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ABSTRACT

Ocean thermal energy conversion (OTEC) is an electric power generation
system which uses the temperature difference between warm water at the surface
(26 °C) and cold water from the depths (5 °C) of the ocean. Generating electricity is
not the only function of OTEC as it can also produce significant amounts of fresh
water. This can be very important, for example on islands and in some regions, such

as Port Edward, where fresh water is limited.

This thesis sets out to harness this fluidic energy, thus generating significant
amounts of useful electric power for insertion into the national grid, as well as fresh
water in Port Edward on the KwaZulu-Natal (KZN), South Coast. The site of Port
Edward is naturally suited to the establishment of alternate energy collection
sources such as OTEC; the geographical location of this region is additionally suited
to the development of Open Cycle - Ocean Thermal Energy Conversion (OC-
OTECQC).

Port Edward lies just beneath the tropic of cancer and on the shore of the Indian
Ocean thus two important elements needed for OTEC namely constant sunlight and
large coastal areas can easily be found in this region. More importantly, the steep
drop in water depth down to 3000 meters makes this an ideal research site for ocean
thermal energy conversion in KwaZulu-Natal (KZN). If the proposed theories are
correct, this can possibly be used for base generated energy capacity and fresh

water.

The results are presented with reference to the temperature difference between
the sea surface and the sea bottom because it is an important parameter in

choosing an actual plant site and system design of OC-OTEC.

This research is mainly laboratory based concentrating on design, calculations,
modelling and simulation of OC-OTEC. The thermodynamic fluid calculations were
undertaken with a view to design the main mechanical components of an OC-OTEC
system, i.e. flash evaporator, condenser and steam turbine. SOLID EDGE software
was utilized to design OC-OTEC plant and ASPEN PLUS V8.6 software was used
to simulate and model the experiment. An OC-OTEC demonstration plant was

designed and constructed in an Electrical Power Laboratory at Durban University of



Technology (DUT). The experimental study was carried out on the demonstration
plant with consideration given to water temperature, mass flow rate of fluid, and

pressure. The measurements were taken before and after each component.

The selection of a good process modelling and simulation tool was of extreme
importance for the success of this work. Throughout the measurements, we found
that the thermal efficiency (%) and the power output increased with increasing
temperature difference At = tw - tc. The power output was produced when the total
temperature difference was sufficient to allow heat transfer within the evaporator

and provide a pressure drop across the turbine.

There was more heat transfer (steam produced) in the flash evaporator at a
constant flow rate because the warm water continuously supplied heat energy to
the evaporator without losing much energy through the process, therefore
continuous feed to the turbine improved constant power output. The thermal
efficiencies were increased with increasing pressure across the turbine. The
increase of pressure drops across the steam turbine caused the output power to
increase. The larger flow rates of the warm water lead to higher amounts fresh water
produced from the condenser.

The final step in this process was the design of the main components of a practical
plant to be used as a pilot plant at a selected location on the KwaZulu-Natal South

coast. This will address the problem of lack of water in the region.
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QUANTITIES AND UNITS

Area for heat transfer

Area for fluid in annulus
Cross section area of coil

Inside diameter of the cylinder (shell)

Specific Heat Capacity of water at constant pressure

Carbon Dioxide
Inside diameter of coil

Shell side equivalent diameter of coill
Average diameter of helix

Outside diameter of coil

Ratio of steam to warm surface seawater flow rate

Mass velocity of fluid

Height of the helix
Enthalpy
Heat transfer coefficient inside a straight tube

Heat transfer coefficient outside tube

Flux

Colburn factor for heat transfer

Thermal conductivity of fluid

Thermal conductivity of coil

Length of helical coil needed to form N turns

Mass flowrate of warm surface seawater
Mass flowrate of steam

Number of turns of helical coil

Power generation rate

Prandtl number
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Reynolds number

Heat load

Shell side fouling factor

Tube fouling factor

Corrected log mean temperature difference
Log mean temperature difference

Fluid velocity

Overall heat transfer coefficient

Pressure

Volume

Volume of annulus

Volume occupied by N coils
Volume available for fluid flow
Fluid viscosity,

Fluid viscosity kinematic

Degree Celsius

Specific heat of water for evaporation

Fraction of cold deep seawater to the turbine or condensers

Recycled fraction of cool seawater from C1 condenser

Efficiency

Dynamic viscosity

Kinematic viscosity

Density

Temperature of cold deep seawater

Vil
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CHAPTER 1

INTRODUCTION AND RESEARCH OVERVIEW
1. INTRODUCTION

There is a rapidly developing problem in South Africa concerning its ability to
supply sufficient power and water to cover the country’s ever increasing needs.
This is being exacerbated by rapid expansion of local manufacturing industries,
and by the broader program to supply domestic electricity to the entire population.
In this research, a novel design of a thermal energy plant, for supplying fresh water

and power in the south coast region of KwaZulu-Natal is proposed.

e This project is unique because it has never been implemented in Southern
Africa.

e It is a unique application to generate electric power and simultaneously

harvest a fresh water. It is, in effect a self-powered desalination plant.

At present, a steady provision of power and water is an important aspect of
human aliveness. Currently, almost generated energy is dependent on fossil fuels
and nuclear power [1], [2]. Even so, the world population is increasing at an
explosive rate — and as a result, energy and water consumed by mankind are also

increasing explosively [3].

Through seeing future economic growth and environmental problems, it is
obvious that in the 215 century, current mainstream resources, such as petroleum,
coal, and uranium cannot be relied on, for the world’s energy supply [4], [5]. This
is a worldwide issue, and is a serious problem when considering the repercussions
such as global warming and air pollution through great carbon dioxide (CO2)
increase [6]. Therefore, the crucial problem of developing an alternative energy

source to fossil and nuclear fuel must be faced:

“Energy is essential for growth; yet two billion people currently go without,
condemning them to persist in the poverty trap. It is required to make clean energy
supplies accessible and low-cost. It is also required to increase the role of
renewable energy sources and better energy efficiency. And the issue of over
consumption must be addressed - the fact that people in the developed countries

use far more energy per capita than those in the emerging world” (Kofi Annan).
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For alternative energy, sources such as, wind, solar and geothermal power
could easily be considered. Still, Ocean thermal energy (OTEC) is an alternative
that can produce substantial contributions to a solution for a sustained supply of
fresh potable water, and power [7], [8], [9].

OTEC has the potential to significantly improve the techno-economic viability
of regions facing a scarcity of water and high energy costs [10], [11]. Because large
guantities of seawater pump through an OTEC system to generate what could be
used as base load power, the proximity of the voluminous energy and water
supplies allows OTEC to function efficiently and economically with typical thermal

desalination processes, as well as those driven solely by electricity.

The environmental impact of desalinating seawater is quite high when using
fossil fuels. Replacing the energy supply with a renewable energy source, such as
OTEC, eliminates the pollution caused by fossil fuels and other problems

associated with the use of fossil fuels to produce potable water.

Energy Source
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glabsd primary energy sy 22 100/0 :CGO:S'
I RE
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Figure 1: Shares of energy sources in total global primary energy supply in 2008 Shares of energy total and
global primary energy supply [4], [12].

1.1. WATER CHALLENGES
Rapid industrial expansion and the world-wide population explosion have

resulted in significant contamination of streams and lakes by industrial waste and

the great amounts of sewage discharged. On a worldwide scale, man-made
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pollution of natural sources of water is becoming the single largest cause of the

current fresh water shortage. Water is as valuable a resource as electricity.

Deprived of fresh water, no society can function. Water is a critical element
in sustainable development, and is at the core of all economies in the context
of sustainable socioeconomic development and poverty eradication. The only

nearly inexhaustible sources of water being the oceans and seas.

South Africa is the 30t driest country in the world [14]. Water viability has
been under stress in many parts of KwaZulu-Natal (KZN) including Port Edward,
as reported by the Department of Water Affairs and Forestry (DWA) [14]. Water
holds a decisive function in the South African economic system where it
contributes 60 % towards agriculture and irrigation. Survey 2011 recognized that
91 % of the population have admission to enhanced water sources, while 79% has
access to improved sanitation (see Fig 2). Of all the global water, a mere 0.5 -1%
is fresh water available for the demands of all flora, beast and human life. About

97% of water in the world is in the oceans [14].

Figure 2: Water drought in KZN [14].

To solve this water problem, desalination of water is important. Figure 3 shows
the open cycle OTEC plant diagram that is proposed for South Africa on the KZN-
South coast.
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Figure 3: Design of Open cycle OTEC plant.

1.2. OPEN CYCLE OCEAN THERMAL ENERGY CONVERSION (Oc-OTEC)

OVERVIEW

Open cycle thermal energy conversion was initiated in 1930 by George Claude
[10]. This system utilized steam evaporated directly from seawater to power a
turbine. Since the seawater pressure was sub atmospheric, the steam temperature

was less than the normal boiling point at atmospheric pressure. Research
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conducted by Florida Solar Energy Center (FSEC) has delivered data and
approaches used in a recent system study of OC-OTEC [11].

Warm Sea Water In

N . Y

Deaeration 3 Y Low-Pressure [ Electrical |

(Optional) :( Flash Evaporator :( 4 Turbine l'. Generatnr/ll
Warm SEIIE.! Water Out

Cold Sea Water In :( f___ Condenser Cold Sea Water Qut

Desalinated Water

Figure 4: OC-OTEC Plant [12].

Open cycle OTEC has a distinct advantage over closed cycle OTEC systems
owing to the use of a direct contact (flash) evaporator which is cheaper, smaller and
more efficient than the conventional or surface evaporator required for closed cycle
systems.

If fresh water is not a requirement, then direct contact condensers can also be
used [13]. If fresh water is a requirement, then a surface condenser can be used in
this system since the evaporator acts as a distillation unit. In this case studies have
shown that the value of fresh water produced could offset the extra cost and
possible performance degradation associated with its use.

Studies have shown that the most cost-effective operation utilizes a direct contact

condenser in the system shown below in fig 5 [13].

Desalinated water
circulating loop

Cold seawater Water heat Cold sea
5C exchanger water return
Spent steam Direct contact
from turbine condenser Desalinated
water production

Moncondensable
gas remaoval system

Figure 5: Purified water production scheme using condenser [13].
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CHAPTER 2

LITERATURE REVIEW

2. INTRODUCTION

In the current literature, there have been numerous research and development
studies conducted to investigate the performance and feasibility of the OC-OTEC
system. However, an integrated system of desalination, and water production is
lacking in the current literature. This research proposes an OC-OTEC system that
can extract fresh water, and generate electrical supply simultaneously using an OC-
OTEC system.

In this chapter, recent studies regarding different types of OTEC are presented.
Thermodynamic processes of an OTEC open cycle, desalination technology, and
cost of water generated by distillation plant are reviewed. The literature has been
categorised based on thermal energy, previous related studies, open cycle system
components, thermodynamic and economic feasibility analysis, and recent open-

cycle power system studies. These are discussed and summarised.

2.1. RESEARCH DEVELOPMENTS

A suitable location for an OTEC plant location should be in a stable environment
with suitable parameters for effective operation. The most important parameter is
the temperature difference (At) at the location which has to be At a minimum of 20
°C between the sea surface and the sea bed. Even if the surface temperature is

very warm. OTEC might not be viable if there is a lack of a cold water heat sink.

The most suitable resources can be found in the area between 30° South and
30° North, i.e. in tropical oceans [14]. Fig 6 indicates the At between water at depths
of 20 m and 1km, and the locations with a temperature gradient of more than 20°
C. The data presented below is for global assessments of potential OTEC resources
indicating the global distribution of AT using data archived at the National
Oceanographic Data Center. From this it is shown that the east coast of South Africa

could be suitable for such a plant.
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Figure 6: Global sea surface temperatures SST (Available
at:http://www.ospo.noaa.gov/data/sst/fields/FS_km10000.gif. [15].

Compared to other ocean energy technologies, OTEC has certain
advantages: It can provide continuous base-load power, and it can also provide
fresh water for irrigation or drinking water, and cold water for refrigeration [20], [21].
Resources for ocean thermal energy conversion are more abundant than for any
other type of ocean energy. It is estimated that between 30,000 and 90,000
terawatt hours (TWh)/lyear of power are extractable without having negative
impacts on the thermal characteristics of the oceans [22], [23], and [24].

In 2011, Etemadi et al. reported that an OTEC plant works with the alteration
in the middle of surface seawater and a point at a depth of one km. In the tropical
countries, this temperature gradient is around of 20° C. This difference comes
because the seawater temperature drops as the depth increases [27], [28], [29].
Fig 7 shows the variation of the seawater temperature with depth, where there is
a temperature difference of about 20° C between the surface and a depth of

3,000 m, as is expected at Port Edward.

= - temperature
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=== polar (35 °g)

Figure 7: The temperature profile of ocean water [30], [31].
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2.2. AVAILABLE OCEAN POWER ALONG THE KzN SOUTH COAST

The proposed site in KwaZulu natal (Port Shepstone to Port Edward) is
naturally suited for the establishment of alternate energy collection sources such as
OTEC. Since Port Shepstone is located at the coast of KZN just below the southern
Tropic the two elements required: near constant sunlight and the At needed are
present, hence its selection for this study.

OTEC sites are abundant in the southern parts of the case-study region. Off
the coast of Southern KwaZulu Natal, the continental shelf is fairly close to the
shore, approaching to within a few km in some places. Further, the shelf is steep
dropping to a depth up to 3000 metres making this area suitable for investigation
for OTEC in KZN. Maritime maps of the coast of KZN indicate possible sites where
the continental shelf is suitably close the shore.

The University of Hawaii has tested this technology and obtained a significant
volume of desalinated water [18] which can help the countries that have a problem
with water such as South Africa. The figure 8 below shows the proposed site for
Open Cycle OTEC.
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Figure 8: The propose site for Open Cycle OTEC.
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TABLE 1: TEMPORAL VARIABILITY, PREDICTABILITY AND RANKING CRITERIA OF THE OCEAN ENERGY
RESOURCES [38]

Wave OTEC Tidal Tidal Ocean Solar Wind
power barrage current current PV power
s turbine power
s
Temporal Daily Season Hourly & Hourly season Hourly & Hourly &
variability &seasonal al weekly & al weekly weekly
weekly
Predictability Moderate High High High High Moderat Low
e
Ranking 2 25kWm'? >20AT, =5m 22ms?t 21.5m* >5.5kWh 25.5ms™*
criteria high < 5km mean peak ! m=2d?
tidal speed season
range al
average
speed
Conditional 15-25 220AT, 24-5m 21.5ms" 1-1.5 3- 4-5.5ms?t
5kWhm- < 10km mean ! peak ms* 5.5kWh
tidal speed season m=2d?
range al
average
speed

2.3. LAND BASED ELECTRICAL INFRASTRUCTURE

Any offshore generating station will require a land based substation to collect
the energy, transform it into a form suitable for insertion into the grid, and then
connect it to the grid. This substation must take into consideration any sensitivities
concerning the local habitat and population. A substation could be camouflaged
relatively easily to blend in with the area, but injection of the harnessed energy to
the grid would have to be either by overhead line (unsightly) or by underground
cable (expensive), so this would have to be factored into a final design. It is also
essential for Eskom’s existing and planned infrastructure to be considered when
identifying a suitable site for an offshore generating station. The figures below

indicate present and future planned Eskom transmission lines for KwaZulu-Natal.

In the Durban area, transmission extends southward to lllovo on the coast and
in the south of the province; there is also a planned line extending to the coast at St
Faiths. There are, however, rural networks up and down the coast of KZN, and
further investigations could be undertaken into the possibility of strengthening or

adapting these for use on this project.

Cognisance must also be taken of the fact that the south coast from Durban
down to Port Shepstone and beyond is a built-up area, and suitable sites for a

substation could prove difficult to identify.
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Fig 9 shows the existing (2012) electrical infrastructure in KZN [39] where it can
be seen that an 88-kV transmission line runs down the coast to past Marina Beach.
This line, if it is electrically strong enough, could be ideal for connecting to the OC-

Cycle OTEC generating station.
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Figure 9: Eskom’s existing infrastructure in SA [39].
It is also essential for Eskom’s existing and planned infrastructure to be
considered when identifying a suitable site for an offshore generating station. Figure
10 below indicates Eskom’s present and future planned transmission lines for

KwaZulu-Natal.
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Figure 10: Eskom’s future development plans for KZN [40].

2.4.  ASSESSMENT OF OC-OTEC RESOURCES IN SOUTH COAST

The accessible OTEC temperature difference between surface and deep
ocean waters, AT is distributed between the foremost components of a power
plant: one half across a power generating turbine, as recommended from modest
optimization measures, and the balance to permit surface seawater to cool down

in an evaporator and deep seawater to warm up in a condenser.

Figs 11 and 12 illustrate a minimum approach (pinch) temperature AT/16 (of the
order of 1 °C) in either evaporator or condenser. This is imposed to maintain the
exchange of heat. The thermodynamic efficiency of such a typical OTEC power

cycle isegAT/(2T), where T is the surface water temperature and

£rg thturbogenerator efficiency possibly as high as 0.85 [28], [41].

Figs 15 and 16 illustrate a minimum approach (pinch) temperature AT/16 (of the
order of 1 °C) in either evaporator or condenser. This is imposed to maintain the
exchange of heat. The thermodynamic efficiency of such a typical OTEC power

cycle isegAT/(2T), where T is the surface water temperature and

£rg thturbogenerator efficiency possibly as high as 0.85 [28], [41].
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The tiny amount of energy lost through the OTEC process can be considered
negligible, e.g., when defining the OTEC temperature ladder in an overall enthalpy
balance of the seawater currents. The information shown below is for global
assessments of potential OTEC resources showing the worldwide distribution of

AT using data archived at the National Oceanographic Data Center (NODC) [28].
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Figure 12: Cold water depth based on HYCOM data [28], [30].

2.5. Oc-OTEC: EFFICIENCY

The overall efficiency of an OC-OTEC system is given by the following equation:

Pin
n=-—

Qin (2.1)
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where Pn is the net power and Qin s the rate of heat transfer into the system
[20]. The potential efficiency of an OC-OTEC is higher than close cycle since a
greater portion of the temperature change is available to produce power. In
addition, it can also be used to provide drinking water. According to a system
analysis done in 1985, the condenser surface area of a plant producing 2 MWe of
net power can generate approximately 4300 cubic meters of purified water each
day [21].

Whilst OC-OTEC does have a higher efficiency potential, the technology
required is not yet established. That is, OC-OTEC systems are not yet
economically feasible. Todd Taniguchi reported that the Research and
Development of OC-OTEC systems have been stalled because of foreseeable
problems with developing the technology on a commercial scale. As mentioned
above, no OC-OTEC system has been designed or built because of the large
turbine sizes required [22]. This project mitigates against these constraints by
concentration mainly on water production this reducing the size of generator

required if used for pure energy production.

2.6. OTEC RESEARCH OVERVIEW

Novel technologies for the extraction of valuable ocean resources have become
significant following the increasing scarcity of other relatively cheap sources, i.e. oil
[51], [52]. Furthermore, global warming has shown the disadvantage of using other
fossil fuels such as coal [53], [54], [55]. Any alternative to coal fired power stations

in South Africa would lead to a large saving in carbon based pollution.

A white paper, circulated by Department of Minerals and Energy, indicates that
the South African Government is committed to ensuring that renewable energy,
including wind, solar, and ocean energy becomes a significant part of its energy

portfolio.
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Figure 13: Ocean energy power system diagram [55].

Figure 13 further categorises ocean energy into its component parts such as
ocean currents, tidal currents, wave energy, thermal energy, and energy derived

from differences in salinity.

2.7. RELATED RESEARCH

2.7.1. TiIDAL CURRENTS

Tides are created by the sun and the moon in mixture with Earth’s rotation.
They interact via gravitational forces. This is what tidal energy generators use to

produce energy.

It is well known that if the water level is higher and/or tidal currents are faster,
the potential will be greater to obtain a larger amount of energy.

Tidal energy, also called tidal power, is considered a clean, renewable energy
because during its transformation no pollutant substances are produced [56], [57].
It is a form of hydropower that uses an alternator to transform tidal energy into
electricity [58]. This is not an option for South Africa as the local tidal range is only

in the region of 1 to 2 M.

2.7.2. WAVE ENERGY

The renewable energy system of power generated by sea waves has the most
concentrated energy potential. These systems are based on the kinetic energy of
the sea waves [59]. The wind generated by the sun transmits its energy to the
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waves which is then gathered, stored, and transmitted along the oceans [60], [61].
Once created, wind waves can travel extremely far (thousands of kilometers) with
very little energy losses. This happens if they don’t encounter head winds, which
will make them lose energy due to friction. Also, it must be noted that near the coast,
the wave energy intensity decreases because of the interaction with the seabed,
although this fact can be compensated for by phenomena such as refraction or
reflection. This system of energy harvesting, while suitable for the Cape, is not
optimal for the KZN South Coast as the average wave height is not high enough for

commercial energy production.

2.7.3. OCEAN CURRENT

An ocean current is the constant flow of oceanic water in a relatively fixed
direction. In KwaZulu-Natal the Agulhas Current flows relatively close to the
coastline. It has been identified as one of the five Major Ocean Currents in the world
based on the power, speed, and consistency at which they flow. The current energy

can be calculated using the formula of kinetic energy of flowing bodies:

KE =0.5.pV°® (2.2)

Where the kinetic energy KE, is proportional to the density P, and proportional

to the cube of the velocity V. [62]. The velocities of ocean currents around the world
are typically more than five knots or 2.5m/s (1 knot=0.50 m/s) and current energy
has been estimated greater than 5,000 GW, with power densities of up to 15 kW/m?
[63].

The power that can be extracted from a flowing mass depends on the
interaction between the devices used to extract the energy. The following
rearrangement of the formula for kinetic energy is shown above [64]:

P 1
(Kj = EpV:“ (2.3)
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The power flux from ocean currents depends on the cross-sectional area of
the flow intercepted by a device A (in m?). Additionally, this depends on P (the

water density) and Vv (the current speed measured in meters per second) [65].

This technology is very suitable for the Coast of KZN and is presently being
explored by d’Almaine and Gumede. Although the technology does not yet exist
for dedicated ocean current turbines, Tidal turbines can be adapted to this use.
The fundamental difference between tidal and ocean currents, apart from the fact
that a tidal current reverses every 6 hours, is the depth of the seafloor at which
these systems operate. A tidal system typically operates at depths between 20
and 40M whilst ocean current systems will typically be operated at seafloor depths
of 100 to 200m. This poses interesting engineering challenges which can be

overcome using technology developed for the offshore oil industry.

2.7.4. OCEAN THERMAL ENERGY CONVERSION (OTEC)

Considering the above, this thesis examines the thermal energy resource and,
more specifically, the Ocean Thermal Energy Conversion off the coast of KwaZulu-
Natal.

OTEC development has been dormant for a long time, given that it was first
proposed in 1881 [66]. However, it has now regained recognition worldwide as a
realistic solution to our world energy issue. Ocean Thermal Energy Conversion
alone can meet the world energy demands, as observed from the world energy
used in the year 2010. In 2003, Vega stated that the amount of solar energy
absorbed by the oceans in a year is equivalent to at least 4000 times the amount
currently consumed on Earth [67], [68], [69]. From an OTEC efficiency of 3% in
converting ocean thermal energy to electricity, we would need less than 1% of this

renewable energy to satisfy the world demand [70].

Since OTEC uses natural energy from the oceans, no greenhouse gases are
emitted and other pollution is minimal. Furthermore, OTEC is an environment-
friendly and semi-permanent energy source [71], [72]. Conversely, a steady output
is difficult to obtain because of the change in water temperature through the days
and seasons. Hence, the thermal efficiency of the OTEC is rather low (about 5-6%)
compared with commercial thermal plants (about 40-50%) [73].
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Figure 14: 210 kW OC-OTEC experimental apparatus (1993-1998) [101].

The attractiveness of OTEC is the seemingly limitless energy of the hot surface
water in relation to the cold deep water and its potential for constant, base load,
extraction [75]. Even for heating, warm seawater cannot be utilised on land due to
its high salt content. Moreover, large volumes of seawater need to be pumped, so
reducing the net energy generated and requiring large pipes and heat exchangers.

Winter reported that OTEC has the least environmental impact and is capable
enough to provide thousands of megawatts of power, which are urgently required
in developing countries [78]. OTEC usually incorporates a low- temperature
Rankine cycle engine which boils a working fluid such as ammonia to generate a
vapour, which turns the turbine to generate electricity, and then is condensed back

into a liquid in a continuous process [79], [80].

OTEC can produce fuels by using electricity to produce hydrogen, which can
be used in hydrogen fueled cars as well as in the development of synthetic fuels
[81], [82], [83], [84]. For a small city, millions of tons of carbon dioxide are generated

annually through fossil fuel use - while with OTEC, this value is zero [84].

