp {WndSpesd [AirTemp Wlndgpead ProgWaler [PragHumidity [PragAir MassFlow Air

Data Time Raia Bottom Taop —_|Botiom Top Radiatian_{Bottom _|Boitom Top Top TampTop |Top TempTop |Rala Air Tamp% % Temp%
JB/2006 | 12:28 PM 2644 38.32 9.52 35.34 48.68 B64.79 2640 4.30 4.10 .20 35.22 53,43 31,36 058 0.78 7.76 8.03
/872006 | 12:29 PM 2642 382 9.45 34,84 48.89 852,63 26,60 4,40 4.10 . 40 38.08 §3.02 .33 0.80 0.82 6.70 8.13
JB/2006 | 12:28 PM 26.42 38.20 9,48 3.66 50,02 86331 2570 4,30 4.20 .50 38.05 §2.75 0.75 0.63 1.08 5.46 10.08
111812006 | 12:20 PM 26.42 3024 39,44 4,19 49.32 B48.70 25,80 4.20 3.70 .60 38.09 62,64 0.91 0.62 0.86 7.35 B.28
11/8/2006 | 12:28 PM 26 43 38.25 39,24 4,37 485.66 853,26 2600 4.00 4.00 .20 39.15) 52,89 1.07 0.68 0.23 6.71 8.61
11/8/2006 [ 12:29 PM 26.38 36.27 39,27 34.35 49,67 B53 63 25,80 3.00 3.90 .20 38.17 62.80 0.90 {.58 0.24 6.41 B.84
[11/8/2006 | 12:28 PM 26,38 39,16 39.23 34.88 50.34 852.73 26.40 4.30 3,80 5.30 39.05 63.07 1.27 0.59 0.44 543 7.48
11/8/2006 | 12:30 PM 26,39 30.24 39,29 3473 50,47 851,67 26,30 4.00 34.00 5.30 32.13 52,59 31.22 0,59 0.38 5.63 B.16
1/8/2006 | 12:30 PM 26,44 38,26 g2 34.84 48 57 851,44 25.80 3.90 34.00 5.40 38,16 53.34 30.88 0.80 0.14 7.68 9,16
1812006 2:30 PM 26,44 39.35 38.19 35,09 49.81 B54.50° 26.60 4.00 33,70 8,40 38,21 63.67 3C,78 0.61 0.06 7.63 8.66
/8/2008 | 12:30 PM 26.42 38.32 3520 35.04 49.80 B48.60 2580 4.20 33.70 5.40 39.18 53.56 30.91 0.61 0.05 7.65 8.28
11/8/2006 | 12:30 PM 26.44 39.34 30,14 34.92 48.38 B54.61 26.00 4.20) 33,70 5.40 3921 63.37 31.04 0.81 0.18 8.08 7.88
11/6/2006 130 PM 26,37 39,35 38,17 35.29 48,26 53.84 26.30 4,10 33.80 §,40 3823 53.38 ,24 061 0,16 8,30 7,68
/8/2006 | 12:30 PM 26,34 38.26 38,09 35.33. Ag.72 65.07 26.20 4.00 33.90 5.30 38.16 53.41 A 0,59 0.42 .44 8.06
11/8/2006 | 12:30 PM 26.38 38.30 38.12 35.28 5Q.07|  B53.33 2510 3.80 33.80 5.40 39.17 53,42 31,08 060 015 6.68 8.05
11/8/2006 | 12:30 PM 26,43 38,12 3812 5.64 49.80 849,83 2500 4.30 33.80 .30 39.00 3.73 30.84 0.58 .20 7.91 8.47
1/8/2006 | 12:31 PM 26.39 39.25 38.86 5,43 40,62 863,80 25,80 4,30 33.70 5.40 39.12 3.71 30.85 0.61 0.68 8.26 8.16
14/8/2006 | 12:31 PM 2639 249,28 28,08 35.61 48,80 857,61 26,10 4.50 33,60 5.40 39.16 3.77, 31.1¢ 0,81 0.17 7.96 7.44
11/8/2006 | 92:31 PM 26.40 38,17 38,13 38,20 48,68 B57.04 26,80 3,10 33.80 £.30 39,07 3,27 30.84 0.58 .16 7.26 876
182006 ) 12:31 PM 26.42 3944 3997 34.87 49.82 Bh5.02 26.00 3.80 33,70 520 39.33 53.34 31.13 0,58 0.41 7.07 7.61
1812006 1 12:31 PM 26.37 38.28 39,10 34.55 468.17 856,42 25.90 4,50 33,70 5.40 39,15 53,27 30.87 0.61 0.13 8.36 848
/812008 | 1231 PM 26.38 39.37 39.13 34.28 49.90 856,30 26,20 4.60 33.80 510 39.27 63.07 31.30 0.57 0.37 6.35] 7.39
1/8/2006 | 12.31 PM 26.43 38.84 38,89 34,42 48.63 852.56 26.10 4.00 33.80 5.40 338,83 62,76 30.85 0.61 0.15 8.32] 8.42]
812006 F 1231 PM 26.43 38 B8 39.01 3421 49.32 BE4.26 2570 3.80 33,80 5.30 38.76 52.80 30,68 0,58 .64 7,08 £.19
/8/2006 } 12:31 PM 26.36 39.42 39.03 34.26 49.78 566,78 25,30 3.80 33.60 5.30 39.29 53,38 30.64 0,58 0.67 7.21 4.80
/B{2006 | 12:32 PM 26.36 358.36 39,08 34.38 49,43 BE2.18 2560 4.10 33,50 5.30 39.22 53,32 30.82 0.68 0.360 7.86 7.89
1/8/2006 | 12:32 PM 26,32 39.26 38.492 34 65 49.07 B53,25 25,80 4,30 .50 30 39.13 63.34 30.82 0.58 (.54 8.71 7.70
__‘iIEI2E06 .32 PM 2637 348,82 38,68 35.24 49.44 055,88 26,70 4.00 B0 30! 38.82 53.48 30.73 0.58] 0.39 8.18/ 8.28
1/8/2008 { 12:32 PM 26.41 38.04 38.82 35.12 50.17 B53.39 25.80 4.50 B0 5.30 38.82 53.56 30.85 C.58] 0.01 8,76 7.81
/B/2006 | 12:32 PM 26,40 30.08 3843 3548 48,47 852.17 25.60 4.30 33.60 5,40 38.57 53.88 30.70 .61 0.36 8.58, .35
1/8/20086 { 12:32 PM 26,41 39.08 39,04 36.15 44.89 849,83 25,50 4.30 33.50 5,40 38,85 54,29 30,63 0.61 0.23 10.82 56
1/8/2008 | 12:32 PM 25.44 38.15 39,04 36.22 ,48.84 B56.25/ 26,00 3.60 33.50 5.40 38.04 £3.82 . 30.85 0.61 0.01 10.42 .59
1/8/2006 | 12:32 FM 26.39 38.99 38,97 36.08 44.849 p55.52 26.00 400 33.60 .30 89 5384 30.94 0.59 0.22 7.91 762
1/8/2006 | 1232 PM 26.41 36.06 38.02 36,15 48,76 849.38 26.10] 4.10 33,70 .20 57 53.80 31.06 0.58 0.15 8.33 782
118/2006 | 12:33 PM 26,42 35.06 38.94 35,81 50.06 854,06 26,20 360 33,70 6.30 .66 63.62 31.09 0,58 0.04 7.11 7.75
11/82006 | 12:33 PM 26,37 38.00 38.98 35,78 49.52 854,96 26.40 3.80 33.80 5.20 38.82 53.41 23 0.58 014 7.84 7861
(117872006 | 12,33 FM 26.33 39.07 39.08 3547 49.93 854,77 26,60 3,60 33.80 6.20 38.89 53.16 38 0.58] .21 B.46: 7.16
11/8/2006 | 12:33 PM 26,39 39.05 38.87 3512 50.18 §53.97 26.20 3.90 33.80 5.20 3867 53,18 A2 (.58 0.26 £.95 8,20
(117872006 | 1233 P 26.4(!‘ 33.10 38,94 35,12, 49 57 852,65 26,00, 4,40 33,70 6.30, 38.89 53.45, 31.00, (.59, 0.13 7.83 8.02
11/8/2006 | 12:33 PM 26.37 39,04 38.67 35.62 49.81 856.00] - 26.00 4.40 33.70 £.40 38.83 53.63 30.95 0,61 0,10 7.86 8.1ﬂ
11/8£2006 | 12:33 PM 26.35 39.01 38.80 35.8 40,34 854,01 26,30 3.90 33.70 5.30 FEEH 3.50 31.13 0.59 n.3 [EE T.Gg]
11/8/2006 | 12:33 PM 26.33 3867 38.76 35.4 48.43 856.91 2600 3.60 33.70 5.30 34.88 3.29 30.91 0.65; 0.3 7.8 8.27
11/8/2006 { 12:33 PM 26.37 38,84 38,72 35.80 48,45 866,62 2580 4.00 33.50 5,50 38,73 3.60 30,76 .62 0.02 8.58 8.18
1/8/2006 | 12:34 PM 26,36 3B.67 38,73 36.18 50.05 853.03 26.40 4.10 33.60 5,40 38,78 53.62 31.12 0.61 0.12 7.13 7,37
1/8/2006 | 12:34 PM 26.35 38.B6 38.70 36.30 43.36 851.80 26,40 4.10) 33,80 5.30 38.78 53,71 3118 0.58 0.21 8.82 7.84
1/8/2006 | 12:34 PM 26.40 38.92 39,03 36.06 50,81 B856.32 26.40 3.60 33.80 5,30 36.84 53.45 3115 0.68 0.49 4.97 7.83
1/812008 2:34 PM 26.36 38,90 39.00 36.06 50.72 854.81 2670 4.00 33.60 5.40 38.81 £3.37| 31.32 0.61 0.48 5.22 6,78
11/8/2006 | 12:34 PM 26.32 38.92 39.03 35.88 50.80 853.77 25.40 3.80 33.80 5,30 38.83 53.40 31.16 0.69 0.52 512 7.81
11/8/12006 | 12:34 FM 26.32 38.83 38.85 35.82 50,80 856,84 26.00 4.30 33.80 5.30 38.74 53,69 30.80 .69 0.53 5,50 8.58
1/8/2008 | 12:34 PM 26,33 38.91 8.81 36.39 60.64 854 88 26.20 3.80 33.60 5.30 38.82 3.84 31.03 0.69 0.21 6.53 7.64
11/8/2006 | 12.34 PM 2638 35,95 8.83 36.26 45,54 855,92 26.10 4,00 33.60 5.40 38.86 3.86 30.96 D.67 0.08 7.83 7.85
11/9/2006 | 12-34 PM 26.41 38,96 8,97 36.40 50.20 854.56] 26.00) 4.10! 33.60 5,40 38.85 54.02 30.80 0.61 0.04 7.61 8.03
11/8/2006 | 1235 PM 26.43 36,94 38.87 36.88 49.82 854,71 25.20 4,20 33.50 5.40 38.88 54.22 31.04 0.61 0.03 8,83 7.35
11/812006 | 12:35 PM 26.40 38 81 38.86 36.93 50,10 B53.37 26.30 4.40 33.50 5.40 368.81 54,22 31.09 Q.61 0.1 B.22 ¥.20
11/8/2006 | 12:35 PM 26.36 38,84 38.73 37.18 50.82 B£3.88 26.30 4.60)] 33.50 5,30 38.85 54.45 31,14 0.69 0.30 7.15 7.05
11/8/2006 | 12:35 PM 26.40 38.89 38,69 37.26 50.43 853.47 26.20 4.10] 33.70 5.30 38.81 54,40 31,04 0.59 0.31 7.86 7.90)
11/8/2006 | 12:35 PM 26.39 3882 38,72 36.78) £0.72 853,21 26,30 4.20] 33,60 5.20 38,75 54.07 3.1 0.68 C,08 6,60 - 7.42
CL Lourens B-1 CPUT



