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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 oC) and cold water from the depths (5 oC) 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-

OTEC). 

 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 
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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 Δt = 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 

A   Area for heat transfer  

aA     Area for fluid in annulus 

FA   Cross section area of coil  

C   Inside diameter of the cylinder (shell)  

pC   Specific Heat Capacity of water at constant pressure  

2CO   Carbon Dioxide 

D   Inside diameter of coil  

ED   Shell side equivalent diameter of coil 

HD   Average diameter of helix  

od   Outside diameter of coil  

stf   Ratio of steam to warm surface seawater flow rate 

sG   Mass velocity of fluid  

H   Height of the helix 

H   Enthalpy  

ih   Heat transfer coefficient inside a straight tube 

ioh   Heat transfer coefficient outside tube 

J   Flux 

HJ   Colburn factor for heat transfer 

k   Thermal conductivity of fluid  

cK   Thermal conductivity of coil  

L   Length of helical coil needed to form N turns 

M   Mass flowrate of warm surface seawater 

m   Mass flowrate of steam  

N   Number of turns of helical coil 

W    Power generation rate  

prN   Prandtl number 
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REN   Reynolds number 

Q   Heat load  

aR   Shell side fouling factor 

tR   Tube fouling factor 

cτ
  Corrected log mean temperature difference 

lmτ
  Log mean temperature difference 

u   Fluid velocity  

U   Overall heat transfer coefficient  

P   Pressure 

V   Volume 

aV   Volume of annulus 

cV   Volume occupied by N coils 

fV   Volume available for fluid flow 

μ   Fluid viscosity, 

wμ   Fluid viscosity kinematic 

T   Degree Celsius 

hevL   Specific heat of water for evaporation  

α   Fraction of cold deep seawater to the turbine or condensers 

β   Recycled fraction of cool seawater from C1 condenser 

ε   Efficiency 

η   Dynamic viscosity 

v   Kinematic viscosity 

ρ   Density  

τ   Temperature of cold deep seawater 
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ABBREVIATIONS 

DCC   Direct Contact Condenser  

DoE  Department of Energy 

DWA   Department of Water Affairs and Forestry  

GW  Giga Watt 

kW  Kilo Watt 

KZN  KwaZulu Natal 

MD   Membrane Distillation 

MED  Multi-Effect Distillation  

MSF  Multi-Stage Flash  

NOx  Nitric Oxide 

NODC  National Oceanographic Data Centre  

OC  Open Cycle 

OTEC  Ocean Thermal Energy Conversion 

OC-OTEC Open Cycle Ocean Thermal Energy Conversion 

PEM  Polymer Electrolyte Membrane 

RO   Reverse Osmosis  

SST  Sea Surface Temperature  
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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.  

 This project is unique because it has never been implemented in Southern 

Africa. 

 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 21st 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 

quantities 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.   

 
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 30th 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].  

 

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].  

 

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 (Δt) at the location which has to be Δt a minimum of 20 

ºC 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 ∆t 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 ∆T 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)/year 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 20º 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 20º C between the surface and a depth of 

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

 
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 Δt 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. 

 

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 
power 

OTEC Tidal 
barrage
s 

Tidal 
current 
turbine
s 

Ocean 
current 
power 

Solar 
PV 

Wind 
power  

Temporal 
variability  

Daily 
&seasonal 

Season
al 

Hourly & 
weekly 

Hourly 
& 
weekly 

season
al 

Hourly & 
weekly 

Hourly & 
weekly 

Predictability Moderate  High High High High Moderat
e 

Low  

Ranking 
criteria high 

≥ 25kWm-1 ≥20∆T, 
≤ 5km 

≥5m 
mean 
tidal 
range 

≥2ms-1 

peak 
speed 

≥1.5ms-

1 
season
al 
average 
speed 

≥5.5kWh
m-2 d-1 

≥5.5ms-1 

Conditional  15-25 
5kWhm- 

≥20∆T, 
≤ 10km 

24-5m 
mean 
tidal 
range 

≥1.5ms-

1 peak 
speed 

1-1.5 
ms-1 
season
al 
average 
speed 

3-
5.5kWh
m-2 d-1 

4-5. 5ms-1 

 

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 Illovo 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. 

 

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, ∆T 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 ∆T 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 is εtg∆T (2T)⁄ , where T is the surface water temperature and 

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

Figs 15 and 16 illustrate a minimum approach (pinch) temperature ∆T 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 is εtg∆T (2T)⁄ , where T is the surface water temperature and 

εtg 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 

∆T using data archived at the National Oceanographic Data Center (NODC) [28]. 

 

Figure 11: Cold water depth based on HYCOM data [28], [30]. 

 

 

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: 

      (2.1) 

in

in

P

Q





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where Pn  is the net power and  is 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. 

inQ

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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. TIDAL 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: 

 
3ρV0.5.KE      (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/m² 

[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]: 

       

3pV
2

1

A

P









        (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 m2). Additionally, this depends on P  (the 

water density) and V (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 CYCLE 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 Hawaii (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]. 

 

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 kW/°C at power levels of about 200 kW [90], [100]. 

 

Figure 16: 210 kW OC-OTEC experimental apparatus: Power output variation as a function warm-water 
temperature [100],  [101]. 
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2.8.2. OPEN CYCLE OTEC DESCRIPTION 

 

Figure 17: OC-OTEC layout. 

 

Figure 18: Conceptual layout of a 165kW experiment [127]. 

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

 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 ∆T is the logarithmic mean temperature difference across the evaporator. 

expansion of the vapor through a turbine to generate power;  

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

of the working fluid; and  

 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]:  

 The system must be carefully sealed to prevent the ingress of atmospheric 

air that can severely degrade or shut down operation.  

 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]. 

 

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].  

 

Figure 20: Difference of Net power fraction with turbine inlet and outlet steam temperatures of 5MW 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]. 

 

Figure 21: Breakdown of pumping power in warm water, Coldwater, and exhaust gas with turbine inlet and 
outlet steam temperature for a 5MW shore-based system [137]. 
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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[oC] Pst[kPa] mst[kg/s] Pin[kPa] tst[oC] fst[%] Bst[K/kPa] tin[oC] 

250 620 26 2.61 3.5 3.3639 21.780 0.564 2.35676 6.1 

1.8 6000 26 2.76 33.4 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 4.5 

 

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. 

 

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 DP,WW =0.7M AND DP,CW = 1.0M FOR 207 KW AND DP,WW = DP,CW =1.5M FOR 1000 KW 

OTEC. FOR BOTH CASES, PIPE LENGTHS ARE LP,WW = 200 M AND LP,CW =100 [161]. 

Parameters 
[Units]  

Scale 
(KW) 

Power 
Gen. 