Hoffert reported that OTEC has the potential to replace some fossil fuel use
[85]. An OTEC system utilizes low-grade energy and has a low energy efficiency
(approximately (3 to 5%) [86]. Therefore, achieving a high electricity generating

capacity with OTEC requires the use of large quantities of seawater, and a
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correspondingly, a large amount of pumping power. Although OTEC has a low

energy density, the thermal energy in the ocean is extremely abundant.
2.8. OPEN CYcCLE OTEC OVERVIEW

D’Arsonval produced the concept that was presented in 1879 when the state of
Hawaii and a pool of U.S. companies raised more than 50 kW of gross power, with
a net output of upwards to 18 kW from a small OTEC plant mounted on a barge off
Hawaii [87], [88], [89]. Subsequently, a 100-kW gross power, land-based plant was
operated in the island country of Nauru by a syndicate of Japanese companies [90],
[91].

These plants were operated for a few months to demonstrate the concept. They
were too minor to be scaled to commercial-size organizations. Since then, the US
Department of Energy [100], [101], [102], [103] and researchers at Saga University
in Japan have done extensive testing of heat exchangers and have conducted

research using ammonium hydroxide-water mixture as the working fluid [104], [105].

Decades after D’Arsonval, Georges Claude, another French inventor, proposed
to use the ocean water as the working fluid [100], [106]. [107]. In Claude’s cycle,
the surface water is flash-evaporated in a vacuum chamber [108]. The resulting low-
pressure steam is used to drive a turbine-generator, and the relatively colder deep
seawater is used to condense the steam after it has passed through the turbine.

This cycle can, therefore, be configured to produce desalinated water as well
as electricity [100]. Claude’s cycle is also referred to as open cycle OTEC (OC-
OTEC) because the working fluid flows once through the system. In 1930, Claude
demonstrated this cycle in Cuba with a small land-based plant making use of a

direct contact condenser (DCC). Therefore, desalinated water was not a by-product.

The plant failed to achieve net power production because of poor site selection
(thermal resource) and a mismatch of the power and seawater systems. However,
the plant operated for several weeks [100], [102], [109], [110] [111].

Claude, subsequently, designed a 2.2 MW floating plant for the production of

up to 2,000 t of ice (this was prior to the wide availability of household refrigerators)
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for the city of Rio de Janeiro in Brazil. Claude housed his power plant in a ship (i.e.,
a plantship), about 100 km offshore [100], [112].

Unfortunately, he failed in his numerous attempts to install the long vertical cold
water pipe (CWP) required to transport the deep ocean water to the ship and had
to abandon his enterprise in 1935 [101], [113]. His failure can be attributed to the
absence of the offshore industry, and ocean engineering expertise presently

available. His biggest technological challenge was the at-sea installation of a CWP.

This situation is markedly different now that there is a proven record of the
installation of several pipes during experimental operations [100], [114]. The next
step toward answering questions related to the operation of OTEC plants was the

installation of a small OC-OTEC land-based experimental facility in Hawalii (Fig. 22).

The turbine-generator was designed for an output of 210 kW for 26°C warm
surface water and a deep-water temperature of 6°C. 10 %. A small fraction of the
steam produced was diverted to a surface condenser, for the production of
desalinated water. The experimental plant successfully operated for 6 years (1993-
1998), during which time the highest production rates achieved were 255 kW (gross)
with a corresponding net power of 103 kW and 0.4 L/s of desalinated water. These
are world records for OTEC [100], [101], [114].

A two-stage OTEC hybrid cycle, where electricity is produced in a closed cycle
first-stage followed by water production in an open cycle second-stage, has been
proposed in order to maximise the use of the thermal resources available to produce
water and electricity [115], [116]. In the second stage, the temperature difference
available in the seawater effluents from an OTEC plant is used to produce
desalinated water through a system consisting of a flash evaporator and a surface
condenser (in simple terms, an open cycle without a turbine-generator) [117], [118].
In the case of an open cycle plant, the addition of a second stage results in doubling

water production.

The use of the cold deep water as the chiller fluid in air conditioning (AC)
systems was proposed and implemented by Vega [119]. It has been demonstrated
that these systems can provide significant energy conservation independent of
OTEC [7].
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OTEC energy could be transported via chemical, thermal, and electrochemical
carriers. The technical evaluation of nonelectrical carriers leads, for example, to the
consideration of hydrogen produced using electricity and desalinated water
generated with OTEC technology. The product would be transported from the
OTEC plantship located at distances of about 1,500 km offshore [39], [100], [120],
[121], [122].

A 100 MW-net plantship can be configured to use electrolysis to yield 1,300
kg/h of liquid hydrogen [119], [123], [124]. Unfortunately, the production cost of
liquid hydrogen delivered to the harbour would be equivalent to at least $300 per

barrel of crude oil (approximately four times present cost).
2.8.1. THE OC-OTEC EXPERIMENTAL APPARATUS

The relationships between power production and the system control parameters
were established experimentally. From the perspective of the overall system, the
control parameters are the flow rate of warm water, the flow rate of cold water, and
the compressor subsystem setting as given, for example, by the inlet pressure. The
other control parameters are set by seasonal variations of seawater temperature

and cannot be set by the operator [125], [126].
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Figure 15: 210 kW OC-OTEC experimental apparatus: power output varies as a function cold-water
temperature [100], [101].

Figure 15 depicts the effect in gross power output as the cold-water temperature

varies. The power increases as the temperature decreases with all other control
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parameters constant. The unexpected oscillation in cold-water temperature
depicted in Figure 15 is induced by internal waves of periods in the order of 1 hour
with corresponding wave lengths of approximately 3,500 m, and 50 m height [102].
The power output as a function of warm-water temperature, with all other control

parameters constant is shown in Figure 16.

The relationship depicted in Figure 16 is clear; it is interesting to note that the
temperature variations shown, by means of the 1 min averages of surface water
temperature (20 m depth) sampled once per second, are apparently caused by a
warmer water mass intrusion that could have been driven by an ocean gyre of the
kind observed in coastal regions close to channels (in this case the Alenuihaha
Channel between Maui and the Big Island of Hawaii). Data records like these were
used to establish that the variation of power output with seawater temperature is
approximately 34 kwW/°C at power levels of about 200 kW [90], [100].
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Figure 16: 210 kW OC-OTEC experimental apparatus: Power output variation as a function warm-water
temperature [100], [101].

38



2.8.2. OPEN CYCLE OTEC DESCRIPTION
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Figure 18: Conceptual layout of a 165kW experiment [127].

The open cycle consists of the following steps [127], [128], and [129]:

e Flash evaporation of a fraction of the warm seawater by reduction of pressure
below the saturation value corresponding to its temperature. The evaporator
determines the warm seawater flowrate from the steam temperature, water

inlet temperature, and the evaporator effectiveness, defined as:

The steam temperature is slightly higher than the turbine inlet temperature due
to the pressure drop through a mist removal from evaporator. The pressure drop is
calculated from an input pressure loss coefficient [129]. Heat addition at the

evaporator is equal to the heat lost by warm seawater. Overall heat transfer
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coefficient and effective surface area of the evaporator is correlated with the heat

addition rate.

where AT is the logarithmic mean temperature difference across the evaporator.

expansion of the vapor through a turbine to generate power;

e heat transfer to the cold seawater thermal sink resulting in condensation

of the working fluid; and

e compression of the non-condensable gases (air released from the
seawater streams at the lowest operating pressure) to pressures required
to discharge them from the system.

These steps are depicted in Figure 18 above. In the case of a surface
condenser, the condensate, or desalinated water, must be compressed to
pressures required to discharge it from the power generating system [74], [130].
Vega reported that the evaporator, turbine, and condenser operates in partial

vacuum ranging from 3% to 1% atmospheric pressure.
This poses several practical concerns that must be addressed which are [74]:

e The system must be carefully sealed to prevent the ingress of atmospheric
air that can severely degrade or shut down operation.

e The specific volume of the low-pressure steam is very large compared to

that of the pressurized working fluid used in closed cycle OTEC.

Vega reported that components must have large flow areas to ensure that
steam velocities do not attain excessively high values. Finally, gases such as
oxygen, nitrogen and carbon dioxide that are dissolved in seawater (essentially air)

come out of solution in a vacuum [74], [101], [103].

These gases are uncondensable and must be exhausted from the system.
Despite complications, the Claude cycle provides certain benefits from the selection
of water as the working fluid [103]: Water, unlike ammonia, is non-toxic and
environmentally benign. Moreover, since the evaporator produces desalinated
steam, the condenser can be designed to yield fresh water [74], [131]. In 2013, Luis

reported that many potential sites in the tropics, potable water is a highly-desired
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commodity that can be marketed to offset the price of OTEC-generated electricity
[15], [101].
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Figure 19: Desalinated water production scheme using direct contact condenser [15].
Bharathan stated that the flash evaporation is a distinguishing feature of open
cycle OTEC. Flash evaporation involves complex heat and mass transfer processes
[132], [133], [134], [135], [136]. Figure 20 depicts the results of the configuration
tested by a team lead by the Vega where warm seawater was pumped into a
chamber through spouts designed to maximise the heat and-mass-transfer surface

area by producing a spray of the liquid [101].
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Figure 20: Difference of Net power fraction with turbine inlet and outlet steam temperatures of 5SMW shore
base system [137].

Here the pressure in the chamber (2.6% of atmospheric) was less than the
saturation pressure of the warm seawater [130], [137]. Exposed to this low-pressure

environment, water in the spray began to boil. As in thermal desalination plants, the
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vapor produced was relatively pure steam [138]. As steam is generated, it carries

away with it its heat of vaporization [137].

This energy comes from the liquid phase and results in a lowering of the liquid
temperature and the cessation of boiling. Thus, as mentioned above, flash
evaporation may be a transfer of thermal energy from the bulk of the warm seawater
to the small fraction of the mass that is vaporized to become the working fluid.
Approximately 0.5% of the mass of warm seawater entering the evaporator is
converted into steam. A large turbine is required to accommodate the huge
volumetric flow rates of low-pressure steam needed to generate any practical

amount of electrical power [137].

Vega and Luis stated that although the last stages of turbines used in
conventional steam power plants can be adapted to OC-OTEC operating
conditions, existing technology limits the power that can be generated by a single
turbine module, comprising a pair of rotors, to about 2.5 MW [101]. Unless significant
effort is invested to develop new, specialised turbines (which may employ fiber-
reinforced plastic blades in rotors having diameters more than 100m), increasing
the gross power generating capacity of a Claude cycle plant above 2.5 MW will
require multiple modules and incur an increased associated equipment cost [101],
[103].
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2.8.2.1. CONDENSATION

In 1977, Smith reported that the condensation of the low-pressure working fluid
leaving the turbine occurs by heat transfer to the cold seawater [139], [140]. This
heat transfer may occur in a Direct Contact Condenser (DCC), in which the
seawater is sprayed directly over the vapor, or in a surface condenser that does not
allow contact between the coolant and the condensate [90], [138], [141], [142].

DCCs are relatively inexpensive and have good heat transfer characteristics
due to the lack of a solid thermal boundary between the warm and cool fluids [90],
[100], [143]. Although surface condensers for OTEC applications are relatively

expensive to fabricate, they permit the production of desalinated water [102], [145].
2.8.2.2. DESALINATION

Vega reported that desalinated water production with a DCC requires the use
of fresh water as the coolant. In such an arrangement, the cold seawater sink is
used to chill the fresh water coolant supply using a liquid-to-liquid heat exchanger
[101], [103]. Effluent from the low-pressure condenser must be returned to the
environment. Liquid can be pressurised to ambient conditions at the point of
discharge by means of a pump or, if the elevation of the condenser is suitably high,

it can be compressed hydrostatically [101].
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Figure 22: Surface condenser for desalinated water production (1994-1998) [103].

2.9. PREVIOUS RESEARCH

Large-scale experimental research on OTEC materials and fouling issues has,
since 1981, been carried out at the Natural Energy Laboratory of Hawaii [146], [147],
[148], and [149]. The open-cycle experiment that produced fresh water at the rate
of 350 G/h was built there in 1987 and is called the Heat and Mass Transfer Scoping
Test Apparatus (HMTSTA) [147], [150].

The purpose of the experiment was to gather data on the performance of
evaporators and condensers operating under open-cycle OTEC conditions [147].
Parsons stated that this information is needed for the design of a planned systems
experiment; one that will produce 200 kW gross electrical output, and establish the
technical feasibility of the Open-Cycle process to produce more electrical power
than it consumes [151], [152]. Although fresh water has long been produced from
seawater by the application of an external energy source, this was the first time the
energy source has come from the seawater itself [153], [154].
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While an external source of electrical power is used to run the pumps in this
experiment, an actual OTEC plant would produce more than enough power with its

own turbo generator [147], [155].

TABLE 2: THREE PREVIOUS DESIGN CASES, SPECIFICALLY FOR THE FLASH EVAPORATION, MIN [KG], TIN [OC], PST [KPA]
AND MST [KG/S] ARE REPORTED IN EACH REFERENCE, PIN [KPA] AND TST [OC]. [161].

Power Min[kg] Tin[°C] Pst[kPa] mst[kg/s] Pin[kPa] tst[°C] fst[%0] Bst[K/kPa] tin[°C]
250 620 26 2.61 35 3.3639 21.780 0.564 2.35676 6.1
1.8 6000 26 2.76 334 3.3639 22.2692 0.556 2.90579 4.5
50 127.4 26 2.76 15.000 3.3639 22.2692 0.554  2.89570 45

Similarly, DoE initiated research on the extraction and conversion of the ocean
thermal energy resource using an open-cycle process late in 1978 with the funding
of a task to assess the feasibility of this technology [156] to produce cost-effective

electrical power [157].

Link and Parsons reported that the original SERI (Solar Energy Research
Institute) studies supported by the results of subcontracted studies at the Colorado
School of Mines Westinghouse Corporation, and University of Massachusetts,
concluded that large scale plants based on this technology could be economically
viable if the main assumptions in the studies were valid [156]. A research program
to develop data and analytical methods to refine and support these assumptions
was initiated in 1980 [157], [158], [159].

Research conducted over the last 6 years has provided data and methods that

were recently applied to a new systematic study of the open-cycle technology [157].

The Florida Solar Energy Center (FSEC) concluded that all the major
assumptions made in the early feasibility studies had been conservative. Thus,
Open-Cycle OTEC is even more encouraging than first anticipated. Their results
indicated that smaller plants (5-15 MW) are nearly as economical to build as larger
plants. This result is promising since many tropical-island communities do not
require large power-generating facilities [157]. Although laboratory tests have
verified many of the data and analysis methods used by the FSEC/Creare analysis,
experiments to date have only been conducted on individual components, primarily
in fresh water [159], [160].
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The fundamentals of OC-OTEC in terms of detailed transport mechanisms are
lacking in the current OTEC literature [161], [162], and [163]. Although OC-OTEC
can produce electric power and desalinated water at the same time, their relative
production rate is rigidly fixed because the turbine and condenser are connected in
series. If a direct condenser is used (as proposed by the original conceptual design
[161], [164], [165]), the condensed water is simply mixed with cold deep seawater
(taken in) and then discharged onto the ocean surface.

2.9.1. SURFACE CONDENSER

If a surface condenser is used, the condensed fresh water is collected into a
reservoir as one of the final products. In both cases, a condenser generates fresh
water from the steam gas generated by the flash evaporator and then used by the
turbine. Therefore, the conventional OC-OTEC design is restricted by the fixed

ratios of power generation to desalination and desalination to discharge.
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Figure 23: Surface condenser for desalinated water production (1994-1998) [161].

TABLE 3: COMPARISONS OF FOUR OPERATION MODES WITH 207 KW AND 1000 KW SCALES. *FOR PUMPING POWER
CALCULATION, WE USED DpP,ww =0.7m AND DP,cw = 1.0M FOR 207 KW AND DpP,ww = Dp,cw =1.5M FOR 1000 KW
OTEC. FOR BOTH CASES, PIPE LENGTHS ARE LP,ww =200 M AND LP,cw =100 [161].

Only Half
Parameters Scale Power S Only Half And Half
[Units] (KW) Gen. Desalination And'HaIf With
With
Waen [KW] 1000kW 206.72 0 103.36 103.36
206 kw 1000 0 500 500
1000kW 620 620 620 620
Min [kg/s]
206 kW 2432.64 2432.64 2432.64 2432.64
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1000kW 420 113.05 178.15 202.48

in [kgls
bin (kg/s] 206 kW 1759.7 473.65 746.4 865.7
Wpaww (kW] 1000kW 4,759 4,759 4,759 4,759
P: 206 kW 3.929 3.929 3.929 3.929
Wpaw W] 1000kW 1,283 0.0325 0.1156 0.1655
P: 206 kW 10,430 0.258 0.9267 1,407
M [ 1000kW 1,476 5,484 3,480 3,062
mEm 206 kW 1,382 5,136 3,259 2,810
Weendin kifkg] 1000kW 0.493 0 0.58 0.51
gemEm 206 kW 0.568 0 0.67 0.578
1000kW 35 35 35 35
mst [kg/s]
206 kW 16.93 16.93 16.93 16.93
1000kW 0 35 35 35
Mpw [kg/s]
206 kW 0 16.93 16.93 16.93
1000kW 4235 113.05 178.15 202.48
Maw [Kg/s]
206 kW 1,283 1,283 746.4 865.7

Albert and Hyeont demonstrated the production rates versus Kw of 207 kW and
1000 kW plants as indicated above, the relative power generation rate, i.e., the
power generation rate per cold water intake flowrate in the half and- half mode is
higher than that of the power-only mode (see Table 3.2). This infers that the entire
system can be optimised for the best (relative) performance by controlling the

stream fraction to the turbine, Kip (=1-Kec).
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Figure 24: Dependence of (a) cold water intake [kg/s], (b) relative desalination [g/kg], (c) relative power
generation rate [kJ/kg] rates with respect to Ktb for 207 kW (Min = 620 kg/s) and 1000 kW (Min =2432:64
kg/s) scale operations. For 207 kW, Bst = 2.357 K/K [161].

As Kip increases from zero, the (absolute and relative) power generation rate
must increase with respect to Kuw. It is questionable whether this linear relationship
continues until Ki reaches 1 because the temperature difference between C-
condenser exit and cold water is about three times that between the turbine exit and

the cold stream. The amount of the cold water, when used partially for the turbine
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and condenser, must vary non-linearly with respect to Kw. Figure 24 shows how the

cold-water intake, and relative production of power and fresh water vary with Kib.

2.10. FEASIBILITY STUDIES

The feasibility studies of an open-cycle power plant are reported and discussed
in [167] and [168] and an extensive conceptual design study of open cycle are
presented in [169], in which a computer cost optimisation analysis is performed
[170].

Zabihian states that the open cycle thermodynamics is the governing principle
of any thermal power system, and is of importance for the power system
development. While advanced component design analyses and complex cost
optimisation schemes in these studies have advanced the open-cycle technology,
they tend to mask the thermodynamic interrelationship among different power

components in the system [171], [172].

2.11. THERMODYNAMIC PROCESS OF AN OTEC OPEN CYCLE

An open-cycle power system consists of power components such as a flash
evaporator, vapour, expansion turbine and generator, steam condenser,

noncondensibles removing equipment, and deaerator [172], [173], [174].

Figure 25 present , warm surface water at around 27 °C enters an evaporator
at pressure slightly below the saturation pressures causing it to vaporize.
Where Hs is enthalpy of liquid water at the inlet temperature, Tx.
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Temp.

Open cycle T-sdiagram

3

\
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58 5\

Figure 25: Open cycle -OTEC T-s diagram.

Entropy, 8 -->

O Process 1-2 is throttling
process and hence constant
enthalpy process

O At 2, mixture of water and
steam

O At 3, steam is separated from
the water as saturated vapour .

O At 4, remaining water is
saturated and discharge at as
brine back to the ocean.

O It expands at 5, in a specially
designed turbine.

O Condensate water is mixed
with the cold water at point 6,

O This water is now discharged to
the ocean.at 7,

This temporarily superheated water undergoes volume boiling as opposed to

pool boiling in conventional boilers where the heating surface is in contact. Thus the

water partially flashes to steam with two-phase equilibrium prevailing. Suppose that

the pressure inside the evaporator is maintained at the saturation pressure, To.

Figure 26 is a representative schematic of an open-cycle OTEC power- system.
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Figure 26: Schematic of an open-cycle power system [176].

The fundamental thermodynamic principle of the open-cycle OTEC power

generation is no different from fossil or nuclear power generation [173], [176]. In

theory, all one needs for power generation is a heat source, a heat sink, and a

suitable working fluid capable of performing cyclic motion between the temperature
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bounds of the heat source and the heat sink [174]. A thermodynamic temperature-

entropy (T-S) diagram of the open cycle is shown in Figure 16 [175], [176], [177].
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Figure 27: System temperature (T) and mass flow (m) distribution [176], [178].

2.12. DESALINATION TECHNOLOGIES

In the last decade, significant research has been done in the field of applicability
and reliability of desalination methods using renewable energy sources [179], [180],
and [181]. Furthermore, the results of relative research programs [182], [183]
demonstrated that the implementation of such desalination schemes can contribute
successfully to current water shortage problems. Many reports referring to the
assessment of the RES (Renewable Energy Source) potential have also been
presented [184], [185]. Twidell [186] and Stone [187] provide information on RES

technologies.

The technology proposed in the literature [188], [189] for desalination plants
powered by RES are listed in Fig. 28. When several alternative RES desalination
schemes are applicable to a specific case, the final decision concerning the most
prominent combination should be based on criteria such as:

e Commercial maturity of technology
e Availability of local support

e Simplicity of operation and maintenance of the system
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Figure 28: Renewable energy schemes for desalination [189].

Water concern is a serious problem world-wide because of rapid increase in
population, global warming, and climate change. Many sectors have a keen interest
in desalination technology, which produces fresh water from almost inexhaustible
seawater [190], [191] and [192].

About 97.5% of the earth is covered with water, out of which only 2.5% is fresh
water that can be used by humans [193], [194], [195], [196].

Locke, Bogart and Schultz point out that the areas of greatest potential water
shortages tend to be regions with high population density, or high wealth density
[199], [200].

Regions such as those in South Africa, KwaZulu-Natal are also regions with
shortages [201], [202]. The water footprint network was founded in 2008 to promote
the sharing of water equitably. The problem has also been studied by Hoekstra
(2008) in the context of globalization [203], [204].
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Figure 29: The demand for water has grown twice as fast population [205], [206].
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Li reported that all desalination process uses chemical engineering technology
in which a stream of saline water is fed through the process equipment; energy in
the form of heat, water pressure or electricity is applied [207], [208], and two outlet
streams are produced; a stream of desalinated (fresh) water and a stream of
concentrated brine which must be disposed of [209], [210]. This is shown in Figure
30.
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Mechanical

Electric Potential
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Feed Sea or — Th erma] ——» Product Fresh
Brackish Water Water
or
Membrane

[

—————————— Rejected Brine

Figure 30: Basic principle of desalination [211].

Muralidharan reported that the capital costs estimates are a function of four
parameters. First, the scale of the project has an important impact on the cost
projections. Due to the large overhead costs, small scale OTEC plants in the range
of 1-10MW have relatively high installation costs of around $16 400-35,400/kW.

However, combined with the production of fresh water, they become
economically viable for small island states or isolated communities (up to 100,000
residents), especially if OTEC resources are within 10 km of the shore [224]. OTEC
plants in the 10-100 MW range are estimated to cost between $ 15000/kW and $
5000/kW when installed (Muralidharan, 2012; Vega, 2012).

Larger OTEC plants built on moored ships could have costs as low as $
2650/kW [222], [223], [225]. The capital costs of the individual components
themselves are relatively predictable as most components are commercially
available for other offshore applications. For OTEC plant components these would
include vertical pipes ($ 500/m), pumps ($ 700-2000/kW), heat exchangers ($ 200-
800/m?) and components for thermodynamic cycles, such as the Rankine cycle $
1000/kW) among others. Based on the same studies, recent estimates suggest the

following levelised costs of electricity production (LCOE).
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TABLE 4: COST ESTIMATE FOR OTEC [224].

Source of LCOE ($/kWh)?

Size (MW) Vega Energy and Straatman Upshaw Muralldhara
(2007;2012)3 Environment Environment (2012) n (2012)
Council Council
(2011) (2011)
1-1.35 0.60-0.94 0.51-0.77
54 0.35-0.65
10 0.25-0.45 0.19-0.33
0.13-0.65
28
50 0.08-0.20 0.10-0.16 0.11-0.65
50 (Combined 0.03-0.05
with offshore
solar pond)
100 0.07-0.18 0.19
200 0.16
400 0.12
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3.

CHAPTER 3

OCEAN THERMAL ENERGY CONVERISON RESEARCH METHODOLOGY

INTRODUCTION

In order to meet the objective of this research, the following steps have been

undertaken:

A site suitable for OTEC has been broadly identified.

Surface and sub-surface temperatures at this site will be measured over a
period.

A computer model of a suitable OTEC plant has been developed and
simulated at DUT.

A physical small-scale model has been built in the DUT laboratory and
measurements have been compared with the simulation. A next step will be

a pilot plant near Port Shepstone.