Appandix B

Pilot Plant Data

AirTemp

watsrFlow {WaterTemp [WaterTemp |RalHumidity [RelHumidity [Selar AlrTemp [¥WndSpead WindSpaeed |ProgWalsr |ProgHumidity [ProgAir MassFlow [Watar  [Humidity [Air
Date Time Rate Bottom Top Batiom Top Radlation |Boftom  IBottom Top TempTop  |Top TempTop {Rate Ar  [Temp% |% Temp
11/8/2006 | 12:35 PM 26,37 34.83 38.77 3667 .:.4i B55.71 26.10 3.80 33.70 5,40 38,83/ 54,06 30,95 0.6 D.16 7.16 8.17,
[11/8/2006 | 12:35 PM 26.34 38.86 38.81 36,50/ 50,85 B53.85 25.60 4.40 33.60 5,40 38,84 54,40 30,66 0.8 D.08 6.77 B.75
11/B/2006 | 12:35 PM 26,30 38.86 38.82 36.48 50,21 B53.68 25.70 3.80 33.20 B,40 38.76 54,12 30.66 0.6 0.15 7.79 7.66)
[11/8/2006 [ 12:36 PM 26,28 38.81 3862 36.83 60.37 852.20 2540 3.90 33.40 8.40 38.70 54.50 30.45 0.8 D.20 K] 8,82
11/8/2006 | 12:36 PM 26.30 38.82 38.72 36.81 50.75 BEE. 36 25.70 3.50 33.20 5.20 34.751 54.23 30.70 .58 0.07 ,BS 7.54!
11/B/2006 | 12:36 PM 26,33 38.87 38,74 36.84 50.72 850.88 26.10 4.00 33.20 5.40 38.77 54.15 30.82 .61 0.08 77 B.85
1/8/2008 | 12:36 PM 26.36 38,61 38,62 36,84 51.27 845.10 26.10 4.10 23,60 5.30 38,72 54,17 30.94 C.59 D.28 65 7.64)
11/8/2006 | 12:36 PM 26.37 36.85 38,65 36,60 61.16 361,29 26,20 4.10 33.40 5,40 34.75) 53.87 30.99 .61 0.26 5.50 7.22
1/8/2006 | 12:36 PM 26.34 38.90 34,67 6.67 B0.20 48.99 2560 3.70 33.50 5.30 39.80 54.25 30.64 0.69 0,33 .13 8.55
/82006 | 12:36 PM 26.34 38,80 38.68 7.03 50.86 47.04 26.40/ 3.80 33.40 E.20 39,82 64,08 31.16 .58 0.37 .34 6.65
11/8/2006 | 12:36 PM 26.34 39.00 38,73 6,64 50.64 48,08 26,00 3.30 33,70 £,00 38,93/ £4.00 31.01 0.56 Q.52 6.684 7.88
/812006 | 12:28 PM 26.32 38,86 38.77 35,96/ 50.2_§ 47.82 26.40 4.30] 33,40 5.40 38.86) 654.18 31.18 0.61 0,23 7.80 6,70
11/8/2006 | 12:37 PM 26,32 38,87 38,66 36,83 61,25 47,21 26,10 3.80 33,70 6,40 38,77 54,12 0.82 0,60 0.27 £.60 24
11/8/2006 | 1237 FM 26.32 34,78 38.70 38.74 50.74 45.93 25.80 4.00 33.50 5.40 38.67 54.23 0.70 0681 0,06 6,88 .35
11/6/2006 | 12:37 PM 26.33 38,77 38.67 36.01 51.46 845.30 26.20 4.30 33.40 5.30] 38.67 53.66 1.00 0.59 0.02 4.28] 7.20
11/8/2006 | 12:37 PM 26.30 38,59 38,77 36,34 80,16 846.87 26,20 4.00 33.4C 5 40 38.50 53,67 30.89 0.61 0.6% 7.01 7.52
11/8/2006 | 12:37 Pt 26.34 38.61 3864 36,48 48,563 847.13 26,30 4.00 33.50 5,30 38.62 53.73 30.89 0.59 0.27 8.47 7.50
11/8/2006 { 12:37 PM 26,33 38,63 38.68 36,89 50.73 846,92 2610 3.80 33,50 5.40; 38.54 54.02 30.83 0.81 0,38 6,36 7.97
/812006 | 12:37 PM 26.35 38,68 38,51 7.1 48,76 B45.08 26,30 4.20 33,50 5.30 38.60 5418 31.02 0.59 0.23 8.88 7.39
1812006 | 12:37 PM 26,36 38,73 38.86 36.10! 50.21 845,36 25 60 A10 33.50 5,30 38.83 53.88 30,58 0.59 0.6 7.62 .68
[117812006 [ 12:37PM 26.38 38.77 38.77 36.68 50.69 847.21 26.20 3.70 33.20 5,40 38,68 53,88 30.64 D.61 0.24 6.28 5.81
182006 | 12:38 PM 26,37 38.82 38.64 36.06 50,24 46,35/ 26.40 4.00 33.50 5,40 38,72 53.60 31.10 0.61 0,2 6,49 717
312006 | 12:38 PM 26.38 38,82 38.61 35,61 48.72 B45.94] 25,60 3.80 33.60 B0 38,68 53,66 30.55 0.62 0.21 7.83 8.80
11/812006 | 12:38 PM 26,36 38.80 B.69 36,19 48.35 B43.81 26.10 3.90 33.20 .40 38,79 53,76 30,83 0.6 0.652 B.93 5.84
/BI2006 | 12:38 PM 26.3 38.68 B.54 36.35 50.77 45.2 26.20 3.80 33,50 5,40 38,69 53.67 308 0.6 0.12 6.7C 7.73
/872006 | 12:38 PMW 26,40 38,73 8.63 36.43 50.43 44.8 26.00 4.00 33.40 5.40 38.63 53.91 30.8 0.6 0.01 6,90/ 7.75
/82006 | 12:38 PM 28.38 38.69, 38.64 36,51 50,68 44.78 26.00 4,30 33.40 5.40 38.659 54,02 304 0.6 0.14 6,58 7.76
11/8/2006 | 12:38 PM 26,04 38,66 38,71 36.14 43.681 844 98, 26,10 4.10 33.40 5.40 58.56 53.67 30.85 D.6 0.38/ 7.78 7.64]
117872006 | 12:36 PM 26.33 38.86 38,68 36.43 50.00 BA3.06] 26.40 3.80 33,40 5.40 38,76 53.68 31.10 0.8 0,18 7.37 6.89]
11/8/2006 | 12:38 PM 26.40 38,85 38.50 36.31 50.06 42.97 26.20 4.30 33.60 5.30 38.73 53.87 31.02 0.69 0.60 7.61 7.42)
11/8/2006 | 12:39 PM 26.35 38.84 38, 48 36.00: 50,19 44,05 26,30 4.20 33.50 5.20 38.76 53.62 31.11 0.54 0,68 £,86] 7.13
11/8/2006 | 12:39 PM 26,35 38,78 38.64 5.57 48,90 40,48 26,60 4,30 3.60 .20 38,70 53,20 31.28 0.58 0.15 .63 6.62
11/8/2006 { 12:39 Pi 26.33 38,79 3857 5.47 49,33, 40,84 26,80 4,30 3.50 .20 38,71 53,04 3141 0.5 0.37 7.52 6.23
11/8/2006 | 12:38 P 26.39 38.75 38.60 5 28 48.18 840.62 26.40 4.30 .70 5.20 38.67 53.13 31.15 0.5 0.18 8.03 7.58
11/8/2006 | 12:39 FM 26.40 38,73 38.60 5.87 489,75 843,11 26.20 4.00 .60 5.40 38.63 53.46 30.84 0.8 0,08 7.48 7.65)
11/8/2006 | 12:38 PM 268.34 38.68 882 36,18 60.55 840.97 2640 3.40 .60 5.20 38.64 §3.36 31.08 0.54 0.03 5.66 7.22
11/8/2006 | 12:39 PM 26,30 38,71 857 36.27 60.08 837 83 264G 3.80 33.60 5.40 38,81 53.65 31.05 0.61 0.11 .03 7.3