Desalination 
Only Half 
And Half 

With 

Only Half And Half 
With 

Wgen [kW]  
1000kW 206.72 0 103.36 103.36 

206 kW 1000 0 500 500 

Min [kg/s] 
1000kW 620 620 620 620 

206 kW 2432.64 2432.64 2432.64 2432.64 
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μin [kg/s] 
1000kW 420 113.05 178.15 202.48 

206 kW 1759.7 473.65 746.4 865.7 

Wp.ww [kW] 
1000kW 4,759 4,759 4,759 4,759 

206 kW 3.929 3.929 3.929 3.929 

Wp.w [kW] 
1000kW 1,283 0.0325 0.1156 0.1655 

206 kW 10,430 0.258 0.9267 1,407 

Min/μ ̇in [-] 
1000kW 1,476 5,484 3,480 3,062 

206 kW 1,382 5,136 3,259 2,810 

Wgen/μ i̇n [kj/kg] 
1000kW 0.493 0 0.58 0.51 

206 kW 0.568 0 0.67 0.578 

mst [kg/s] 
1000kW 3.5 3.5 3.5 3.5 

206 kW 16.93 16.93 16.93 16.93 

mpw [kg/s] 
1000kW 0 3.5 3.5 3.5 

206 kW 0 16.93 16.93 16.93 

mdw [kg/s] 
1000kW 423.5 113.05 178.15 202.48 

206 kW 1,283 1,283 746.4 865.7 

 

Albert and Hyeont demonstrated the production rates versus Ktb 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, Ktb (=1-Kec).  

 

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 Ktb increases from zero, the (absolute and relative) power generation rate 

must increase with respect to Ktb. It is questionable whether this linear relationship 

continues until Ktb 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 Ktb. Figure 24 shows how the 

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

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 Hf  is enthalpy of liquid water at the inlet temperature, T1. 

https://en.wikipedia.org/wiki/Saturation_pressure
https://en.wikipedia.org/wiki/Enthalpy
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Figure 25: Open cycle -OTEC T-s diagram. 

 

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, T2. 

Figure 26 is a representative schematic of an open-cycle OTEC power- system. 

 

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 

https://en.wikipedia.org/wiki/Superheating
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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]. 

 
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: 

 Commercial maturity of technology  

 Availability of local support  

 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].  

 

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. 

 

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/m2) 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)2 

Size (MW) Vega 
(2007;2012)3 

Energy and 
Environment 
Council 
(2011) 

Straatman 
Environment 
Council 
(2011) 

Upshaw 
(2012) 

Muralldhara
n (2012) 

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    

 

 

28 

   0.13-0.65  

50 0.08-0.20 0.10-0.16 0.11-0.65   

50 (Combined 

with offshore 

solar pond) 

0.03-0.05     

100 0.07-0.18    0.19 

200     0.16 

400     0.12 
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CHAPTER 3 

OCEAN THERMAL ENERGY CONVERISON RESEARCH METHODOLOGY 

3.  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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Figure 31: Open Cycle OTEC plant with condenser [author].  
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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: 

t0.6R

SEt
P


      (3.1) 

If the thickness does not exceed one-half of the inside radius, or P does not 

exceed 1.25SE, the following formulas shall apply: 

                                               P0.4SE2

PR
t


               (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: 

t0.2R

SEt2
orP

P0.2SE2

PD





t     (3.3) 

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. 

 

Figure 32:Semi-Elliptical of Flash evaporator [228]. 

 

Figure 33: Vessel and Diffuser of Flash Evaporator [229]. 
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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% (ε = 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). 

 
Figure 34: Typical efficiency curves for demister mats. System: Air/ spindle oil (kin, viscosity=13 x 〖10〗^(-6) 

m^2/s). ρ (G)= density, ∆ρ = 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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        m/s0.105
4/π

ff
D

Q
λ φη2

min

max

max
            (3.4) 

 

                               ADπ

4
D                                         (3.5) 

 

                               
pv vperm

V

π

4
D             (3.6) 

 
or 

            m3.348D
ff

Q
φη

max        (3.7) 

 
where fη is the derating factor allowing for the viscosity of the liquid phase, and 

fϕ is the derating factor related to the flow parameter at the face of the wiremesh 

ϕwm, fϕ = 1 (1 + 10ϕwm)⁄ ,   if ϕwm ≤ 0.1, ϕwmin 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. 

    
 

kP0.513P
0.00162

t0.20.00160.20.12P

t2

t0.2DP
S 





 (3.8)
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3.1.6.  NOZZLE OF FLASH EVAPORATOR  

 

 

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: 

         
 mXtXXXhH 3wm321                       (3.9) 

Where, 

wmt Thickness of demister mat, usually 0.1 m 

1X 0.05 D with a minimum of 0.15 m 

m0.02dX 12 
 with 1d internal diameter of inlet nozzle 

13 dX 
 
with a minimum of 0.3 m 

D0.15X4   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/cm3) 8000  

 
 

 

 



 
66 

 

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 oC) 2093.4  

Melting point (oC) 1400 – 1450  

 

The flash evaporator receives water of mass flowrate (Ṁin) from the pump at a certain 

temperature and pressure (Tin and Pin), as illustrated by 

     
.

in

.

st
st

M

m
f               (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 (ṁst) is only a small fraction of (Ṁin), which is 0.565%. 



 
67 

 

 

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 (Ṁin) minus the steam flowrate
 
 ∆𝑄𝑤𝑤 =

Ccp(TinṀin − ToutṀout) The thermal energy difference between the in intake and 

discharged warm water is calculated by:  
















.
.

outoutinincpww MTMTCΔQ     (3.11) 

 ∆Qww is used to change phase from liquid to vapour. Latent heat (Lnev) is the required 

heat to evaporate water (specific heat of evaporation). Maximum flowrate passing the 

pump, before the evaporator, is given equation (A1). 

 

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, ṁst  

 

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 = 30oC and sends it to the flash evaporator with mass flow rate of Ṁin. 

Mass flow rate of the produced steam gas, ṁst, is only a small fraction of 𝑀̇𝑖𝑛, 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 ṁncg. Because fst is small, a majority of warm water is discharged back onto the 

open ocean with Ṁout. 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 Qww   is utilised to change phase from liquid to vapour and it is proportional to 

the latent heat. As latent heat  Lnev 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 = 30oC, and assumed temperature at the 

discharge is Tout = 20oC. Specific heat capacity at Tin is, 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 𝑚̇𝑠𝑡  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  cv is 0.00099 m3 Kg⁄ .  (Eq. 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 asVsteam 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 cv 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  mst  equation was  mst = 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. 

 

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, Di 200 

Thickness of the vessel, t 1.6 

Height (length) of the vessel, H 300 

 

 
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3.3.1.  MASS OF THE STAINLESS STEEL MATERIAL  
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TABLE 9: PROPERTIES OF STAINLESS STEEL. 