The model developed was used to assess the feasibility of OTEC based on

fundamental principles. The analysis of the plant was conducted numerically with
the help of ASPEN PLUS. ASPEN PLUS software was used as the main software

to simulate all parts of the combined plant system. Each sub-system has its own

governing equations, which were simplified to provide a reasonable approximation

of how the sub-system would operate.

When modelling a typical system, the design of the major components

comprises a large part of the design process.

these major components are;

The steam generation system (flash evaporator)

The Turbine for driving the generator

The condenser for producing fresh water

The cold water pipe for drawing cold water in and piping.to the system

All the pumps including the vacuum pump

For the laboratory model the pumps have been sourced commercially so the

design has concentrated on the flash evaporator, turbine and collector vessel.
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3.1. MECHANICAL DESIGN AND ANALYSIS OF THE FLASH EVAPORATOR

In order to design a pressure vessel or flash evaporator, the selection of code
is very important as a reference guide to achieve the safety of the pressure vessel.
Pressure and temperature are two important factors that affect the mechanical
design of evaporator systems. Factors like startup, shutdown, upset, external
loading from supports, pulsating pressure, wind loading, and earthquake load also
significantly affect the evaporator operation. Various factors are considered that
affect the mechanical design of equipment, and their effect is detailed in heat

exchanger design.

It is important to determine both minimum and maximum anticipated operating
temperatures and pressures, to obtain the design temperature and pressure; the
design pressure being the sum of the maximum allowable pressure and the static
head of the fluid in the pressure vessel refer to equation (3.1). The combination of
temperature and pressure affect the mechanical design of the equipment. Many of

the design considerations are also related pressure design too.
3.1.1. SHELL DESIGN

It is recommended that the minimum thickness or maximum allowable working
pressure of cylindrical shells shall be the greater thickness or lesser pressure as

given by equation (3.2).

Circumferential stress when the thickness does not exceed one- half of the

inside radius, or P does not exceed 0.385SE, the following formulas shall apply:

SEt

P=———or 3.1
R-0.6t G-

If the thickness does not exceed one-half of the inside radius, or P does not
exceed 1.25SE, the following formulas shall apply:

PR

t= e —— _
2SE-0.4P (3:2)
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3.1.2. ELLIPSOIDAL HEAD DESIGN FOR FLASH EVAPORATOR

The thickness that is crucial to design a dished head of semi elliptical form, in
which half the minor axis equal one-fourth of the inside diameter of the head skirt,

is determined by:

PD P 2SEt

t=—————0rP=——"— ,
2SE-0.2P R—0.2t (33)

The semi-elliptical head is the most commonly used head type. Half of its minor
axis (i.e. the inside depth of the head minus the length of the straight flange
section) equals one fourth of the inside diameter of the head. The thickness of this

type of head is normally equal to the thickness of the cylinder to which it is

attached.
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3.1.3. MIST ELIMINATOR DESIGNER FOR FLASH EVAPORATOR

The mist elimination of the flash evaporator is made of knitted wire formed to
give the correct shape, and not cut to leave raw edges and or loose pieces of wire
which could become detached.

Mist eliminators are normally stainless steel. The mist mat must have a free
volume of at least 97% (€ = 0.97) a wire thickness of dw, between 0.23 mm and

0.28 mm. The thickness of a horizontal mat in a vertical vessel is normally 0.1 m.

3.1.4. LIQUID REMOVAL EFFICIENCY

The liquid removal efficiency of a wire mesh separator is highly dependent on
the liquid droplet size distribution and liquid load at the demister mat. Figure 48
demonstrates the effect of average droplet size on efficiency. For design purposes,
an overall liquid removal efficiency of greater than 98% can be assumed for a
correctly sized vertical demisting vessel (this includes the pre-separation by the

feed inlet device).
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Figure 34: Typical efficiency curves for demister mats. System: Air/ spindle oil (kin, viscosity=13 x [10] ~(-6)
m”*2/s). p (G)= density, Ap = density change, Q_G = flow [230].

3.1.5. DIAMETER OF FLASH EVAPORATOR

The vessel diameter D, is designed to make sure that it handles the capacity

of the gases produce inside the vassel of the flash evaporator
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—&=0.105fnfm[m/s] (3.4)

)\dmax a T Diﬁin /4
4
~ |Z 3.5
D~ = A, (3.5)
T V germ pv

or
D23.348\/Q% f )[m] (3.7)

where f,, is the derating factor allowing for the viscosity of the liquid phase, and
fs is the derating factor related to the flow parameter at the face of the wiremesh

Pwm, fp = 1/(1 + 10dy), if dym < 0.1, dymin practice, will not exceed 0.1.

The allowable stress of the shell is calculated as follows, note that t = 0.0016

cm and S =193MPa.

_P(D+0.2t) P(0.12+(0.2x0.0016)+0.2t) _ P — 0.513kP (3.8)
2(0.0016)

S
2t
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3.1.6. NozzLE OF FLASH EVAPORATOR

GEMNERAL NOTE:
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Figure 35: Reinforcement design of nozzle [231].
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Total nozzle available area is greater than the required area, the reinforcement and

nozzle are safe in design [232].
3.1.7. VESSEL HEIGHT CONDENSER

This refers to the height H of the vessel required for liquid hold up. The total

tangent-to-tangent vessel height is:
H=h+ X+ X,+ X+t +X,[m] (3.9)
Where,
t,m = Thickness of demister mat, usually 0.1 m
X, =0.05 D with a minimum of 0.15 m
X, =d;+0.02m with d, =internal diameter of inlet nozzle
X, =d; with a minimum of 0.3 m

X, =0.15D with a minimum of 0.15 m

3.2. FLASH EVAPORATOR DESIGN CALCULATIONS

This section focuses on calculations for the mechanical design of the flash evaporator
and their properties, and thermodynamics of the fluid. The mass flowrate within the flash

evaporator and pressures were calculated.

3.2.1. MATERIAL STAINLESS STEEL

TABLE 5: PHYSICAL PROPERTIES FLASH EVAPORATOR [234].

Parameters Values
Density (g/cm?) 8000
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3.2.2. MECHANICAL PROPERTIES FLASH EVAPORATOR

Table 6 and 7 show the standard parameters that were utilised to design the flash

evaporator.

TABLE 6: PHYSICAL PROPERTIES FLASH EVAPORATOR [234].

Parameters Values

Hardness, Rockwell, B (Kgf) 82
Tensile strength, Ultimate (%) (Pa) 564

Tensile strength, Yield (Pa) 210
Elongation at break (at 50mm) 58%
Modulus of Elasticity (Nm-2) 200

3.2.2.1. THERMAL PROPERTIES

TABLE 7: THERMAL PROPERTIES OF FLASH EVAPORATOR [234].

Parameters Values
Specific Heat Capacity (J/kg °C) 20934
Melting point (°C) 1400 - 1450

The flash evaporator receives water of mass flowrate (M;,,) from the pump at a certain
temperature and pressure (Tinand Pin), as illustrated by

fo=—2 (3.10)

where it uses a low vacuum pressure (Pev) to evaporate warm water. Steam pressure
(Pst) is expected to be equivalent to the vacuum pressure, Pev = (Pst). Mass flowrate of

steam (g, is only a small fraction of (M,), which is 0.565%.
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Figure 36: Mass flowrate balance [235].
The mass flowrate balance can be understood by discharged mass flowrate from the
evaporator, which is the received mass flowrate (M;,,) minus the steam flowrate AQ,,,, =
Cep(TinMin — ToutMoue) The thermal energy difference between the in intake and

discharged warm water is calculated by:
AQwvv = Ccp Tin I\/Iin _Tout l\/I.out (311)

AQ,,w is used to change phase from liquid to vapour. Latent heat (L,.,) is the required
heat to evaporate water (specific heat of evaporation). Maximum flowrate passing the
pump, before the evaporator, is given equation (Al).

3.2.3. MAss FLOWRATE OF WARM WATER

The mass flow rate of surface-warm ocean water is calculated by heat-balancing the
evaporator knowing the inlet and outlet conditions of water equation (A2), Fraction of

vapour in the Flash Evaporator (%).
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3.2.4. STEAM MASS FLOWRATE, rig

The mass flowrate of the steam was calculated using the formula of the flash
evaporator which utilise the low vacuum pressure as a driving force to evaporate the
surface warm water from the ocean. the pump takes in the surface seawater of
temperature Tin = 30°C and sends it to the flash evaporator with mass flow rate of M;,.
Mass flow rate of the produced steam gas, g, is only a small fraction of M;,,, calculated

equation (A3).

3.2.5. THE MASS FLOWRATE BALANCE

It is often presumed that the flash evaporator is in a thermodynamic state close to a
phase transformation equilibrium between warm seawater and vapor gas so that steam
temperature, (tst), can be calculated using the Clausius-Clapeyron equation. This gas
flow includes a very small amount of non-condensable gases, whose mass flow rate is

denoted ;.. Because fy is small, a majority of warm water is discharged back onto the

open ocean with M,,;. The mass flowrate balance was calculated equation (A4).
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3.2.6. VELOCITY AND FLOWRATE OF DISCHARGED WATER

The name ‘open cycle’ comes from the fact that the working fluid (steam) is
discharged after a single pass and has different initial and final thermodynamic states;
hence, the flow path and process are ‘open.’ The discharge water velocity is calculated
utilising the formula of the mass flowrate of the warm water from the OC-OTEC plant.
Equation (A5) presents the equation for velocity discharge fluid from the OC-OTEC
plant.

The Q. is utilised to change phase from liquid to vapour and it is proportional to
the latent heat. As latent heat L, is the required heat to evaporate water (specific heat
of evaporation) refer to equation (A7) for detailed calculation. Maximum flowrate passing
the pump fed to the evaporator. The calculation of the flowrate of discharge water is

presented on equation (A6).

The thermal energy difference between the intake and discharged warm water is
calculated using temperature at intake Tin = 30°C, and assumed temperature at the
discharge is Tout = 20°C. Specific heat capacity at Tinis, Cp = 4.182 kJ/kgK, see A7.

3.2.7. Low VACUUM PRESSURE IS 3.5 KPa, THEREFORE Pev = Pst = 3.5kpa.

The Estimation of mg, is a key design process, which is governed by physical
conditions of the warm water and vacuum pressure. the vapor pressure at saturation
equilibrium of the warm seawater temperature, and is a proportionality, depending on the
specific evaporator type, size, and structure. Evaporation occurs at liquid gas interfaces.

Calculated steam temperature by interpolation see equation (A9).

3.2.8. THE FLASH STEAM GENERATED (%).

The OTEC (OC) flash evaporation involves complex heat and mass transfer
processes. In the configuration pilot plant, warm seawater was pumped into a chamber
through spouts designed to maximize the heat-and-mass- transfer surface area by

producing a spray of the liquid.

The pressure in the chamber (2.6 percent of atmospheric) was less than the saturation

pressure of the warm seawater. Exposed to this low-pressure environment, water in the
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spray began to boil. the vapor produced was relatively pure steam. As steam is generated
from the Flash evaporator, it carries away with it its heat of vaporization, and it is pushed

to the generator. It calculated as 1.7% refer to equation (A10).

3.2.9. CONDENSATE VOLUME

The condensate volume is derived from the steam volume of the OTEC system

produced from the flash evaporator. It was calculated as c, is 0.00099 m3/Kg. (Eg. A11).

3.2.10. STEAM VOLUME

The specific volume of vapor at the OC-OTEC plant was calculated Eq. A12 the
volume of the steam was calculated asVge,m is 0.78 m3/Kg. With the aim of finding some
relation which would make possible a reliable extrapolation to the OTEC system. the

volumetric data at the steam volume, and the absolute temperature were examined.

One formula was found to be particularly useful on account of its simplicity and close
representation of the observed data at lower pressures. this formula employs a function
of the deviation of the saturated steam from the behaviour of an ideal gas. The calculation
was done using the volume of the condensate c, is 0.00099 m3/Kg multiple by flash

generated steam (%).

3.2.11. CALCULATION STEAM SPEED INSIDE A PIPE

The speed inside the pipe was calculated as shown in, Eq. A13. The formulate to
calculate the v was derived from mg; equation was mg, = pAv, where p is the density

of the steam, v is the average velocity in the pipe and A is the area of the pipe.

3.3.  VESSEL DESIGN CALCULATION

Fig 37 below present the design of the flash evaporate tha was used for the OC-
OTEC plant. The design formulas used in the design by rule method were based on the
principal stress theory and calculate the average hoop stress. The principal stress theory
of failure states that failure occurs when one of the three principal stresses reaches the
yield strength of the material. Assuming that the radial stress is negligible, the other two
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principal stresses can be determined by simple formulas based on engineering

mechanics.
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Figure 37: Flash Evaporate tank [author].

TABLE 8: DESIGN PARAMETER.

Parameters Length[mm]
Outside diameter of the vessel, Do 203
Inside diameter of the vessel, D 200
Thickness of the vessel, t 1.6
Height (length) of the vessel, H 300

V= n(roz— roz)
—n(0.1016° —0.12)0.3
=304%x10"°m?®

3.3.1. MASS OF THE STAINLESS STEEL MATERIAL

M, =Vp,
=304x10"° %8000
=2.43Kg
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TABLE 9: PROPERTIES OF STAINLESS STEEL.

Parameters Units
Design pressure, P 3.5kPa
Corrosion allowance, cr 0.01%
Nominal wall thickness, nt 1.6mm
Allowable stress, o, 210MPa
Elongation efficiency, Ee 70%
Circle efficiency, Ce 85%
Under tolerance allowance, UT 0.0%

3.3.2. VARIABLES

UT =t(UTP)
=0.0016x0
=0

3.3.3. NOMINAL THICKNESS

nt =t— Corr— UT
=0.0016-0.001-0

=0.0006 m
R, = D, —nt
2
= @—0.0006
2
=0.101

3.3.4. THICKNESS BEFORE FORMING

PR,
t,=—t—
2.C.+P
_ 3500x0.101
2x210x10° x 0.85+ 3500

=0.99%x10"°m
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3.3.5. THICKNESS BEFORE FORMING

__ PR,
" GSE,+P
3500x 0.101
210x10° x 0.7 + 3500

=2.405x10°m

3.3.6. REQUIRED THICKNESS

t,. =t,t +corr
=0.99%x107° x2.405%x10°° +0.001
—1x103m

1mm < 1.6mm is acceptable

3.3.7. MAXIMUM PRESSURE

_ osE .,
R;,+nt
210 =x10° x 0.7 x 0.0006

0.101+ 0.0006
=868.11kP a

P

max

3.3.8. THE HYDROSTATIC PRESSURE CAUSES STRESSES IN THREE DIMENSIONS

e Longitudinal stress (axial) o,
e Radial stress S, (neglect)

e Hoop stress o,

3.3.8.1. ALL OF THEM ARE NORMAL STRESSES

(&)
h

Figure 38: The stresses in three dimensions [author].
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3.3.8.2. THE LONGITUDINAL STRESS oL

.

() H)-

Figure 39: The longitudinal stress ov.

_PD
41
_ 3500%0.2

~ 4x0.0016
—109.375kPa

G

3383 Thehoop stress o

Figure 40: The hoop stress oh.

PD

Tt

~ 3500%0.2
2x0.0016

—218.5kPa
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3.4. CALCULATED HEAD PROPERTIES

Di

\
>
P
o

_____ e ey i SF
WRK=O'15"I
z

Figure 41: Head properties.

Rk = 0.8D,
=0.8x0.2
=0.16m

R, =0.2D,
=0.15%x0.2
=0.03m

Z =0.25D,
=0.25%x0.2
=0.05m

3.4.1. HEAD VOLUME, Vhead

STRAIGHT FLANGE IS 30 mm

_ aD} N nD?SF
24 4
_ TX 0.23 N < 0.2x0.03
24 4
=1.99x10°m?®

Vi
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_nD?  =aDJSF

22 " a

. TX 0.20323 N 7t 0.2032%0.03
24 4

=2.07x10°m?

V,

VTot = VZ_Vl
=2.07%x107°-1.99x10°®
=0.08x10°m?®

3.4.2. MAsSs OF THE STAINLESS STEEL MATERIAL

M, =Vp,
=0.08x107° x 8000
= 0.65Kg

Therefore, the approximate total mass of the vessel: 2.43 + 0.65 = 3.08 kg, 3.08 kg < x
kg< 6 kg acceptable.

3.4.3. THICKNESS BEFORE FORMING, tb

— PDI

®  (20sE,—0.2P)

B 3500 x 0.2

T 2x210x10° x0.7 x 0.2 + 3500

=2.38x10°%m

t

3.4.4. THICKNESS AFTER FORMING, ta

B PD,
* " (20sC,—0.2P)

B 3500x 0.2

~ 2x210x10°x0.7 —0.2 + 3500

=1.96x10"°m

t
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6.1.18. NOMINAL THICKNESS, nt

nt=t—Corr— UT
=0.0016-0.001-0
=0.0006m

3.4.5. REQUIRED THICKNESS, treq

t, =t,t, +corr
=0.99x10°%x2.405x107° +0.001
=1x10"3m

1mm < 1.6mm is acceptable
3.4.6. MAXIMUM PRESSURE, Pmax

P osE,
™ R,+0.2nt
. 2x210x10° x0.7 x0.0006

0.2+ 0.2+ 0.0006
=881.47kPa

881.47kPa > 3.5kPa acceptable

800

600 +

Units

400

200 +

/-—volume'l

04 -

Volume Pressure Mass

Parameters
Figure 42: Relationship between pressure, volume and mass.
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3.4.7. THE HOOP STRESS, o,

Figure 43: The hoop stress on.

PD

T4

_ 3500x0.2
4x0.001

= 175kPa

3.5. MESH WIRE DESIGN

Figure 44: Demister mist eliminator to separate dry steam and saturated steam.
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3.5.1. OPERATION OF A DEMISTER MIST ELIMINATOR

As demonstrated in Figure 44 above, a Demister Mist Eliminator operates according
to the following 3 steps:
1. A vapour stream carrying entrained liquid vapour droplets passes through a demister
pad. The vapour moves freely through the knitted mesh.
2. The inertia of the droplets causes them to contact the wire surfaces and coalesce.
3. The large, coalesced droplets formed in the mesh ultimately drain and drop to the
vessel bottom. Suitable design velocities occur at a K — factor of 0.11 m/s for velocity flow,

Vs. Actual vapour velocity, m/s p, vapour density, kg/m?3, p; water density, kg/m?.

0.5
VS — K(pl_pv j
Pv

_ 0,14 1000-1.12083
' 1.12083

=3.28m/s

3.5.1.1. ALLOWABLE STEAM SPEED THROUGH THE MESH WIRE
The mist mat shall have:
e A free volume of at least 97 % (¢ = 0.97)
e A wire thickness, dw, between 0.23 mm and 0.28 mm.
An approximate pressure drop AP within the mesh wire pad. Wetis AP = C(pl— pV)KZt,

Factor C=0.2 for a general purpose (GP) style mesh demister. T is the pad thickness;
note that the dry pressure drop is 0.5AP of wet pressure drop. Thus, the following

dimensions are required:
Grid depth is 5Gmm.

Pad depth is 30mm.
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]

20mm

vessel, Di

Pad diameter
Grid diameter
vessel, Di -

;

Grid Depth
S5mm

Pad Depth
30nm

T

Figure 45: Mesh wire of a flash evaporator.

AP =C(p,—p, )K’t
=0.2(1000-1.12083)x 0.11* x 0.03
=0.073Pa

3.5.1.2. DRY PRESSURE DROP

=0.036Pa

3.6. DIFFUSER DIMENSIONS

Figure 46: Diffuser dimensions.
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Y =50 mm

Z =130mm
W =10mm
V =80 mm
X =15mm
Figure 47: Diffuser dimensions.
J=50mm
H=30mm

3.6.1. BLADE DIMENSIONS

10mm

1

Figure 48: Diffuser blade.
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3.6.2. DIMENSIONS

1
xl.
t
I
x2 '
i - s
x4 2
- |

vortex bre>ﬁ/

- — J SOTTOM MALP

Figure 49: Positions of the Diffuser and Mesh wire.

X, =0.15D,
=0.15x0.2
=30mm

T =30mm
X, =0.6D,
=0.6x0.2
=120mm

X, =d,0.02
=0.022x0.02
=42mm

X, =0.3D,
=0.3x0.2
=60mm
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3.7.  WATER CLEARANCE BETWEEN THE DIFFUSER AND WATER LEVEL 18 mm

Figure 50 below shows the mass flowrate process from stages 1 to 6 of the fluid. The
temperature of the fluid, steam properties including enthalpy (kJ/kg) and entropy (kJ/kg.

K) of the steam are demonstrated.

TURBINE GEMERATOR

P

EVAPORATOR

’3

Figure 50: Process layout of OTEC open cycle plant.

3.7.1. STATE 2-4 PROPERTIES

Ters = 26.52 °C

PSt4 = 3.5kPa
h4 — e
30—-26.52 _ 2555.5—hy

30-25  2555.5-2546.5

~h, = 2549.236 k] /k

84285

30-26.52 _  8.4520-S,
30-25  8.4520—8.5566

S, = 8.5248 k] /kgK

3.7.2. STATE 5 PROPERTIES

25-24 _ 0.3672-Sgg
25-20  0.3672—0.2965
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Sgs = 0.35306 k] /kgK

25-24 _ 8.1894—Sggs
25-24  8.1894—8.3695

Stgs = 8.22542 kJ /kgK

S5 = Sf5 + X5ng5 at 240(:
8.5248 = 0.35306 + X5 x 8.22542
~ Xs = 0.99

25-24 _ 104.8-hgg
25-24  104.8—-83.9

hss = 100.62 k] /kgK

25-24 _ 2441.7—hggs
25-24  2441.7-2453.5

hegs = 2444.06 kJ /kgK

hs = h¢s + Xshggs

=100.62 + 0.99 x 2444.06

hs = 2520.2394 k] /kg

Figure 51 illustrates the OTEC process, where the mass flowrate, temperature and
the velocity of the fluid has been simulated. If the pressure is decreasing on the OTEC
plant process, the mass flowrate of the fluid increased with the temperature. This clearly
demonstrates that if the temperature of the OTEC plant can increase, the amount of

energy obtained will also increase.
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Figure 51: OTEC plant process graph.

Table 10 below tabulates the process parameters that were calculated to simulate the
OTEC Plant. These parameters such as mass flowrate, velocity and temperature were

calculated on the different process stages.

TABLE 10: PROCESS PARAMETERS.

Process Mass flowrate Flowrate Velocity Temp
0-1 0.573 Kg/s 0.000583 m3¥/st 1.857 m/s? 30°C
from 2to 4 0.003238 Kg/s 0.00299 md¥/s? 9.2 m/s? 26.52°C
at3 0.5698 Kg/s 0.00058 m?/st 1.845 m/s! 20°C

3.7.3. PIPE AREA REDUCTION

Msta = Mist,b
pAaVa = pAaVa

T %0.02°x9.2="x0.015% v,
4 4

v, =16.35m/s

Therefore, speed Nozzle V.= 16.35 m/s
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3.7.4. PARAMETRIC ANALYSIS

The effect of flow rate(Q), temperature (T), number of turns on effectiveness and
overall heat transfer coefficient (U) on the functioning of the OTEC plant are discussed

below.

3.7.4.1. EFFecT OF FLOWRATE ON EFFECTIVENESS

As the flow increases in the flow configuration of helical copper pipe, effectiveness
increases slightly to a certain temperature, and starts decreasing gradually after the
maximum temperature is reached. As flowrate of cold water increases, there is less
contact time (period) with hot water or steam. Therefore, effectiveness begins to
decrease.

3.7.4.2. EFFECT OF FLOWRATE ON OVERALL HEAT TRANSFER COEFFICIENT
As the flowrate increases in the flow configuration, overall heat transfer coefficient
increases slightly to a certain temperature then after that point it decreases.
3.7.4.3. EFFECT OF TEMPERATURE ON OVERALL HEAT TRANSFER COEFFICIENT

In the flow configuration of the helical copper pipe, as temperature increases the
overall heat transfer coefficient increases sharply, then begins to decrease, until finally

maintaining a constant overall heat transfer coefficient.

TABLE 11: OPERATING PARAMETERS OF THE HELICAL CoIL HEAT EXCHANGER [239].

Parameters Cold Water (chilled) Saturated
Steam

Mass flowrate () 19.8kg/s 0.01636kg/s

Inlet temperature (t) 5eC 278.15K 131 404.15K
°C

Outlet temperature (to) 40°C 313.15K 71°C  344.15K

Specific heat capacity (Cp) 4.202 kj/kg. K 2.18099kj/kg. K

Parental Number (Pr) 6.0816 1.82

Pressure (kPa) 101.325kPa 176.871kPa

Thermal conductivity (K) 0.60932W/m. K 0.016W/m. K
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Viscosity (L) 0.001520kg/m. s 13.3349%x 10

kg/m. s
Density (p) 1000kg/m? 1.53778kg/m3
Velocity (u) 1.5m/s 28m/s

TABLE 12: PHYSICAL PROPERTIES OF COPPER [240].