11/8/2006 { 12:39 PM 26.31 38.64 8.44 36,39 60,30 838,35 26.60 4.00 33.50 5.20 38.66 53.65 31.21 0.58 0.31 6.45 5.82:
1/8/2006 | 12:39 PM 26,36 38.55 38.41 35,09 50.45 53513 26.30 3.90 33.50 5,20 38.47 53.40 30.89 0.68 .15 5,86 7.50
1/8/2006 | 1240 PM 26.31 38.61 38.52 35.61 49.98 838.74 - 26.30 4.00 33.40 5.40 30,89 63.13 30,85 C.61 0.04 6.31 7.32
11/8/2006 | 12:40 P 26.36 38,60 38.48 3512 49,37 B835.60 25,80 4.40 3.50 5,30 38.49 53.33 30.68 0,58 0.3 8,01 8,42
11/8/2006 | 12:40 PM 2637 38.59 38.52 35.54 49.35 B36.64 26,00 4.40 33.40 5.30 38,49 53.46 30.80 0.60 Q.09 8.31 7.78
11/8/2006 [ 12:40 PM 26.30 38.69 38.65 35.82 48,85 837.04 26,650 4,30 33,40 5.20, 38.61 53,37 31.18 0.58 Q.17 9.26 8.64
11/8/2006 | 12:40 PM 26.35 38.68 38.62 35,80 48.18 B33.58: 26.10 3.60) 33,60 520 34.59 53.38 30.89 0.58 0.20 8.54 £.05
812006 | 12:40 PM 26.34 3893 38.55 36.52 49.65 834.13 26.20 3.80 3.50 5,30 38.82 53.32 31.03 0,59 0.70 7.38 738
1/8/2006 | $2:40 PM 26.33 38.35 38.43 35.94 49,24 B36.21 26.20 3.80, 3,40 5.30 38.27 53.32 30.82 0.60 0.41 8.29) 7.72
1/8/2006 | 12:40 PM 26,24 38.40 38,50 35.36 49.71 B34.98 25.60 4.20 3.50 5,40/ 38.29 £3.41 30.44 0.61 0.53 7.45 2.13
1/8/2006 | 12:40 PM 26.30 38.41 38,47 35.38 48.46 B33.60] 25.80 3.60] 3.20 5.40 34.31 £3.09 30.61 0.61 0.4!2' 7.32 7.81
1B/2006 241 PM 26.33 38.42 38.4 35.79 43,14 33.34 26,10 4,10 3.20 5,40 38.33] 53.53! 30.76 0.61 0.42 8.60 7.35]
[117872006 | 12.41 PM 26,34 38.57 38, 3¢ 36.05 43.89 33.34 26,20/ 4.20 3,40 5,30 38.48 53.58 30.81 0.56 0.26] 7.38 7.44)
/872006 | 12.41 PM 26.27 38.74 38.42 36.04 50,27 34.47 26.40 4.30 33.40 5.20 38.65} £3.58 31,14 0.58 0.60) 6.59 8.77)
/872006 2:41 PM 26 25 38.59 38.46 35.851 50.23 30.88 26.50 4.60 3.50 5,30 38.50 £3.38 31,12 0.59 0.03 6.26 7.10
1872006 | 12:41 PM 258,30 38.68 38.21 .37 48.77 B28.94 26.40 3.90 3.50 530 38.58 £3.02 3107] - 059 0.99 8.73 7.27
/8i2006 | 12:41 PM 26.33 38.74 38.13 5,86 49,68 B28.81 26,40/ 3,90 3.40 5.40 38.63 53.50 30.87 0.61 1.3 7.68 7.68
16/2006 | 12:41 PM 26.34 38.17 38,24 5.73 A49.61 829.09 26.40 3.90 33.40 5,30 38.10] 53.C0; 30.88 0.69 Q.38 6.84 7.585
19/6/2008 | 15:43 PM 76.37 38.10 38.22 75,60 %0.684 28.76] 2630 3,80 33.80 5.30 aa.ugl 2.93 30.79 586 0.80 ®00|__ 837
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Append/x B Piliot Plant Data
WaterFlow [WalerTemp [WalerTemp |[RelMumidity [RelHumidity [Solar ArrTemp [WndSpeed JAlrTemp Wind'épaud ProgWatsr |ProgHumidity [ProgAir MassFlaw |Water JHumidity [Air
Data Time Rate Bottom _ [Top Battom Top |Radiation |Bettom  |Rottom Tap Tap TempTep [Top TempTop |Rata Alr Tamp%_l% Temp%
18/2006 § 12.42 PM 26,36 38.46 38,39 35.95 48,68 B28,21 26,10 4.20 33,40 6,40 38.36 §§._44 30.78 0.61 0,06 7.78 7.B5
/812006 | 12:42 PM 26.34 38.69 36,28 36.03 50,76 B28.69 26.10 4.20) 533.40 .40 38.48 53.61 30,63 0.61 0.53 5.58 7.71
11/8/2008 | 32:42 PM 26.33 38,60 38,30 36,06 60.34 B24.00 26.00 3.60 33,40 5,20 38.42 53,60 30.78 0.58 0,31 6.47 7.85]
11/8/2006 | 12:42 PM 26.35 38.53 38,22 36,08 50,34 £23.48 26.40 4.10 33.40 5.30 38.44 53.44 31.02 0.68 0.57 6.17 7.13
11/8/2006 | 12:42 PM 26.37 38,49 38.39 5.96 48.67 B824.55 26.70 4.20 33.50 5.30 38,41 53.20 31,20 0,59/ 0.04 712 6.87
11/8/2006 | 12:42 PM 26.40 38.48 38,31 5,83 48,54 B27.87 26.50 4.20 33.60 5.30 38,40 53.24 31.07 0.58 0.25 7.4 7.52
117812008 | 12,42 P 26.37 38,42 38.30 5.97 48.17 821.29 26.10 4.20 33.50 5.40 38,32 53.60 30,76 0.87 0.04 8.8 8.17
|19/8/2006 | 12:43 PM 26,32 38.41 38,289 5.97 48,60 B18.81 26.20 4.00 33.40 6.40 38,31 53,39 3081 0.61 0.06 7.44 7.74
117872006 | 12:43 PM 26,33 38.41 38.26 34.64 48.77 B821.80 2530 4.30 33.60 5.40 36.31 52,56 30.88 n.61 13 777 7.79
11/8/2006 | 12:43 PM 26,34 38,37 38,17 34.13 48.47 818.31 26.00 4.30 33.50 5,40 38,25 52,47 30.68 0.61 0.2_24 8.25 A.41
11/6/2006 | 12:43 PM 26.32 3B.26 38.31 3417 48,63 818.15 26,10 4,20 33.40 5,30 38.16 52.37 30.73 0.60 0.38 7.03 7.89
1/8/2006 | 12:43 PM 26.30 38,27 B.42 34.03 48,75 B10.63 26.50 4,10 33.60 5.20 38,18 52.08 31,02 .58 0.58 6.78 7.42
1/8/2006 | 12:43 PM 26.34 38,26 8.43 4,16 48.73 818,42 28,60 4.10 33,60 5,40 38,15 52,10 30,85 0.61 0.72 4,77 7.88
11/6/2006 { 12:43 PM 26.37 38.26 8.43 4.04 45.09 817.30 26.40 4.30 33.60 .20 38.17 52.18 30.85] - (.58 0.67 6.28) 7.88
14/812006 | 12:43 PM 26,36 38.51 38,48 34.16 49,48 B16.73 26.60 4.20 33,60, 5,30 38.41 52.21 31.14 .69 0.12 5.52 7.32
11/8/2006 | 12:43 PM 26, 3¢ 38.21 38.08 34,28 49,05 514.43 26.60 4.30 33.70 5.30 38.12 52,16 31.03 0.59 0.12 6,34 7.81
(11/8/2006 ) 12:44 PM 26,37 38,29 38.11 34.08 48,32 £14.06 26.60 4,40 33,70 5.30 34.20 52,10 31.07 0.59 .23 7.82 7.81
1812006 | 12:44 PM 26.27 38.44 38.17 34.21 4812 812,07 26,60 4.30 33,70 5,20 38.35 £2.25 31.15 - 0.58 0.47 6,38 7.56
