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Abstract

Ocean has been an important source for human life and earth ecosystems. It has many potential

that has not been taken for advantage, such as renewable energy. However there are also some

problems in the ocean that can affect human activity, for example water pollution. The topic

of the dissertation is motivated by the desire to understand in more detail not only the ocean

potential including renewable energy, fishery, and aquaculture, but also the environmental

problems that occurred due to human activity, especially in archipelago area. Both aspects

should be balanced to keep ocean resources sustainability. Indonesian archipelago is chosen

as it is one of the largest tidal current resource in the world. Investigation on tidal current

characteristics and its energy potential shows that the tidal current velocity is relatively high

in narrow straits at Maluku islands and Nusa Tenggara islands. In particular, Lombok strait

is the most notable location with the maximum tidal current velocity, 4m/s. The narrow

straits at Nusa Tenggara islands can produce more than 2.8m/s for tidal current and more

than 12kW/m2 for tidal current energy. In the northern and the southern part of Halmahera

island, the resultant tidal current kinetic power also produces about 5kW/m2.

In order to harvest the tidal current energy in Indonesia and distribute it to local communities, a

small-sized HAT 10kW class with the diameter 2.2m, was theoretically and numerically designed

and optimized considering the specific tidal-current at the archipelago areas, and also velocity

field around the designed turbine and pressure distribution on it were examined. The designed

turbine can generate electric power for more than one hundred people at Lombok strait. The

power distribution produced by the designed turbine was mapped by using the estimated power

curve at Maluku islands and Nusa Tenggara islands. For country with aquaculture such as

Indonesia and Japan, small-sized tidal current turbine can be combined with Fish Aggregating

Device (FAD) considering several sea states for practical use. FAD can also be utilized as a

scientific platform to produce environment-friendly ecosystem by an artificial infrastructure.

In this study, a mooring type of FAD with Horizontal Axis Turbine (HAT) and Vertical Axis

Turbine (VAT) was designed considering collision with a marine vertebrate, fish and a rotational

turbine. The designed FAD has been optimized to reduce fluid force and motion using elastic

mooring. In Indonesian archipelago area, the estimated electric power could reach 220W in Bali

strait and 700W in Lombok strait, due to higher current velocity, by using the mooring type

of FAD with the designed turbine. It could be adequate to turn on LED for gathering fishes

i



and to boot up and activate several sensors such as beacon, ocean environmental, disaster and

security devices.

In order to accomplish the balance between coastal development and ecosystem sustainability,

environmental research should be conducted especially in urban coastal area such as enclosed sea

in Japan. Study on hydrogen sulfide reduction in order to recover ocean environment by utilizing

recycled material had been conducted using Eulerian-Lagrangian model with ocean circulation

model in order to consider fluid-particle interaction between tidal current and steelmaking

slag, and advection-diffusion of dissolved sulfide. The model was also applied to Fukuyama

inner harbor and Tokyo Bay using the experimental and field data. The numerical results

demonstrated that steelmaking slag can control advection-diffusion of concentration of DO and

H2S which is highly toxic and fatal to benthic organisms and it causes oxygen-deficient water

and the blue tide at the dredged trench in Tokyo Bay. Accordingly, steelmaking slag could

improve organically enriched sea bottom in enclosed sea area.

Furthermore, preliminary assessment of ocean pollution effect on fishery and aquaculture is a

very important step in order to prevent further marine production loss and ocean environmental

damage in Indonesian seas. Sunda Strait is chosen to be specific study site because it is one

of important strait where industry, transportation, and tourism are heavily established, while

fishery has been a major income for local communities. Environmental analyses of marine

pollution in Sunda Strait, which consider the tidal current flow in South East Monsoon (SEM)

and North West Monsoon (NWM) seasons are simulated for one month period at each case.

Pb (lead) has chosen as the main contaminant because of its high concentration in this area.

Validations with field data shows good agreement with little discrepancy which does not affect

the end results of the simulations. SEM case results show dominant flow to the north which

affect the Pb (lead) and Suspended Solid (SS) concentration distribution. In NWM case,

tidal current flows to south mostly and spread Pb and SS concentration to wider area from

the east to the west side of the strait. This is also affect more contaminated area which has

lower photosynthesis rate of phytoplankton algae, about 60-75%. Meanwhile, in 5km radius

from Source1 of Pb concentration, photosynthesis rate is very low, or nearly 0%, and threaten

the living ability of the phytoplankton algae. Moreover, high SS concentration phenomena in

Sunda Strait as part of tropic area could also decrease algae photosynthesis rate because of less

sunlight penetration.
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Chapter 1

Introduction

1.1 Background

Ocean has been an important source for human life and earth ecosystems. It has many potential

that has not been taken for advantage, such as renewable energy. However there are also some

problems in the ocean that can affect human activity, for example water pollution. To take the

advantage from the ocean and to keep its sustainability as a support system of earth ecosystem,

it is important to understand both aspect in detail. At this point, the author would like to

specifically investigate the potential and the problem of certain location in the world, so that the

solutions are more detail and practical for real application, especially in archipelago area which

has vast ocean territory. Below the author will explain the research backgrounds about: (1)

ocean energy potential, (2) ocean energy harvesting method, (3) ocean environment problem,

and (4) potential study site that is archipelago area.