Properties Matrix

Values Units
Density 8.92 g/lcm?
Melting point 1083 °C
Boiling point 2595 °C
Latent heat of fusion 205 Jig
Specific Heat Capacity @ 100°C 0.393 Jig°C
Linear Coefficient of Thermal Expansion @ (25°C - 100°C) 16.8 x 106 cm/cm°C
Thermal Conductivity @ 100°C 3.85 Wcm/cm? °C
Electrical Conductivity (Volume) @ (20°C) Fully Cold Worked 56.3 MS/m(mQmm?)
Electrical Resistivity (Volume) @ (20°C) Fully Cold Worked 1.78 pMQ-cm
Modulus of Elasticity (Tension) @ (20°C) Annealed 118,000 MPa

1

i
-

e

botboo:

0.5d, g

7

lp:mdo

Figure 52: Schematic drawing Helical Coil Tube Heat Exchanger [241].
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The geometry considered and the systems of the coordinates are illustrated in Fig.
42 (where, d;inner IS the diameter of the inner coiled tube; R, is the coil radius; H is the

distance between the two turns; and d, inner is the inner diameter of the outer tube).

In the present study, the Cartesian coordinate system (X, y, and z) are used to
represent flow in numerical simulation. The flow and heat transfer develop simultaneously

down-stream in the helical pipe.

Figure 53: Tube-in-tube helical heat exchanger [242].
3.7.5. DESIGN PROCEDURE FOR HELICAL CoIL HEAT EXCHANGER CONDENSOR
The height of the shell/cylinder is 500mm. The minimum height of the cylinder

required to accommodate several turns of coils is 400mm, P is the pipe size in diameter,

therefore number of turns, N is;

H=NP+d,
0.4 =Nx0.0225+0.015
N=17.11~17

3.7.5.1. CONDENSOR CoIL DESIGN

nC

K

_ 12.9553%x107° x 2125.54
K

p

P =

=1.72
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X, =0.5d,
=0.5x0.015
=7.5mm

X, =0.5d,
=0.5x0.015
=7.5mm

P=1.5d,
=1.5%0.015
=22.5mm

D, =C-2d,
=0.2—-2x%x0.015
=170mm

r=0.5D,
=0.5x0.17
=85mm

3.7.5.2. HEAT TRANSFER COEFFICIENT OUTSIDE THE ColL (Ho)

Length of the coil (L)

L = N/(21(A)) +P?

=17.11/(21%0.085) +(0.0225)?
=9.15m=9m
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3.7.5.3. VoLuME OccupIleDb By THE ColiL (V)

e
_ (%)(0.015)2 (9.15)

=1.62x107°m?

3.7.5.4. VOLUME OF THE ANNULUS (Va)

V, = (E]C 2PN
4

a

- (%)(0.2)2 (0.0225017.11

=12.09%x107° m?®

3.7.5.5. VOLUME AVAILABLE FOR THE FLOw OF THE FLUID IN THE ANNULUS (V¥)

V, =V, -V,
=12.09%x10°% -1.62x10°
—10.47x10°%m?

3.7.5.6. SHELL SIDE EQUIVALENT DIAMETER OF THE COILED TUBE (De)

o _ AV
° md, L

~ 4(10.4x10°°)

~ 7(0.015)9.15)

=97.13mm
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Figure 54: Shell-side equivalent diameter of the coiled tube.

3.7.5.7. STEAM CALCULATIONS

Steam flowrate (Q)

Q. =VA
- 28><%(O.022)2

—=10.64x103m3/s

3.7.5.8. MASS FLOWRATE OF THE STEAM (my)

m,
p

Q. =—2=10.64x10"

mS

T 1.12083
ms =11.93x103Kg/s ™
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3.7.5.9. Mass VELOCITY OF FLUID (Gy)
. m
Q=—

T2
4

_ 11.93x10°3
T 2
—(0.2
7(02)

=0.37960 Kg/m?s

3.7.5.10. ReYNOLDS NUMBER (NRe)

Hs
~ 97.13x10°x0.3796

12.9553x10°°
= 2845.96

Heat transfer coefficient outside the coill (ho), For Reynolds Number, N in the range of

50 > Ng, >10 000.
hoDe

_ 06 NRGO.SI\IP 0.31

r

_ h,x0.09713
0.016
— h, = 6.238W/m?K

= 0.6 x 2845.96°° x1.72%%

3.7.5.11. HEAT TRANSFER COEFFIENT INSIDE THE CoIL (hi )

Reynolds Number (Nre)

N = PVD

T
~ 1000x1.5x0.013

0.001520
=12828.95
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3.7.5.12. TURBULENT FLOW Nre>10000

h.D
N =—-—'"P_0023N_ %N_"
k Rep Prp

up
P
n = 0.4.if .fluid..is..being..heated.
~ N, =0.023N, N "

Rep pry

= 0.23(12828.95)% (6.0816)"*

—91.6
h.D
N, = » P
P

~ h,x0.013

~ 0.60932

h, =4293.36 W/m*K

3.7.5.13. HEAT TRANSFER COEFFICIENT BASED ON THE OuTsIDE DIAMETER (N )

hIO = hi R
d,
_ 4293.36x 2013
0.015

=3720.91W/m*K

3.7.5.14. OVERALL HEAT TRANSFER COEFFICIENT (U)

The fouling factors, R, depend on the nature of the fluids — namely, the presence of
suspended matter in the fluids, the operating temperature and the velocities of the fluids.
For water R, and R, are 0.0002m2K/W. Thermal conductivity of Copper is KCoppert =
385 W/MK.
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i:i+i+tc_0il+Rt+ R,

U ho hio Kcu
L1t Y, 0.0002+0.0002
U ho hio Kcu

1

U

=0.1610562727

- U=6.209W/m*K

3.7.5.15. DETERMINE THE REQUIRED AREA (m?)

The log-mean temperature difference, (°C)

At = |:(t —t )mlet _( s W)outlet:|
{ (t =t e }
(t W)outlet
_[(120-5)-(43-40) |
B (120-5)

=30.72°C

3.7.5.16. CORRECTION FACTOR IS 99%

At, =0.99At,
~0.99%30.72
=30.41°C

AT, =t+273.15
=30.41+273.15
=303.56K
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3.7.5.17. THE HEAT LOAD (Q)

Q =msC, At,
=11.93x107° x 2125.54(393.15—316.15)
=1952.54W

3.7.5.18. THE REQUIRED AREA
Q

~ UAA
_1952.54
~ 6.209x303.56
=1.04m?

3.8. TURBINE OVERVIEW

(a) (b)
W3 P

nozae . a = stiual f.-— a = 180"
: Vi fm a doflection angle

a = 180°
rl

buckat or blada

- —

tangontal blade velocky: v = fE.“.E.E-_JFI

Figure 55: Deflector and characteristics [243].

The total pressure head h of the steam in the nozzle causes the steam to be

discharged with a velocity V1 from the nozzle [244].
If the velocity coefficient of the nozzle is C,, then
V,=C,+2gh (3.12)

If the wheel is turning at a speed of N r/ minor w%. then the velocity of the case on a
pitch circle diameter is D |
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Vl=wl
—_— - u
R Vv u /_< . 7
ry

Figure 56: Velocity diagram of a Pelton wheel [245].

The velocity with the steam strikes the case is;
V., =V,—-u

3.8.1. TURBINE DESIGN

Figure 57: Velocity diagram of a Pelton wheel [263].

The velocity with which the steam strikes the case is;

V., =V,—u
=16.35-8.175

—g.175M
S

96
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The steam slides along the wall of the case and is deflected through an
angle y deflection angle, and leaves the case with a relative velocity V,, which is usually

less than V,; due to friction losses. This is calculated using V,, =NV,; , N being a

constant which represents the losses. Usually the value of n is about 90% - the velocity
of the steam is reduced by 10% while flowing across the case.

Vr2 = nvrl
=0.9x8.175
=7.36m/s™

Hydraulic efficiency is 96%

3.8.2. BUCKETS WIDTH DIMENSION

Figure 58: Buckets’ width dimension.

3.8.3. RULES OF THUMB

B =3,1.d,1nozzle

B =3,2.d, 2nozzles

B =3,3.d, 4 —-5nozzles
B > 3,3.d, 6 nozzles
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B =3.1d,
=3.1x0.015
=0.0465m =46.5mm

3.8.3.1. BUCKET WIDTH
B = 3.1d

=3.1x0.008

= 0.0248m = 24.8mm
3.8.3.2. BUCKET HEIGHT
h =2.7d

= 2.7 x0.008

=0.0216 m = 21.6 mm
3.8.3.3. CAVITY LENGTH
h; = 0.35d

= 0.35 x 0.008

= 0.0028 = 2.8 mm

3.8.3.4. LENGTH TO IMPACT POINT

= 1.5x0.008
=0.012 =12 mm

3.8.3.5. BUCKET DEPTH

t=0.9d

= 0.0072 = 7.2 mm

3.8.3.6. CaAviTY WIDTH

a=1.2d
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= 1.2 x 0.008
= 0.0096 m = 09.6 mm

3.8.3.7. OFFSET OF BUCKET
k=0.17d

= 0.17 x 0.008

= 0.00136 = 1.36mm

3.8.4. RUNNER DIAMETER

Figure 59: Runner diameter.
3.8.5. RULES OF THUMB

D =10.d,
=10x0.015
=0.15m =150 mm

BUCKET VELOCITY

Bucket velocity, U1 is half velocity of the Nozzle jet, V1
U, =05V,

=0.5%x16.35

=8.175m/s™
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3.8.6. TURBINE SPEED
60U,
n=
D
_ 60x8.175
< 0.15
=1040.87r/min

Choose the number of poles on the generator, the speed of the runner is given by the

generator and the net frequency:

3000
n=
y4

p
where, Zp is the number of poles on the generator.

3.8.7. THE NUMBER OF PoOLES WILL BE;

~ 3000
P
3000
1040.87
—2.88

Z

The number of poles is approximately 3, therefore recalculate the other parameters:

3.8.8. RECALCULATE THE SPEED RUNNER

3000
n =

Zp

3000

3
=1000rpm
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3.8.9. RECALCULATE RUNNER DIAMETER

n 60U,
D
~ 60x8.175

<1000
=0.156rpm

Figure 60: Runner diameter.

Number of bucketsisZ > 17.

Choose 22 buckets for this design.

360 .
The angle between buckets is EY =16.36"C

The runner with blades must fit the Turbine housing.

The maximum speed number for a Pelton turbine

3.8.10. Nozzle
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Mt = pAvV

=1.12083x %(0.02)2 x7.36
= 0.00259 Kg/s

Quw =AV

= %(o.oz)2 x7.36

=0.0023m3/s™

Figure 61: Structural design of a turbine.

3.8.11. NozzLE DESIGN

ISOMETRIC VIEW
TVeE NOITLE

Figure 62: Structural design of a nozzle.
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3.8.12. PiPE AREA REDUCTION

Operating Nozzle diameter: 8 mm
Mg 1 = Mgy

PA1V1 = pAL L

0.022 x 9.2 = 0.008%v,

V, =57.5m/s*

Therefore, speed nozzle is v, = 57.5m/s*

3.8.13. FLOWRATE IN THE NOzZLE
Q =AV
2
= O, 575

= 0.00289 m3 /st
3.8.14. BUCKET VELOCITY
Bucket velocity, U1 is the half velocity of the Nozzle jet, V, =V1
U, = 0.5V,

=0.5x575

= 28.75m/s*

3.8.15. WATER DIAMETER IN THE JET

d, = |-

Z1TV1
_ [4x0.00289
T 4l 1XTX57.5
= 8 mm

3.9. TANK DESIGN (HOT WATER RESERVOIR)

400 x 300 x 300 mm, Water temperature is 30° C at pressure =101.325kPa
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7w 400mm 7

Figure 63: Water storage.

3.9.1. TANK VOLUME
=0.4x0.3x0.3
=0.036m?

3.9.2. WATER VOLUME
=0.4%x0.3x0.23
=0.027m?

3.9.3. WATER HEIGHT

0.027

T 0.4x03
—0.225m

3.9.4. Litres of water

=27.61
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3.9.5. MAss OF WATER

m, =pV
=995.71x0.0276
=27.48Kg

3.10. Pump DESIGN SELECTION

TABLE 13: HPEGO PERIPHERAL PUMP.

Parameters Values
Power, P 0.37 kW
Flow rate, Q 35 I/min
Head max, H 35m
Speed, N 2850 rpm

It must be noted that the pump requirements appear to be parger than the
turbogenerator output. This is a scaling problem caused by financial and technical
restraints imposed when designing the model. When designing practical systems this
discrepancy will fall away as the larger the system, the more efficient it becomes and the

less relative power is required for the vacuum pump.
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TABLE 14: INPUTS AND CONSTRAINTS OF THERMODYNAMIC ANALYSIS.

Parameter Symbol Value
HPEG60 Peripheral Pump
Power P 0.37 kW
Head max, H 35m
Flow rate Q 35 I/min
Speed N 2850 rpm
Flash Evaporator design
Density d 8000 kg/m?®
Hardness 564 MPa
Tensile strength Ts 564 MPa
Tensile strength 210 MPa
Elongation at break 58%
Modulus of Elasticity 200 GPa
Specific Heat Capacity 2093.4 J/kgK
Melting point 1400 - 1450 °C
Temperature at intake Tin 30°C = 303.15
K
Specific heat capacity at Ti, Cp 4.182 kJ/kgK.
temperature at the discharge Tout 20°C = 293.15
K
v 1.857 m/s
Maximum flowrate passing the pump is, before evaporator.
Mass flowrate of warm water M, 0.573 kg/s
Steam mass flowrate g 0.003409 kg/s
The mass flowrate balance Myt 0.5696 kg/s
Velocity of discharged water v 1.816m/s
Flowrate of discharged water Quw 0.00057 m3/s
AQ 28.131 kW
Latent heat (Lney), (Specific heat of evaporation). Lpev 8252.0097 k] /kg
Low vacuum pressure ev = Pst 3.5 kPa
steam temperature by interpolation Tgt 26.52°C = 299.67!
steam speed inside a pipe v 426.04m/s
Av 0.1338 m3/s
State 2 — 4 properties
Tsta 26.52°C
Psts 3.5kPa
h, 2549.236 k] /kg
S, 8.5248 k] /kgK
State 5 properties
Sts 0.35306 kJ/kgK
Stes 8.22542 kJ /kgK
hes 100.62 kJ/kgK
hygs 2444.06 kJ /kgK
hs 2520.2394 k] /kg
Vessel design
Outside diameter of the vessel Do 203.2mm
Inside diameter of the vessel Di 200mm
Thickness of the vessel t 1.6mm
Height (length) of the vessel H 300mm
Volume \% 304 X 107°m3
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Mass

Properties for calculations
Design pressure

Corrosion allowance
Nominal wall thickness
Allowable stress

Elongation efficiency

Circl efficiency
Under tolerance allowance

Nominal thickness

Thickness before forming
Thickness after forming

Required thickness

Maximum pressure

Mesh wire design

Allowable steam speed through the mesh wire
mist mat

wire thickness

Grid depth
Pad depth
pressure drop

Dry pressure drop
Nozzle design

Pipe area reduction
Operating Nozzle diameter
Speed Nozzle

Flowrate in the Nozzle
Bucket velocity

Water diameter in the jet
velocity with the steam strikes

Hydraulic efficiency

Turbine speed
Speed runner
Runner diameter

Design procedure for helical coil heat exchanger

PARANDL number

Heat transfer coefficient outside the coil (ho)
Length of the coil

Volume occupied by the coil

Volume of the annulus

cr
nt
o_s
Ee

Ce
uT

©»

dw

AP

Pr

Ve

Va

2.43kg

3.5 kPa
0.01%
1.6mm
210MPa
70%
85%
0.0%

0.0006 m
0.101 m

0.99 X 10™°m
2.405 x 10™°m

1x1073m
1mm<1.6mm

868.11 kPa
868.11 kPa >

21.75m/s
0.97

between 0.23
mm and 0.28
mm.
5mm

30mm
0.072Pa
0.036Pa

8 mm

57.5m/s

0.00289 m3/s
28.75m/s

8 mm
28.75m/s

25.875m/s
96%

6863.56 rpm
7200 pm
76 mm

1.72

9.15m =~ 9m
1.62 X 1073m3

12.09 X 1073m?




Volume available for the flow of the fluid in the annulus
Shell-side equivalent diameter of the coiled tube

Steam calculations
Steam velocity

Steam flow rate

Mass velocity of fluid

Reynolds Number

Heat transfer coefficient outside the coll
Reynolds Number

Heat transfer coefficient based on the outside diameter of the coil
Overall heat transfer coefficient

Determine the required area
log-mean temperature difference

Heat load
Required area

Vi
De

Aty
At,
AT,

10.47 X 1073m?
97.13mm

9.2m/s
0.00289 m3/s
0.103 kg/m?s
772.78

3.251 W/m2K
12 828.95
91.6

4293.36 W/m?K
3720.91 W/m?K

3.244 W/m?K

30.72°C
30.41°C
303.56K

529.917W
538117mm?

3.11. TURBINE LAYOUT DESIGN

g J.#

Figure 64: Dimension designs of turbine.
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3.12. EVAPORATOR DIFFUSER
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Figure 65: Designs of evaporator.

3.13. Oc- OTec CONDENSER

e

&
15

I
@

w

Figure 66: Designs of condenser.

109



3.14. OC-OTEC EXPERIMENTAL SYSTEM AND PROCEDURE FOR A 5W

A study was carried out on a newly designed OC-OTEC laboratory demonstration
system where temperature, mass flowrate and pressure readings were taken before and
after each component. The flash evaporator was used in this plant to produce low
pressure steam for the steam turbine. The exhausted steam from the turbine was lead to

the condenser. Fig. 67 shows a photograph of the OC-OTEC experimental setup.

IATER PUMP

Figure 67: A photograph of the OC-OTEC investigational system.

Outside diameter of the flash evaporator, D, has a wall thickness 91,5 mm, with an
inside diameter of 20mm and height (H) of 300mm. The design pressure is 3,5kPa and
allowable stress os. Mini turbine steam engine, is designed with two universal brass
connecting rods with micro power generator. The length is 90mm, width 45mm, high
40mm, and inlet diameter. The Bourdon tube pressure gauge filled with liquid is utilised,
with nominal size of 63mm and scale range is 0 — 60kPa. It also contains plastic flow
meters for gases & liquids, using trogamid and polysulfone technology. Scaled directly is
I/h, m3/h, %.
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3.14.1. FLASH EVAPORATOR

This flash evaporator produces steam by dropping the pressure of water at the
saturation temperature. The excess heat flashes part of the water into steam. A vertical
flash evaporator for introducing a super-heated liquid into flash evaporator chamber

includes a vertical inlet tube with a diffuser.

The method of using the flash evaporator for this concept includes flowing liquid
upward through the vertical tube into the diffuse chamber where initial expansion and
boiling occurs. Un-vaporised liquid sheets and drops collide with each other to enhance
surface renewal and evaporation properties, with liquid flowing over the outlet end of the

diffuser.

Figure 68: Photo of Flash evaporator.

3.14.2. DIFFUSER

The diffuser increases the residence time of liquid in the flash chamber; the diffuser
being a portion of the outlet having a diverging cross—sectional area that is larger than

the cross — sectional area of the remaining portion of the cylinder.
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Figure 69: Flash Evaporator with a Diffuser.
The vacuum lowers the boiling point of the warm water, to produce the steam that is

required to turn the turbine.

ELECTRICAL
GENERATOR

Figure 70: Mini turbine steam engine.

This engine is a mini turbine steam engine, designed with two universal brass
connecting rods with micro power generator. When the engine is running, it will power on
the LED light, - this is perfectly suited to demonstrate electricity generator theory. The
dimensions are as follows: length 90mm, width 45mm, height 40mm, inlet diameter 4mm,

outlet diameter 6mm, and output shaft diameter 1.95mm
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3.14.3. FLow METER

The fluid flows up through the tapered tube forcing the float to a position with sufficient
free area to enable the flow to pass. This free area is related to the flow rate, the weight

of the float, and the density and viscosity of the fluid.

Figure 71: Flow rate meter.

The pressure drop across the flow meter remains constant over the entire flow range.
This occurs because the pressure drop is related to the fluid velocity and area of flow; the

area of flow increases as the flow rate increases.

3.14.4. VACUUM PumMmP OPERATION

Edwards vacuum pump was utilised for experience. The dual-voltage, dual-frequency
motor is designed for a single-phase electrical supply and is suitable for 50 Hz or 60 Hz
operation. The motor can be manually switched between nominal supply voltages of 110—
120 V and 220-240 V.

As we know that the vacuum pump converts the mechanical input energy of a rotating
shaft into air-filled energy by evacuating the air contained within a system. The internal

pressure level thus becomes lower than that of the outside atmosphere.

The amount of energy produced depends on the volume evacuated and the pressure

difference produced. Mechanical vacuum pumps use the same pumping mechanism as
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air compressors, except that the unit is installed so that air is drawn from a closed volume

and exhausted to the atmosphere.

Figure 72: Single phase vacuum pump.

It must be noted that for this model the vacuum pump consumed excessive power
w.r.t. the output of the turbogenerator set. This is due to the size of the model and to the

fact that a commercial vacuum pump was employed for the model.
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CHAPTER 4

LABORATORY MODEL SIMULATIONS

4. LABORATORY MODEL FOR 5W

Since this work is purely based on simulation, the selection of a good process
modelling and simulation tool is of extreme importance for its success. The Aspen plus
V8.6 software was utilised to simulate and design the OTEC plant. The system consists
of steam side with a steam turbine, steam condenser, condensate pump, and steam side

of the flash evaporate.

To endorse the simulation model design, specification and different standards are
used to calculate the required parameters. The results obtained were compared with the
calculated design results. The inputs and constraints used in the model development are

listed in the previous chapter.

STM-TURB

[erma] %

"""" CONDNSR
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i
- [we-pump [
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WRN-WTR s 2] |
. !
e G — 1 &

F
C-PUMP

Figure 73: Schematic diagram of OTEC plant simulation [author].

The higher the percentage of the steam phase in this flow, more steam will be
extracted by the flash evaporator. Therefore, the amount of mass flow of the stream
(steam) is higher and because of that, more electricity generated by the turbine. Hence,

the temperature of the hot outlet stream of the steam turbine flow is reduced to 21 °C until
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the maximum thermal exchange between the two (hot and cold streams) are reached,

thus creating the maximum steam phase in the condenser.

The operational temperature of the flash evaporator affects the temperature of cold
water produced during power generation. It also affects the amount of power generated.
These effects are presented in Figure 73. According to these graphs, a higher
temperature can produce more electricity and lower cold water temperature which means
more benefit. Figure 68 relates to the designed open cycle and signifies the total duty
amount based on temperature and pressure in the flash evaporator and the condenser.

The pump is also a vital piece of equipment for the cycle, and the simulation results for
it are illustrated in Figure 74. The summarised results of OC-OTEC application to produce

electrical power and fresh water are presented in Table 15.

Figure 74 below shows the warm water pump, flash evaporator and steam turbine,
between flash evaporator the temperature of the steam is (22.5 °C), mass flowrate (0.907
kg/s?) and a pressure of 0.1 kPa. These results are obtained during the optimisation
process of an open cycle OTEC plant. The T, mg and P are utilised to calculate the power

generated in the experiment plant.

STM-TURB

w
w

==-| W-TURBN |-~

P=0.1KPa

[wriwe F>€)
T
PUMP

Figure 74: Schematic diagram of OTEC plant simulation [author].
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The total calculation of electrical efficiency:

3.6xP
mxAhs’

Turbine efficiency = = 0.96 pu

Table 15 below shows the parameters and unit of experiment OC-OTEC plant. The
mechanical efficiency turbine (0.96 pu), efficiency of generator (0.96 pu), isentropic
efficiency (0.75 pu).

TaBLE 15: STREAM PROPERTIES OF OTEC PLANT.

Parameters Unit
Mechanical efficiency turbine 0.96
Isentropic efficiency 0.75

4.1. TURBINE CALCULATIONS

Since the expansion is isentropic, then s, = s; = 6.586 kJ/kgK. The enthalpy h2 can

be found, as we know the isentropic efficiency of the turbine, as follows:

s; = 6.586 = S¢ + X Sy at 0.099 kPa
6.586 = 0.1050 + X5 ( 8.8690)
X; = 0.7307

hy = 29.303 + 0.7307(2484.4)
— 1845K] /kg

The power delivered by the turbine to an external load, such as an electrical

generator, is calculated below:

4.2. EVAPORATOR

(Z)m = Mg (hz - hl)
= 1(2675.58 — 419.107)

=5kwW
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4.3. POWER OUTPUT FROM THE TURBINE

P(output) = 5W

TABLE 16 SIMULATION RESULTS FOR OC cycLE OTEC.