11/8/2006 | 12:44 PM 26.24 38,35 8.C0 34,40 49,68 813.60 26.60 4,20 .70 5,40 38,24 52,30 30,98 061 0.64 5,28 8,05
1812006 [ 12:44 PM 26.30 38,37 8.C9 34,47 £0.25 816.00 2640 4.60 3,70 5.30 .27 £2.55 30,88 0.68 0.47 4.59 8.07
11I8/2006 LAd P 26,32 38,58 BAE 3423} 43 35! 812,68 26.20 447 33,60/ B.40 38.46 2.55 20,628 0.61 0.81 6.48 3.06
11/8/2006 | 12:44 PM 26.39 38.18 38.08 34.64 49,49 §15.05 26,20 4,30 33,60 5.40 38.08 2.57 30.74 0.61 0.01 6,23 8,50
/812006 | 12:44 PM 26.42 38,20 38.13 34.28 50,05 814.10 26.30 4,40/ 33,60 5,30 38.41 2.36 30,85 0.59 0.07 4.62 .20
14/8/2006 | 12:44 P 26.40 38,20 38.10 34.50 48,87 811,19 26.10 4.40 33,50 5,30 38,10 52.80 30.71 (.58 0.01 7.63 .31
11/8/2006 | 12:44 PM 26.40 38.41 38.08 34,49 48,82 812.41 26.30 4.20] 33,50 5.40 38.30 62,51 0.88 C.61 .57 7.33 B2
14/8/2006 | 12:45 PM 26.34 38,18 3813 4.39 4970 #14.02 25,80 4.20 33.50 5.50 38.08 62.65 0.52 .62 0,15 5.74 8,89
[14/8/2008 | 12:45 PM 26.33 38.21 38,04 34.49 48.41 B07.73 25.80 4.00] 33.40 5.40 38,09 52.65 0.48 0.61 0,14 7.21 8.74
/BI2006 | 12;45 PM 26.35 38.24 36,24 4.47 48 66 808 25 25.50 4.10] 33.20 65.30 38,14 52.64 30.68 0.60 0.26 8.18] 786
16/2006 | 12:45 PM 26.37 38,24 38,54 4,63 48,59 808.58 26.00 4,201 33,40 5.40 38.12 52,68 30.63 0.61 1.09 8.43 8,31
14/8/2006 | 12:45 PM 26.36 3818 38,15 34.68 40.68 808.02 25.80 4.40] 33,50 5.40 38.07 52.86 30,49 0.61 0.21 6.41 4.89
11/8/2006 | 12:45 PM 26.37 38,06 38.28 34,78 45,43 B0A.89 26,10 4,30 33.40 65.30 3167 52.69 30.68 0.60] 0,82 6.58 8.20
11/8/2006 | 12:45 PM 26.37 38.12 38,12 34.89 48.31 807.48 26,10 4.30 33,50 5.40 38.01 2.75 30,65 0.61 (.29 6.99 8,51
11/8/2006 | 12:45 PM 26.37 38.07 38,13 34.76 49,24 A08.16 26,10 4.20 33.50 5.30 37.88 2.64 0.66 0.58 0,38 6.90 8.48
/8/2006 | 12:45 P 26.33 38.08 38.21 34.37 48,78 809.47 26.20 3.80 33,50 5.40 38.00 52,26 C.69 0.6 0.68 7.14 B,38]
11/6/2006 | 12:45 PM 28,35 38.16 38.16 34,30 48,35 807.60 26,50 3.70 33.50 5.40 138,08 62,02 0,90 0.8 0.27 7.59 7.77
11/8/2006 | 12-48 PM 26.36 38.19 38.02 34,25 48,80 BO5G.72 27.00 3.7 33.60 5.20 38.12 51.77 31.28 .56 0.25 863 6,80
11/812006 { 12.46 PM 26.37 38.26 a7.67 33.77 48.76 B04.66 26,80 4.10 33,70 5.30 38,16 51.71 31.17 0,59 0.50 3,81 7.52
(717672006 | 12.46 PM 26.36 38.11 37.85 33.76 48.37 802.30 26.50 4.20 33.70 5.40 35.00 61.81 0.90 Q.61 0.14 4,55 8.31
11/8/2006 | 12:46 PM 26,29 38,08 37.85 33.40 48,30 800,28 26,80 4,40 33.70 5.30 37.88 51.50 31.11 0.68 0.11 4.47 7.68
11/B/2006 | 12:46 PM 26.29 38.25 38.05 33.34 49.49 803.05 27.00 4.00 33.70 5.30 38,16 §1.31 31,29 0.58] 0.28 3.68] 7.16
11/8/2006 [ 12.46 FM 26.34 38.34 38.26 32.88 49.23 803.65 27.00 3.80 33.80 5,20 38,28 §1.14 31.35 0.58 0.01 3,87 7.53,
11/8/2006 | 12:46 PM 26,37 37.83 38.06 32.66 48.25 B02.52 27.00 3.20 33.80 5,20 37.87 50,48 31,17 0.58 0.46 2.51 7.78)
11/8/200G | 12:46 PM 26.37 38.00 38,16 32,58 48.69 706.76, 26.70 4.40 33.80 5,40 37,88 £1.00 30.98 0.61 0.66 473 B.31
1/8/2006 | 12:47 PM 26.37 37.B8 33.00 3248 48.62 708.48 26.70) 4.00)] 33.70 5.40 37,78 50.76 (.93 0.61 0.65 4.40 8.21
1/8/2006 | 12:47 PM 26.40 37.86 37.94 32.96 48.27 800,59 26,90 4.00 33.70 520 37.88 51.03 1.14 .58 0.14 6.71 7.58]
JBI2006 | 1247 PM 26.38 37.89 36.14 32,88 49,30 B00.00 2720 4,20 33.60 5.40 3784 £0.79 31.27 0.84 0.85 302 7.49
1B/2006 | 1247 PM 26,30 38.35 38.20 32.68 48.98 801.45 27,00 4.10 33.80 5.40 38,26 50.97 31.30 0.8 0.12 4.05 7.39)
1/8/2006 |1 12.47 PM 26.32 38.13 38,04 32.36 49.21 797 49 26.90 4.20 33.70 £.40 38,03 50.76 3116 0.6 0.03 3.14 7.563
[1178/2006 | 12.47 PM 26.33 37.54 36.04 32.39 45,48 708.80|  27.00 420 33.80 E.40 37.85 50.63 3116 0.6 0.50 22| 7.80
1/8/2006 | 12.47 PM 26.41 38.33 37.89 32.27 48,63 796.24 26.40 4.00 33.80 5.40 38.24 51.0! 30,91 0.6 0.84 4.95 8.56
117872006 | 12.47 FM 26.29 38,45 38,17 32.86 48.07 797 .64 27.00 4.10 33.50 5,40 38.33 51,12 .33 0.61 0.44 4.17 6.47
11/8/2006 | 12:48 PM 26.30 38.51 38,03 32.88 49.70 708.56 26.80 4.20)] 33.80 5,30 38.4D 51.33 .26 0,58 0,97 3.29 7.60
11/8/2006 248 PM 26.31 38,14 37.98 32.30 48.62 709,67 26,20 440 33.70 5.40 38.02 51.18 30.73 0.61 0.1 5.30 B.82
11/8{200€ 2:48 PM 26.38 38.03 37.92 33,00 48,1 801.77 26,70 4,00 33.40 5.40 37.93 51.14 30.99 0.61 0.02 £.31 7.23
[11/8/2006 | 12.48 PM 26.35 36.06 38.25 32.55 49.1 787.21 26.50 380 33.70 5.20 37,67 61.00 30.82 0.58 0.7 3.86] 825
11/8/2006 | 12:48 PM 26,37 37.58 38.06 32,68 49.56 757.38 26.70 4.40 33.60 5.30 37.89 51,07 31.01 0.59 0,46, 3.04 7.70] .
11/8/2006 | 12:48 PM 26,38 38,08 38,06 32,53 49.21 795,34 26,60 4.20 33,60 5,30 37,83 51.01 36,96 0.59 0.34 3.65 7.86
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Appendix B