1.1.1 Ocean Energy

Ocean as the largest portion of the earth contains huge renewable energy resources from tidal

current 50-100 GW, 2 TW wave, ocean thermal 10 TW, and over than 100 GW offshore wind

[1]. Those amount of energy can meet total worldwide demand for power many times over if

1
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Figure 1.1: World map of the distribution of tidal current energy based on OSCAR 1/3 degree
[3]

harvested effectively [2]. Among the various above-mentioned existing resources, tidal current

power has the distinct advantage of being highly predictable, compared to wave, wind, and solar

energy. Spring tide (high tide) occurs on new as well as full moon and neap tide (low tide)

occurs in waxing or waning half moon due to misalignment of the earth and the sun. Based on

Ocean Surface Current Analyses Real-time (OSCAR) 1/3 degree data which belongs to Earth

& Space Research (ESR) [3], a color map estimates tidal current energy dissipation in the ocean

between 66°N and 66°S as shown in Fig.1.1. Red areas show high energy territory. It can be

seen that there are many high energy sources in the world. However, small islands especially

in archipelago area are the most likely to get the highest advantage of the tidal current energy

by exploit the straits among them, such as in Indonesia.

In fact, tidal current energy resource has not yet been utilized in many potential area. In

its annual report in 2014, Ocean Energy System (OES), an intergovernmental collaboration

established by the International Energy Agency in Paris known as ‘Implementing Agreement

on Ocean Energy Systems’, summarize the tidal and wave energy harvesting activities worldwide

as shown in Fig.1.2 [4]. The possibilities to explore more tidal current energy are wide open as

the potential of tidal current energy in archipelago areas is explained in subsection 1.1.4, and

along with an immense energy potential, the tides regularity helps make tidal current energy

development attractive. The ocean energy harvesters that potentially to be used to harvest

tidal current energy are explained in next subsection.
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Figure 1.2: Overview of tidal and wave energy harvesting activities in 2014 [4]

1.1.2 Ocean Energy Harvester

By deciding to harvest tidal current energy, the harvesting method should also be defined

by select the most suitable energy harvester, depend on the installation site characteristic,

although the most common harvesting method is by generate the electricity from generator

that activated by rotor rotation due to tidal stream force which we called as tidal current

turbine. In general, there are two types of tidal current turbine, horizontal axis turbine (HAT)

and vertical axis turbine (VAT). HAT type is suitable at one direction flow and its effective

to harvest high velocity flow. Otherwise, VAT type can handle multi-direction flow and also

drag-type of VAT can be operated even if tidal current is relatively low. To decide a suitable

type of tidal current turbine and design it, a flow direction and dominant velocity should be

carefully examined at archipelago region where potential energy due to tidal current is so high.

Tidal current energy harvesting is actually inspired by wind power which is more mature with

its rapid advancements in technology over the past two decades. Many kinds of large tidal

current turbine has been studied under commercial research and been examined its performance
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Figure 1.3: Tidal current turbine project in UK (Seagen) by Marine Current Turbine (MCT)
and Norway (E-Tide) by Hammerfest Strøm [5]

practically. HAT were installed in ht Bristol Channel between Wales and England, VAT were

installed in Messina Strait between Sicily and Italy. HATs include 1-2 MW Tidal Stream, Lunar

energy, TidEL, Hydrovision, Sea Flow and Seagen (UK), 0.75-1 MW Blue Tide (Norway) and 1

MW HydroHelix (France). VATs include 20 kW Enermar (Italy), 200 kw Blue Energy (Canada),

180 kW - 1 MW Gorlov Helical (USA), 90-250 kW Stingray (UK) and OpenCentre (Ireland) [5].

Some of the projects have been installed and operated as shown in Fig.1.3. Along with large

energy results, large turbine also has many consequences, not only for its high production and

maintenance cost, but also to environment. The structure could affect the sediment transport

and damage the underwater ecosystems. During the construction process of tidal turbine in La

Rance (France), the estuary was entirely closed off from the ocean for about 3 year, which lead

to damaged ecological equilibrium. Change caused by the structure include reduced range of

salinity, a reduction in intertidal area, changed bottom water characteristics, and slower current

flow [1].

In contrast to a commercial tidal current turbine, a small scale turbine suitable for archipelagos

have not been advanced at the same rate as a commercial turbine due to limited location

in space and sea state condition, low efficiency, as well as highly cost for construction and

maintenance. A small scale tidal current turbine have the potential to be utilized and integrated

into local residential environments near coastal area, especially in developing country. The

tidal current flow in nearshore zone and complicated straits among islands has many specific

characteristics. To avoid a big energy crisis as Tohoku earthquake in Japan 2011, the tidal

current energy harvesting for a dispersed local community could be necessary and important

infrastructure connecting the life line. Therefore the local community requires a small-sized
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and dispersed energy harvester without electric cables rather than a big-sized and concentrated

energy harvester with longer cables for power supply. By developing the suitable tidal current

turbines for each specific area, energy harvesting will be more effective and easy to be accessed

by local communities. Small tidal current turbines also could be the most environmentally

friendly tidal power option. They do not block large area of channels, interrupt fish migration

or alter hydrology [6]. Small scale tidal current turbine can be applied as a solitary device or

it can be combined with another device as an energy supplier for independent structure, such

as ocean buoy that contain data censors.

1.1.3 Ocean Environment

About half of world’s population is living within 200 kilometers of a coastline [7]. Coastal

urbanization and industrialization has brought many economic advantages in many sector to

human life. However, it also bring water pollution as the side effect. In recent years, the

continuing threat of pollution on coastal and marine environment has been addressed on regional

scale [8].