Parameters Units 

Design pressure, P 3.5 kPa 

Corrosion allowance, cr 0.01% 

Nominal wall thickness, nt 1.6mm 

Allowable stress, σs 210MPa 

Elongation efficiency, Ee 70% 

Circle efficiency, Ce 85% 

Under tolerance allowance, UT 0.0% 

 

3.3.2. VARIABLES  

 

0
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
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3.3.3. NOMINAL THICKNESS  
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3.3.4. THICKNESS BEFORE FORMING  
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3.3.5. THICKNESS BEFORE FORMING 

m102.405

35000.710210

0.1013500

PσsE

PR
t

6

6

e

i
b


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



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3.3.6. REQUIRED THICKNESS  

m101

0.001102.405100.99

corrttt

3

66

abre











 

 1mm < 1.6mm is acceptable 

3.3.7. MAXIMUM PRESSURE 

akP868.11

0.00060.101

0.00060.710210

ntR

σsE
P

6

i

ent
max











 3.3.8. THE HYDROSTATIC PRESSURE CAUSES STRESSES IN THREE DIMENSIONS 

 Longitudinal stress (axial) σ
L 
 

 Radial stress σ
r, (neglect) 

 Hoop stress σ
h 
 

3.3.8.1. ALL OF THEM ARE NORMAL STRESSES 

 

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

 
 

Figure 39: The longitudinal stress σL. 

kPa109.375

0.00164

0.23500

t4

PD
σL




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3.3.8.3. The hoop stress σ
h, 

 

Figure 40: The hoop stress σh. 
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3.4. CALCULATED HEAD PROPERTIES  

 

Figure 41: Head properties. 

0.16m

0.20.8

0.8DRk 1







 

m0.03

0.20.15

D0.2R 1k







 

m0.05

0.20.25

D0.25Z 1







 

3.4.1. HEAD VOLUME, Vhead 
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3.4.2. MASS OF THE STAINLESS STEEL MATERIAL 

 

 

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 
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3.4.4. THICKNESS AFTER FORMING, ta 
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6.1.18. NOMINAL THICKNESS, nt 
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3.4.5. REQUIRED THICKNESS, treq 
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1mm < 1.6mm is acceptable 

3.4.6. MAXIMUM PRESSURE, Pmax 
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881.47kPa > 3.5kPa acceptable 

 
Figure 42: Relationship between pressure, volume and mass. 
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3.4.7. THE HOOP STRESS, σ
h
 

 

Figure 43: The hoop stress σh. 
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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 ρv vapour density, kg/m3, ρl  water density, kg/m3. 

m/s3.28

1.12083

1.120831000
0.11

ρ

ρρ
KV

0.5

0.5

V

V1
s










 











 


 

 

3.5.1.1. ALLOWABLE STEAM SPEED THROUGH THE MESH WIRE 

The mist mat shall have: 

 A free volume of at least 97 % (ε = 0.97) 

 A wire thickness, dw, between 0.23 mm and 0.28 mm. 

An approximate pressure drop ∆P within the mesh wire pad. Wet is
 

  t,KρρCΔP 2

v1

Factor C=0.2 for a general purpose (GP) style mesh demister. T is the pad thickness; 

note that the dry pressure drop is 0.5∆P of wet pressure drop. Thus, the following 

dimensions are required:
 

Grid depth is 5mm. 

Pad depth is 30mm. 
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Figure 45: Mesh wire of a flash evaporator. 
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3.5.1.2.  DRY PRESSURE DROP 
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3.6. DIFFUSER DIMENSIONS 

 

 

Figure 46: Diffuser dimensions. 
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Figure 47: Diffuser dimensions. 
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3.6.1. BLADE DIMENSIONS 

 

Figure 48: Diffuser blade. 
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3.6.2. DIMENSIONS 

 

Figure 49: Positions of the Diffuser and Mesh wire. 
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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. 

 
Figure 50: Process layout of OTEC open cycle plant. 

 
 

3.7.1. STATE 2-4 PROPERTIES 

 Tst4 = 26.52 ℃ 

 Pst4 = 3.5kPa 

 h4 = ⋯ 

 
30−26.52

30−25
=

2555.5−h4

2555.5−2546.5
 

 ∴ h4 = 2549.236 kJ/k 

 

 S4 = S5 

 
30−26.52

30−25
=

8.4520−S4

8.4520−8.5566
 

 S4 = 8.5248 kJ/kgK 

 

3.7.2. STATE 5 PROPERTIES 

 
25−24

25−20
=

0.3672−Sf5

0.3672−0.2965
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 Sf5 = 0.35306 kJ/kgK 

 
25−24

25−24
=

8.1894−Sfg5

8.1894−8.3695
 

 Sfg5 = 8.22542 kJ/kgK 

 

 S5 = Sf5 + X5Sfg5 at 24℃ 

 8.5248 = 0.35306 + X5 × 8.22542       

 ∴ X5 = 0.99 

 

  
25−24

25−24
=

104.8−hf5

104.8−83.9
 

 hf5 = 100.62 kJ/kgK 

 

  
25−24

25−24
=

2441.7−hfg5

2441.7−2453.5
 

 hfg5 = 2444.06 kJ/kgK 

 h5 = hf5 + X5hfg5 

      = 100.62 + 0.99 × 2444.06  

       h5 = 2520.2394 kJ/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/s-1 1.857 m/s-1 30 oC 

from 2 to 4 0.003238 Kg/s 0.00299 m3/s-1 9.2 m/s-1 26.52 oC 

at 3 0.5698 Kg/s 0.00058 m3/s-1 1.845 m/s-1 20 oC 

 

3.7.3. PIPE AREA REDUCTION 
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Therefore, speed Nozzle Va = 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 (ṁ) 19.8kg/s 0.01636kg/s 

Inlet temperature (ti) 5oC 278.15K 131 

oC 

404.15K 

Outlet temperature (to) 40 oC 313.15K 71 oC 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 (µ) 0.001520kg/m. s 13.3349× 10−6 

kg/m. s 

Density (ρ) 1000kg/m3 1.53778kg/m3 

Velocity (υ) 1.5m/s 28m/s 

 

TABLE 12: PHYSICAL PROPERTIES OF COPPER [240]. 