[Filot Plant Data

Air

WaterFlow |WaterTemp |[WaterTemp [RalHumidity |RelHumidity [Solar AirTemp  |[WndSpeed |AirTemp [WindSpeed ProgHumidity |ProgAir  |MassFlow Humidity
Date Tima Rata Top Rediation _|Roltom _|Bottam Top ) TampTop |Rats Alr Y Tamp%
1812006 | 12.48 PM 26.30 38,29 37.83 48 87 796.76 26,80 4 3.40 51.08 AT 0.60 4.34 B.67.
{82006 § 12:49 PM 26.31 38.20 37.84 49,19 797.57 26.80 3 3.70 651,03 31.20 0.69 3.76 7.42
/812008 2:49 PM 26.35 38.10 38.01 48.82 795.07 27.00 4 3.70 61.24 31.21 0.81 2.65 7.38
1B2006 | 12:49 PM 26.33 37.80 38.04 4849 793.88 27.20 3 3.70 50.84 1.30 0.58 2.80 7.12]
/12006 | 12:49 PM 26.34 37.83 37.84 48.88 792,67 26.70 4 3,70 £1.85 0.98 (.56 6,07 8.08
11/8/2006 | 12:49 PM 26.28 38.10 38.01 48,39 794,67 26,80 4 3,70 52.04 10 Q.81 5.36 772
{B/2005 { 12:49 PM 26.28 37.83 37.97 48,41 796.87 27.00 L 33.80 61.72 16 0.59 4.66 7.82
[11/8/2006 [ 12:4% PM 6,27 38.23 38.01 48.17 794.04 27.00 4 33,80 51,72 .32 .58 £.19 7.35
1812006 | 12:48 PM 26,25 38.51 37.92 46,32 796.00 27.00 4 33.80 £1.84 31.38 0.59 8.30 7.18
/B/2006 | 12:49 PM 26.29 38.35 38.03 A8.62 795.69 26.80 4 33.70 52.00 31.27 0.58) 4.79 7.21
1/8/2006 | 12:50 PM 26.36 38.21 37.89 4B.26 783.47 26,80 3 33,80 51,46 31.14 0,58 4.47 7.68
812006 | 12:50 PM 26.38 38,18 37.64 48.54 781,63 26,60 3 70 X £0.88 0.98 0.58 5.03 B.06
11/8/2006 } 12:50 PM 26,30 37.84 37,91 48,78 781.68 26,60 4,50 70 0 60,68 0.8 0. .80 B 28
18/2006 1 12.50 PM 26.30 37.68 37,87 47,77 780,87 256,80 4,20 .50 .40 50,46 1.0 0, E 7.45
18/2006 | 12:50 PM 26.37 37.82 3806 47.58 783.64 26.40 4.60 3.60, .40/ £0.81 30.78 0.6 6.78 8.40
1/872006 [ 12:50 PM -326.37 38,05 38.00 47,72 792,88 26,00 4.50 3,60 40| B1.55 30.67 D& 8.03 5.03
1/B/2006 | 12:60 PM 26.35 36.06 37.86 44,60 794,04 26,10 4,30 3.40 A0 51.73 30.62 0.6 7.78 8.31
7812006 | 12:50 PM 26.35 37.88 37.89 49,06 793,99 26,30 4.20 33.40 5.30 61,72 30.75 0.60 7.61 7.84
1872006 | 12:50 Pi 26.33 8.13 37.88 47.69 793.25 26.20 3.80 33.60 5,30, 51.?3! 30,72 0.60 7.87 8,28
[11/8/2006 | 12:51 PM 26.35 38.43 37.682 4531 702.64 25.90 4,20 33.50 .30/ 62,29 30.66 0.58 8.05 8.48
11/8/2006 | 12:61 PM 26,32 8.17 37.85 45.03 784.29 25.80] 4,80 33.30 .40, 62.46 30.48 0.6 5.00 8.46
/812006 | 12:51 PM 26.36 7,73 37.83 48,62 786,12 25,80 4.40 3.20 0 62,16 30.32 0.6 5,61 8.68
11/8/2006 | 12:51 P 2532 38,15 37.589 48.13 796.57 26.10 4.10 .20 52,18 30.65 0.6 6.24 7.68
11/8/2006 | 12:67 PM 26,32 28.10 38,25 45,65 788,19 26.00 4,20 3.40 652,15 30.60 0.59 5.03 8.37
/812006 | 12:5% PM 26.34 33.08 37.88 +50.02 797.26 26.00) 4,30 3.40 62,27 30.63 0.68 4,50 8.28
/Bi2006 | 12:61 PM 26.34 38.17 37.84 45,23 798,78 26,00 4.40 33.30 6235 30.61 0.6 6.33 8.08]
1872006 [ 12:51 PM 26.28 3810 37.42 48.62 768.531 26.20 4.20 33.40 52.CH 30.70 0.6 7.13 8.08
11/8/2006 | 12:51 PM 26.28 38.04 37,70 45.04 708.95 26.20] 4.30 33.40 52.08 30,68 0.6 6,21 8,13
1812006 | 12:62 PM 26,30 38,01 37.78 4823 H00,54] 26.40 4 3.50 E2.20 30.84 0.58 6.03 7.94]
/812006 [ 12:52 PM 26.29 37.83 37.68 49,51 709,34 26.10 4. 3.50. £2,03 30.58 0.61 5.08 8.68]
1612006 | 12:52 PM 26.31 37.80 37.80 50.18 801.91 26.60 4.20 3.40 61,65 30,88 0.67 2.84 7.52
14/8i2006 | 12:62 PM 26,33 37.86 37.82 48,38 802,31 26,80/ 4.10 13,60 51,31 31,08 0.69 6.05 7.57
11/8/2006 | 12:62 PM 26,28 37.87 37.93 48.82 B01.28 26,60 4.10 33.70 51.04 30.93 0.58 4.54 8.23
16/2006 | 12:52 PM 6.27 37.04 7.83 48.60 802,95 26.70 3.0 33.50 80,76 30,68 0.59 4.42 7.53
/8/2006 | 12:62 PM 26.25 7.85 7.85 48,21 BOB,37 27.00 3.80 33.70 £0.18 31,20 0.58 4.10 7.42
/B/2006 | 12:562 PM 26.26 37.68 7.89 48.50 805.02 26.40 4.30 33.70 60,51 30.82 0,58 4.15 8.54
18/2006 1 12:52 M 26.27 7.83 7.76 48,13 BOB.45 26.40 4.70 33,50 B0.18 30.78 0.61 427 8.09]
1/8/2008 [ 12:53 FM 26.27 37.85 37.72 48.13 07 82 26.60 3 3.40 49.95 30.83 0.62 .80 7.69
/82006 | 12:53 PM 26.34 37.86 37.68 48.25 07.23 26.80 3. 3.60 £0.03 31.02 0,59, 3.62 7.68
[11/8/2006 | 12:53 PM 26.33 3’ 37.81 48,84 07.86 26,80 4, 3.70 60.23 31.04 0.69) 2.85 7.89|
11/8/2006 | 12:53 PM 26.30 arit 37,84 48.51 81211 26.60 EX 33.70 50,28 30,86 0.68 3.62 8,43
11/8/2006 | 12:53 PM 26,29 37,81 3r.81 48,38 809,60 27.00 4, 33.60 50.37 31.10 0.61 4.11 7.43
11/8/2006 | 12:53 PM 26.27 37.84 37,85 49.08 811.66 26.7C/ 4. 33.70 49.91 30,83 0.61 1.65] 8,22
/B/2006 | 12:63 PM 26.30 37.84 7.83 47.86 812.07 2580 3 33,60 50.31 30.35 0.61 5.14 9.68
82006 | 1262 P 26.33 37.91 7.81 4812 810.37 26,80 3.80 33.20 50,19 31.03 0.60 4.30 6.53
/B/2006 | 12:53 PM 2633 7.80) 7.76 48,71 816.90 27.00 4.20 33.60 50.00 31.14 0.59] 2,65 7.33
1872006 | 12:54 PM 26.26 7.73 37.81 AB.47 813.14 26.60 4.20 33.70 50.16 30.86 0.6% 3.48/ 8.43
11/8/2006 | 12:54 PM 2629 7.76 7.72 47.86 813.66 26,50 4.30 33.60 50,42 30.84 0.68 5,34 8,23
11/8/2006 | 12:54 PM 26.32 7.89 7.73 47.26 816,52 26.50 4,30 33.50 50.66 30.86 060 7.20 7.80
11/8/2006 | 12:54 PM 26,34 37.87 37.79 48.30 815.39 2670 4.20)] 33.50 50.58 31.00 0.568 4.73 7.47
11/8/2006 | 12:54 PM 26.32 37.93 37.84 48.22 816.39 26.60 4.20 33,60 50,44 30.20 081 4.61 8.03
17872006 | 12:64 PM 26,33 38.03 37.70 48.11 B816.45 26.40 4.30 33.60 50,61 30.81 0.81 4.98 8.02
1/812006 | 12:54 PM 26.28 37.84 37.71 47.66 B16.47 27.00 4.10/ 33.40 50.14 31.12 0.61 4.54 6.83
11/B12006 [ 12:54 PM 26.30 37.0 37.72 48.65 B19.26 26.60 3.60] 33.50 50.51 30.87 D61 3.83 7.84
11/8/2006 | 12:54 PM 26,30 37.82 37.77 48.66 817.74 26,00 4,20 33.60 50.74 30.45 062 4.51 9.36
11/8/2008 | 12:656 PM 26.28 37.73 37.73 48.63 818.87 26.70 410 3320 50,44 30.89 0.61 3.72 6.95]
$1/8/2006 | 12:65 PM 26,29 37.89/ 37.77 48,37 B20.35 26.80 4.30 33.50 50.62 31.07 0.58 4.67 7.24
CL Lourens B-4 CPUT