Parameters Stream Production rate
Fresh water 1 1.056 (kg/s)
Electricity 2 5 (kW)

STM-TURB

CONDNSR

> 3>
e
C-PUMP

Figure 75: Schematic diagram of OTEC plant simulation [author]

STR-TAIK

Table 17 lists the thermodynamic specifications of the OC-OTEC plant, plus
evaporator, condenser electricity generated by the turbines, pumps, mass flow rate, cold

water mass flow rate, hot water mass flowrate, and cost of environmental impact.

TABLE 17: STREAM THERMODYNAMIC PROPERTIES.

Parameters Units Values
TEMP oc 225
PRESS bar 0.001
VFRAC 1

MOLE FLOW MMscmh 0.0044
MASS FLOW Tonne/hr 3.6
VOLUME LMX Cum/hr 4912
VLSTDMX Cum/hr 3.360
MWMX 18.015
HMX ETHALPY-FLO Geallhr -11.5456
HMX MASS —ENTHALPY Kcal/Kg -57.777
SMX MOLE-ENTROPY Cal/mol-K -3207.12
SMX MASS —ENTROPY Callgm-K 3.0650
CPMX MOLE -HEAT-CA Cal/mol-K 0.17013
CPMX MASS- HEAT-CA Callgm-K 8.0175
RHOMX MOLE - DENSITY Kmol/cum 0.4450
RHOMX MASS- DENSITY Kglcum 4.07E-05
RHOLSTD MOLE — DENSITY Kmol/cum 0.00073
RHOLSTD MASS-DENSITY Kglcum 55.40166
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Temperature 225C |_ - STMTREN Temperature 218C
Pressure 0.001 BAR Pressure 0.00099 BAR
—_—— _W-TURBN
Mole Flow 0.00448 MMSCMH Maole Flow 0.00448 MMSCMH
Mass Flow 3.6 TONME/HR l Mass Flow 3.6 TOMNNE/HR
5 EV-STEAM
tandard Volume Flow | 4.81E+06 CUM/HR standard Volume Flow | 4.95E+06 CUM/HR
Vapor Fraction 10 | Vapor Fraction 1.0
— Temperature 557C
Temperature 7C LSH-EVA EXHUAST
Fressure 0.01 BAR
Pressure 0.2 BAR —=—=——_FLSH-DIC = CONDNS
Mole Flow 0.00448 MMSCMH I |
Mass Flow 1.92 TONME/HR
Mass Flow 3.6 TONNE/HR I |
DSCHWTR Standard Volume Flow | 1.8% CUM/HR
Standard Yolume Flow | 3.63 CUM/HR |
| Vapor Fraction 0.0
Vapor Fraction 0.0 LDPMP TAME
| FRS
PUMP-1 J | | =513 Temperature 21C
=4 WRNMWTR - Pressure 0.001 BAR
PUMP—ZJ
Male Flow 0.00448 MMSCMH
Temperature 27C CLOWTR " Temperature 5C
Mass Flow 3.6 TOMME/HR
Pressure 0.0293 BAR Pressure 0.01 BAR ;
Standard Volume Flow | 4.88E+06 CUM/HR
Male Flow 0.00448 MMSCMH Temperature 5¢ Mole Flow 0.00238 MMSCMH
Vapor Fraction 10
Pressure 0.00674 BAR
Mass Flow 3.6 TONNE/HR Mass Flow 1.92 TONNE/HR
Male Flow 0.00238 MMSCMH
Standard Volume Flow | 3.63 CUM/HR Standard Volume Flow | 1.8% CUM/HR
Mass Flow 1.82 TONNE/HR .
Vapor Fraction 0.0 d Vapor Fraction 0.0
Standard Volume Flow | 1.89 CUM/HR
Vapor Fraction 0.0

Figure 76: OTEC power plant view [author].
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4.4. THE OuTCOME OF WARM WATER TEMPERATURE (°C)

Figure 77 shows how the power generation and cold water intake rates increase
with respect to the warm water temperature Tin. Henceforth, analysis is restricted to the
performance analysis of the large (2-5 kW) scale plant in the half mode. The warm water
intake rate is set to be Min = 4.95kg/s-1, and the generated steam is divided into the

turbine and condenser with equal fractions of 50%.

25 -

—B— Cold water intake (kg/s)
@— Power gengration (kW) =

20 -

24 26 28 30 32 34 36

T
in
Figure 77: Difference of the cold-water intake and power generation rates with respect to the warm water intake
temperature.

The higher the temperature of warm water, the higher the capacity of electrical power
generated. Figure 78 illustrates the deviation of the cold intake and power generation
rates with respect to the warm intake temperature. The hot stream transfers its heat to
the cold stream; thus the flow direction of the hot stream is towards lower temperature

and the flow direction of the cold stream is towards higher temperatures.
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Figure 78: Performance curve of the turbine; mass flowrate vs. power generated.
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Figure 79: Temperature and pressure of process fluid in a condenser vs. Heat duty.
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Figure 79 presents the amount of energy the heat exchange transferred during the

process to heat/cool it to the desired temperature, mC,ATA. The input temperature of the

condenser from the steam turbine is increasing gradually with temperature increase.

At a temperature of 21 °C, the pressure is 0.000009 bar and heat duty is -0, 0012.
The pressure of the condenser is 0.001 bar. Pressure is constant irrespective of
increasing heat duty (G/hr) of the heat exchange.
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Figure 80: Temperature and pressure of process fluid in a flash evaporator vs. Heat duty.

The evaporator pressure drop inside the barrel does not impress the pressure loss of
the main stream flow through the evaporator. This tells us that saturated steam departure
the steam evaporator has the similar pressure as the supply water inflowing the steam
evaporator. The pressure loss of the evaporator overcome using the driving force (natural

circulation) or circulation pump (forced circulation).
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Figure 82: Performance curve of the turbine; mass flowrate vs. power generated.
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TABLE 18:SIMULATION RESULT FOR PUMP IN ASPEN SOFTWARE

Parameters Values Unit
Fluid power 0.0172 kw
Brake power 0.0172 kw
Electricity 0.0172 kw
Volumetric flow rate 3.6289 Cum/hr
Pressure change 0.1706 Bar
NPSH available 0 Meter
NPSH required

Head developed 1.7546 Meter
Pump efficiency used 1

Net work required 0.0172 kw
Outlet pressure 0.2 Bar
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TABLE 19: OC-OTEC PLANT STREAM PROPERTIES.

Units CLDPMP CLWTR DISC-CLD DSCHWTR EV-STEAM EXHUAST FLSH- FRSWRT S12 WRMPMP WRMWTR
DIC
From PUMP-2 CONDNSR FLSH-EVA FLSH-EVA STMTRBN FLSH- CONDNSR  TANK PUMP-1
EVA

To CONDNSR PUMP-2 STMTRBN CONDNSR Tank FLSH-EVA PUMP-1
Phase: Liquid Liquid Liquid Vapor Vapor Vapor Mixed Liquid Liquid
Water MMSCMH 0.00238 0.00238 0.00238 0 0.00447899 0.00447899 0 0.00447899 0.004479  0.004479 0.00447899
Mole flow MMSCHM 0.00238 0.00238 0.00238 0 0.00447899 0.00447899 0 0.00447899 0.004479  0.004479 0.00447899
Mass flow TONNE/HR  1.9152 1.9152 1.9152 0 3.6 3.6 0 3.6 3.6 3.6 3.6
Volume flow CUMHR 1.890533 1.890533 1.890534 0 4912020 4949300 0 4887590 35286800 3.628939 3.628938
temperature C 5 5 5.567481 225 21.7649 21.02977 -60.7652 27.00024 27
Pressure BAR 0.01 0.00673 0.01 0.01 0.01 0.00099 0.001 0.001 1.00E-05 0.2 0.0293039
Vapor fraction 0 0 0 1 1 1 0.1 0 0
Liquid fraction 1 1 1 0 0 0 0.9 1 1
Solid fraction 0 0 0 0 0 0 0 0 0
Molar Enthalpy KCAL/MOL  -69.11605  -96.1160  -69.10497 -57.77731 -57.77731 -57.78909 -69.2194 -68.68725 -68.68732
Mass enthalpy KCAL/KG -3836.524  -3836.52  -3835.909 -3207.128 -3207.455 -3207.782 -3842.26 -3812.721 -3812.726
Enthalpy flow GCAL/HR -7.34771 -7.34771  -7.346533 -11.54566 -11.54684 -11.54802 -13.8321 -13.7258 -13.72581
Molar entropy  CAL/MOL-K -41.47283  -41.4728  -41.43305 3.065014 3.065014 3.025048 -41.1742 -39.98944 -39.9839
Mass entropy CAL/GMK -2.302092  -2.30209  -2.998841 0.1701341 0.1701341 0.1679157 -2.28552 -2.219751 -2.219749
Molar density KMOL/CUM 56.2327 56.2327 56.20294 4.07E-05 4.04E-05 4.09E-05 5.66E-06 55.06578 55.06579
Mass density KG/CUM 1013.048 1013.048 1012.512 0.000732897 0.000727376 0.00073656  0.000102 992.0255 992.0257
Average 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528 18.01528
molecular
weight
Phase vapor
Compressibility 0.9999844 0.9999845 0.9999842 1
factor, mixture
Molar volume,  CUM/HR 4912020 4949300 4887590 35286800
mixture
Molar flowrate, MMSCMH 0.00447899 0.00447899 0.00447899  0.000448
mixture
Ratio Cp/Cv 1.32969 1.329729 1.329768 1.332133
for mixture
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4.5. RESULTS AND DISCUSSIONS

In this section, compare performance of an OC - OTEC system by controlling the
mass flow rates of inlet warm water and inlet cold water. Two cases are considered
for ultimate studies: power generated by the steam turbine and desalinated water
produced in the condenser. The efficiency and power output of an OC-Cycle plant

is calculated using the enthalpy values.

The properties to be calculated are saturation temperature, and fresh water
generated.

The power output is then calculated using the enthalpy drop across the turbine

(h; — h,) multiplied by the steam flowrate.

The thermal efficiency is calculated by dividing the enthalpy drop across the

turbine by the enthalpy difference between the output and inlet of the evaporator.

4.5.1. THERMAL EFFICIENCY AND POWER OUTPUT

Figs. 86 and 87 illustrations the thermal efficiency and power output of the system
plotted against dt, change in the temperature difference between the warm water
(Tw) and cold water (T¢). In Fig. 86, the thermal efficiency increased from 0.16 to
0.28 % and the power output increased from 0.83 to 1.53 W within a 5 °C increase
in temperature deference for average of mws=0.0372 |I/s. The power output is
produced when the total change in temperature is large enough to allow heat

transfer within the evaporator and thus lowers the pressure across the turbine.
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Figure 86: Thermal efficiency and power output of the system against operating temperature difference, for
average of m”~_ws=0.0372 I/s.

A similar trend was observed in Fig. 87, where the thermal efficiency increased
from 0.14 to 0.33 % and the power output increased from 0.37 to 2.25 W within a

temperature range 19 to 24 °C for average m,,=0.0098 I/s.

Heat transfer (steam produced) in the evaporator increases when the flow rate is
constant as energy loss in the process is minimized therefore providing the turbine

with a better constant power output.
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Figure 87: Thermal efficiency and power output of the system against operating temperature difference, for
average of m”~_ws=0.0098 I/s.
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The efficiencies for the average of m,,s; = 0.0372 1/s are approximately equal to
the efficiencies of the average of m,,s = 0.0098 1/s. The work done by the turbine
for both values of m,,s increases with increasing operating 6t. The turbine uses the
energy from the steam to do work, hence enthalpy drop observed is due the

significant temperature drop across the turbine.

Fig. 88 indicates the thermal efficiencies and power output of the turbine vs the

pressure drops across the turbine for an average of m,,; = 0.03721/s.
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Figure 88: Thermal efficiency and power output of the system against the pressure drop across the turbine,
for average of m~_ws=0.0372l/s.

According to the graph, it evident that the thermal efficiencies increases as the
pressure drop increases from 1.5 to 6.5 kPa across the turbine. Ultimately as the
pressure drops increases, leading to the power output increase from 0.83 to 1.53
W.

Figs. 88 and 89 show minimum efficiency of 0.16 % and power output of 0.85
W, at 19 °C and 1.5 kPa. The maximum efficiency is 0.26 % with power output of
1.55W, at 24 °C and 6.25 kPa for both. Fig. 89 shows the thermal efficiencies and
power output vs the pressure drops across the turbine for the average of ms =
0.00981/s. The pressure drops obtained from this experiment are between 2 and
11 kPa.
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Figure 89: Thermal efficiency and power output of the system against the pressure drop across the turbine,
for average of m”~_ws=0.0098l/s.

According to the graph, thermal efficiencies increases as the pressure drop
across the turbine increases. An increase in pressure drop leads to a power output

increase 4.5 W.

4.5.2. STEAM AND POWER OUTPUT
Comparing Figs. 90 and 91, it is clear to see that power output of Fig. 90 is
influenced by the increase in flowrate 0.03721/s. of a steam produced in an

evaporator, thus increasing the thermal efficiency of plant.
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Figure 90: Steam and power output of the system against operating temperature difference, for average of
m’°~ ws=0.0372l/s.
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Fig. 91 shows the steam and power output vs the volume of the flowrate across

the turbine for the average of m,s = 0.0098 1/s.
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Figure 91: Steam and power output of the system against operating temperature difference, for average of
m’_ws=0.0098l/s.

Fig. 91 shows the steam and power output vs the pressure drops across the
turbine for the average of m,,s = 0.0098 1/s. Minimum steam mass flow rate of 0.05
kg/s at 19 °C and maximum of 1.03 kg/s at 24 °C, the minimum power output of 0.85
W at 19 °C and maximum of 1.58 W at 24 °C for average m,,=0.0098 I/s.

It can be seen that more steam is produced than power output produced by the
turbine. The work done by the turbine for both values of m,,; generally increases
with an increasing temperature change, 6t. The turbine uses steam’s energy to do
work, and thus there is an observable temperature drop across the turbine that

leads to an enthalpy drop.
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4.5.3. ENTHALPY AND WORK OUTPUT
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Figure 92: Enthalpy and work output of the system against operating temperature difference, for average of
m~_ws=0.0372l/s.

A minimum enthalpy of 0.02 J/kg at 19 °C and maximum of 0.24 kJ/kg at 24 °C
was observed in Fig 92. Fig. 92 establishes the minimum entropy of 130 KJ/kg at
19 °C and upper limit of 2500 KJ/kg at 20 °C. Fig. 10 shows minimum work done of
0.125 kJ/kg at 19 °C and maximum of 0.72 kJ/kg at 24 °C.
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Figure 93: Enthalpy and work output of the system against operating temperature difference, for average of
i1,y =0.0098l/s.
Fig. 93 shows minimum work done 0.15 kJ/kg at 19°C and maximum of 0.73
kJ/kg at 24 °C. It is seen that as more energy is required to heat up water to produce

steam, there is more work done with regards to the output produced by the turbine.
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The work done by the turbine for both values of m,s generally increases with the
increasing 6t and enthalpy. Steam is a source of energy used by the turbine to do

work, hence there is a pressure drop across the turbine leading to lower enthalpy.

133



TABLE 20: EXPERIMENT RESULT OF OC OTEC PLANT.

Pressure  Volume Cold Warm A Specific Volume Power  Work Enthalpy  Enthalpy Time Mass Heat Steam
(kPa) flowrate  water water (°C) heat flowrate (W) output at turbine at turbine (s) flow transfer  (kg/s)
(I/s) (°C) (°C) capacity  (I/s) by inlet {h1} outlet {h2} rate rate (W)
(kJ/kgK) Turbine  (J/kQ) (J/kg) (kg/s)
(J/kg)
5 0,022 5 29 24 4,18 0,001 4,101 0,0171 25460 2546059,9 15 1,386 139,08 0,056
7 0,019 5 28 23 4,18 0,005 2,616 0,2431 25442 2544259,7 13 4,991 479,83 0,196
6 0,014 5 28 23 4,18 0,008 2,222 0,1838 25442 2544259,8 11 8,318 799,72 0,326
6 0,013 5 28 23 4,18 0,011 2,134 0,1308 25442 2544259,8 11,09 1066,2 0,435
2 0,002 5 28 23 4,18 0,022 1,386 0,0229 25442 2544259,9 22,18 21325 0,871
15 0,004 5 28 23 4,18 0,026 1,530 0,0186 25442 2544259,9 26,34 25324 1,034
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Fig. 94 shows the indirect condenser of the OC-OTEC. This system is utilised to

generate fresh water.

mf,XfJC f_f:l.le Th e ,C i :UT
P : Condenser preprEplER TR
Steam feed condensate
& wd
Cold water

Figure 94: Indirect condenser.
m, x, C,, T: Mass flow rate, solids fraction, specific heat, temperature resp.

Subscripts: (f) for feed; (p) for product; (1) for inlet water; (2) for outlet water. The

overall mass balance is m¢ = m, and the solids balance is mgx; = mpx,  thus,x, =
Xf.

The energy balance is m¢CyTr + Mey Cpy Ty = My Cp) T2 + MpCoyTp » Cpeny
and Cp,) are determined from tables containing the properties of water at

temperatures. T; and T, respectively. When approximation are used, Cy (1) = Cp(p) =

4180 kJ/kgK. The rejected heat within the turbine is qgu = h, —hs, h, =
2461.4435 kJ/kg; hy = 75.169 K] /kg.

Qout = hz —h;
= 130.459 — 75.169
= 55.29 kJ/kg

Mew Cpew)ATew = MpQdpcout)

_0.75X55.297
CW ™ 4.18(10-5)

= 1.984 kg/s

6.4.1. Energy Balance
meCpn Tr + MewCp) Ty = MewCpn Tz + MpCpp Tp

0.75 x 4.2(18) + 1.984 X 4.2 X 5 = 1.984 X 4.2 X 10 + 1, X 4.2 X 13

_ 98.364—83.328
P 4.2%x13

m, = 0.356 kg/s
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Figs. 95 and 96 show steam, fresh water mass flowrate and power output of the
system against volume flowrate. It seen that as condensation begins in the
condenser, the steam at the inlet of the condenser is cooled by cold water at a
temperature of 5°C and the steam changes phase from steam to liquid. The fresh

water that is produced is less than the amount of steam being cooled.
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Figure 95: Steam, fresh water mass flowrate and power output of the system against volume flowrate.

As the system produces more steam, there is more power output from the
turbine and more fresh water after the condenser. There is then more power output

produced by the turbine.
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Figure 96: Steam, fresh water mass flowrate and power output of the system against volume flowrate.

The work done by the turbine for both m,,; generally increases with increasing
operating temperature difference and more fresh water as by-product. The turbine
uses the energy from the steam to do work, and as a result there is an observable
drop across the turbine that leads to an enthalpy change.

Although the efficiencies are low (of the order of < 1%.) the system works in

principle and can be adapted for a larger plant.

4.6. DESIGN OF 206.18kw Oc-OTEC PILOT SYSTEM

The steam turbine and generator was designed for an output of 200 kW
operating with warm water at 26°C with a corresponding net power of 98kwW
(98.186) and a production of 0.5l/sec (43 200 l/day) of desalinated water.
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Figure 97: 206.186kW O-C OTEC process diagram.

4.6.1. ASSUMPTIONS

The model design for this project was optimised for approximately 98.186kW Net
power. During this research there were numerous important mechanisms that have

a substantial influence on the produced net power.

TABLE 21: 98.186KW NET AND 206,186 KW GROSS POWER PROCESS.

Symbol Quantity Sl2
Tww temperature of 26 °C
warm water
Tew temperature of cold 4°C
water
M net power output 98.186kW
Mg generator efficiency 97 %
Ty in steam temperature 25°C
T out steam temperature 14 °C
Cp specific capacity of 4.18 kJ/kgK /kg
water
Mp seawater pump 85%

efficiency moment

Following are brief calculations for the design of 206.186kW process of Open-Cycle
OTEC plant.
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46.1.1. SYSTEM POWER ENERGY

The total system energy power was compensating for the mechanical, electrical
and turbine losses. Consequently, the total power energy to be generated by the

turbine can be calculated as: Turbine power output is Mt = 206.186kW.

M _ Net Power _ Mpet
Gross ™ Generator Efficiency  ng
_ 200kW
097
= 206.186 kW

4.6.1.2. TURBINE ANALYSIS

A. State 2 — 3 process
Steam Table is used for identifying, Temperature, Pressure, Enthalpy and Entropy;

etc. see below the table 22 and 23.

TABLE 22: APPARATUS FOR SATE 2.

Symbol Quantity Sl

T2 temperature 25°C

P2 pressure 3.1717 kPa

h2 enthalpy 2547.855KJ/Kg
S2 entropy 8.55975KJ/Kg

TABLE 23:APPARATUS FOR SATE 3.

Symbol Quantity Sl

T2 14 0C
temperature

P2 1.5985 kPa
pressure

hz 2453.8403
enthalpy KJ/Kg

S entropy 8.55975KJ/Kg

S, =S4 = 8.55975 k] /kgK

S = S, + X3Sgq,

8.55975 = 0.2098 + x5 X 8.5969
= 0.97 = 97%
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h3 = hf3 + X3hfg3
= 59.2401 + 0.97 X 2468.66
= 2453.8403 k] /kg

4.6.1.3. TURBINE WORK OUTPUT Wy

To calculate the mass flowrate of steam to be received by the turbine, inlet and

outlet conditions for the turbines can be utilised as shown below:

Wr = g (hs —hy)
206.186 = m(2453.8403 — 2547.855)
mg, = 2.19 kg/s

46.1.4. EVAPORATOR ANALYSIS

State 1 — 2 — 5 process

The mass flowrate of surface warm ocean water can be calculated by heat
balancing the evaporator with respect to the inlet and outlet conditions of Steam
and warm water. Heat energy required to generate the steam at a temperature of
25°C.

. qw
My = —
st hfg
219 = 1w
2442.845

qw = 5349.83055 k] /kg

The amount of water required at the evaporator m,,,,

— Mgtqw
CpwwiATww
__ 2.19%x5349.83055
T 418(26-24)

= 1401.450826 kg/s

mWW

The warm water mass flowrate leaving the evaporator at temperature 24°C is
discharged back to the ocean.

Moyt = My, — Mgt

= 1401.450826 — 2.19
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- 1399.260826%

4.6.1.5. THERMAL ENERGY DIFFERENCE WITHIN THE EVAPORATOR

Awa = prw(Tinmww - ToutMout)
= 4.18(26 x 1401.450826 — 24 x 1399.260826)
= 11935.82971 k] /kg

A. Evaporator heat transfer area Ay,
Uv is a quantity of heat exchanger performance consisting of overall heat transfer

coefficient (U-value).

TABLE 24: 98.186KW NET POWER, UV VALUE.

Symbol Quantity Sl

Ev evaporator 0.16W/meC

B. Evaporator
AT; = Tywwin — Towwst
=26—14 =12°C

AT, = Tywwin — Twwout
=26—24 =2°C

AT{+AT,
ln(%)

12+2

m(3)

= 7.81°C

ATym =

_ thdw
Ang = 5— " T
stainless21LM

_ 1x1073x5349.83055
N 0.16x7.81

= 4.28 m?
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4.6.1.6. CONDENSER ANALYSIS

A. State 3 — 4 process

The thermal energy output rejected at the condenser is Q¢

Qout = rhst(hS - h4)

= 2.19(2453.8403 — 34.2606)

= 5298.88 k] /kg

B. Heat energy rejected into seawater

dc = rhcwcpcw(Tcwo

- Tcwi)

5298.88 = ri1,, X 4.18(8 — 4)

ey, = 316.919 kg/s

Therefore, the mass flowrate of Coldwater is, m¢,, = 316.919 kg/s.

TABLE 25: 98.186KW NET POWER, UV VALUE.

Symbol Quantity Sl

Ev

evaporator 0.16W/me°C

AT; = Ticon — Tewout
=14 -8 =6°C

AT, = Tocon — Tewin
=6—4=2°C

AT, +AT,
ln(%)
_ 62
m(3)

= 7.28°C

ATLM =

th Qout

Ay =
UstainlessATLM

__ 1x1073x5298.88

0.16x7.28

= 4.55 m?
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4.6.1.7. CONDENSER ANALYSIS

A. State 3 — 4 process
The thermal energy output rejected at the condenser is Qqyt
Qout = Mg(hg —hy)

= 2.19(2453.8403 — 34.2606)

= 5298.88 k] /kg

B. Heat energy rejected into seawater
qc = rhcwcpcw(T(:wo - Tcwi)

5298.88 = m,, X 4.18(8 — 4)

Mgy = 316.919 kg/s

4.6.1.8. FIXEDLOSS FACTORS
The Lgyeq IS calculated as the cold water intake power loss, condenser and

distribution forcing loss, evaporator and delivery pushing loss within the process.