Properties Matrix  

Values Units 

Density  8.92 g/cm3 

Melting point 1083 ℃ 

Boiling point 2595 ℃ 

Latent heat of fusion  205 J/g 

Specific Heat Capacity @ 100℃ 0.393 J/g℃ 

Linear Coefficient of Thermal Expansion @ (25°C - 100°C) 16.8 x 10-6 cm/cm°C 

Thermal Conductivity @ 100℃ 3.85 Wcm/cm2 °C 

Electrical Conductivity (Volume) @ (20°C) Fully Cold Worked 56.3 MS/m(mΩmm2) 

Electrical Resistivity (Volume) @ (20°C) Fully Cold Worked 1.78 μΩ·cm 

Modulus of Elasticity (Tension) @ (20°C) Annealed 118,000 MPa 

 

 

 

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, di,inner is the diameter of the inner coiled tube; Rc is the coil radius; H is the 

distance between the two turns; and do,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; 

1717.11N

0.0150.0225N0.4
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3.7.5.1.  CONDENSOR COIL DESIGN 
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3.7.5.2. HEAT TRANSFER COEFFICIENT OUTSIDE THE COIL (Ho) 

Length of the coil (L)  
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3.7.5.3. VOLUME OCCUPIED BY THE COIL (Vc) 
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3.7.5.4. VOLUME OF THE ANNULUS (Va) 
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3.7.5.5. VOLUME AVAILABLE FOR THE FLOW OF THE FLUID IN THE ANNULUS (Vf) 
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3.7.5.6. SHELL SIDE EQUIVALENT DIAMETER OF THE COILED TUBE (De) 
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Figure 54: Shell-side equivalent diameter of the coiled tube. 

 

3.7.5.7. STEAM CALCULATIONS 

Steam flowrate (Q̇s) 
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3.7.5.8. MASS FLOWRATE OF THE STEAM (𝐦𝐬)̇  
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3.7.5.9. MASS VELOCITY OF FLUID (𝐆𝐬) 
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3.7.5.10. REYNOLDS NUMBER  ( ReN ) 
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Heat transfer coefficient outside the coil ( oh ), For Reynolds Number, ReN , in the range of 

50 > ReN  >10 000.  
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3.7.5.11. HEAT TRANSFER COEFFIENT INSIDE THE COIL ( ih ) 

Reynolds Number (NRe) 
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3.7.5.12. TURBULENT FLOW Nre>10000 
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3.7.5.13. HEAT TRANSFER COEFFICIENT BASED ON THE OUTSIDE DIAMETER ( ioh ) 
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3.7.5.14. OVERALL HEAT TRANSFER COEFFICIENT (U) 

The fouling factors, tR  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 tR  and aR  are 0.0002m2 K/W. Thermal conductivity of Copper is coppertK  = 

385 W/MK. 
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3.7.5.15. DETERMINE THE REQUIRED AREA (m2) 

The log-mean temperature difference, (oC) 
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3.7.5.16. CORRECTION FACTOR IS 99% 
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3.7.5.17. THE HEAT LOAD (Q) 
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3.7.5.18. THE REQUIRED AREA 
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3.8. TURBINE OVERVIEW 

 
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 1V from the nozzle [244].  

If the velocity coefficient of the nozzle is ,Cv  then 

                     gh2CV v1                  (3.12) 

If the wheel is turning at a speed of N r/ min or ω
rad

s
.  then the velocity of the case on a 

pitch circle diameter is D .  
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                                         60

πN
ω

2

D
u                 (3.13) 

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

The velocity with the steam strikes the case is; 

                                              uVV 11r       (3.14) 

3.8.1. TURBINE DESIGN 

 

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

The velocity with which the steam strikes the case is; 

s

m
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The steam slides along the wall of the case and is deflected through an 

angle γ deflection angle, and leaves the case with a relative velocity 2rv which is usually 

less than 1rv  due to friction losses.  This is calculated using 

 

1r2r nvv   , 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. 

1

1r2r

m/s7.36

8.1750.9

nvv
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

 

Hydraulic efficiency is 96% 

3.8.2. BUCKETS WIDTH DIMENSION 

 

 

Figure 58: Buckets’ width dimension. 

3.8.3. RULES OF THUMB 
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mm46.5m0.0465
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3.8.3.1. BUCKET WIDTH 

 B = 3.1ds 

     = 3.1 × 0.008 

     = 0.0248m = 24.8mm 

3.8.3.2. BUCKET HEIGHT 

 h = 2.7d 

     = 2.7 × 0.008 

     = 0.0216 m = 21.6 mm 

3.8.3.3. CAVITY LENGTH 

 h1 = 0.35d 

      = 0.35 × 0.008 

      = 0.0028 = 2.8 mm 

3.8.3.4. LENGTH TO IMPACT POINT 

 h2 = 1.5d 

      = 1.5 × 0.008 

      = 0.012 = 12 mm 

3.8.3.5. BUCKET DEPTH 

 t = 0.9d 

    = 0.0072 = 7.2 mm 

3.8.3.6. CAVITY WIDTH 

 a = 1.2d 
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    = 1.2 × 0.008 

    = 0.0096 m = 09.6 mm 

3.8.3.7. OFFSET OF BUCKET 

 k = 0.17d 

    = 0.17 × 0.008 

    = 0.00136 = 1.36mm 

3.8.4. RUNNER DIAMETER 

 
Figure 59: Runner diameter. 

3.8.5. RULES OF THUMB 
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BUCKET VELOCITY

 
Bucket velocity, 1U is half velocity of the Nozzle jet, 1V  
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3.8.6. TURBINE SPEED 
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Choose the number of poles on the generator, the speed of the runner is given by the 

generator and the net frequency: 

pz

3000
n   

where,  pZ  is the number of poles on the generator. 

3.8.7. THE NUMBER OF POLES WILL BE; 
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The number of poles is approximately 3, therefore recalculate the other parameters: 

3.8.8. RECALCULATE THE SPEED RUNNER 

rpm1000
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3.8.9. RECALCULATE RUNNER DIAMETER 
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Figure 60: Runner diameter. 

Number of buckets is 𝐙 ≥ 𝟏𝟕. 

Choose 22 buckets for this design. 

The angle between buckets is C16.36
22

360 o  

The runner with blades must fit the Turbine housing. 

The maximum speed number for a Pelton turbine 

 

3.8.10. Nozzle 

0.089

4

1π

0.15

0.015

4

πz

D

d
ω s








 



 
102 

 

 

1

2

tbst,

.

Kg/s0.00259

7.360.02
4

π
1.12083

ρAvM







 

 

13

2

ww

/sm0.0023

7.360.02
4

π

AvQ







 

 
Figure 61: Structural design of a turbine. 