Appendix B

Pilot Plant Daia

WaterFlow |WalerTemp [WaterTemp |RelHumidity [RelHumidity [Solar AlrTemp [wnaspeed |ArTemp |windapeed [Frogviater |ProgHumidity [ProgAr - |MasaFlow |vWaler Humidity [Air
Dates Time __|Rats Bottom __ [Top |Eoitom Top JRadiation |Bottom  |Botiom Top TempTap |Top TampTop |Rats Air Tamp% % Temp%
11/6/2006 [ 12:55 PM 26,30 37.82 37.64 32,87 47.89 623,62 26.70 4.20 3350 5.40 37.76 51,01 30.93 051 0.31 6.52 7.67,
114872006 [ 12:65 PM 26.24 7.81 37.70 32.50 48.84 820.40 27,20 4,20 33.60 5,20 37,76 50.57 31,30 0.58 0.18 354 6,86/
111/8/2006 | 12:55 PM 26.28 7.83 37.61 32.39 48.50 821.67 27.00 3.80 33.70 5,30 ar. 77 60,50 31,14 0.69 0.41 413 7.60
/872006 | 12:56 FM 26.30 7.76 37,76 32,50 4868 82467 27.00 4.30] 33.70 5.30 3768 50.70 31.13 0.59 0.18 3.71 7.64
/812006 | 12:56 PM 26,28 a7.82 37.81 2.53 4871 825 05 27.50 4.10 33.70 5.30 7. 77 60.37 31.46 0.69 0.08 341 .64
i11/8/2006 | 12:56 PM 26.34 3/.88 37.79 32,32 48,68 826,88 27.10 4.20 33.80 5.20 37.83 50,54 31.25 0.68 0.0 3.81 7.52
1/8/2006 | 12:668 PM 26,32 .77 37.85 32.51 48,10 824 63 26.80 4.40 33.70 520 37.71 60.83 31.04 0.58 0.35 .67 7.91
[11/B8/2006 { 12:66 PM 26.33 37.69 37.82 32.71 48.28 B827.07 26,80 450 3370 5,30 37.63) 50,81 30,98 0,69 0,48 E.45 &.06
14/8/2006 | 12:56 PM 26,38 37.82 772 33.36 48,36 828.27 26.80 4.20 33.6¢ 5.40 37.76 51.25 31.00 .61 0.10 5.88 7.75
/B/2C06 | 12:56 PM 26.35 37.83 37.70 33.26 48,81 828.17 27.00 410 33.70 5.30 37.78 54.09 .15 (.58 0.20 4.46] 7.57
1812006 | 12:56 PM 26.38 37,89 3.7 33.10 48.36 029.52 27.00 4.30 33.7¢ 5.20 37.86 51.41 31.219 0.568 .39 3.48 7.38¢
/812006 [ 12:56 PM 26.38 37 82 37.74 32.82 48.76 829.16, 26.80 4,20 33,70 5,20 3777 50,89 21.11 G.58 0.18 4.57 7.68]
/812006 | 12:56 PM 26.37 37.89 37.50 3302 48.40 827.30 27.00 4.10 33.70 5.20 37.84 50.89 31.20 0.58] 0.66 5.36 7.43}
/812006 | 12:56 PM 25,34 38,40 37.57 3347 48.29 28,70 26.80 4.00 33.70 5.30 38.32 51.56 31.23 .59 2.02 6.77 7.34
/812006 { 12.57 PM 26.38 37.93 7.62 33.49 A48.80 30.7 2680 - — 430 33.7C 59.40 37,86 51.36 31.10 C.61 Q.64 5.23 7.71
[11/8/2008 { 12.567 PM 26.39 38.03 37.62 33.67 44.88 30.6 2740 420 33,70 5.20 37.68 5143 32 0.58 0.84 5.20 7.08)
1/8/2006 | 12.67 PM 26.33 37.89 37.49 33.84 48,17 31,0 27.20 4,00 33,70 5,20 37,85 51.42 32 0.58 087 4.58 7.06
1/8/2006 | 12:57 PM 26.3% 37.83 37.45 33.67 48.53 B832.62 27.30 410 33.80 5.30 37.88 51.22 .38 0,58 1.15 5,63 717
1812001 257 PM 26.2¢ 38.06 7.44 33.63 48.11 §3%.97 7.20 4.40 33.80 .20 38.01 G1.42 A0 0.58 1,62 6.88 7.10)
18/2001 257 PM 26.2¢ 7.89 7.61 33.48 48.49 835.81 7.20 4.30 33.80 ,20 37.85 61.22 .33 0.58 0.63 5.63 7.30
1812001 2:57 PM 26.34 7.85 7.82 33.53, 48,09 832,66 27 60 4.20 33,80 5.40 37,80 60,89 .45 0.61 .05 6.06 &84
11812006 | 12:57 PM 26,30 7.75 7.68 33,64 4B.73 833,47 27.20 4.60) 33,80 5.30 37,70 51.31 .27 0.59 0.06 5,31 737
11/8/20068 | 12:567 PM 26,26 7. 72 37.67 33.51 49,94 832.27 27.60 4.10 33.90 5.20 37.69 50.85 1.45 0.58 0.06 2.02 7.22
1/82006 | 12:58 PM| 26,28 7.72 37.65 32.89 48.99 833.29 26.50 4.60 34,00 5,30 37,66 51.20 0.81 0.59 0.03 4.52 $.38
11812006 [ 12:68 PM 2628 7. 74 37.60 32.84 48.865 831.48 2610 4.10f - 33.50 5.40 3767 51,27 0.62 0.6 0.18 5.40 8.81
11/8/2006 | 12:58 PM 26.26 37.69 ar.70 33.06 48.37 532.39 26.10 3.70 33.30 5.40 37.63 51.26 30.48 0.5 0.20 5.96 8.46)
1182006 | 12:56 PM 26,29 37.76 37.67 3.45 48.76 B32.74 26.60 4.10 33.30 5.40 37.68 51.35 30.84 0.5 0.03 5.32 7.40)
[11/8/2006 | 12:58 PM 26.26 37.74 37.66 3.76 48.49 831.01 26.80 4.40/ 33.40 .30 37689 b1.54 1.00 0.60 0.08 6,28 7.19)
1812006 | 12:58 PM 26,27 37.67 37.64 3.67( 48,44 832.61 26,801 4.00 33.60 .40 37.62 51,32 0.93 0.61 Q.06 5,94 7.53
11/812006 | 1268 PM 26.28 37,67 37.61 33.75 5C,48 831.06 26.50) 4.30 33.60 .30 37.62 b1.59 30.85 0.50 0.03 2.20 8.20
1/8/2006 | 12.58 PM 26,28 3771 7.64 33.75 418,86 835.33 26.80 4.60 33.60 5,20 37,67 51.60 31,03 0.58 C.08 5.61 7.66
1/8/2006 | 12:58 PM 2632 37.68 7.48 33.71 49.31 831,96 26,70 4.40 33.60 5.40 37.63 61,51 30.89 0.61 .39 4.48 7.79
1/8/2006 | 12:58 PM 26.32 37.73 37.47 33.80 48.35 831,49 26.30 4.20 33.50 5.30 37.68 51.84 30.67 0.60 0.54 7.23 8.44
1/8/2006 | 12:58 PM 26.33 37.70 37.43 34.58 48.13 830.47 26.60 4.40 33.50 6.30 37.64 52,13 30.86 0.58 Q.56 8.11 7.89
111812006 | 12:58 PM 26,35 37.69 37.29 34 68 49.18 832,98 27.00 410 33.80 6.30 37,66 61.88 31.10 0.58 0.97 551 717
11/8/2006 | 12:68 PM 26,35 37.73 37.42 34 .68 49.40 833.73 26.90 4.20 33.70 6.30 37.68 §1.99 31.0& 0.58 0.70 5,26 7.86
11/812006 | 12:59 PM 26,33 3779 37.69 34.50 48.41 B36.74 26.60 410 33,70 6.30 37.74 52.04 30.88 0.59 ©.13 7.48 8.36)
11/8/2006 | 12:62 PM 26.27 37.82 37.73 3447 48.30 835.06 26.60 4.40 33,70 6.30 37.76 82,11 30.90 0.58 .08 7.80 8.30
11812006 | 12:53 PM 26,28 37.81 37.40 34.58 48.32 B34.92 26.40 3.90 3,50 5.40 37.75 52,12 30.72] - 0.61 0.92 1.86 §.29
11/8/2006 | 12.68 PM 26.28 37 80 37.66 34563 48.15 634.32 26.80 3.60 3,50 £.30 37.76] £1,72 31.05 0.60 C.30 7.42 7.31
[11/8/2006 | 12:59 PM 26,30 37.72 37.51 34.35 48.71 834.83 27.10 4.10 3.70 6.20 37.69 51,67 31,20 D.58 0.48 6.08 7.42
1/8/2006 { 0100 PM 26.34 37.62 37.47 34.34 48.47 836.29 27.00 4.30 3.80 520 37,60 81.73 3.1 0.58 0.34 6.73 7.96
1/8/2008 | 01:00 PM 26.33 37.72 37.64 34.07 48.62 B35.01 26.80 4,00 33.70 5.30 3767 £1.60 30.98 . 0.69 0.08 6.15 8.07
1/8/2006 | 01:00 PM 26.33 37.77 37.33 34.47 48.17 836.88 26.70 4.40 33.70 5.30 37.72 52.03 30.85 0.59 1.04 6.02 8.16
CL Lourens B-5
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Appendix B

Pilot Plant Data

Comparision of Actual Data to Calculated Values
Water Inlet Temperature
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Appendlx B

Pilot Plant Data

Relative Humidity (%)
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Appendix B