Marine and coastal pollution can be caused by several case. First, it can be caused by land-

based wast disposal. Mostly it contains water contaminants such as chemical materials and

heavy metals. Heavy metals are conventionally defines as elements with metallic properties and

an atomic number >20. The most common heavy metal contaminants are Cd, Cr, Cu, Hg, Pb,

and Zn. Metals are natural components in soil [9]. Some of these metals are micronutrients

necessary for plant growth, such as Zn, Cu, Mn, Ni, and Co, while others have unknown

biological function such as Cd, Pb, and Hg [10]. Metal pollution also has harmful effect on

biological systems and does not undergo biodegradation. Toxic heavy metals such as Pb, Co,

Cd can be differentiated from other pollutants, since they can not be biodegraded but can be

accumulated in living organisms, thus causing various diseases and disorders en in relatively

lower concentrations [11]. Fig.1.4 shows ocean pollution effect on coral reefs [12] which undergo

degradation by pollution increase. Heavy metals, with soil residence times of thousands of

years, pose numerous health dangers to higher organisms. They are also known to have effect
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Figure 1.4: Coral reef degradation in Florida due to ocean pollution [12]

on plant growth, ground cover and have a negative impact on soil microflora [13]. It is well

known that heavy metals can not be chemically degraded and need to be physically removed

or be transformed into nontoxic compounds [10]. Ocean pollution also can be occurred due to

ecosystem equilibrium damage. For example, hydrogen sulfide is often generated due to sulfate

reduction under anaerobic conditions in the sea bottom which caused by coastal dredging.

Hydrogen sulfide highly toxic, depletes oxygen and forms blue tides. Hydrogen sulfides are

highly toxic and fatal to benthic organisms and could cause oxygen deficiency which lead to

blue tide [14]. The balance between economic development and environment sustainability

is very important. Therefore, investigation of ocean pollution must be taken and based on

scientific information. Moreover, research about pollution effects on fisheries and aquaculture

in certain area should also be done to estimate the quantitative damages [15].

1.1.4 Archipelago Area

Considering benefits and problems that facing ocean environment management, archipelago

area is the most affected site and therefore is also an important research object. With an area

dominated by seas, archipelago area has abundant resources of renewable energy from ocean but
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also complex problems in the matter of marine pollution. Many researches have been conducted

to boost archipelago area productivity whether in term of fishery [16] or energy harvesting [17],

or otherwise to solve the environmental problems [18]. Because each area is unique with its

ocean environment characteristics, most of the researches are specific for only one area and can

not be generalized for all cases. Therefore, this study should be specifically focused on some

archipelago area which can be developed more.

In Asia, there are several countries with potential archipelago area, such as Japan and Indonesia.

Indonesia as the second largest fish producing country [19] is a rapid developing country which

now also concern in renewable energy harvesting to support its local development especially

for remote area and ocean environment issues to keep marine sustainability. Several researches

has been conducted to study ocean renewable energy [20][21][22][23] and it is understood that

Indonesia has large energy resources which can be extracted and distributed in whole area

especially in eastern part where Indonesian Throughflow (ITF), or the current flow from Pacific

Ocean to Indian Ocean, is exist [24] as shown in Fig.1.5. However, the previous researches only

gave the estimation of energy potential. The suitable device to harvest the energy is not

proposed yet. It is can be seen in previous Fig.1.2 that in Indonesia there is still no ocean

energy harvesting activities yet. In order to support the ocean energy development, especially

the tidal current power, potential area should be described with detail flow characteristics, then

the suitable energy harvesting device should be designed. As the consequence of developing

and rapid urbanization at coastal region, ocean pollution are occurred mostly as the effect of

land-based waste disposal, especially around Java Island which is the most inhabited island in

Indonesia, and causing reef degradation and coral biodiversity decline [26]. Fig.1.6 shows one

of ocean pollution in Indonesia which came from industrial waste and damaged the aquaculture

[27]. The pollutants are over the allowed threshold, especially the heavy metals contaminant

[28]. Recovery step should be taken so that larger damage can be avoided in the future.

Therefore, a preliminary research about ocean pollution and its effect on fishery and aquaculture

should be conducted considering ocean circulation as Indonesian seas are under the effect of

monsoon seasons. Meanwhile, Japan is one of most rapid country in industrial development.

Unfortunately, in recent years, there is an increase in environmental pollution which come
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Figure 1.5: Ocean renewable energy resources map [22] including Indonesian Throughflow (ITF)
[25]

Figure 1.6: One of ocean pollution in Indonesia from industrial waste which lead to aquaculture
damage[27]

to serious proportion especially in bays and inland seas. Classification according to source

and type of marine pollution revealed that the major cases were due to industrial wastes and

dredging operations [29]. These environmental changes have caused severe damage to living

resources and fisheries. Ichioka [30] had studied sulfide as the cause of blue tide in navigation

channel and dredged channel in Tokyo Bay. In the other hand, deterioration of sedimentary

environment can also affect benthic organism [31]. This condition lead to the urgency to develop

the technical solution to reduce the ocean pollution and recover coastal environment quality

which Japan government has encouraged to use the recycled material such as steelmaking slag

[32].
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1.2 Aims and Objectives

Based on previous researches, it is very important to understand the potential ocean energy

resource, especially in archipelago area which is not yet well describe. Moreover, ocean energy

harvester should also be designed to be applied in target area. The different point, instead of

using large turbine, small-sized turbine is the chosen device for harvesting energy in local area

to provide electricity with low transmission and maintenance cost. Finally, the environmental

condition should also be analyzed to accomplish the balance between coastal development and

ecosystem sustainability.