 

3.8.11. NOZZLE DESIGN 

 

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

Operating Nozzle diameter: 8 mm 

 ṁst,1 = ṁst,2 

 ρA1υ1 = ρA2υ2 

0.022 × 9.2 = 0.0082υ2 

 V2 = 57.5 m/s-1 

Therefore, speed nozzle is 𝛖𝐚 = 𝟓𝟕. 𝟓 𝐦/𝐬-1 

3.8.13. FLOWRATE IN THE NOZZLE 

 Q̇ = AV 

     =
π×0.0082

4
× 57.5 

     = 0.00289 m3/s-1 

3.8.14. BUCKET VELOCITY 

 Bucket velocity, U1 is the half velocity of the Nozzle jet, V2 =V1 

 U1 = 0.5V1 

      = 0.5 × 57.5  

      = 28.75m/s-1 

3.8.15. WATER DIAMETER IN THE JET 

 ds = √
4Q̇

zπV1
 

     = √
4×0.00289 

1×π×57.5
 

   = 8 mm 

3.9. TANK DESIGN (HOT WATER RESERVOIR) 

mm,300300400  Water temperature is C30o at pressure kPa101.325 . 
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Figure 63: Water storage. 

 

3.9.1. TANK VOLUME 
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
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3.9.2. WATER VOLUME 
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3.9.3. WATER HEIGHT  
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3.9.4. Litres of water  

l27.6  
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3.9.5. MASS OF WATER 

Kg27.48

0.0276995.71

ρVmw







 

3.10. PUMP DESIGN SELECTION  

 

TABLE 13: HPE60 PERIPHERAL PUMP. 

Parameters Values 

Power, P 0.37 kW 

Flow rate, Q 35 l/min 

Head max, H 35 m 

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 

HPE60 Peripheral Pump   
Power P 0.37 kW 
Head max,  H 35 m 
Flow rate Q 35 l/min 
Speed N 2850 rpm 
 
Flash Evaporator design 

  

Density d 8000 kg/m3 

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 0C 

Temperature at intake Tin 30oC = 303.15 
K 

Specific heat capacity at Tin   Cp 4.182 kJ/kgK. 

temperature at the discharge Tout 20oC = 293.15 
K 

 
Maximum flowrate passing the pump is, before evaporator. 

υ 1.857 m/s 

Mass flowrate of warm water Ṁin 0.573 kg/s 

Steam mass flowrate ṁst 0.003409 kg/s 

The mass flowrate balance Ṁout 0.5696 kg/s 

Velocity of discharged water υ 1.816m/s 

Flowrate of discharged water Qww 0.00057 m3/s 

 ∆Qww 28.131 kW 

Latent heat (Lnev), (specific heat of evaporation). Lh,ev 8252.0097 kJ/kg 

Low vacuum pressure Pev = Pst 3.5 kPa 

steam temperature by interpolation Tst 26.52℃ = 299.67K 

steam speed inside a pipe υ 426.04m/s 

 Aυ 0.1338 m3/s 
   

State 2 – 4 properties   

 Tst4 26.52℃ 

 Pst4 3.5kPa 

 h4 2549.236 kJ/kg 

 S4 8.5248 kJ/kgK 

State 5 properties   

 Sf5 0.35306 kJ/kgK 

 Sfg5 8.22542 kJ/kgK 

 hf5 100.62 kJ/kgK 

 hfg5 2444.06 kJ/kgK 

 h5 2520.2394 kJ/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 V 304 × 10−6m3 
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Mass Mm 2.43 kg 

Properties for calculations   

Design pressure P 3.5 kPa 

Corrosion allowance  cr 0.01% 

Nominal wall thickness nt 1.6mm 

Allowable stress σ_s 210MPa 

Elongation efficiency Ee 70% 

Circl efficiency Ce 85% 

Under tolerance allowance UT 0.0% 

   

Nominal thickness nt 0.0006 m 

 Ri 0.101 m 

Thickness before forming tb 0.99 × 10−6m 

Thickness after forming ta 2.405 × 10−6m 

Required thickness tre 1 × 10−3m 
1mm<1.6mm 

Acceptable 
Maximum pressure Pmax 868.11 kPa 

868.11 kPa > 
3.5 kPa   Acceptable 

Mesh wire design 
 

  

Allowable steam speed through the mesh wire Vs 21.75 m/s 

mist mat ε  0.97 

wire thickness dw between 0.23 
mm and 0.28 
mm. 

Grid depth  5mm 

Pad depth    30mm 

pressure drop ∆P 0.072Pa 

Dry pressure drop  0.036Pa 
Nozzle design   

Pipe area reduction   

Operating Nozzle diameter  8 mm 

Speed Nozzle υa 57.5 m/s 

Flowrate in the Nozzle Q̇ 0.00289 m3/s 

Bucket velocity U1 28.75m/s 

Water diameter in the jet ds 8 mm 

velocity with the steam strikes vr1 28.75 m/s 

 vr2 25.875 m/s 

Hydraulic efficiency  96% 

Turbine speed  6863.56 rpm 

Speed runner  7200 pm 

Runner diameter  76 mm 

Design procedure for helical coil heat exchanger   

PARANDL number Pr 1.72 

Heat transfer coefficient outside the coil (ho)   

Length of the coil  L 9.15m ≈ 9m 

Volume occupied by the coil  Vc 1.62 × 10−3m3 

Volume of the annulus  Va 12.09 × 10−3m3 
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Volume available for the flow of the fluid in the annulus  Vf 10.47 × 10−3m3 

Shell-side equivalent diameter of the coiled tube  De 97.13mm 

Steam calculations   

Steam velocity υ 9.2m/s 

Steam flow rate Q̇s 0.00289 m3/s 

Mass velocity of fluid Gs 0.103 kg/m2s 

Reynolds Number  NRe 772.78 

Heat transfer coefficient outside the coil ho 3.251 W/m2K 

Reynolds Number NRe 12 828.95 

 Nup 91.6 

 hi 4293.36 W/m2K 
Heat transfer coefficient based on the outside diameter of the coil hio 3720.91 W/m2K 

Overall heat transfer coefficient U 3.244 W/m2K 

 
Determine the required area 

  

log-mean temperature difference ∆tlm 30.72℃ 

 ∆tc 30.41℃ 

 ∆Tc 303.56K 

Heat load Q 529.917W 
Required area A 538117mm2 

 

 

3.11. TURBINE LAYOUT DESIGN 

 

 

Figure 64: Dimension designs of turbine. 
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3.12. EVAPORATOR DIFFUSER  

 

 

Figure 65: Designs of evaporator. 

 

3.13. OC- OTEC CONDENSER 

 

 

Figure 66: Designs of condenser. 
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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. 

 

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

Outside diameter of the flash evaporator, D0 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 σs. 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 

l/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.  

 

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 PUMP 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 



 
114 

 

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.  

 
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 oC 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 oC), mass flowrate (0.907 

kg/s-1) and a pressure of 0.1 kPa. These results are obtained during the optimisation 

process of an open cycle OTEC plant. The T, ms and P are utilised to calculate the power 

generated in the experiment plant. 