Filot Plant Data
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Appendix C Pilot Plant Program
General Information:
Water P z
EvaporatorDesign:
Emisivity:  cu=0% Siope: 3= 00036
Steel P jos (Paitnd B - Wadth: W= 1.8m
Emisivity: £ =08 : Length: Le:= om
Abeoeblivity:  ay= 09 Total Solar Absotplion Area: Agg= Welg
Roughness:  ke= 10010 'm Total Solar Interference Area Ag'= Ly 0.8252m + Le 005w + (We — 0.1m} 0.025m-2 + (W — 0.1m)-0.05m-11
Glass
lass Panef.. Total Glarss Ayea: Agi= Agg— Ay
Absorbliviy: ag= 0025 . Ag
. . Absorplion Area Rabo: jr=—
Emishily: eg=095 A e
Conductivity: kp= lJSA_Wi_ Lg=1 Indet Duct Cross-secbonal Area: Add = 0271807
Thickness: =0 .
ty = 0005m Eoxt Duct Cross-sectional At A= 037>
Roughness: g = 1010 %y
N Avearage Depth of Water: Hywegvg = 00175m
Innier Height Hein = 0.13m
Alr Velocity: =012 _
elocity: o Average Height of Air- Haeayg = 0.18m — Haweavg
Pir Fressure: = 101325Pa .
Pam Average Cross-sectional Alr Fiow Area: Act = Haeavg We
boog. Inlat Duct Max Iz Avg Velocity Ratio; Favghi = 0.434
Accuracy: J=0000005 of A=001%
Inket Duct Max to Avg Velocity Ratia; = 0427
Date Sat DATA = X g Tavghe
- gyt 1H-3-2006 12-20 PML_SD_F-834
Safinaty of Piot Ptant Water; Z:=0 NOTE : Units is grams/kiogram,
Pressure Insida: Pac:= 101325P2
Wave Ratio
vi=12
Intagralion Section Length: Ax:= [m
CL Lowrens C-1 CPUT
Appendix C Pilot Plant Program
Constants:
AwProgenty Constants: Seaweter Property Comstants:
Pry D ‘ r Conducilvity Density
Viscosity
€= -5.2002206 16° C7=654 Tewerit = 64K IS0 0084513 —HO0s3 Y
" 2 z Ay:= 137220
C2:= 13914993 Cg= 14.526 3 -3 -1.-1
= 24040 e K =0
] o 0T3S Tywerit m b o.n:ms o o oy D101
€3 = ~48620739.10 2 2= S a2y 3= 0:000005
. s C10:=0.09486 — oo —0.000011) By = 0000813
C4q:= 4.1764768-10 Ca1 = 0368
11=0- bjv:= 0.006H02
-8
C5:= —1.4452093- 10 by = 0
Co:= 63453673 v = 0001550
ooy = DO00NOS3
Senaral Copstarts:
- -2 -4
Swfan-Saltzwan Corstat: o =566910 -Wm “K
Urivarsal Gag Constant: R°.=83|4.4I»J»ka_]-K_]

Specific Heat Capaciy # Comstwn Pressre
Moleciar Waight

Molecular Volurme

Gas Consiarts

My =18 M= 28.9G
Vo= 188 V=29
Ro Re
=— Ryi= —
B "M
c-z

pu= 105 Tkg” K™

1

CPUT



Apperﬁxc Pilot Plant Program

M=z
while DATA,, ,>0

DATA,
V swex & — Tt
T sweg ¢ (DATA, 4+ Z031SK
RH £ + DATAE ‘5-16

[RH exact + DATA, (%

E i «- DATA,. 7-W-m_ :

Eet Ejra;
T 1y <+ (DATA, gHIALIE
T acuact - [DATA, o + TSR
ug;de-DAl'AE 9-m-s_!
U gt +— DATA: "-ms-i
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U0
Tmc'(-'rmgo
RH o, < (RH o + 20} %
T%G-Tto
RH.nbc—RH%
LoopStop 7« 10O
while LoopSwp 17> 0
N 2
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Ts.b(-]'go
SN TRE .
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B C Pilot Plant Program
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Pilot Plat Program
e J0O0PE
Ve ———— —
P~ hvex K kg
0621981 pe
Pae—Pvex
M govex & |F swex  for 1 0.2
27wy — 150
Xy ———
150
T+ 1
T,lc-xl
T, e2x
fr ec0..2
T swex il
2. v_
e+ | —%
. J
Tey+1
Tqu—xs
T;zc—z-xgz-i
s 32 2
107 kgm Z Z {bn,s‘T‘e'T‘l)
1=0e=0
Pnl:rvwex
mﬂm‘-mqu—r%}
ﬂnoi—ﬂw
- A2 swe + OW
Q%eﬂw
Rey 0
Z oI gwex
ot "= "o
mmoi—mm-mdx(fek—reo)
1000-m g,
ms.mo
CL Leurens C-5 CPUT
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Appendix C Pilot Ptant Program
while m <N
i+ (u+0.5) Ax
xg+La—x;
Tong + it
Tsd-mpo‘“'rﬂ"n
{Loopstop j - 1
while LoopStop ; > A A § < 2000
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Appendix C
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Appendix D

Pilot Plant Equipment Specification

Data Logging Equipment

Data Cables: | Twisted 2 Core Woven Shielding

Twisted 4 Core Woven Shielding

RS485 « RS232 Converters

Instrument < Computer Converter Card

Dell Optiplex GX 260 Computer

Water Temperature Control

Sensor: PT 100

Controler; Gefran 600

Other

Fan: 0,55k W 4 Blade ¢400mm

Pump: 1,5kW Q=300-900/min H=4,5-11m

CL Lourens

Sensor Sensor Type Measurement Unit Signal Type Signal
PT 100 Model 4003 LED Univ. Temp. Indicator Temperature °C Analogue 4-20mA
RH sensor TR-HUM1A4 Humidity Transmitter - Lutron | Relative Humidity % Analogue 4-20mA
Magnetic-Inductive ‘
Flowmeter MAG 910E Arkon Flow Rate I/s Analogue 4-20mA
Wind Speed & .

Hot Wire Anemometer | Am-4204 Hot Wire Anemometer - Lutron Temperature m/s & °C | Digital &
Solar Radiation Sensor | SPLite Pyranometer Solar Radiation W/m* Analogue nv

: Digits 9-11 Temperature

* 1 (D9D10,D11)
Digits 13-15 Wind Speed
** 1 (D13D14,D15)
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LOW TEMPERATURE SOLAR POWERED

DISTILLATION OF SEAWATER

CL Lourens, EA Uken and M Kilfoil
Cape Peninsula University of Technology, Cape Town, South Africa

Too much pressure is being put on the world’s natural
water resources. Hence many countries are now
looking to the sea as a possible source of water.
Existing desalination systems are not feasible for some
countries, because of the high cost of producing large
quantities of potable water from seawater, A new
system is thus proposed, which receives all the energy
required for production from the sun. Seawater is
evaporated and then it condenses to form potable
water. This process occurs at low temperatures and
pressures close to that of ambient conditions, keeping
the system’s energy requirements low. A computer
model of the plant has been developed and some of the
early results obtained are presented in this paper.

1. INTRODUCTION

A recent study by the United Nations has shown that
nearly half the world’s population will experience critical
water shortages by the year 2025." Areas of South Africa
- are likely to be among those facing increasingly frequent
water shortages. The much debated concern over the
world’s changing climate adds to the urgency of focusing
attention on this potentially crippling threat to South
Africa’s population and economy. The vast water supply
of the se¢a could be the answer and much research has
been done into reverse osmosis plants. A major drawback
of such high pressure systems is the enormous energy
requirements associated with them.? Hence the cost of
water produced will be very high. Many of the countries
with water shortages also have looming energy problems.
A system that produces large quantities of desalinated
seawater which only, or at least to a large extent, relies on
solar energy would assist in solving this global problem.

The idea of producing potable water by the evaporation
and condensation, or distillation, of impure water is by no
means new. In fact Aristotle, who lived during the fourth
century BC, mentioned it in his work” Low temperature
distillation, powered by solar energy, is also not new. A
device known as a solar still has been in use for some
time now.’ This device consists of a shallow pan of water
covered by an angled glass panel. Solar energy passes

through the glass panel, and heats and evaporates the
water. The air near the glass panel cools down and some
of the moisture it contains condenses onto the glass, runs
down the glass and is gathered in a container or other
storage device. Desalinated water production in this
device is extremely slow. Therefore, it is only suitable for
remote settlements where brackish water is the only type
of moisture available, where power is scarce or expensive,
and the demand is less than 200 m’/day.?

There are ways of improving on this basic design. In
order to increase the evaporation one could force the air
into motion and thereby increase the rate of evaporation.
Alternatively, one could increase the temperature
difference between the air and water, which would also
increase the evaporation rate. Doing both is even better.

2. PLANT DESCRIPTION

The proposed desalination plant consists of an evaporator,
condenser and a secondary water heater,

The water is pumped from the sea through the condenser,
where it is heated by energy transfer from warm air
leaving the evaporator. The water is then heated further
in the secondary heater before it flows into and through
the evaporator. Sea water not evaporated (which has an
increased salt concentration) flows back to the sea.

Air from the condenser flows into the evaporator where it
is heated and it picks up moisture from the water. Warm,
moist air leaves the evaporator and flows into the
condenser, where it is cooled down by cold water from
the sea. During cooling vapour in the air condenses. Cold
dry air leaves the condenser and flows back into the
evaporator.

Desalinated water flows out at the bottom of the
condenser.

A schematic representation of the process is shown in
Fig.1. The dashed lines with arrows represent the flow of
salt water. The solid lines with arrows represent the flow
of air. The dotted line represents the flow of desalinated
water.
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Fig.1: Schematic representation of disti]latidu plant

This plant is ideal for coastal areas with cold sea currents,
high solar radiation and mostly clear skies. South
Affica’s entire western coast falls into this category. In
fact most coastal areas with cold sea currents have a low
rainfall, predominantly clear skies and can therefore
benefit from this design. The plant would function best if
it is built at the minimum elevation above sea level
required to ensure its safety and as close to the sea as
possible to reduce pipe losses.

Water fit for human consumption is fit for livestock and
irrigation as well. Consequently this plant may assist in
extending arable land and increasing food production.

2.1 EVAPORATOR

The evaporator is a simple structure consisting of a sloped
concrete floor covered and enclosed by double-glazed
glass. Heated water, from the water pre-heater, enters the
evaporator, ums down the slope of the concrete floor and
exits at the bottom, numming back into the sea. The air, on
the other hand, flows between the glass panels and the
water, from the bottom of the slope upwards. Solar
energy enters through the glass panels and is trapped by
the greenhouse effect. Most of this energy is absorbed by
the concrete which in turn heats the water. Energy is
transferred from the water to the air by forced convection
and by the water being evaporated.