Within this aim, the specific objectives of this study to be reach are focused to the followings:

• Investigation on tidal current characteristics and its energy potential in Indonesian archipelago

area, as it is one of the largest tidal current resource in the world.

• Design a small scale tidal current turbine dedicated for a specific potential site considering

characteristics of tidal current at Indonesian archipelago area

• Develop a new type of Fish Aggregating Device with an ocean energy harvester based

on numerical and experimental works considering several sea states for practical use,

especially for country with aquaculture such as Indonesia and Japan.

• Investigation on advection-diffusion of dissolved sulfide based on the results in the field

experiment using numerical models with considering fluid-particle interaction between

ocean circulation and steelmaking slag. This step shows the innovation in recovering the

ocean environment by using recycled material.

• Investigation on marine pollution in Indonesia based on numerical estimation in differ-

ent monsoon seasons and its effect on fisheries and aquaculture. This research is very

important as the preliminary step to resolve the pollution problem in Indonesian ocean

and avoid further loss of marine resources. By considering tidal current flow in different

monsoon season in Indonesia, pollutant distribution can be estimated and spatial effect on

marine aquaculture can be predicted, which was not achieved in other researches before.
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1.3 Structure of The Dissertation

The dissertation is structured as follows. Chapter 1 introduce and explain the background of

this study which provides previous researches in relation to this study. Hereafter, the author

clarify the objectives of the study and close this chapter by the structure of dissertation. In

order to harvest the ocean renewable energy in Indonesian archipelago, target location should

be investigated from whole area to specific site on details. Therefore, Chapter 2 explains the

tidal current energy estimation in archipelago in Indonesia by using an ocean circulation model

for whole area and computational fluid dynamic method to analyze the local tidal current

flow in more specific chosen area. Chapter 3 follow up the previous chapter by providing the

suitable small-sized turbine in order to harvest the estimated potential tidal current energy.

The proposed small-sized tidal current turbine is designed considering the flow characteristics of

target installation site, including hydrodynamic performance and generated power estimation so

that it is applicable in field application. By using small-sized turbines, it is expected to be more

ecosystem friendly and less production and maintenance cost. In Chapter 3, the small-sized

turbine is designed to be a solitary operating device to fulfill energy needs especially in remote

area. Then in the next chapter, the use of small-sized turbine is proposed to be a supporting

component to supply electrical power for an ocean structure. In chapter 4, a new type of Fish

Aggregating Devices (FADs), which is an environment-friendly artificial ocean infrastructure,

is proposed and developed together with a small-sized current turbine to generate independent

electric power for navigational and environmental sensors, especially at archipelago areas with

fishery and aquaculture. The hydrodynamic and mechanical responses of FAD including the

turbine are investigated to make sure its ability to operate in ocean environment especially in

extreme condition.

In order to keep the balance between marine-based development and ocean sustainability, the

study to reduce the negative impacts on ocean environment should be taken. First, the research

is focused in Japan area because its sufficient field data, and some field experiments were done

in previous research. Chapter 5 is concerning about the remediation of contaminated seas by

employing the steelmaking slag in order to reduce the hydrogen sulfides concentration in en-
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closed seas in Japan. In this chapter, a numerical model has been proposed and developed

using Eulerian-Lagrangian model coupled with ocean circulation model in order to compute

advection-diffusion of dissolved sulfide and fluid-particle interaction between ocean circulation

and steelmaking slag. The model is applied to Fukuyama inner harbor and Tokyo Bay compar-

ing with field experiment data. After that, the study continues to explore the marine pollution

in archipelago in Indonesia in Chapter 6. The marine pollution is investigated using an ocean

circulation model in order to understand the contaminant distribution and its effects on fishery

and aquaculture so that the ocean remediation method can be prepared for specific area in the

future. In the end, all of the researches are concluded in Chapter 7 and the future works that

should be taken are presented.
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Chapter 2

Estimation of Tidal Current Energy in

Indonesia

2.1 Characteristics of A Focused Site in Indonesia

Indonesia has many archipelagos with complex and long coastlines in Southeast Asia. The

total length of the coastal line is 54,556 km[1] and also there are 17,508 islands[2] connecting

each other through straits among Pacific ocean, Indian ocean and Indonesian sea. In recent

years, to develop the economic corridors under Master Plan for Acceleration and Expansion

of Indonesia Economic Development (abbreviated as MP3EI) 2011-2025[3], a large amount of

electricity supply is rapidly required using a renewable energy including tidal current as the

economic growth is increasing more and more. Seventy percent of the whole Indonesian sea has

160GW in annual tidal current energy[4].

One of the earliest research on tidal current in Indonesia was conducted by Blunden[5] using

ocean circulation model. The annual energy was estimated, 640 GWh and the moderate tidal

current speed could be about 2m/s in Alas Strait. However, the simulation was run for six

days so it could not describe long-term character of tidal current. One more previous work

was also investigated at Lombok strait[6] and Makassar strai[7] to evaluate a strong current

at those straits. In 2014, Purba in [8] reviewed the potential of utilizing ocean surface current

15
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and wind as energy source of lighthouse at small islands in Indonesia. In 2015, Purba reported

on the discovery of current velocity 3m/s at the eastern part of Indonesia by using Geographic

Information System (GIS) approach [9]. In other investigation, Ihsan[10] studied the power

value of current velocity at five point locations on the outflow of Indonesian Through Flow

(ITF)[11] pathway based on INSTANT observation data[12]. However, INSTANT data are

limited to certain depth so the study only found the electricity power of 0.12kW and 0.11kW at

the northern part of Ombai strait and the eastern part of Lombok strait, respectively. Mean-

while, Orhan[13] assessed the energy potential of tidal current at Larantuka strait, the southern

part of Indonesia by using numerical model and estimated 20GWh annual yield. Several re-

searches on ocean circulation in Indonesia have been conducted to investigate characteristics of

tidal current using ocean circulation model, satellite data, and Geographic Information Systems

(GIS). However, partial study area could not describe complete tidal current energy potential

of Indonesia. In this chapter, to harvest tidal current energy from a specific location and to

distribute electric resources especially for local community near coastal area, ocean circulation

is investigated in not only whole Indonesian area but also a specific local area for installing a

suitable tidal current turbine which will be explained in Chapter 3. The magnitude of potential

tidal current kinetic energy is also estimated and examined.