A. Pump Loss factor

ww8

Pump Loss Factor = mT

_ 1401.45 x 9.81
B 0.85

= 16.17kW/m

B. Circulation Pumping Loss and Evaporator
This secure loss is estimated created on assumptions for 98.186 kW Net Power.
The consistent Head Loss would be roughly 3.49m. the 3.49m of head accounts for

the loss transversely consumption and discharge of evaporator.

Mywghww

Evaporator and Distibution Pumping Loss =

Warmwater Mass Flowrate my,,, = 1401.450826 kg/s
Warm Water Head Loss hy,,, = 3.5m

Seawater Pump Efficiency 1 = 85%

Mwwghww

Evaporator and Distibution Pumping Loss =

_ 1401.450826X9.81x3.5
- 0.85
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= 56.61kW

C. Coldwater Consumption Power Loss
This immobile loss is estimated built on water velocity and an identified factor for a

bulging pipe entering, which is expected for cold-water inlet.

2

. Cv Q 4m
Minor Head Loss(h) = —,where V===
2g A TpD?

Head Loss Coefficient for Protruding pipe Entrance (C) = 0.8
Nominal seawater density (p) = 998.2kg/m3
Coldwater pipe internal diameter (ID) = 2m

Mass Flowrate of Cold Water (rn,,) = 316.919 kg/s

46.1.9. PumP Loss FACTOR

m

Pump Loss Factor = cwd
316919 x9.81 3.661W
=085 >66kW/m

_ 4m

- mpD?2
_ 4x316919 0.101
= wxo982x 22 O10im/s

Intake Head Loss (hj,ake)
0.8 (0.101)?

T 2x9.81

= 0.00042m

Cold Water Intake Power Loss
= Ppxly,

=x 0.00042

= 1.54W

The Cw consumption power loss was calculated as drop in power loss. The

arrival may be rounded formed to decrease losses. The 0.8 coefficient is used for
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this characteristic bulging pipe’ entry since the filter elements are unknown for this

design.

A. Condenser and Feeding Pumping Loss

The static loss is estimated assumptions losses across the condenser and
distribution pipe. The consistent Head Loss would be roughly 4.39m. the 4.39m of
head accounts for the loss across intake and discharge of the condenser.
= Pump Loss Factor X Assumed Head

= 3.66 X 4.5 = 16.47kW

B. Cold Water Pipe (CWP) Friction Loss

This variable loss is dependent upon the length of the Cold-Water Pipe (CWP),
the pipe diameter and the inside surface. The factor is established by estimating
pipe wall friction based on the smoothness of the pipe, pipe diameter and water

velocity.

- fLV?
Head Loss due to Friction (h¢) = 208

hf) V2 V2

Head Loss due to Friction per unit Length (L = bgL — 20g

(4.2)

Hydraulic Pipe Diameter (D) = 2m

Velocity in pipe (V) = “;‘;W
316919 _ )
=5 — U m/s
1000 x & i)

Colebrook Equation for Friction Factor (f)

Lo 54251

v 2 10g10 <3-7 + Rex/f’) (42)
Pipe Rougness Coeffient (€) = 0.0000

Reynold’sNumber (Re) = %

Absolute Viscosity (u) = 1.573Pa.s

Reynold’'sNumber (Re) = % = 127.1455

0.00005
- 2.51

1
Vi —2logso < 3?7 T 127.145\/?) ~ £=0.1497
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Head Loss due to Friction per unit Length (%)

~0.1497 X (0.1)?

— -3
X 2x981 0.0381 x 10
Pipe Friction Loss = % X Pump Loss Factor (4.3)

0.1396W
=0.0381 % 1073 X 3.66 = ———

The flow rate of warm seawater -1401.450826 kg/s at 26 °C is brought thru a
2.5 m ID FRP pipe. The pipe has an intake depth of 25 m and is 130 m long. The
turbine propeller pump supplies the evaporator with warm seawater mass flowrate
of 1401.450826 kg/s.

The pumping system puts the fluid into the chamber at the head of 3.5m from
mean sea level (MSL). One submersible propeller-type pump brings 316.919 kg/s
of cold seawater through a 2m pipe from a depth of 1000 m. The length of the pipe
is 2590 m.

The evaporator spout flashes the warm water through into the evaporation
chamber at a pressure of 3.3604 kPa. The slight amount portion (2.19 kg/s) of
supply water is changed into steam and the rest is discharged into the ocean at a
temperature of 24°C. Steam (2.19 kg/s ) from the evaporator enters the turbine at
3.1717 kPa and leaves the turbine diffuser system at 1.5985 kPa. The OTEC
generator system generate the gross output of 206.186kW. the exhausted steam
from the OTEC turbine go in the condenser. The condenser collects 316.919 kg/s

of cold seawater at 4 °C and condenses 2.19 kg/s of the incoming steam.

TABLE 26: SEA WATER PUMPS RATES.

Function Warm Cold Warm  water Cold water
water water discharge discharge
supply  supply

Flow rate 40145 316.92 399 247

(kals)

Totalhead (m) 1.4 3.6 3.2 5.4

Efficiency (%) 85 85 85 85
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The function of the compressor on the system it pressurised all the particle that
are not require on the system such as residual water and all gases that were

dissolved on the solution.

TABLE 27: VACUUM PUMP RATES.

Symbol Quantity Sl
Fin Inlet flow rate 6.9 md/s
Pin Inlet pressure 1.2 kPa
Dp Discharge pressure 101 kPa
Pwm Maximum power 40 kw

For the purpose of this project a generic calculation of net power was
considered as per the concept calculated below. The net power generated is from
OTEC plant is 98.186kW achieved subsequently deducting 108 kW for cold water
supply pumping; 40 kW for warm water supply pumping; 38 kW for compressor; and
30 kW for fresh water pumping from the gross power generated. Table 28 below

present the out power produced see below.

NET POWER |~[Gross Power

— {(Cold Sea Water Pump — Vacuum Pump — Warm Water Pump)}

NET POWER =

206.186 — 40 — 30 — 38 = 98.186 kW

(4.4)

TaBLE 28: CALCULATION DATA OF OC-OTEC 206.186KW PLANT PROPOSED.

Parameters Power
206.186kwW
Warm Water Temperature T, 26°C
Cold Water Temperature T, 4°C
Generator Gross Output Power 206.186 kW
Net Power Output Mg 98.186kW
Generator Efficiency ng 0,97
Steam Temperature T in 25°C
Steam Temperature Ty, out 14°C
Specific capacity of water Cp 4.18 kJ/kgK
Seawater Pump Efficiency 85%
Mass flow rate of steam rg 2.19kg/s
Thermal Energy Difference within the evaporator 11935.82971 k] /kg
Evaporator heat transfer area Ay, 4.28 m?
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Thermal energy output rejected at the condenser is Qgyut
Heat energy rejected into seawater r,,

Condenser heat transfer area Ay

Pump Loss factor

Evaporator and distribution pumping loss

Condenser and distribution pumping loss

5298.88 kj /kg
316.919 kg/s
4.55 m?
16.17kW/m
56.61kW
16.47kW
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CHAPTER 5

5. CONCLUSIONS AND RECOMMENDATIONS
This thesis focuses on the prospect of OC-OTEC in South Africa and possible

locations suitable for this technology.

e This project it unique because it has never been implemented in Southern
Africa.

e It is also a unique application because it generates electric power and
simultaneously harvests fresh water. It is, in effect a self-powered
desalination plant.

During this research the following points were undertaken:

e The feasible site for placing an OC-OTEC plant was investigated.

e Aspen software was used to design and simulate a small scale model OC-
OTEC.

e The laboratory experiment model was designed and built at DUT.

e And a 200kW OC-OTEC model plant was designed.

South Africa is generally a water scarce country. This is particularly so on the
South Coast of KwaZulu-Natal. In addition, the present problems faced by Eskom
are mitigating against power hungry solutions such as r o desalination.

This paper proposes a solution to this problem by employing OC-OTEC to
generate a self-powered solution for the provision of fresh water. It is shown that a
200kW pilot plant could generate up to about 100kW of electricity and also able to
supply about 43000l of fresh water per day. Further work needs to be done to solve
the large, low speed generator required but rapid advances are being made in this

field and this problem will soon be overcome.

The simulation results from aspen and the small scale model plant were
compared. The results obtained were presented against the temperature difference,
since this is an important parameter in selecting an actual plant location. Potential

sites, system design of Open-Cycle OTEC and its performance was experimentally
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studied with the help of temperature and pressure readings before and after each
component.

During the experiment the thermal efficiency and the power output increase with
increasing temperature difference was noted. The power output is produced when
the total temperature difference is sufficient to allow heat transfer within the
evaporator and provide a pressure drop across the turbine. The efficiencies for the
average of m,s = 0.03721/s are approximately equal to the efficiencies of the
average of m,,; = 0.0098 1/s. The work done by the turbine for both m,,¢ increases
with increasing operating temperature difference. The turbine uses the energy from
the steam to do work, and as a result there is an observable drop across the turbine
that leads to an enthalpy drop. it is also noted that the thermal efficiencies increase
with increasing pressure across the turbine. An increase in pressure drop leads to

a power output increase.

Throughout the research results it is felt that the Port Edward area is suited to
the placement of an OC-OTEC plant owing to the nature of the ocean bathymetry
off the coast with the continental shelf close to the shore giving a steep drop off to
3000m. The Port Edward area has a high possibility of utilising OTEC to extract
freshwater water from the ocean. In addition to electricity generation, an OC-OTEC

plant produces freshwater as a by-product of the power generation process.

Solar and wind power energy are good choice as a renewable energy sources,
but-it needs massive funding, which would strain the economy and only provide
peaking power as opposed to the base load power required in South Africa. Other
ocean technologies were also briefly discussed and were seen, apart from ocean
current harvesting, not to be suitable for the KZN region. OC-OTEC might have a
significant initial cost, but in the long run it pays off the investment. according to
calculation, within four years before a profit from the OC-OTEC system can be
generated.

OC-OTEC power systems satisfy the criteria for suitable energy systems for
South Africa, and if the suggestions introduced in this thesis are executed, it would

be a giant leap toward solving the present energy and water crisis of the country.
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APPENDIX A

DESIGN CALCULATION OF THE EXPERIMENT PROTOTYPE OF OC-OTEC
PLANT

Quw =AV

0.000583 = %(O.OZZ)V A

S.v=1.857m/s

MAss FLOWRATE OF WARM WATER |\/| in 5

Mi = pAV

:983.13><%(o.02)2 x1.857 A2
=0.573kg/s

STEAM MASS FLOWRATE, Mist,

m
— 0.00565 = st
5734 A3

. M« = 0.003238Kkg/s

THE MASS FLOWRATE BALANCE
Mow =M, — Mg
=0.573-0.003238
=0.5698kg/s

...A4

VELOCITY OF DISCHARGED WATER

Mou = pAV

:0.5698:983.13><%(0.02)2 v ..A5

.. v=1.845m/s
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FLOWRATE OF DISCHARGED WATER

Quw =AV

= 2(0.02)* x1.845
4 ...AG

=0.00058m?*/s
- v=1.857m/s

Thermal energy difference between the intake and discharged warm water

AQVWV = Ccp [Tin I\/Iin - Tout M.out}

= 4182(303.15% 0.573 — 293.15 x 0.5698) ..A7
= 27.88kW

LATENT HEAT (SPECIFIC HEAT OF EVAPORATOR)

Awa = rhstl—h,ev
27934 = 0.003238L,,, ...A8
L. =8627.22kl/kg

Calculated steam temperature by interpolation:

28.96 — 24.08
4-3
 T,-24.08
~ 35-3 A9

T, =26.52°C =299.67K

THE FLASH STEAM GENERATED %
—h

hfin f,out
Flashgenerated % = ———

fg, st
 125.811-84.2043
B 2439.248
—0.017=1.7%

...A10
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CONDENSATE VOLUME
Ve = (1— flashgenerated%)-c,

=(1-0.017)-0.001004 A1
=0.00099 m*/kg

STEAM VOLUME
V... = (flashgenerated %)c,

=0.017x45.9 ...A12
=0.78m*/Kg

CALCULATION STEAM SPEED INSIDE A PIPE

Myt = pAv
0.003238 =1.12083 x % (0.02)* v
Sv=92m/s™
Quw = AV
T 2
:Z(O'OZ) x9.2 ..A13

=0.00299 m®/s™*
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APPENDIX B

OTEC DESIGN FRAME
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APPENDIX C
OT1EC DESIGN FLASH EVAPORATOR
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Experimental Design of Possible Open Cycle-
OTEC Plant in KwaZulu Natal-South Coast

Gramede AL Author, Member, SAIEE, ECI4 and IV Almaine F. Auathor, Member, S4IEE, S4ETE
SA4RET

Abmtrare— This article demematraica an cxperimestsl mesicl
af an Ope cycle - Jecan thermel ezerpy comermea (00
OTEC) plant. GC-OTEC plazd weme the temperstuns
difference betwesn warm sarface waksr and doep eald waker
af the ocran do drive 2 barkesc cogpine to profece cleckrical
encrgy. The exbauat sdcam fram the terbine @ candemacd to
ferm Ercah waksr. Thia resszrch o meizly hborxiory baed
csaccnbrabmy  on  domiga, caloulzboos, medollmg and
simulabon  of BC-0TEC. The thermadvnsma:  Eleid
caleshitizna wers andertslocn with 3 viow to deaips the mxin
mechazical compmncagy of aa DC-O0TEC avascem, ic. fash
svapersier, candeascr and sczm twurkine. An OC-OTEC
demsaatration plant wan desgned and czmakrocked Imoan
Elesirizal Fawer Labssatery at DUT. The immtipatansl
resszrch wan carricd oot an the demonviration plast with
esmaideratiza given s wastcr dcmperakers, mam flew ek of
fluid, ==d preasure. The mesaurcmeniy were tzkesn befarc
and afcr cach componcad. The roaules chfammed wenc

esmparcdl

Tndexw Termy— Oesza Thermal Encrgy Converzics, Open
Coele.

L IMTRODUCTRN

U is o well-known fect thet South Adnica b eemder
werped regarding fresh dnsmbable water. 1t is alse well
known that certain areas such as e Scuth Coast of
Kwalulu-Matal suffer noere o leck of waser than other
aneas.

A steady and reliable supply of power and water is
importast dor moedens human Life Presently @ lage
mnajoaity of all the emergy consumed in South Albica and
indeed wordwide is provided by fossil fuels amd nuclear
power (1], [EL As the workl population  grow
expoaentially, 0 does the requirement for power ame
water [5). This incresse will result in feture straiming of
fimite mesources of coal, odl, gos, wramiame ebe. s
alternatives o these resources will need o be identified
[4][5].

An unwanted side elfect of bumning fessal fuels @
generate power is the air polbation caused by the pusping
of Oy and B0, imeo the atmnosphere resulting s raised
ghohal iemnperatures | global wamming) [i].

It is theretfore impezative @ exgplore all alternative fonns
of emergy production of whech OTEC is one OTEC is a
carbon neutral, enviommestally  foendly  and  semi-
permanent energy source. Which is suited (o an area such

as pon Shepetone where the offshore continenal shelf i
clisse imshore providisg the possibility of cold water fromn
the depths and warm surfhee waier S0 give the reguired
rempersune differemce for this technology

It must be moted that & constant sutpest from an OTEC
aystemn is difficult to eaintain owing, %o daidly and seasonal
variations is winler temperature [4). Therefore, the thermal
eflciency of OFTEC is slightly bow {3-6%) conspared with
comurercial thermal plants (40-5F5) [7] This is, howewver
offset by the lack of & fuel requisement.
Interess shown by the Ul Municipality in Seutsermn
Kwaulu-Matal]in sourcing fresh water and electric power
s prompied a novel designiot an C10 OTEC plant 1o fuliil
these needs and the optiznum sise selection in this region
Fig. | indicotes the selative contribution by menewable
enetgy 0 glohal primary encrgy consumpion.

Energy Source
F e

17 9%

R

e

Fig 1. Sme of eeergy sserced (m izl global griman ey applhy

IL Ores Cvcre (0T OveRview

Opem eyele was initiased in 1930 by George Claude,
student of d* Arsonval [10]. The system utilised sieam
aleng the pther evapomated strmight fromn the seawater o
power & furbine. Subsequently the seawaler temperatue
was Dot as mucl of tan tee poemal beiling peis? @
atmscapberic pressiure was sub smospheric. The previos
researcly led by the Flonda Selar Fmergy Center (FREC)
over the previces half docen yeass has saved data aned
advances that were lately fectiosal o o ew systematic
shidy of the apen-cycle technalogy [11]. FSEC presented
that all the magor expectaticns done in the initial Teasibilizy
investigation had reenaised unsdvenberous. S0, open-cycle
OFTEC (Fig. 27 is even more auspicious tan fist planned.
[arir oo s proposed that snaller plasss (3-15 MW,
are appresinately @ reascnable o construct as greater
sysiems [11]
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L. (e Ernoisscy

Entize efliciency of {8C-OTEC sysiem is given by the
fedboing equeticn:
Fa

T —
s

-

where P, is the net power amd L is. ihe race of heat
rransfer intoe the sysiem [20]. The potential efficicscy of an
(H-OTEC s higher since a greater portien ol the
sepersine change i available w0 produce power. In
additim, i can also be used io provide drinkisg water.
Avoordizg wo system analysis done in 1983, the condenser
surface area of a plaw produce 2 MWe of st power can
generate approsimasely 450 cubde nseters of purified
water each day [21].

Whereas OOC-OTEC doess bave a higher efficiency
potential, the technology aforemestionsd i Dol oy
estahlished.

IV, OaOrec EXPFERBEENTAL SvaTem Axp
ProcEpape

A study was carmied out on 2 newdy desigmed CH0-
OTEC  lehoratery  demonstration: syslemn where
temperadune, miss {lowrate ond pressure readings were
taken bhefore and alfer cach compoment. The  dlash
evaporator wis used in this plant 0 produce bow pressiare
steam for S steamn turhine. The exhavsted steans from the
turbine was lesd e the condenser. Fig. 2 shows a
phocograph of the O AVTEC expenmental setup.

o=

Fim2: Tha pheram il tha Do -OTEC mrial semap

Chatside dizneter of the Mlash evapomior, Dy bas o wall
thickmess 91,5 men, with an mside diameser of 200am and
Berighs (Hy of 3. The design pressure is 336 Pa and
allorwahle siress . Mini turhine seam exgine, is designed
with two universal hrass conmeciizg rods with nuicro power
generator, The bength is Sween, width 45men, high 4,
and inlet digmeser. The Bourdon tube pressine gasge lled
with biquid is utilised, with noosingl size of &3 and
scale ramge is 0 — S0&Pa. It aleo conmios plastc fow
mrieters for gases & lquids, using trogamid and polysulfone
sechnnlogy. Scaled directly is Ul nat/h, %

The temperabares reach wp to G0 troganid, and #°C
polysulfone. Pressures goes up oo 13 bars, The cosgpu is
420 nah.

Vo Besoir Axo Decussans Oe-Ores:
Erreciescy

I= this section, we compare performasce of an 00 -
OTEC system by cooemolling the mass flow rates of inlie
warn water e imled eold water. Two coses are coosidered
for ultimase studies: power geserased by the steam turhine
and desalinated woer produced @ the condenser. The
efficiency and power cutpul of an O0-Cyele plant i
caloalated usizg the enthalpy values.

Ihe properties to be caloulated  are sofuration
retpperatune, and fbesh water generated.

e povwver output is then calculmied usizg the enthalpy
drop across the rurbine (g, — b)) multiplied by the steam
(lovrase.

[he thermnal efficiency is cabeulated by dividisg the
enthalpy drop aoross thee turhine by the enthalpy difference
beziween ther putpert azed inlet of the evapomaiar.

Figs. * and 4 show the thermal efficiency and power
cirpil o the system ploted ageinst 8t (the tensperabare
dilference of between the warm and cold water). The
thermal efficiency and the power output can be seen
increase with increasizg & The pover outpit is prodeced
when the woial tenperature differesce is lorge eough o
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allowe heat transfer within the evaporator and provide o
pressure deop soross the ushine,

a resah there is an cbeery sbile tensperatare drop across the
turbine that keads toon exdhalpy drop.
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Fig 3: Tharmnal eifichescy ared poreer corpra of (ha ey lem againm
opering wmperaare difoence, for scverage of o ° we=0 0971 L.

Heal transfer (steamn produced) in the evaporaior
inereases when the flow mie is coosiass s energy koss in
the process is minimized therefore providing the turhine
with a befter coostant power output.

Fig % Tharmal effichency aed pawss gl of 1he svslem againa b
predaes dep scraes the mrkdne, S AT o i, <0 T I

Fig. & imdicates the themml efMiciencies and power
oot ool the Surbdine vs the pressare drop across the turhine
for an average of My, = 00372 /s, The pressure drops
acquired fom this experiment are between 1.5 and 6.5
ila According o the graph, @ cam be showa that the

N e e u thermal effickencies increass with increasing pressure drop
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Ther elficiencies for the average of M, = 00372 {5 ane
approcimately equal i the efficiencies of the avemage of
My = HFE s, The waork dome by the turbine for both
values if #hy,, increases with ncreasing operating &1, The
turbine wees the energy from the steam to do work, and s

Foitd e (FhE jraaaedn PP

Fig b Porwar 2sipan and iharmal efficheney of 1k eyvakem againm (b
predaes deap scraes the mrkdne, S AT o 1, <0 IR ELE

Figs. v amd 7 show minizoum efliciency of U186 % aned
power output of L33 W, at 19°C and 1.5 kPa. The
enaizmim efflciency is 000 % with power output of 1,55
W, at 2470 amd 625 kPa for both, Fig, & shows the
thermal efficiemcies asd posver cutpat vs the pressune drop
acToss the barbime for the average of =y, = LOE s
The pressure doops obiained from this caoperimens ane
between 2 and 11 k.

According to the graph it cam be shown that the thermal
efficiencies increase with increased pressure drop across
the turbine, An increzse i@ pressure drop leads w0 a power
ol incrense. Comparing Figs. T and £ it is clear to see
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that peviver ciput of Fig 7 is influenced by the imcrease in
pressure up o 11 kPa thus increasimg the thermal
effbciency.
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Fig. & shows the sicamn ond power oulpet ws the
pressire drop across the wurbine for the average of de,y =
00372 8.

Fig. % shows the steamn ond povwer outpet ws the
pressure drop across the furbine for the average of e, =
G0Ee s Misimum steam namss fow rate of (0038 kg's
at 157 and macimum of 1.3 kg's at 247
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Fig. ¥ shyows the minisnim povwer output of (L85 W &
157E and masimunm of |58 W a2 247C. It cam be seen thae
e slel is produced than poswser output predaeced by the
murbine. The work dome by the wrhine for both
values of iy, generally increases with mn increasing
operating 41 The wurhing uses the energy Eroen the steam i
do work, and 25 a resiah there is an ohservahle drop acnoes
the tarbime that leads 0 on entbalpy drop.
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Figs. 3 and 9 shiw the enttalpy and work done by
wrbine against the operating temperabare ooross the
turbine from the avemge of iy, = 03FE s and e, =
e s, Fig. 10 sisblishes the mimimum escropy of
130 K1kg at 19°C and upper limnit of 2500 KV kg a1 2070
Fig. 1140 shows minimnum work dome of 0023 kg m
1%7C and manizoum of (0.24 kg at 247C Figs & shows
riiniaen enthalpy of L4k kg at 19%°C and masisnam of
G0 e kg at 247
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Fig. 10 shows muinimuns veork dome (0025 kikg m
15°C and maxinwsn of (.35 KVkg ot 247C. It is seen thae
as mdore energy s required o beat up wailer o prodece
steany, there is more work dome with regonds 1o the outpas
prmtuced by the tabizme, The woek done by the urbsine for
bith values of iy, geserally imcreases with the increasing
dt and enttalpy. The tebize uses the ewergy from the
sieam o do work wed s & resali, there is 2 pressure drop
acToss the surbine that beads 1o on exdhalpy drope

Fig. 11 shows comdenser af ChC-(FTEC. This sysben is
wrtilized to generate fresh water.
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i, x, Ky, T Mss flow moie, solids fraction. specifie hee,
reppe e resp. Subecripts: 1) for feed: (p) dor products
{17 Tor mnles wiers (2) for puilet waier, The overall mess
balance is Wy = a1, and the solids balance is mpxy =
ke s, ug, = xp.

The energy hallance is el Ty + Mgy O Ty =
mlhl':lu|T= +mFI:F":F'|TF‘rF‘:||]d fj‘:“ﬂli!h!rmilhﬂd
frnm 1sbles comaining the popemies of woler
tempemiunes. T and T, respertively. 'Wien appeoximaiion
are wsed, L) = Ly = 4180 kjifkg &, The ngjected
beat within the wuhbine & g =f;—hy, hy=
24404435 kf kg ky = T5069 k) Skg.