Premature condensation or condensation on the inner
surface of the innermost glass layer would greatly reduce
the solar enmergy entering the evaporator. The use of
double-glazed glass panels increases the surface
temperature on the inside of the lower glass panel to
prevent condensation there. Having two glass panels with
an air gap between them reduces heat loss back to the
atmosphere.

2.2 CONDENSER

The condenser is of the counter flow shell-and-tube type.
Cold water pumped directly from the sea flows in the
pipes. Warm moist air from the evaporator flows on the
outside of the pipes. The cold sea water absorbs heat from
the warm moist air, thereby reducing the temperature of
the air. This reduces its relative humidity to saturation.
Further cooling in the condenser causes condensation,
thus some of the water vapour in the air tumns into pure
liquid water.

The slope of the condenser is such that it takes the air
back down to the inlet level of the evaporator, thus
restarting the process.

23 SECONDARY WATER HEATER

The water temperature at the exit of the condenser will be
lIower than that of the air. The water is used to heat the air
inside the evaporator, which is not possible if the water is
colder than the air. To overcome this problem a
secondary water heater is introduced. The heater used is
essentially of the same structure as that of the evaporator,
consisting of double glass panels with water flowing
under them over a concrete surface. Solar energy enters
though the glass and is absorbed, mostly, by the concrete
which heats the water.

The water, already heated partially in the condenser,
enters the heater at a higher elevation than the evaporator,
flowing downhill through the heater into the evaporator.
2.4 OPTIMISATION

Owing to the limited energy available from the sun and
the large amount of energy transfer required during
evaporation and condensation, the process must be as
effective as possible. Two basic principles were employed
towards achieving this goal :

Firstly, reduce the amount of energy exiting the system.
The largest quantity of energy is saved by ensuring the
lowest temperature at which the seawater exits the
evaporator and flows back to the sea. The temperature is
very nearly that of the air entering the evaporator and is
achieved by determining the optimum air-flow speed.
Reducing the temperature of the seawater to close to its
original temperature also prevents thermal pollution of the
coastal water around the desalination plant. The double
layer of glass panels and the regaining of energy from the
water by the air and vice versq further improves
efficiency of the process. Some ¢nergy 13 also regained
by introducing a low head water turbine powered by the
water flowing back to the sea.

The second and equally important principle is to reduce
the energy requirements of the process. Little can be
done to reduce the energy required for evaporating or
condensing water or to heat the water and air. One can
really only reduce the ¢nergy required to keep the air in
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motion and pump the water. The optimum air-flow speed
required in the evaporator to prevent condensation on the
inmer glass panel is very low, which also results in a very
 small drop in pressure. Keeping the slope of the
evaporator at the minimum required for the water flow
helps reduce the pressure lost by elevation change. The
slope of the condenser, due to its shorter length, is much
greater than that of the evaporator. This helps to regain
some air pressure as it is cooling down. To reduce the
pump energy required by the water the overall elevation
of the plant is kept at a minimum and parallel pipe
systems are used, where possible, to reduce friction
losses.

2.5 OUTPUT OF DESALINATION PLANT

Originall;( it was hoped that a daily production of
10 000m” or 1¢ million litres of desalinated water would
be possible, but computer modelling has shown that
5 000m’/day is more realistic. This is of course
dependent on the solar absorption size of the evaporator.
With the current design the plant could produce, at
maximum production rate, approximately 217 kg of water
per second. The energy required to keep the air flowing
at this maximum production rate is approximately
110kW. Although the exact power required to pump the
water has not yet been determined, the authors are
confident that the extra energy required for this plant can
be supplied by solar panels.

The curves shown in the figures below, are based on data
from a computer model simulating the entire process and
not on data from physical modeis.

3. COMPUTER MODEL

The computer program was Wwritten employing the
principles of mass and energy conservation.
Mathematical medels of each of the three systems were
drawn up and then linked by taking the results from one,
such as mass flow rate, pressure and physical properties,
to the next. Throughout the model numerical integration
was employed allowing the continuous calculation of
property changes for both the water and the air.

Before starting the model a few system limits had to be
put in place. These were the maximum and minimum
temperature of the air, humidity of the air exiting the
evaporator and the air pressure at inlet to the evaporator.
Some other guidelines helped to simplify the problem,
such as setting the temperature differences between the air
and water at key points to a preset value.

The evaporator model starts from the air inlet side with
the known and required values and properties. Some
figures, such as the mass flow rate of seawater exiting and
the air pressure at various key points in the system, are
not known at this stage. Integrating through all process
models back to the evaporator inlet and looping the entire
model again solves this small obstacle. The evaporator
model runs wntil it has solved for the required size of the
evaporator and calculated all the necessary properties of
the air and seawater at the other end of the evaporator. It
also determines the air-flow speed that would prevent
condensation from forming on the inner glass surface and
produce the desired relative humidity and temperature of
the air at exit. One of the most important outputs of this
model is the required temperature of the seawater when it
enters the evaporator. This, along with the desired
temperature of the seawater at exit from the condenser,
sets the basis for the next model - the secondary water
heater.

Knowing the inlet temperature and required outlet
temperature as well as the mass flow rate of the heater,
the size of the absorption area is calculated by integrating
from one end to the other.

The computer model of the condenser is written in such a
way that it determines the required mass flow rate of the
seawater to cool down the air and still achieve the desired
outlet temperature of seawater. It also determines the
length of the condenser necessary to achieve the required
effect.

Thronghout the sysiem the pressure loss of the air is
calculated and after the first system loop is completed, the
values that were originally unknown are redefined and the
loop started anew. This continues until the preset
accuracy is achieved.

4. OUTPUT FROM MODEL

The computer model is currently being used {0 optimise
the distillation plant. With the help of the computer model
the effect of design changes can be easily obtained.

41 EVAPORATOR

This is the heart of the system. Some of the curves
obtained from the model are shown below.
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Fig.3: Rate of water evaporation through evaporator

As mentioned before, most of the solar energy is absorbed
into the water from the concrete floor of the evaporator.
The effect is that, when moving from the air inlet side to
the other, the water gains more energy than the air and is
heated more rapidly. As the temperature gradient
between the water and air increases, more energy is
transferred through convection and evaporation from the
water to the air, increasing the temperature change of the
air and the rate at which evaporation proceeds. As both
the air and water’s temperatures increase, 50 does that of
the glass panel, thereby causing greater energy loss
through it back to the atmosphere. With higher energy
losses less energy is available to increase the temperature
of the two fluids, This causes the slower temperature rise
at higher temperatures.

42 CONDENSER

From the onset of this project the evaporator was seen as
the most important design problem. Many changes can

be made to the condenser to make it more effective. The
effect of this will be a shorter, more compact condenser,

but it would have no effect on the energy requirements
related to condensing the water vapour. The design of the
condenser, therefore, will have little effect on whether or
not this plant could operate. For this reason the simplest
design was selected, to simplify the computer
programming associated with modelling the condenser
and to minimise pressure losses therein.

Fig.4 below shows the temperature change of both the
water and air in the condenser from the air inlet side.
Initially the drop in temperature of the air is rapid. Air
enters the condenser at a relative humidity of
approximately 95%. Less energy is required to cool the
air 1o safuration than is needed to condense the vapour
and cool the air after saturation has been achieved. Hence
a more rapid temperature drop. The S-shape of the curve
is what one would expect with smaller temperature
changes, when the temperatures of the two mediums are
closer together, becoming more rapid as the gradient
increases.
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43 SECONDARY WATER HEATER

Fig. 5 shows the water temperature rise through the
heater. The graph appears to be linear but is, in fact, not.
As the temperature of the water increases more energy is
lost through the glass and thus less energy available to
further heat water. The graph looks linear because there
is only a small increase in water temperature through the
heater, about 10°C, and owing to the insulating effect of
the double glass panels the outer glass surface’s
temperature increases even less. Thus the energy
available remains fairly constant.
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Fig.5: Seawater temperature through secondary water

heater
5. PRELIMINARY DESIGN

According to the model, if :

e the air properties are to change from 10°C at a
relative humidity of 100% to 65°C at 95% relative
humidity, and

¢ a maximum desalinated water production of 217 kg/s
is to be achieved,

then an evaporator area of 2,25km’ is required with a
mass flow rate of air and water of approximately
1570kg/s and 1460kg/s, respectively. At the first glance
this seems very large, but if one considers that 2. 2MW is
required to evaporate lkg of water, the picture changes.
In addition, energy is required to heat the air and vapour.
Also take into account that at maximum solar radiation,
not including any energy losses, only 1kW of energy is
available per square meter.* This is the major draw-back
of solar energy systems.

It is estimated that the extra energy requirements of the
plant will be in the region of 400kW. The true value
remains to be determined. Since this plant will only be in
true production when sufficient solar energy is available
all the exira energy requirements could be fulfilled by
solar panels.

6. FUTURE PLANS

A pilot plant will be built within the next few months.
Extensive tests will be performed on it to determine
whether the computer simulation of the plant is accurate
enough. This will also show how much additional energy
is needed to keep the air in motion and to pump the water.

7. CONCLUSION

A plant that, on a clear day, can produce 5 milfion litres of
potable water a day without any energy required from the
national grid has some potential. Essentially this plant
would produce water without any energy source tosts.
However, maintenance and capital costs still have to be
determined. The capital cost would have to be regained
by selling the water to consumers over the lifespan of the
plant. The aim of the project is to determine if a simple
design such as the one discussed is worth pursuing
further.
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