2.2 Computational Domains and Conditions

This study employs one of the famous ocean circulation models, Princeton Ocean Model (POM),

proposed by Mellor[14]. The vertical coordinate system uses sigma coordinate system expressed

by eq.(2.1), while the horizontal grid uses Arakawa C-grid and structured orthogonal coordi-

nates. The governing equations can be written in Cartesian coordinate after conversion to

sigma coordinates, σ, as follows:

σ = z + η

H + η
(2.1)
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Figure 2.1: Bottom topography in computational domain [15]
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where η denotes the surface elevation, H is the bottom topography, D is the summation of H

and σ, t is the time, x, y, z are the conventional Cartesian coordinates, and U , V and ω are the

velocity components at each direction, f is the Coriolis parameter, ρ0 is the density, ρ′ is the

referenced density, σ′ is the referenced sigma coordinate, KM is the vertical kinematic viscosity,

Fx and Fy are the diffusivity terms for horizontal and vertical axis respectively, and g is the

gravity acceleration.

The bottom topography in whole Indonesian seas is a spatially averaged product of one-minute

obtained from Gridded Global Relief Data, ETOPO1[15] as shown in Fig.2.1. The numerical
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domain is distributed evenly into 0.05◦× 0.05◦ as the horizontal grid size. The vertical domain

from sea bottom to water surface is divided into eight layers in sigma coordinates. The water

elevation at boundary conditions for whole Indonesia sea is imposed by the sea level monitoring

facilities under Intergovernmental Oceanographic Commission (IOC) program [16]. The tidal

current velocity magnitudes and vectors are computed for one month time integration. A run-

up period is set to be 48 hours to work well without numerical fluctuation and unstable state.

To investigate tidal current energy only, wind force and thermal condition at sea surface are

ignored in this study. The time step for external mode in 2D is one second and that for internal

mode in quasi-3D is 5 seconds. In this study, we focus on asmall strait such as Bali Strait, and

archipelago, such as Maluku islands and Nusa Tenggara islands, where potential of tidal current

energy could be relatively higher. Therefore, to investigate a suitable installation site and to

evaluate tidal current energy, the nesting technique for sea surface elevation is employed and

then the fine grid is used for local region. The minimum grid size is about 200m in horizontal

space and ten sigma layers is used in vertical depth.

2.3 Validations

In this section, the numerical results are validated with observation field data in not only whole

Indonesian seas but also at a narrow strait. The referred water elevation was obtained by the

pressure sensor of the sea level station monitoring facility, IOC as mentioned above. The three

monitoring points are selected, Vung Tau (10.34N, 107.071E) , Christmas Islands (10.4294S,

105.6693E) and Malakal (7.3282N, 134.4502E) for validation in whole Indonesia sea. On the

other hand, in a local archipelago, Bali strait having the narrowest area, 2.4km, is picked

up, where the tidal current data was observed by acoustic tomography technique proposed

by Munk et al.[17]. The acoustic tomography technique can construct spatial structures of

a current field by measuring sound speed in real sea condition. Especially at coastal region,

Coastal Acoustic Tomography (CAT)[18] was proposed and applied to investigate tidal current

and ocean environment in shallow water region. In this study, to validate velocity distribution

in a local archipelago area, the CAT observation with four acoustic stations was conducted
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(a) Vung Tau (b) Malakal

(c) Christmas Islands

Figure 2.2: Comparisons of time histories in sea surface elevation with the observation data,
IOC

from 30th May to 5th June in 2016.

Firstly, comparisons of time histories in sea surface elevation at three different locations, Vung

Tau, Malakal and Christmas Islands are shown in Fig.2.2. The numerical results are overall

agreement with the referenced data, IOC. However there is a little discrepancy in the tide phase

at the low tide period and the water elevations are slightly overestimated. The difference is
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caused by the implementation of leapfrog advection scheme in this computational model and

it should be improved in future effort. The results are reasonable for evaluating tidal current

characteristic and potential of energy harvesting. Secondly, the tidal current distributions

are compared at two dominant periods, north current time and south current one, with CAT

observation data in Bali strait as shown in Fig.2.3. The current velocity on the sound ray

between the sound arrays can be measured by CAT system and then the velocity data is

usually converted onto the computational grids by the inverse analysis[18]. It can be seen that

the maximum current is concentrated at the narrowest region between Bali and Java, where

the four sound arrays of CAT system were set to measure the sound speed. The comparisons of

tidal current distribution between the computational result and the observed one, are shown in

this figure. The tendency of the velocity is overall agreement with observation data but a little

difference can be found and the velocity magnitude seems to be slightly stronger, especially at

the central region. This is because there is very shallow region near east coastal area at Bari

strait and therefore the north-south current is rapidly strengthened at the center region.