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

Turbine efficiency =
3.6xP

mx∆hs′
= 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 s2 = s3 = 6.586 kJ/kgK. The enthalpy h2 can 

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

s3 = 6.586 =  Sf + X3 Sfg at 0.099 kPa  

6.586 = 0.1050 + X3 ( 8.8690)  

X3 = 0.7307  

h3 =  hf + X3 hfg at 0.099 kPa  

h3 =  29.303 + 0.7307(2484.4) 

= 1845kJ/kg  

 

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

generator, is calculated below:  

 

4.2. EVAPORATOR  

∅m = ms (h2 − h1) 

= 1(2675.58 − 419.107) 

= 5 kW 
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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) 

 

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

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 0C 22.5 

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 Gcal/hr -11.5456 

HMX MASS –ENTHALPY Kcal/Kg -57.777 

SMX MOLE-ENTROPY Cal/mol-K -3207.12 

SMX MASS –ENTROPY Cal/gm-K 3.0650 

CPMX MOLE -HEAT-CA Cal/mol-K 0.17013 

CPMX MASS- HEAT-CA Cal/gm-K 8.0175 

RHOMX MOLE - DENSITY Kmol/cum 0.4450 

RHOMX MASS- DENSITY Kg/cum 4.07E-05 

RHOLSTD MOLE – DENSITY Kmol/cum 0.00073 

RHOLSTD MASS-DENSITY Kg/cum 55.40166 
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Figure 76: OTEC power plant view [author].
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4.4. THE OUTCOME OF WARM WATER TEMPERATURE (OC) 

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%. 

 

 
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. 

 
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, ṁCp∆TA.  The input temperature of the 

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

At a temperature of 21 0C, 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. 

 

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 81: Vapor HMX, CPMX and KMX of process fluid in a flash evaporator vs. temperature. 

 

 
Figure 82: Performance curve of the turbine; mass flowrate vs. power generated. 
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Figure 83: Performance curve of the turbine; mass flowrate vs. power generated. 

 
Figure 84: Vapor HMX, CPMX and KMX of process fluid in a flash evaporator vs. temperature. 
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Figure 85: Temperature, Vapour HMX, CPMX and KMX of process fluid in a flash evaporator. 

 

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-
DIC 

FRSWRT S12 WRMPMP WRMWTR 

From   PUMP-2  CONDNSR FLSH-EVA FLSH-EVA STMTRBN FLSH-
EVA 

CONDNSR TANK PUMP-1  

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  22.5 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 
molecular 
weight 

 18.01528 18.01528 18.01528  18.01528 18.01528  18.01528 18.01528 18.01528 18.01528 

Phase vapor             
Compressibility 
factor, mixture 

     0.9999844 0.9999845  0.9999842 1   

Molar volume, 
mixture 

CUM/HR     4912020 4949300  4887590 35286800   

Molar flowrate, 
mixture 

MMSCMH     0.00447899 0.00447899  0.00447899 0.000448   

Ratio Cp/Cv 
for mixture 

     1.32969 1.329729  1.329768 1.332133   

 



 
127 

 

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 

(h1 − h2) 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 δt, change in the temperature difference between the warm water 

(Tw) and cold water (Tc). 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 oC increase 

in temperature deference for average of m ̇ws=0.0372 l/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 l/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 oC for average ṁws=0.0098 l/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. 

 
Figure 87: Thermal efficiency and power output of the system against operating temperature difference, for 

average of m _̇ws=0.0098 l/s. 
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The efficiencies for the average of ṁws = 0.0372 l/s are approximately equal to 

the efficiencies of the average of ṁws = 0.0098 l/s. The work done by the turbine 

for both values of ṁws increases with increasing operating δt. 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 ṁws = 0.0372 l/s. 

 

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 oC and 1.5 kPa. The maximum efficiency is 0.26 % with power output of 

1.55 W, at 24 oC 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 ṁws =

0.0098 l/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 0.0372 l/s. of a steam produced in an 

evaporator, thus increasing the thermal efficiency of plant.  

 
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 ṁws = 0.0098 l/s.  

 
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 ṁws = 0.0098 l/s. Minimum steam mass flow rate of 0.05 

kg/s at 19 oC and maximum of 1.03 kg/s at 24 oC, the minimum power output of 0.85 

W at 19 oC and maximum of 1.58 W at 24 oC for average ṁws=0.0098 l/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 ṁws generally increases 

with an increasing temperature change, δt. 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 

 
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 oC and maximum of 0.24 kJ/kg at 24 oC 

was observed in Fig 92. Fig. 92 establishes the minimum entropy of 130 KJ/kg at 

19 oC and upper limit of 2500 KJ/kg at 20 oC.  Fig. 10 shows minimum work done of 

0.125 kJ/kg at 19 oC and maximum of 0.72 kJ/kg at 24 oC.   

 
Figure 93: Enthalpy and work output of the system against operating temperature difference, for average of 

ṁws=0.0098l/s. 

Fig. 93 shows minimum work done 0.15 kJ/kg at 19oC and maximum of 0.73 

kJ/kg at 24 oC. 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 ṁws generally increases with the 

increasing δt 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. 
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TABLE 20: EXPERIMENT RESULT OF OC OTEC PLANT. 

Pressure 
(kPa) 

Volume 
flowrate 
(l/s) 

Cold 
water  
(°C) 

Warm 
water  
(0C) 

∆ 
(°C) 

Specific 
heat 
capacity 
(kJ/kgK) 

Volume 
flowrate 
(l/s) 

Power 
(W) 

Work 
output 
by 
Turbine 
(J/kg) 

Enthalpy 
at turbine 
inlet {h1} 
(J/kg) 

Enthalpy 
at turbine 
outlet {h2} 
(J/kg) 

Time 
(s) 

Mass 
flow 
rate 
(kg/s) 

Heat 
transfer 
rate (W) 

Steam 
(kg/s) 

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 8 11,09 1066,2 0,435 

2 0,002 5 28 23 4,18 0,022 1,386 0,0229 25442 2544259,9 8 22,18 2132,5 0,871 

1.5 0,004 5 28 23 4,18 0,026 1,530 0,0186 25442 2544259,9 6 26,34 2532,4 1,034 

 

 



 
135 

 

Fig. 94 shows the indirect condenser of the OC-OTEC. This system is utilised to 

generate fresh water.  

 
Figure 94: Indirect condenser. 

 ṁ, x, Cp, 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 ṁf = ṁp and the solids balance is ṁfxf = ṁpxp,     thus, xp =

xf. 