Guar = g — h3
= 130459 — T5.159
= 552% ki kg

0 C 1 T = 0 i)

BT REREET

My = LERC 5]

= 1.%844 kg's
A Energy baless

il e Ty + Mgy Ty = M Lo T + gl Ty
05 d[1E) + 1980 x 42 5 = 1904 x 4 F
100+ sy, % 0.2 % 13

= Bz 11

My, FETTT]

fny = 0.354 kg/s

Figs. 11 and 13 sk sseam, Enesh water mass fowraie
and power putput of the system sgainst volume Sowrate.
It is wmdersicod that as condensaticon beging i the
condenser, the sicam o the Dviake of the oomdenser is
cooled by cold water at o tempembere of 570 and the steamn
changes phese from sicamn o ligaid The frech wnier thae
i preedaced s less tan the amount of stean being conled.
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A 2 sysiemn produces, neore sieany, there is neore power
oaggput frome the wrhine and mare fresh wier after the
condenser. There & then move power output produsced by
the: narbime.
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Fig B3, Sawam, Sexk water nines Sewrang ard power geecraed af e
plant coorpaed 1o volieres e me

work done by the turbing for sogether iy, usually nses by
with camulative aperative empenbee varano: and moe
freshy water as by-product. The turhine uses the emergy
frome the sieasn o do work, and as a result there & on
obeeryabde dnp thra the turbing that resulis e an emhbalpy
variation. Although elficiencies are b (of the srder of =
195 the system works in principle 2nd can be adaped for
a larger plant.

Frash waknr Bgiy

VL Comousios

The selection of o good precess modelling, and
simulatios senl was of exirens: mnpomance for the success
of this work. Throughout the measarements, i wes Bound
that the thermal efficiemcy (%) and the pooer pulpes
increased. with increasisg temnperature dilference Gt = tw -
. The power cuspuit was produced when the 6 was large
enough o allow heat ransfer within the evaporaior and
provide & pressure drop sores the tarbine.
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Ihere was more hest mansfer {sicams peoduced] in the
flash eveporater ot o comstant flow rase because the warm
waler contizsmisly supplied beal energy o the ovapormior
without losimg smich energy through the provess, thesefone
contizuois fred 1o the wrhine impeoved cosstans power
casgput. The themal efficiencies were increased with
increasing pressure acrnss the turhine. The incremse of
pressure drope senoss the stieam furbine coused the outpen
power w0 increase, The larger Bow mies of the warm water
lead 1o higher amounis fresh water prodeced foom the
condenser.
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Application and Design Calculation of 200kW
OC- OTEC Plant in KwaZulu Natal (KZN) -

South Coast

Gumede M. Author, Member, S4IEE, ECS4 and DV Almama F. Author, Mesmber, SAIEE, S4IETE,
SAARET

Abzrger— This paper is based around assessing the Port
Shepafone area for ity switability for establizhing an open cyvcle
ocean thermal enerzy plant.

A wmovel application of this plant is demonstrated with itz primary
function being the production of fresh water and the secondary
function being the production of electric power. This forms the
basiz of a zelf-powered desslination system with extra power
generated being available for insertion info the grid.

The key components of & 2000W pilot plant were designed, sized,
mndelled and simulated in the laboratory wsing Simuakink
spftware and the fresh water output of such a plant has been
caleulated

Index Terms— Open Cycle - Dcean Thermal Energy Conversion
{CC-OTEC).

I INTRODMICTHNN

T iz a well-kmowm fact that South Africa iz under resourced
zarding fresh drinkable water. It iz also well known that
certain areas such as the South Coast of EwaZoln-Matal
zuffer mare from lack of water than other arsas.
A zteady and relizble supply of power and water iz important
for modeam buman life. Presently a large majority of z2ll the
energy consuned in South Africa and indeed worldwide is
providad by fossil fiels and nuclear power [1], [2]. There iz a
directhy proportionzl relationship berwveen population growth
and the need for water and power [3]. This will result in fiture
straining of finite resources of coal, odl, g2s, wranimm etc. thas
altarnatives to these respurces will need to be identified [4][3].
An wnwanted side effect of aming fossil fuels to generate
power is the air polhution cansed by the pumpmg of CO: and
MNO. imto the stmosphere resulting in raized global
temparatures {global warming) [§].

It is therefors mparative to explors all altemative fonms of
energy production of which OTEC iz ane. OTEC is a carbon
nanral, envirommentally friendly and semi-penmanent ensrgy
sgurce. Which is woited to am area soch s port Shepstone
where the offshora continentzl shelf i= close inshore providing
cold pcean bottom water and wanm ocean surface water thus
Eiving the temparatore difference required for this technology.

It must be noted that 3 constant output Som an OTEC
system i= difficult to maintain owing to daily and seasonal
variations in water temperature [B]. Thersfore, the thermal
efficiency of OTEC is ralatvely low (5-§%) comparad with
commarcial themmal plants (40-30%) [7]. This iz, howsaver,
offset by the lack of a fel requirement.

Imterest showm by the TGu hbunicipality in Southem
EwaFulo-Matal in sourcing frash water and electric power has

prompted a novel design of an OC OTEC plant to flfil these
needs and the optitnum site zelection in this region.

Fig. 1 indicates the relative contribution by renewable ensrgy
to global primary energy Consunution.

Energy Source
Frrdmli

T,

20 4%

34 5%

Fig 1. Breakdown of ghobal prinry energy scaroes

I OreEx CyOLE OCEAY THERMAL ENERGY
ConyERSION (OC-0TEC) OVERVIEW

Cipen cycle tharmal energy conversion initizted in 1930 by
Georgs Clande [10]. This system wotilized steam evaporated
directly from seawater 1o power 3 turbine. Smce the seawater
preagurs was sub stmospheric, the steam temperatirs was less
tham the nommal boiling point at amospheric pressure.
Fesearch conducted by Florida Solar Energy Center (FEEC)
has delivered data amd approaches used in & recent system
smdy of OC-0OTEC [11].

2 pem

Fig 2. OCATEC Plam [12]

COpen cycle OTEC has a distinct advantaze over clozed
cvele OTEC systems provided by the use of a direct contact
((flash) evapaorator which is cheapar, smaller and more efficient
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than the conventonzl or surface evaporator requirsd for
clozad cycle systems.

If frash water iz not @ reguirement, then direct comtact
condenzers can also e wzed [13].
If fresh water i= a requirement then 2 surface condenssr can
e nzed i this systern since the evaporator act as a distillaton
unit. In thiz cass stodies have showm that the valoe of fresh
water produced could offtet the ewtra cost and possible
parformance degradation szzociated with its use.
Studies have shown that the most cost-effective opsration
utilizes 8 diect contact condenser in the system showm below
in fig 3 [13].

Fig 3. Puriffed water production scheme using cosdenser [L3].
I BESEARCHDEVELOPMENTS

A switshle lecetion for an OTEC plant locztion should be
in a stable environment with suitable parameters for effective
oparation. The mest important parameter is the tempsratore
difference at the lacation which has to be At mininnwn of 20
°C bebaesn the sea nurface and the sea bed. Even if the surface
temparature is very wann. OTEC mizht not be vizble if there
iz @ lack of a cold water heat sink.

The most switsble resgurces czan be found in the area
batarean 307 Soath and 307 Marth, ie. intropical aceans [14].
Fig 5 mdicates the At between water at depths of 20 m and
Lk, zmd the locations with & temperature gradient of more
tham 30% C. The data prezented below iz for global assesaments
of potential OTEC resources mapped the global dizwibotion of
AT using data archived at the ational Oceanographic Data
Center. From thiz if iz shown that the east coast of South Afica
conld be suitable for such 3 plant.

e MEOR [DGE IeACE DEEPLAY

57 =Mool LaT
1000 MLYES O~ 10 DRSO NITE

=AB0L00G T ATR000 LW
A16/3018 8 — RF2/TNE 4 B LS

=17 218 8.8 155 18.9 X2 M5 328
Fig 4. Gilobal sea surfice temperatures 55T [ Available

atdtp: o aspo.noas govidatn st lelde TS ke 1 O000.gifl. [15].
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AvAlLaBLE OCEAN POwWER AL0NG THEE XN S00UTH
Consr

The proposed site in EKwaZulu natal (Port Shepstone to
Port Edward) is natorally suited for the sstablishment of
altamnats enerey collection sources such ax OTEC. Since Part
Shepstone iz located at the coast of EZI just balow the
sputhern Tropic the two elements required: mear constant
sumlight and the At needed are present, hence its selaction for
this smady.
OTEC sites sre shundant m the southem parts of the case-
sady region. O6F the coast of Zouthern EowaZuln Matal, the
continaptal shelf iz fzirly clase to the shore, approaching to
within 8 fewr kon in some places. Further, the chelf iz stesp
dropping to a depth ap to 3000 metres making thiz area
zuitable for investization for OTEC in EKZM. hlaritims rmaps
of the coast of KT indicate possible sites where the
continaptal shelf is snitably close the shore.
The University of Hawzii has tested this technolozy and
obtained a significant volums of desalinsted watar [18] which
can help the courtries that have a problem with water such as
South Africa. The figure below shows the proposed site for
Open Cycle OTEC.

Fig 3 I'.'n.: |1r:.-|'s.u.; site for Open Cyele OTEC.
8 OCEaN THERMAL ENERGY COMVERISON REESEARCH
MMETHODCLOGY
In order to mest the objective of thiz research, the
following staps have been undertakoen:
* A site suitable for OTEC hzs been broadly identified.
«  Surface and sub-yorface temperatures at this site will
b2 measured gver a pariod.
* A compuater model of 2 suitable OTEC plant has been
developed and simulatad at DT,
® A physical small-scale model has been buoilt in the
DUT laboratory snd measurement: have been
comparad with the simmlation. A next step will ba a
pilat plant nesr Part Shepstons.

L. OC-0TEC: EFFICIENCY
The overall efficiency of an OC-OTEC zystem iz given
by the following equation:
P.

N o=-—

g

where Pa iz the nst power and Q‘“ iz the rate of haat
transfer into the system [20]. The potentis] efficiency of an
OC-0OTEC is higher than clase cycle since a greater portion of
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the tarnperature chanze iz available to produce power, In
addition, it can zlzo be used to provide drimking water
According to 2 system analyzizs dons in 1983, the condenzer
zurface area of 3 plant prodoce I AIWs of net power can
generate approsimataly 4300 cubic meters of purified water
aach day [21].

Whereaz QC-0TEC does have a higher efficiency
potential, the technology reguired 1= not vet established. That
in, OC-OTEC systems are not yet economically feazible.
Todd Taniguchi reported that the Fasearch and Development
of OC-OTEC systems have been stalled because of
forezseable problerns with developing the technology on a
commercial scale. Az mentioned above, no QC-0OTEC system
has besn designed or built becauze of the large turbine sizes
[2Z]. Thiz project mitigates against these constraint by
cohcantration mamly on water production this reducing the
ﬂze of generator requirad ifused for purs epersy production.

. Desicy OF 206 18w Oc-0rec Biuon
SYETEM
The steam torbine and generator was designed for an
outpat of 200 KW operatmg with warm water at 26°C with a
corresponding net pover of PEET (98.136) and a production
of 0.50sec (43 200 V'day) of desalinated water.

SUEFALT
W ARMW ATER

Fign. 206.186kW Ou0 OTEC process. diagrm

Asrumpiions
The model design for this project was optimised for
approzimately 98,1B85W Met power. Dhoing this research
there were numerons ouportant mechanizms that have a
subatantial influsncs on the produced net power.

TAELE 1
B2 180w MeT Anm 206,186 Ew Gross Power PrOCES:

Camyersicdd froen Lraussian

Symbol Cuantity
. o - jral{ iy
Torr Seligrabare o Wi witer 1
[T
Tew reanperabare of cold wser 4
Ma El [WET Dl S LEEW
e generaior efficiency !
Typ it AL et .
Vip oul L e mpPeTa e 4
Co 11,'\l\.'|:II:'|\: capacity of water 405 klkak kg
My semwaier prorp efBciency by

) Tl

Following are brief caloalstions for the design of 206, 18551
process of Open-Cyecle OTEC plant

2 Gross Power Ensrgy
M _ Hut Pawar _ Mt
Grods = G nerator Eficicncy g

kW

= paT
= 206.186 kKW

The total systarn ensaTEy pOWar was campensating for the
mechanical, slectrical and nubine losses. Conseguertly, the
total power energyv to be gensrated by the nurbine can be
calculated as: Tarkine power output is My = 205.188KH".

10. TURBINE ANALYSIS

B Sigre I - 3 process
Steam Table iz used for identifying, Temperafure, Pressure,
Enthalpy and Enfropy; etc. ses balow the table.

TAHLE I
AFFARATUS FORSATE L

Symbol ity Al

T retnperabare EEN

F. prEssLne 1ITIT kP

ks cnthalpy AT ESAK] g
_am SOinpy Bl

[ABLE 3
AFPARATUE FOR SATE 5.

Symbaod ity Al

I SelnperabaTe 4

F. PUEREUn: LAs=s kM

LR enthalpy 4531 240l K1Kg
3 enirnpy & SIOTAEIKg

5, = 5, = 8.55575 k] /kek

55 = 3'1 + 533“:1

8.559750 = L2098 + xy » 8.5969
=097 = 97%

]'.I_g = hr. + }{3]1[""
= 50,2401 - 0.57 x 2468.66
= 2453.8403 I kg

11, TukreiMeE Woks OUTFUT Wy

To calculate the mass Sonrate of steam to be received by
the tarbine, mlet and cutlst conditions for the fobines can be
utilizad as showm below:

Wy = it (hy — hy)
206.186 = 1, (24538403 — 2547.855 ]
i, = 2.19kg/s

12 Evaperaror Analysis

2} State I — I3 -3 process
The rnas: flowrate of surface wanm ocean watsr can he
caloulatad by heat balancing the evaporator with respect to the
inlet and outlet conditions of Steam and warm water., Haat

5 o
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knergy required to genarate the steam at a temperanre of
25°C.

g, = —
= hyg
—
218= T2 EAE

q,, = 534983055 k] kg
The amount of water requirad at the evaporatar w1,

. III.._-<|“_
Mgy — -
A e Tune
I RS PETR
205 b= 4]

= 1401450826 kg/s

The wanm water mazz floarate leaving the evaporator at
temparature 24°C is discharged back to the ocean.

I:.;'Iu_r = iy — Mgy
= 1401.450826 — 2.19
= 1399.26[:32-5‘%

7. THeErRMAL ENERGY DIFFERENCE WITHIN THE
EVAPORATOR

'—‘Lth' = C]:'hh[:Tll'lmn'L\' - TllLrHulJ}l
= 4.18(26 » 1401250826 — 24 x 1395.260826)
= 1193532971 k] kg

C. Evaporgior heat rangfer area A,
Uw iz & gquantity of heat enchangsr performance consisting of
ovarall beat transfer coafficient (U-valoe).

LaBLES
S LG MET POWER, UY WAl LIE,
Symbal {emntizy Al
Ey caparated [T
D Evaporaor
ATy = Towin — Tt
—26—14=12°C
‘IJ'TJ = T.-.'.l.'lll - T.l.'l.'\.'lluli
=26 —24=12°C
_ AT +AT,
|':|.TLM - “"::—LTJ_ |
_ 1ae3
TS
= 7.B1°C
—_ Puljw
A.hE - Uy ainbesed TLM
I AR nAnGs
OL1BRT AL
= 4.28m’

B, COMDENSER AMALYSIS

C. Suae 3 — 4 process

The tharnal energy output rejected at the condemzer iz §,,

Quur = Mgy — hy)
= 2.19(2453.8403 — 34.2608)

= 5298.38 k]/kg

I Heat griergy rejected nio seaquarer

A = Wy CPew (Town — Towil
529B.88 = m,,, x 4.18(8 — 4)
., = 316919 ke=

i

Therafore, the mas: fowrate of Coldwater iz, m
316,919 kg/s.

FABLES
AR TEOEW MET POWER, LV W ALLE.

Symbuod bty Al

016Wm"C

Er Pl

Illl'T1 = Tl-\.'lll"l - TI. WO
=14—-8=5C
ﬂTl = Tl.t.'llr'l - TI.|'|'III
=6-—4=2°C
ATy +4Ty
. b+l

= 7.28°C

U our
A =
Usrainde s 2T
_ 1= 0 Fanzannn

01BN T 28

=455 m’

o COMDENSER AMALYSES

C. Sate 3 — 4 process
The tharnal energy output rejected at the condemzer iz §,,

Qour = Mg (hy — by
= 2,19(2453.8403 — 34.2605]

= 5219836 k] kg
D Hear energy rejected Nt Ieqsaer

A = Wy CPew (Town — Towil
529B.88 = m,,, x 4.18(8 — 4)
., = 316919 ke/=

10 FixEeDn Laks FACTORS

The Lyjyep 15 caloulated 2z the cold water imtake power loss,
condenser and dismibution forcing loss, evaporator and
dalivery pushing loss within the process.

D Pump Lozz factor
Pump Loss Factor =

Ml
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_ 1401,45 x 9,81

0.8s
= 1517EKW /m

0 Circulanion Pumping Loss and Evaporator

Thiz zacare loss iz estimsted created on assummptions for
DE.184 KW Met Power. The consistent Head Losz would be
roughly 3.4%m the 3.49m of head accoumts for the loss
transversely consumption and discharge of evaporator.
Evapeorator and Distibution Pumping Loss = iy wBur

Warmwater Mass Flowrate m,,,, = 1401450826 kg/s
Warm Water Head Loss hy,,, = 3.5m
Seawater Pump Efficiency 1 = 85%

LI L.

Evapeorator and Distibution Pumping Loss =
— TSR L ASNN G T X5
- D

= S6.51KW

E  Coldwater Conzumprion Power Loss
This imumobile loss is extimated butlt on water velocity and an
idemtified factor for 2 bulging pipe eatermg, which iz expected
for cold-water mlat.

e i
Minor Head Lass(h) = E. whera V = % = e
Head Loss Coefficient for Protruding pipe Entrance (C)
=08

Mominal seawater density (o) = 998.2kg/m”’
Coldwater pipe internal diameter (10] = Zm
Mass Flowrate of Cold Water (m, ) = 316919 kg/s

Puise Loss FaCTon

(i -

Fump Loss Factoer = — g

316919 X 981
— - . T
——E 3.66KW,/m

_ 4#m

454518919

X i

= =10.101 m's

T w9982 x 22

Intake Head Loss (hyuree ]
_ 08 = (01010

2% 981
= 000042Zm

Cold Water Intake Fower Lozs
= Frxlp

= 0.00042

= 1.54W

The Cw consunption power loss was calonlated a3z drop in
power lozz. The arrival may be rounded formed to decyesze
losses. The 0.8 coefficient is used for thiz characteristic
bulging pipe’ entry since the filter elements are walmown for
this dasizn.

C.  Condenser and Feoding Pumping Loss

The static losz is estimated sssomptions losses across the
condenser and distoibution pipe. The consiztent Head Loss
would be roughly 4.38m. the 4.3%m of head accounts for the
loss across intake and discharge of the condenser,

= Pumyp Loss Factor ® Assumed Head

= 3.86 ¥ 4.5 = 1647KW

D Cold Water Pipe (CWFP) Friction Loss

Thiz varizble loss iz dependent upan the lensth of the Cold-
Water Fipe (CWF), the pipe dizmeter and the inzide surface.
The factor is established by estimating pipe wall Fiction based
on the smoothness of the pipe, pipe dizmeter and water
walocity.

Head Loss due to Friction (hy) = %
Head Loss due to Friction per unit Length [h'j] = v
F HES AT T 2DaL
e
= Z_If-g
Hydraulic Pipe Diameter (D) = Zm
Velooity in pipe (V) = I—;
316919
= —— =0lm/=
1000 x BEF
—r—

Caolebrook Equation for Friction Factor (f)

E A

1 o, 251

:—=—2ln —_—+—
_J? ELI.I (3’.? RIE'\'T
Pipe Rougness Coeffient (-Ei = 00000
Reynold’ sNumber (Re] = ?
Absclute Viscosity (p) = L573Pa.s
Reynold’sNumber (Re) = 20215100 — 407 9408

A LETS

1 _ 4 —_— 151 e -
:cr =& ]l:lg:“_. (—3 r +m) =~ F=0.1497
Head Loss due to Friction per unit Length ('ll_'jl
_ 01497 x (01 _ .

A T T 0.0381 = 10

Pipe Friction Loss = Biy Pump Loss Factor

h W
= 00361 ® 107" % 3.66 =%

Tha haat and mass balance produced is shown on Fizore 115,
Tha flow rate of wanm seawster -1401.450826 kg/z at 24
*C iz browozht thro a 2.5 m ID FEP pipe. The pipe has an intske
depth of 25 m and iz 130 m lonz. The turbine propeller pump
supplies the evaporator with wanm seawater mass fowrate of
1201450826 kg /5. The pumping system puts the fhid inta
the chamber at the head of 3 5m fom mean zaa leval (WISL).
Ome submersible propeller-npe pump brings 318.91% kg /e
of cold seawater through a 2m pipe from a depth of 1000 m.
The length of the pipe is 2590 m.

Tha evaporator spout flashes the wanm water thronzh into the
evaporation chamber at & pressure of 3.34504 kPa. The slizht
amoumt portion (2,19 kg /s) of supply water is changed into
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steam and the rest iz discharged into the ocean at & temperature
of 24°C. Steam (2,19 kg/z ) from the evaporator enters the
tarbine 2t 3.1717 kPa and leaves the turbine diffuser system at
1.5085 kPa. The OTEC genersior syetem genersie the gross
outpat of 206.180k0. the exhausted steam Fom the OTEC
tarbine zo in the condenser. The condenszer collects
31691% &gz of cold zeawater at 4 °C and condenses
2.19 kg /= of the mcoming steam.

LABLET
SEA WATER PLIMPS BATES.

Functinn Wane Caold Wane Cold water
Wiler Waler walel dn-\.'.'l.ln_.;l\:
sapply il o TN T gl

Flow rate (kg's) 400 43 11652 158 4T

ol Beasd (1) 14 1 12 54

Efficency §% A A s A

The function of the compressor on the system it prassurizad all
the particle that are not require on the system such as residual
warer and 211 gases that ware dissolved on the solotion.

LABLE =
AU PLIMF HATES

Symbed uantity Al

Fer Indert dlinaw Tate [ B
Fer It e I2EkPa
Uy D harge pressure ol xPa
Py Ml iovvn el 40 LW

For the purpose of this project a generic calculation of net
power was considered as per the concept caloulated below.
Tha net power generated is from OTEC plant i 98,1858 W
achieved subzaguently deducting 108 kW for cold water
supply pumping; 40 kW for warm water supply pumping;
38 kW for compressor; and 30 kW for fesh water pumping
from the grosz power genarzted. Table below present the out
power prodwced.
NET POWER | = |Gross Power]

= [[Codd Sra Water Fump = Voo Pump - Warm Water Fumpl}

NET FOWER 206, 86~ 40 = 30 ~ 38 = R 186 kW

-

7. CONCLUSHN

South Africa iz gemerzlly 2 water scarce coummy. Thiz is
particalarly o on the South Coast of Kwafuhn-Matal In
addition the prazent problemns faced by Eskom are mitizsting
azainst powsar lnmery zolutions such a2 r o dezalinarion.

Thiz peper propesas a solution to thiz problem by employing
OC-0TEC to generate 2 self-powerad zolotion.

for the provizion of fresh water

It iz shown that 3 200k pilot plant counld gensrate up to 2bout
100k of electricity and alzo supply about 430001 of fresh
warer per day

Further work neads to be done to solve the large, lowr zpeed
generator required but rapid advances ars being made in this
field and this problem will soon be overcomes.
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The Extraction of Power and Fresh Water from the Ocean off the Coast of KZN
utilizing Ocean Thermal Energy Conversion (OTEC) Techniques
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Abstract: This paper investipates the available data on thermal energy resource around KZMN south coast
region (Port Ecward) which ultimately can be usad for generation of electrical power and fresh water. The
geographical location of this region is very suited to the development of renewable energy [Ccean thermal
glectrical comeersion). OTEC is a promising renewable energy technology and has other applications such as
tihe production of freshwater, seawater air-conditioning, marine cutture and chilled-scil agriculture. The site of
Port Edward is naturally suited for the establishment of alternate energy collection sources like OTEC. Since
Port Shepstone lies just bensath the tropic of cancer and on the shore of the Indian ocean, the two important
elements: constant sunlight and large coastal areas needed for OTEC can easily be found in this region, hence
by experimental design we want to prepare an OTEC =site for & new and original development.

Keywords: OTEC and open cycle

1. INTRODUCTION

The mew technologies for the extraction of
waluahle ocean resources have bacome significant
following the imcreased scarcity of other relatively
cheap sources i.e. oil [1]. [2] Budhermars. global
warming has shown the disadvaniage of using other
fossil fuels such as coal [3]. [4]. [B] Any slternative
to coal fired power station in South Africa would lead
to a large sawving in carbon based pollution.
Replacing the energy supply with s renewsable
energy source, such as OTEC, eliminates the
pollution caused by fossil fusls and other problems
associated with the uss of fossil fusls to produce
potable water.