Fig.2.4 shows correlation of magnitude of tidal current velocity between the computational

results and CAT ones. The regression curve are linearly fitted as shown in this figure. Some

of the observed CAT data are larger than the computational ones at the south current case.

However the correlation coefficients are relatively high, over 0.9, in both the north and south

current cases. The results mean that the computational model is reliable to be used to examine

tidal current field even at a narrower region, and to estimate potential of tidal current energy

using a designed tidal current turbine.

2.4 Estimation of Tidal Current Energy at Archipelago

in Indonesia

Tidal current velocity is necessary to quantify the available energy at a site prior to design

a specific tidal current turbine. Fig.2.5 presents the depth-averaged tidal current distribution

averaged by one month at a focused archipelago area in the western part of Indonesian sea. It
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(a) Computational results of velocity field in Bali strait (left: north
current, right: south current)

(b) North current (left: computation by POM, right: observation by
CAT indicated by black square in (a))

(c) South current (left: computation by POM, right: observation by
CAT indicated by black square in (a))

Figure 2.3: Comparisons of tidal current distribution in Bali Strait



22 Ch. 2. Estimation of Tidal Current Energy in Indonesia

Figure 2.4: Correlation of tidal current between computational results and CAT field data in
Bali Strait (left: north current, right: south current)

can be seen that the tidal current at narrow straits is relatively high at archipelago area such as

Maluku islands and Nusa Tenggara islands including Bali strait. In particular, at Halmahera

Island in Maluku islands, high density of strong tidal current can be found at the northern

part and the western one. The west coat of Halmahera Island has the shallower region from

200m to 500m, which would be suitable for installing a tidal current turbine. Meanwhile, Nusa

Tenggara islands model is covering from Bali Island at the west side to Alor islands at the

east side, where Lombok Strait is the most notable location with the maximum tidal current

velocity, 4m/s. The water depth varies from less than 100m near the coastal area to 1.3km at

the edge of north side of Nusa Tenggara islands. The Lombok Strait also has a fairly cold water

temperature at less than 200m depth, that is about 20◦C as investigated by Fieux et al.[19].

Some accidents for aquaculture are sometimes occurred by upwelling of cold water at Lombok

Strait.

Figs.2.6 and 2.7 focus on archipelago region in more detail in order to investigate depth-averaged

tidal current distribution and to find a hot spot of tidal current energy (P = 0.5ρAV 3, where

ρ is the density of sea water, V is the velocity component and A is the projected unit area

related to water depth). In Fig.2.6, it can be found that the highest velocity is reached, 2.4 m/s,

especially at the narrower strait in the northern and the southern part of Halmahera Island and

the resultant tidal current kinetic power could produce about 5kW/m2. Fig.2.7 suggests that

the narrow straits at Nusa Tenggara islands including Lombok Strait, Alas Strait, Sape Strait,
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Figure 2.5: Depth-averaged tidal current distribution in whole Indonesian sea

Figure 2.6: Depth-averaged tidal current velocity and energy distribution in Maluku islands

and smaller straits at Alor islands, can produce more than 2.8m/s for tidal current and more

than 12kW/m2 for tidal current energy. The estimated tidal current kinetic power is consistent

with the previous report by Orhan[13] who estimates more than 6kW/m2 at Larantuka strait

located at Alor islands. In this model, the maximum tidal current is estimated, over 4m/s

at Lombok Strait. Most of the above mentioned sites have relatively shallower region at the

archipelago where it is easier to install and maintain a specific tidal current turbine and to set

up energy supply for local people living at a small island.

In general, there are two types of tidal current turbine, horizontal axis turbine (HAT) and

vertical axis turbine (VAT). HAT type is suitable at one direction flow and its effective to

harvest high velocity flow. Otherwise, VAT type can handle multi-direction flow and also drag-

type of VAT can be operated even if tidal current is relatively low. To decide a suitable type of

tidal current turbine and design it, a flow direction and dominant velocity should be carefully
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Figure 2.7: Depth-averaged tidal current velocity and energy distribution in Nusa Tenggara
islands

(a) Maluku Sea (b) Lombok Strait

Figure 2.8: Characteristics of flow direction on Hodograph

examined at archipelago region where potential energy due to tidal current is so high. This

section focuses on two sites, Maluku Sea and Lombok Strait (Nusa Tenggara islands), where

the tidal current is relatively strong, about 4m/s estimated by the previous results and also the

electric demand is rapidly increasing for local people.

Fig.2.8 shows characteristics of flow direction at Maluku Sea and Lombok Strait (Nusa Tenggara

islands) illustrated by the map. This figure indicates the dominant flow, u at east-west direction

and v at north-south direction, during one month period, where positive value for u and v

indicates east and north directions, respectively. It can be found that the tendency of tidal

current at Lombok Strait is almost south direction but there is no flow at east-west direction



2.4. Estimation of Tidal Current Energy at Archipelago in Indonesia 25

(a) Maluku Sea (b)Lombok Strait

Figure 2.9: Time Variation of tidal current power during one month

because this strait is quite narrow between Bali Island and Lombok Island as shown in Fig.2.7.

Whereas, in Maluku Sea, the dominant flow is also north direction but some of them are

fluctuated at east-west direction for a certain period. This is because the tidal current can be

flowed along the west coast of Halmahera Island but the western part of this site is open sea,

which is not strait between islands.

Fig.2.9 shows time variation of tidal current power for one month at Maluku Sea and Lombok

Strait. The tidal current at Maluku Sea is mostly affected by the flow features at the northern

part of Indonesian seas. The tidal current kinetic power is stronger at the first and third weeks,

which depends on neap and spring tides but the average power for one month is about 4kW/m2.