The energy balance is  ṁfCp(f)Tf + ṁcwCp(1)T1 = ṁcwCp(2)T2 + ṁpCp(p)Tp , Cp(1) 

and Cp(2) are determined from tables containing the properties of water at 

temperatures. T1 and T2 respectively. When approximation are used, Cp(1) = Cp(2) =

4180 kJ kg⁄ K. The rejected heat within the turbine is qout = h2 − h3, h2 =

2461.4435 kJ kg⁄ ; h3 = 75.169 kJ kg⁄ . 

 qout = h2 − h3 

           = 130.459 − 75.169 

           = 55.29 kJ kg⁄  

 ṁcwCp(cw)∆Tcw = ṁpqp(out)  

 ṁcw =
0.75×55.297

4.18(10−5)
 

           = 1.984 kg s⁄  

6.4.1. Energy Balance 

 ṁfCp(f)Tf + ṁcwCp(1)T1 = ṁcwCp(2)T2 + ṁpCp(p)Tp 

 0.75 × 4.2(18) + 1.984 × 4.2 × 5 = 1.984 × 4.2 × 10 + ṁp × 4.2 × 13 

 ṁp =
98.364−83.328

4.2×13
 

 ṁp = 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 5oC and the steam changes phase from steam to liquid. The fresh 

water that is produced is less than the amount of steam being cooled. 

 

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 ṁws 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 26oC with a corresponding net power of 98kW 

(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 SI a 

TWW temperature  of 

warm water 

26 OC 

TCW temperature of cold 

water 

4 OC 

MG net power output 98.186kW 

ηG generator efficiency 97 %   

Tst in steam temperature 25 OC 

Tst out steam temperature 14 OC 

Cp specific capacity of 

water 

4.18 kJ/kgK /kg 

ηp seawater pump 

efficiency  moment 

85%   

 

Following are brief calculations for the design of 206.186kW process of Open-Cycle 

OTEC plant. 
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4.6.1.1. 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. 

 MGross =
Net Power

Generator Efficiency
 =

Mnet

ηG
 

              =
200kW

0.97
 

              = 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     SI  

T2                   temperature 25 OC 

P2                   pressure 3.1717 kPa 

h2                   enthalpy 2547.855KJ/Kg 

S   S2                   entropy 8.55975KJ/Kg   

  

TABLE 23:APPARATUS FOR SATE 3. 

Symbol  Quantity     SI  

T2              

temperature 

14 OC 

P2                  

pressure 

1.5985 kPa 

h2                  

enthalpy 

2453.8403 

KJ/Kg 

S2 entropy 8.55975KJ/Kg   

 

 

 S2 = S3 = 8.55975 kJ/kgK 

 S3 = Sf3
+ x3Sfg3

 

 8.55975 = 0.2098 + x3 × 8.5969 

                 = 0.97 = 97% 

 



 
140 

 

  h3 = hf3
+ x3hfg3

 

       = 59.2401 + 0.97 × 2468.66 

       = 2453.8403 kJ/kg 

4.6.1.3. TURBINE WORK OUTPUT 𝐖𝐓 

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: 

 WT = ṁst(h3 − h2) 

 206.186 = ṁst(2453.8403 − 2547.855 ) 

   ṁst = 2.19 kg/s 

 

4.6.1.4. 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℃. 

 ṁst =
qw

hfg
 

2.19 =
qw

2442.845
 

 qw = 5349.83055 kJ/kg 

 

The amount of water required at the evaporator ṁww 

 ṁww =
ṁstqw

Cpww∆Tww
 

           =
2.19×5349.83055

4.18(26−24)
 

           = 1401.450826 kg/s 

The warm water mass flowrate leaving the evaporator at temperature 24oC is 

discharged back to the ocean. 

 Ṁout = ṁww − ṁst 

           = 1401.450826 − 2.19 
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           = 1399.260826
kg

s
 

4.6.1.5. THERMAL ENERGY DIFFERENCE WITHIN THE EVAPORATOR 

∆Qww = Cpww(Tinṁww − ToutṀout) 

           = 4.18(26 × 1401.450826 − 24 × 1399.260826) 

           = 11935.82971 kJ/kg 

 

A. Evaporator heat transfer area 𝐀𝐡 

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           SI  

EV evaporator  0.16W/moC 

 

B. Evaporator 

 ∆T1 = Twwin − Twwst 

         = 26 − 14 = 12℃ 

 

 ∆T2 = Twwin − Twwout 

         = 26 − 24 = 2℃ 

 

 ∆TLM =
∆T1+∆T2

ln(
∆T1
∆T2

)
 

           =
12+2

ln(
12

2
)
 

          = 7.81℃ 

 

 AhE =
thqw

Ustainless∆TLM
 

         =
1×10−3×5349.83055

0.16×7.81
 

         = 4.28 m2 
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4.6.1.6. CONDENSER ANALYSIS 

A. State 3 – 4 process 

The thermal energy output rejected at the condenser is Qout 

 Qout = ṁst(h3 − h4) 

          = 2.19(2453.8403 − 34.2606) 

          = 5298.88 kJ/kg 

 

B. Heat energy rejected into seawater 

 qc = ṁcwCpcw(Tcwo − Tcwi) 

 5298.88 = ṁcw × 4.18(8 − 4) 

  ṁcw = 316.919 kg/s 

 

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

TABLE 25: 98.186KW NET POWER, UV VALUE. 

Symbol        Quantity SI  

EV  evaporator    0.16W/moC 

 

 ∆T1 = Ticon − Tcwout 

        = 14 − 8 = 6℃ 

 ∆T2 = T0con − Tcwin 

        = 6 − 4 = 2℃ 

 

 ∆TLM =
∆T1+∆T2

ln(
∆T1
∆T2

)
 

           =
6+2

ln(
6

2
)
 

          = 7.28℃ 

 

AhE =
thQout

Ustainless∆TLM
 

         =
1×10−3×5298.88

0.16×7.28
 

         = 4.55 m2 
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4.6.1.7. CONDENSER ANALYSIS 

A. State 3 – 4 process 

The thermal energy output rejected at the condenser is Qout 

 Qout = ṁst(h3 − h4) 

          = 2.19(2453.8403 − 34.2606) 

          = 5298.88 kJ/kg 

 

B. Heat energy rejected into seawater 

 qc = ṁcwCpcw(Tcwo − Tcwi) 

 5298.88 = ṁcw × 4.18(8 − 4) 

  ṁcw = 316.919 kg/s 

 

4.6.1.8. FIXED LOSS FACTORS 

The Lfixed 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 

 Pump Loss Factor =
ṁwwg

η
 

=
1401.45 × 9.81

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. 

 Evaporator and Distibution Pumping Loss =
ṁwwghww

η
 

 Warmwater Mass Flowrate ṁ
ww = 1401.450826 kg/s 

 Warm Water Head Loss hww = 3.5m 

 Seawater Pump Efficiency η = 85% 

 Evaporator and Distibution Pumping Loss =
ṁwwghww

η
 

 =
1401.450826×9.81×3.5

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. 