A white paper emanating from the Department of
Minersls and Energy indicates that the South
African Government is committed to ensuring that
renewable energy including wind, solar and ocean
energy becomes a significant part of its energy
portfolio. Considering the sbowe and  further
categorizing ocean enengy into its component parts
wiz. oocean currents, tidsl currents. wave energy,
thiermal  eleRdd ~~RARE ensrgy  derived from
differences in salinity this paper examiners the
ocean thermal resource.

According to LA Vega (2003), the amount of
=saolar energy absorbed by the coceans in & year is
eguivalent fo at least 4000 times the amount
currently consumed on earth. For an OTEC
efficiency of 3%, in converting ocean thermal
energy to electricity, we would need less than 1% of
this renewable energy to satisfy the world demand
[B]. The sim of this resesrch iz fo identify an
optimuwrmn site [or sites) off the coast of KwaZulu natal

suitable for developing OTEC genersting station on
the shore.

2. BACKGROUND

OTEC technology was developed and started in
the 1820s. In 1881, Jacques Arsene D'Arsonwval
was the first proposed the harnessing of the stored
thermal sclar energy in the seas in France [7]. In
1830, Georges Claude's student of D'Arsonwval tried
to build the first OTEC plant open-cycle shore at
Matanzas Bay-Cuba [B12]. Tha system generated
22-kiloweatt {gross) of elzctricity with a low pressure
steam turbine [7]. In 1858, French ressarchers
designed a 3 MW plant for Abidjan on Africa’s west
coast [7], [101:111]: The plant was never completed
because of competition with low-cost hydroelectric
power, In 1879, the Matursl Enengy Laborstory of
Hawsii Awthority (MELH&), start closed-cycle
floating OTEC experimentsl plant. The system was
producing 53 kW of gross power and 12 of net
power. Hilbert Anderson and James (1982) they
focused on increasing component efficiency. In
1287, these guys were originated their new closs-
cycle. Im 1832, Toshiba and TEPC (Japans)
contribute to the development of the technology
12].
: ]NELHA {1983} installed an open-cycle OTEC
plant at Kea hole Point, Hawsii, producing 50 kW of
net power, surpassing the record set by the
Japanese system (1882) [13L014]. A 210 KW (gross)
apen cycle shore based OTEGC plant facibty off the
island of Hawsaii wss designed built and mnun
successfully by MELHA [UZ) for a perod of G years
(1893-1802) by the US Gowernment with a net
power production of 100 kKW [15118]. This OTEC
plant would also provide 1.25 Milions of Gallons per
day of potable water to the base [B], [15], [17] A
private LS. company has proposed to build & 10
MW OTEC plant at Guam. Lockheesd Martin's
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operational in Hawsii by 2012-2013 [128LIE]. This
systemn is being designed to expand to 100K

Altzrmative Enesrgy Development team s commercial systems in the near future.

currently in the final design phase of a 10 MWW

closed cycle OTEGC pilot system which will become
Table 1: OTEC Background theary

Tear Tazk Tear Tazk
rsanval [France) concenved o Fyuzhu Elecinic Power Co. succesded wih
SOKW of power 5t Kagoshims, Japan
1823 Claude {Francs} began research for 1885 Saga University completed TEKW of poveer
cormmercial uss plant
1833 Claude built power generating ship 1888 Inauguration of Organization of OTEC
{1 200K Study (Japan
18G4 Andsrson’s  proposal for 3 power 1888 Agency of Science and Technology
generation in the =23 {Japan) began stedy of utilization of Deep
Sz3 Water (DEW) off Toyama in Japan Sea
187 OTEC research results examined by the 1880 104 (international OTEC Association) was
board of inwestipstion inte new power organized by Taiwan, USA and Japan)
generation methods (Japan)
1873 S3ga University, Japan, commenced 1883 2U0KW open cycle system completed in
research study on OTEC technology- Hawsi
poWeEr generation
1874 OTEC research cornmenced as part of 1884 S3g5 University constructed 3 new cycle
Sunshine prossct plan {Japan) plsnt
1874 ERDA project {USA) commenced 1885 S3g3 University started on festing new
4 5KW cycle plant (Kalina cycle, Ushara
cycle)
1874 First intemationzl OTEC conference 1987 Signang of collaboration memaorandurn with
{LIEA) Mational Institute of Ocean Technology
{NICT), Indiz, on OTEC study
1877 S3ga University succeeded with ke of 2003 S3ga  University Completed  30KW
powIEr multipurpose OTEC Plant in Imari, Saga,
Japan
1878 Mini-OTEC (USA) succesded with 2005 COPOTEC (Organization for the Promotion
BOKW of power of the Ocean Thermal Enengy Conwversion)
established in Saga, Japan
1580 S3ga University performed experments 2013 A 125 MW OTEC power plant was built in
on the =23, off Shimans in Japan Sea Japan's Kumepma Island, which supplies
103 of the island's fotal eleciricity
conswmphion
1881 Tokyo Electric Power Co., succeeded

with 120EYY of powsr on Nauru
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1. OCEAN THERMAL ENERGY
CONVERSION SUMMARY

The wocean s world's lergest solar
collecior. In fropical sess.  temperature
differences of about 20 *C- 25 *C may occur
between the wamm, solar-absorbing near-
surface water and the cooler 5001000 m
depth ‘deep’ water st and below the
thermocline [18]. Subject to the laws and
practicaliies of themodynamics. hest
engines can operate from this temperature
difference scross this huge hest store. The
word ocean  thermal energy  conwversion
[OTEZ) refers to the conversion of some of
this thermal energy into convenient work for
electricity generstion. Specified sufficient
scale of efficient eguipment. electricity power
generation could be sustained day and night
at 200 KW, from access fo sbout 1 km® of
tropical sea. eguivalent to 0.07% of the sclar
input. Pumping rates sre sbout & m* 57 of
water per MW, eleciricity production [20].

COTEC uses natural energy, C02 and M
are not exhausted and the control of the green
energy house gas can be  expected.
Furthermore, OTEC is environmeni-friemdhy
and semi-permanent energy source. On the
other hand, a steady output is difficult to be
obtsined becauss of the change in water
temperature through the seasom and a day
[21]. Therafore, the thermal efficiency of the
OTEC is rather low (sbout 5-G%) comparad
with cormmercial thermal planis (sbout 40-

A0B6) [22].
The technology for energy mining ks similar
afficiency  improvemsnt in industry  with

superior flows of heated discharge, but on a
much large scale. The atfractiveness of
OTEC is the seemingly infinitz energy of the
hotter surface water in relstion to the colder
deep wster and its potentizl for constant, base
lpad, exiracfion. However, the temperature
difference is very small and so the efficiency
of any device for transforming this thermal
energy fo mechanical power will also be very
=mall. Ewen for heating, warm seswater
cannot be spilt on land dus to its high salt
content Moreover, large volumes of seawater
need to be pumped. so reducing the net
energy generated and reguiring large pipes
and heat exchangers. The following table
below describe OTEC operstion.

Tahble 22 OTEC operatian theary

HeEsauce Transher Froduct
Function
T ae) Pubic Domain EWI, H20, AL

remca, 20 - 28 Janusry 20740, Wereaniping, Soulf ATica.

Doean Volume 248

AC= alr condiianimg, H20 = warar, kiYh = kilowair-four,
m = meter, T = tenaperatune

The Open cycle (OC) OTEC controls
vacuum pressure in the flash evaporator fo
vaporize warm surface seawaber, rotates a
turtrine using the steam that is produced. and
condenses the vapor at the same rate as the
flash evaporation. & by-product of OC-C0TEC
is desalinated water, which is abowt 0.5-0.6%
by volurmne of the imnput warm surface seawster

[23].

H -
Weirs  sorasiastis Dessineed  Desslinmed P
EENARH I ELLli] == -nlr-; II-;“'EI
I I p.-ﬂ?u-mu [Eo T 1,
Daseration | ¥ecoum _.'L._ Tailea- | - O Daaniraisd
HETH L3 {ogrranaiy
HE oy T
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eerujersaliy seanale
JaEEE d mchage
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Figure 1: OC-0TEE Plant [8]

In 2012, Comelia et al have done
comparison study for the renewsble energy
supply opfions m the oceans, and the
conclusion was that the OTEC route is the
best fit for a scenaric of high energy and
carbon prices. Such expectstions may afford
competitive economic performancs indicators
in locations with no access to hydropower, or
with high fuel costs for thermal power plants
or fresh water demand [24].

2. RESEARCH DEVELOPMENT

OTEC has least environment impact and is
capseble encugh to provide thousands of
megawait which are urgently required in
developing countries [25]. OTEC wusually
incorporates = low- fempersture Rankine
cycle engine which boils a working fluid such
85 ammonia fo generate a vapour which tums
the turbine to generate eleciricity, and then is
condensed back into & quid in & continuous
process.

Compared fo other ocean  energy
technologies, OTEC has some advantages. It
can provide continuous base-losd power, and
it can also provide fresh water for imigation or
drinking water and cold water for refrigeration.
Resources for ocean thermal energy
conversion are larger than for any other type
of ocean energy. It is estimated that betwesan
30000 and 80000 TWhiyear of powsr are
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extractable without having negative impacts
an the thermal characteristics of the oceans
[28]. [27]. and [28]. Main resources can be
found in the area betwean 307 S and 30° N,
which means i tropical seas. Figure 2.1
shows the termperature difference bebwesn
water depths of 20 m and 1000 m, and the
potential of areas showing a temperature
gradient of more than 20° C.

we want to prepare an OTEC site for a new
and original development.

COTEC are abundant in southem pars of
the case-study region thet scutherm parts. The
coast of KwaZulu Matsl, the continental shelf
i= relatively close to the shoreline,
approaching to within 2km in some places.
More importantly, the steep drop in water
depth up to 3000 metres can makes this
waorthy of research for ccean thermal energy
conversion.  Maritime maps of the coast of
FZM indicate possible site where contfinental
shelf is suitasble close the shore. The
University of Hawsai has tested this
technology and & significant by-product of this
process is fresh water [31] which could be
interesting to a water-stressed country such
as Souwth Africa. Although

COTEC might be viable for KZM, it is known
to be very expensive.

" r a " -
Figure 2.: Worldwide Average Oosan Tempearaturea - _9:'. e s it T _rl_':':n
Differences betveaen 20m- and 1,000-Mater Dapths [20). | o _!_I I
A= the peoples of the word grown more amas. e | ;r
prosparous, there will be = demand for higher w o
qualty food.  Industry  agricutture and bo . |
commerce will require more fresh water. It is AN,

possible to use this rescurce to produce fresh
water instead of producing electric power if
there is a large ask for fresh water. The frash
water appearances when the cold water is put
into contact with the wapour from the warm
water stream in & large tank.

The vapours condense on the secondary
heat exchangers, leaving the salt behind the
warm water stream. The yield of fresh water
from a 100-megawsatt power plant would be
approzimately 33,000,000 cubic meter per
year, comparable to a flow of 2 medium-sized
river [30]. This is enough to suppaort the city of
Part Edward with water during a whaole year.
Thiz water is completely salt-free, suitable for
all agriculiural, commercial, industrial and
domestic uses.

J. AVAILABLE OCEAN POWER IN
KZN SOUTH COST

The =ite of HwaZulu natal [(Port
Shepstone) is  naturally  swited for  the
establishment of alfernste energy collection
spurces like OTEC. Since Pord Shepsippe..
ligs, just beneath the tropic of cancer and on
the shore of the Indian ccean, the two wvital
elements: constant sunlight and large coastal
areas needad for OTEC can easily be found
in this region, hence by experimentsal design

[
|

SNV
'x.”“_[_

x !".1,.:"‘ __,-"-\"- B, A Bkl
::'-"" o
L
Figure 3: Mag of Martbem KZN coastine showing
vicinity of 3000m depth contours (o shane,

r

Surface wsafers are 8 combination of
Tropical Surface Water from the South
Equatorial Current, and Subfropical Surface
Water from the mid-latitude Indism Ocean
which regularly enters the Agulhas Current
from the east at depths of betwesan 150 m and
300 m. The surface waters are warmer than
20% C and of a lower salinity than the South
Indian Ocean, Equatorial Indian Cocean and
Central water masses present  below.
Conversely, the characteristics of surface
water do wary due fo isolstion and mixing
[Schumanm, 1988} Water temperaturas slong
thie East Coast vary seasonally. and in relation
to the distance offshore. The tempersture
increases offshore towards the centre of the
Agulhas Current.
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Figure 4: Port Shepstans sea surface
bemperalre

Grondlingh  reported  that  seasonal
varigtion  {(warmest in  the Southem
Hemisphere summer and coldest in winter)
only occcurs in the upper 50 m of the water
column, with only insignificant wariations
ocourmng desper down [32]. According fo
Schumann (189588}, water temperatures within
thie Agulhas Current may exceed 25° C in
summer and 21° C in winter. and are
endurimghy warmer than the water inshore and
offshore  of the Curent [33] Water
termperatures also decrease with depth, with
temperatures at 50 m below the surface being
4% & cooler than the surface in summer, and
1% C cooler in winter. YWater under the current
is, however, significantly cooler.

4. EFFICIENCY IN OTEC PLANT
SITE

Equation 3 (Carnot's equation) was utilisad
to get an idea about the efficiency of OTEC. It
iz worth noting that while the temperature
difference  betwesn  the topmost and
bottormmost layers in tropical regions of the
ocesn is apprecizble when compared with
other ococean environments, it is still guite
small. The ideal Camot efficiency (n) for a
hest engine operated with a heat source [34],

125]

Carmot equation: w = ? Q3
Here,

W - Wark obtzinaed (energy)

T - Surface water temperaturs (k)

Ta - The desp water temperature (K}
2 - Thermal value

Typical example for tropical cimate:

T-25°C

To-4°C

 2TE+E 2734 21

= 273125 Q=752
=7.% .0

nm e fapEne A Wemmarinn St A es
20 - 28 January 2018, Vereamiging, Soulh Afics.

5. PRINCIPLE OF OTEC

OTEC i=s & heat engine with a low boiling
point “working fluid', 2.g. ammonia, operating
between the 'Cold” temperature To of the
water pumped up from substantial depth and
the ‘hot’ termperature,

Th = Te +AT, -§1)
wiater

, of the surface

The working fluid circulates in a closed
cycle, accepting heat from the warm water
and discharging it to the cold water through
hest exchangers. As the fluid expands, it
drives a furbine, which in turn drives an
electrical generstor. The working fluid i=
cooled by the cold water, and the cycle
continues.

Altermative ‘open cyce’ systems have
saawater as the working fluid, but this is not
recycled but condensed, perhaps for distilled
‘fresh’ water; the thermodynamic principles of
thie open cycle are similar to the closed cycle.
In an ideslized system with perfect hest
exchangers, volume flow & of warm water
passes into the system at temperature Th and
leaves at To (the cold water temperature of
lower depths). The power given up from the
warm water in such an ideal system is [38]:

P, =peQAT (2)

6. OTEC ECONOMICS

The OTEC slectrical powsr will be cost
affective i the umit cost of power i=
comparable with other power plants such as
wawve, hydro and diesel [37]. Converssly, it is
imperative that all capital costs and continuing
maintenancs or service costs are included so
thiat the individual technologies are comparad
on a level playing field. Work camied out by
[38] and his team in Hawsai has shown that for
plants of the 1 MW range, the unit cost is
considered comperable, see graph below.
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Figure 52 OTEC soanamics

7. RESEARCH METHODOLOGY

In order to meet the objective of this
research, the following technical approach will
be eyvalusted:

* A site suitsble for OTEC will be

identified.
Surface and
temperatures st this site will
measured over & period.
A model of a2 suitable OTEC plant will
be developed and simulated st DUT.

A physical small scale model will be built in
the DUT laboratory and measurements will be
compared with the simulation. A further step
will be & pilot plant near Fort Shepstone.

4. CONCLUSION

Fossil fuels will dry up in the near future,
thus alternstive energy sources have fo be
identified. OTEC power sources are gaining
popularity across the world due to the demand
of renawsable epergy LRI report is aimed st
presenting the proposal of OTEC on the KZN
South Coast Off the south coast of KewaZulu
Matal, the continental shelf is relatively close
to the shoreline, approaching to within 3km in
some places. More importantly, the steep
drop in water depth up to 3000 metres can
makes this worthy of research for ocean
thermal energy conversion.

9. REFERENCES

sub-surface
be

[1] Toossi, Rezs Energy and the Emvironment
Resources, Technologies, and Impacts. Werve
Publishers, 2008.

[2] Tooke, Mike. Of
Retrieved 2 (2005).

[3l5zpupar,  Carole  Bryds, and  Jemry L
Gillztte. Environmental externalifies: Applying the
concept to Asian coal-based power generation.
Argonne  Mational Laboratory, Enwvironmentsl
.:\;;"!‘EEMEHI and Infarmation Sciences Division,

Peak—& Summary. April

[4] Hall, 0. O, and J Houss Biomass: an
emvironmentally  acceptable  fusl  for  the

futurs. Proceedings of the Institution of Mechanicsl
Enginesrs, Part A Journal of Power and
Energy 208.3 (1805): 203-213.

[5] Hanzen, UK. Technological aptions for powsr
generation. The Energy Journal (1993): 63-37.

[6) Kiobayashi, Hiroki, Sadayuki Jitsuhara, and
Haruo Uehara. The present status and features of
OTEC and recent aspecits of thermal energy
conversion fechnologies. 24th  Ideefing of the
LUJNR  KManne Faciliies Fanel, Honolwl, MHi,
MNovember. 2001.

[T] Mario, Rupeni. Dcesn  Themal  Enengy
Conversion and the Pscific Isiands. Ensrgy Unit,
South Pacific Applied Geoscience Commission,
2001.

[8] Khalid, Sy=d Shah, Zhang Liang. and Mazia
Shah. Hamessing tidal energy using vertical axis
tidal turbine. Resesrch  Joumal of Applied
Eriences, Engineenng and Technolagy 5.1 (2012):
230-252.

[ Owoi, Bun Jian, and Boon Cheong Chew.
Managing the transition of fossil fusls fo renewablz
energy: application of ocean thermal energy
conversion st Ssbah. (2012).

[10] Soerensen, Hans Chr, and Alla Weinstein.
Ocean ensrgy: position paper for IPCC. IPCC
Zcoping Meefing on Renewable Energy Sources—
Froceedings. 2008,

[11] El-Dessouky, H., and H. Ettownsy. Ocsan
thermal energy conversion. (2001).

[12] Waord Energy Council, Ccean Thermal
Conversion, surwey of energy resources 2004,
chapter 18, 418-432, Elzevier.

[13] Harrizon, Sara. Ocean Thermal Energy
Conversion. Submitted a5 coursework for Physics
240, Stanford University, Movember 28, 2010

[14] Hurwood, Diavid L Ocsan thermal ensngy:
Potentizls and pitfalls. Ocean Developmenf &
Intemnsfional Law 10.1-2 (1B81): 12-40.

[15] Worzyk, Thomas. Submanne powsr cables:
design, instslisfion, epain, envimnments! spects.
Springsr Science & Business Mediz, 2008,

[6] Wega. L. A, and Renswable Energy OTEC.
Your in-depth source of information for Oczan
Thermal Energy Conversion.

[18] Choby, Adam, =i al. Graphite Foam Heat
Exchangers for OTEC.

[18] Bose, Debajyoti The Renewsble

Curiosity: & Review.

203



Ly
24 iH

[20] Da Rosa, Aldo Vieira. Furdamentslz of
renewshle energy proceszses. Academic
Prass, 2012.

[21] Mawaz, |, and G. M. Tiwsari. Comparative
analysiz of comventional and renewable
energy  sources  for & typical  Indian
village. infemational Joumsl! of Ambient
Energy 281 (2007) 3-14.

[22] TAHIR, Musthefah BIN MOHD, and
Moboru WAMADA., Characteristics of small
ORC system for low tempearature waste heat
recovery. Jouma! of Enwronment  and
Enginesnng 4.2 {2009): 375-385.

[23] Kim. Albert 5., ef al. Dual-use open cycle
ocean thermal energy conversion (DC-0TEC)
using multiple condensers for adjustable
powWer genaration and seawster
desalination. Renewable Energy 85 (2018):
344-353.

[24] Vicente Fachina, Petrobras, Brazil Fresh
\Water from Ooean Thermal Energy OTEC
miatters: 2015

[26] LUIE AL WEGA, Ccean Thermal Energy
Conversion Encyclopedia of Sustainability
Science and Technology, Springer, August
2012 pp. T298-7328

[30MMeps, Bechtel and Erik Metz, Ocean
Thermal Energy Comversion

[25] Winter, C-J.. Rudolf L. Sizmann, and
Lorin L. Want-Hull, eds. zolar power plants:
fundamentals, technology, systems,

economizs. Springer Science & Business
Media, 2012,

[28] Mario, Rupeni. Ocean Themnsa! Energy
Conversion and the Fseific lzlands. Energy
Unit. South Paecific Applied Geoscience
Commission, 2001.

[27] Khalid, Syed Shsh, Zhang Liang, and
Mazia Shah. Harnessing tidal energy using
verfical axs tidal turbine. Research Joumsl of

Southem Afvcan Uinharsties Fowar Engineering Confersn

8 2 - 28 January 2070, Verseniping, Soumh Amics.

Applied Soiences, Enginesnng and

Technology 5.1 (2012): 238-252.

[28] i, Bun Jiam, and Boon Cheong Chew.
Managing the transition of fossil fusls to
renewable energy: applicstion of ocean
thierrnal emergy conversion at Sabah. (2012).

[31] Weps, Luis A Ccean thermal energy
conversion primer. Adarine Technology
Society Joumal 36.4 (2002 25-35.

[32] Harris, Thomas Frank Wyndham. Rewview
of cogstal currents in Southem African waters.
Mational Scientific Programmes Unit CSIR,
1673

[33] Lutjeharms, JOHAMM RE. The coastal
oceans of south-easterm Africa (15, W). The
=23 14 (2005): 783-334.

[34] Leff Harvey 5. Thermal efficiency at
migzamurn work output: new results for old
heat engines. Am. J. Phyz 5857 (1887): 802-
810.

[35] Ceperey, Peter H. Gain and efficiency of
a short trawveling wewve heat engine. The
Jowrmal  of the Acoustical Sociely of
Amercs 773 (18985): 1238-1244,

[38] Gauthier, M.L. Golman and 0. Lennard
2001: Ocean thermal ensrgy conwersion
[OTEC) and Deep Ocean water applications
[DOWA)L Market opportunifies for Eurcpean
indusiry. 10A Mewsletter Vol. 12, Mo, 1-2001,
1-5.

[37] Twidell, John, and Tony Weir. Renewsble
anengy rescurces. Routledge, 2015,

[38] Mario, Rupeni. Ocean Themnsa! Energy
Converzion and the FPseoific lzlands. Energy
Unit. South Paecific Applied Geoscience
Commission, 2001.

204



(R ® Eskom

. Coraral Wvvmany ot
Tetwgiogy, Frde Blma

ENGINEERING CONFERENCE

PROCEEDINGS

19-20 SEPTEMBER 2016 BOET TROSKE HALL

BLOEMFONTEIN, SOUTH AFRICA

The Conferemnce hosted jointly by the Department Electrical Electronic and Computer
Engineering from the Central University of Technology. Free State, South African Institute
of Electrical Engineers and Eskom is bringing together technidans, technologists,
engineers and resezrchers in the field of Electriccl Engineering to exchange ideas on
research, latest inmowations and developments in the fizld.

“Engineering for a better future:
Litilising our engineering innovations to solve the earth’s challenges™

I conTacTPersons NN

Dr Ben Kotze:  QhgQgilCulicis
Dir Frik Grobler:  QropleFASeckom.cozs

Personal use of this material is permitted. However, permission to reprintfrepublish this material
fior adwertising or promotionzl purposes or for oesting new oollective works for resale or
redistribution to servers or fists, or to reuse any copyrighted component of this work is not

permitted.

205
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Abstract: This paper investigates the available data on thermal energy resource
around KwaZulu Matal, south coast region {Port Shepstone) which ultimately can be
used for extraction of electrical power and fresh water. The geographical location of
this region is very suited to the development of renewable energy Ocean thermal
electrical conversion (OTEC). OQTEC is a promising renewable ensrgy technology
and has other applications such as the production of freshwater, seawater air-
conditioning, marine culture and chilled-soil agriculture. The site of Port Shepstone is
naturally suited for the establishment of alternate energy collection sources like
OTEC. Port Shepstone lies just beneath the tropic of cancer and on the shaore of the
Indian Ocean, the two important elements: constant sunlight and large coastal areas
needed for OTEC can easily be found in this region. Mare importantly, the steep drop
inwater depth up to 3000 metres can makes this worthy of research for ocean thermal
energy conversion in Kwafulu Watal {FPort Shepstong). Hence by experimental
design we want to prepare an OTEC (Open Cycle) site far a new and original
development.

Keywords: Ocean Thermal Energy Conversion (Open Cycle).
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