As for Lombok Strait, it is also affected by the tide period at the southern part of Indonesian

seas and the average one is about 8kW/m2.

Furthermore, full-three-dimension model using the Autodesk CFD 2016 is subjected to Lombok

strait to understand the tidal current distribution in more detail. Lombok strait divides Bali

from Lombok islands and it is 59 km in length, at the north-south direction. The width of the

strait varies from 36 km at its north-sill, 70 km at the mid-channel, to 16 km at the south-sill,

while the depth varies from less than 100m in coastal areas to 1.3 km in the edge of north-sill

as shown in Fig.2.10. The horizontal domain’s total grid is 5,143 divided into 1.7 km grid size,

while the vertically contour interval is 100 m. By referring to the previous ocean model at

Nusa Tenggara islands, the flow from north boundary to the south one is more dominant than

the opposite direction, likewise the flow in CFD model can be applied in the same way. By
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applying the maximum velocity of 1.2 m/s in the north boundary as the inlet and zero pressure

at the south boundary as the outlet, the flow inside Lombok Strait can be estimated as shown

in Fig.2.11. The strongest flow is passing the coastal areas at the narrowest part of the southern

part of the strait. The mean velocity is 3 m/s and the maximum one is estimated, about 5 m/s

at the localized point. Such rapid flows are consistent with earlier reports of strong currents

with a magnitude of 3.5 m/s (Murray and Arief, 1988) recorded between the islands of Nusa

Penida and Lombok. The ideal installation site near the shore at the water depth 100 to 200m

can be selected.

Figure 2.10: Bottom topography at Lombok Strait

Figure 2.11: Detailed velocity distribution at Lombok Strait
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2.5 Conclusions

This study investigated characteristics of tidal current at archipelago in Indonesia. The main

conclusions can be summarized as follows. The tidal current at the narrow straits is relatively

high at the archipelago area such as Maluku islands and Nusa Tenggara islands including Bali

strait. In particular, Lombok strait is the most notable location with the maximum tidal

current velocity, 4m/s. The narrow straits at Nusa Tenggara islands can produce more than

2.8m/s for tidal current and more than 12kW/m2 for tidal current energy. In the northern and

the southern part of Halmahera island, the resultant tidal current kinetic power also produces

about 5kW/m2. The tendency of tidal current at Lombok strait and Maluku sea is almost

south direction and therefore a small sized Horizontal Axis Turbine (HAT) is appropriate for

the flow conditions to generate electric power with high efficiency to avoid ocean environmental

damages caused by installing and operating HAT and to suitably supply electric power with

low transmission cost to local living people.
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Chapter 3

Design of Small-sized Tidal-current

Turbine for Archipelago in Indonesia

In this chapter, a small-sized tidal-current turbine is theoretically and numerically designed and

optimized considering the specific tidal-current at the archipelago areas. The hydrodynamic

responses are also examined, such as velocity field and pressure distribution are examined.

Considering the tendency of the tidal-current at the focusing archipelago, Maluku Sea and

Lombok Strait, Horizontal Axis Turbine (HAT) is appropriate for the flow conditions to generate

electric power with high efficiency. Because the unidirectional flow is dominant in Maluku Sea

and Lombok Strait, turbine blade can be easily controlled to operate perpendicularly to tidal-

current flow direction, in order to maximize the harvested power. To avoid ocean environmental

damages caused by installing and operating HAT and to suitably supply electric power with

low transmission cost to local people living there, a small-sized HAT with the diameter range

1 to 3m should be selected and designed for these sites.

In this chapter, a small-sized HAT is theoretically designed by the open source code, QBlade[1]

based on Blade Element Momentum (BEM) theory, which can calculate important parameters

such as lift force coefficient CL, drag force coefficient CD at several angles of attack with

different Reynolds number. Qblade can also estimate performance of electric power generation

of a turbine at a certain rotational speed.

31
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3.1 Selection of Suitable Hydrofoil

Generally speaking, hydrofoils are developed for a certain families which have similar features

but can vary in aspects such as chord length and thickness ratio. Ratio of lift force L to drag

force D, that is lift-drag ratio L/D, should be relatively higher in order to realize electric

performance with high efficiency and hydrodynamic one. On the other hand, rotating turbine

blade needs to have enough strength to comply with hydrodynamic load due to tidal-current

flow. NREL S814 hydrofoil is one of the most commonly used hydrofoil to design a turbine

which can harvest tidal current with high efficiency [2]. Previous researches [3] has also found

that with its 24% chord thickness, NREL S814 can survive rough environment conditions.

Therefore, in this study, NREL, S814 hydrofoil is selected as the baseline blade of HAT and is

optimized for archipelago in Indonesia.

First step to design a turbine is by analyzing the hydrofoil that used as baseline blade. NREL

S814 is theoretically analyzed by the open source code, QBlade[1] based on Blade Element

Momentum (BEM) theory. By calculating each hydrofoil as the local part of a blade, QBlade

can calculate important parameters such as lift force coefficient CL, drag force coefficient CD

at several angles of attack with different Reynolds number.