Minor Head Loss(h) =
CV2

2g
, where V =

Q

A
=

4ṁ

πρD2
 

Head Loss Coefficient for Protruding pipe Entrance (C) = 0.8 

Nominal seawater density (ρ) = 998.2kg/m3 

Coldwater pipe internal diameter (ID) = 2m 

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

4.6.1.9. PUMP LOSS FACTOR 

Pump Loss Factor =
ṁcwg

η
 

=
316.919 × 9.81

0.85
= 3.66kW/m 

 V =
4ṁ

πρD2 

=
4 × 316.919 

π × 998.2 × 22
= 0.101 m/s 

 

 Intake Head Loss (hintake) 

=
0.8 × (0.101)2

2 × 9.81
 

= 0.00042m 

 

 Cold Water Intake Power Loss 

=   PLF x IHL    

=× 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 × Assumed Head 

= 3.66 × 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. 

 Head Loss due to Friction (hf) =
fLV2

2Dg
 

Head Loss due to Friction per unit Length (
hf

L
) =

fLV2

2DgL
=

fV2

2Dg
   (4.1) 

 Hydraulic Pipe Diameter (D) = 2m 

 Velocity in pipe (V) =
ṁcw

ρA
 

=
316.919

1000 ×
π(2)2

4

= 0.1m/s 

 

 Colebrook Equation for Friction Factor (f) 

:
1

√f
= −2 log10 (

∈

D

3.7
+

2.51

Re√f
)      (4.2) 

 Pipe Rougness Coeffient (∈) = 0.0000 

 Reynold′sNumber (Re) =
DVρ

μ
 

 Absolute Viscosity (μ) = 1.573Pa. s 

 Reynold′sNumber (Re) =
2×0.1×1000

1.573
= 127.1455 

1

√f
= −2 log10 (

0.00005

2

3.7
+

2.51

127.145√f
) ∴ f =0.1497 
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 Head Loss due to Friction per unit Length (
hf

L
) 

=
0.1497 × (0.1)2

2 × 2 × 9.81
= 0.0381 × 10−3 

 

 Pipe Friction Loss =
hf

L
× Pump Loss Factor     (4.3) 

= 0.0381 × 10−3 × 3.66 =
0.1396W

m
 

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 

water 

supply 

Cold 

water 

supply 

Warm water 

discharge 

Cold water 

discharge 

Flow rate 

(kg/s) 

401.45 316.92 399 247 

Total head (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          SI 

FIN           Inlet flow rate     6.9 m3/s 

PIN           Inlet pressure     1.2 kPa 

DP            Discharge pressure     101 kPa 

PM           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. 

 

          (4.4) 

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

Parameters Power  

 206.186kW  

Warm Water Temperature Tww 26oC  

Cold Water Temperature Tcw 

Generator Gross Output Power 

4oC 

206.186 kW 

 

Net Power Output MG 98.186kW  

Generator Efficiency ηG 0,97  

Steam Temperature Tst in 25oC  

Steam Temperature Tst out 14oC  

Specific capacity of water Cp 4.18 kJ/kgK  

Seawater Pump Efficiency  

Mass flow rate of steam ṁst 

Thermal Energy Difference within the evaporator 

Evaporator heat transfer area Ah 

85% 

2.19 kg/s 

11935.82971 kJ/kg 

4.28 m2 
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Thermal energy output rejected at the condenser is Qout 

Heat energy rejected into seawater ṁcw 

Condenser heat transfer area Ah 

Pump Loss factor 

Evaporator and distribution pumping loss 

Condenser and distribution pumping loss 

5298.88 kJ/kg 

316.919 kg/s 

4.55 m2 

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. 

 This project it unique because it has never been implemented in Southern 

Africa. 

 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: 

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

 Aspen software was used to design and simulate a small scale model OC-

OTEC.  

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

 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 ṁws = 0.0372 l/s are approximately equal to the efficiencies of the 

average of ṁws = 0.0098 l/s. The work done by the turbine for both ṁws 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 

 

m/s1.857v

v0.02
4

π
0.000583

AvQ

2

ww







      …A1   

   

 MASS FLOWRATE OF WARM WATER  ;M in

.

 

  

kg/s0.573

1.8570.02
4

π
983.13

ρAvM

2

in

.







     …A2 

STEAM MASS FLOWRATE, ;mst

.

 

 

kg/s0.003238m

0.573

m
0.00565

M

m
f

st

.

st

.

st

.

in

.

st
st







      …A3 

 
THE MASS FLOWRATE BALANCE 

kg/s0.5698

0.0032380.573

mMM st

..

inout

.







      …A4 

VELOCITY OF DISCHARGED WATER 

 

m/s1.845v

v0.02
4

π
983.130.5698

ρAvM

2

out

.







    …A5 



 
168 

 

FLOWRATE OF DISCHARGED WATER 

 

m/s1.857v

/sm0.00058

1.8450.02
4

π

AvQ

3

2

ww









      …A6 

Thermal energy difference between the intake and discharged warm water 

 

kW27.88

0.5698293.150.573303.154182

MTMTCΔQ

.
.

outoutinincpww




















   …A7
 

 

LATENT HEAT (SPECIFIC HEAT OF EVAPORATOR) 

kJ/kg8627.22L

L0.00323827934

LmΔQ

evh,

evh,

evh,

.

stww







      …A8 

Calculated steam temperature by interpolation: 

K299.67C26.52T

33.5

24.08T

34

24.0828.96

0

st

st












     …A9 

THE FLASH STEAM GENERATED % 

 

1.7%0.017

2439.248

84.2043125.811

h

hh
%atedFlashgener

stfg,

outf,inf,









    …A10 



 
169 

 

CONDENSATE VOLUME  

 

 
3

1 %

1 0.017 0.001004

0.00099m /kg

cond vV flashgenerated c  

  



    …A11 

STEAM VOLUME 

 

/Kgm0.78

45.90.017

c%atedflashgenerV

3

vsteam







     …A12 

CALCULATION STEAM SPEED INSIDE A PIPE 

 

1

2

st

.

m/s9.2v

v0.02
4

π
1.120830.003238

ρAvm







     

 

13

2

ww

/sm0.00299

9.20.02
4

π

AvQ







       …A13 

 

 

 



 

 

 
170 

 

APPENDIX B 
OTEC DESIGN FRAME 
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APPENDIX C 
OTEC DESIGN FLASH EVAPORATOR 

 



 

 

 
172 

 

 



 

 

 
173 

 

 



 

 

 
174 

 

 



 

 

 
175 

 

 

 



 

 

 
176 

 

 



 

 

 
177 

 

 

 



 

 

 
178 

 

 



 

 

 
179 

 

 

 



 

 

 
180 

 

 



 

 

 
181 

 

 



 

 
182 

 

APPENDIX D 
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