Angle of attack (AoA) α is the angle between the chordline of airfoil and the relative windspeed

experienced by the hydofoil can be expressed as below,

α = θ − Φ (3.1)

where φ = φp + β is a combination of the pitch angle φp and the twist angle β. From these

information, the lift and drag coefficients of the hydrofoil can be obtained from the experiment

table and the lift and drag caused by the hydrofoil can be calculated. Characteristic of the

desired hydrofoil is higher lift coefficient (CL) over the drag coefficient (CD).
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Figure 3.1: Characteristics of lift-drag ratio CL/CD and lift force coefficient CL versus angle of
attack (AoA) for NREL S814 hydrofoil at different Reynolds number.

Fig.3.1 shows hydrodynamic performance of the baseline blade, NREL S814 hydrofoil under the

different Reynolds number, Re=2×105, 4×105 and 6×105 at different current speed, 1, 2 and

3 m/s, respectively. The current speed can be selected considering the dominant tidal-current

at the focusing area, Maluku sea and Lombok strait, found in Sec.2. In order to keep lower

drag coefficient, the maximum lift-drag ratio CL/CD needs to be considered by keeping angle

of attack AoA without fluctuation. At this condition, CL is not maximum value, but it is

still considerably high. For the design of tidal-current turbine of NREL, the baseline blade,

S814 hydrofoil with AoA = 8◦, CL = 1.256 and CL/CD = 90.5, is selected for the focusing

archipelago. Fig.3.2 shows the baseline blade, NREL S814 hydrofoil at AoA 9◦ subjected by

the uniform water flow with 3m/s. The velocity and pressure distributions are also presented.

At these conditions, cavitation phenomena cannot be formed and the safety of hydrofoil should

be also considered for designing a tidal-current turbine. NREL S814 hydrofoil has 24% chord

thickness and 3% camber thickness.

3.2 Small-sized Turbine Design and Its Optimization

By applying the baseline blade, NREL S814 hydrofoil with the high lift coefficient and the

lift-drag ratio, a Horizontal Axis Turbine (HAT), with 2.2 diameter, generating electric power

10 kW class can be designed and installed at the focusing area, archipelago island, as shown in
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(a) velocity distribution

(b) pressure distribution

Figure 3.2: Characteristics of velocity and pressure fields around NREL S814 hydrofoil at AoA
8◦ and water velocity 3m/s

Sec.2. The chord length of the present blade is relatively shorter than that of a typical HAT

blade. In this study, to increase the solidity of swept area, three blades turbine are selected.

Three-bladed turbine is more stable and does not cause much vibration, thus increase operating

life, and reduce fatigue failures [4]. Moreover, three-bladed turbine has lower TSR than two-

bladed ones and this reduces the chance of cavitation inception [5]. The principal parameters

for the designed blade are specified in Table 3.1.

Each blade is one m long and the hub with the connection to the blade is 0.2m. The rated

ocean current velocity is 3m/s, the cut in velocity is 1 m/s, and the cut off velocity is 5m/s.

For maximum rotor efficiency, the blade twist and chord distribution needs to be optimized, by

considering characteristics of the tidal-current found at the archipelago as shown in Chapter 2.

Blade Element Momentum (BEM) theory can be adopted to keep track of theoretical efficiency

while optimizing the twist and chord distribution to obtain the best theoretical performance.

The baseline blade performance can be optimized to realize the maximum lift-drag ratio CL/CD

at each chord by applying twist and Schmitz’s chord optimization [6] as shown in Fig.3.3. The

baseline blade, NREL S814 hydrofoil is employed for the total length of the designed rotor

blade. Near the root section of the blade, the cylindrical foil is applied to strengthen the joint
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Table 3.1: Principal parameters for the designed blade

Design parameters Values
Diameter (D) 2.2 m

Estimated power coefficient (CP ) 0.4
Number of blades (N) 3
Rotational speed (n) 75 rpm

Designed tidal-current velocity (vrated) 3.0 m/s
Estimated power (Prated) 10 kW
Tip Speed Ratio (TSR) 4

Figure 3.3: Optimization of chord length and twist angle with blade radius

part of the blade connecting with a boss as seen in Fig.3.4.

3.3 Hydrodynamic Performance of The Designed Tur-

bine

In the previous sections, the designed blade was optimized with Prandtl tip and root loss [7]

by using QBlade[1] based on Blade Element Momentum (BEM) theory. However viscosity

and turbulence should be considered to accurately estimate electric power performance of the

designed turbine in Sec.3.2. In this section, Computational Fluid Dynamic (CFD) analysis with

incompressible and viscous fluid is carried out in the design condition explained in Sec.2. The

numerical simulation is conducted by the commercial software, Autodesk CFD. The governing

equations are continuum equation and Navier-stokes equations with turbulent model. For the

advection scheme, Modified Petrov-Galerkin is employed to work well on large external flow
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Figure 3.4: Bird’s eye view of 10 kW HAT rotor blade designed for archipelago area

domain. For a rotating turbine, the shear stress transport (SST) k-omega is used as a turbulence

model in order to accurately reproduce flow separation and vortex occurring on complicated

blade surface as shown in [8].

Figs.3.5 and 3.6 are the tetrahedral grid generation on the designed blade and the computational

domain including the rotating region by using an overset grid system, respectively. Table 3.2

also shows computational conditions of CFD simulations. The total grid number in the model

is about 1.6×104. The length between the inlet and outlet boundaries is set to 10R, where R is

the blade radius. The square boundary with 5R is imposed at the upstream and downstream

sides. The inflow is a constant velocity, 3m/s, with 10% turbulent intensity to be the current

conditions. The temperature of sea water is assumed to be 20◦C for viscosity and density

conditions. The rotational speed is 75rpm for the designed condition in the focusing area.

The pressure distribution on the designed blade in the rotational region can be obtained at

the tetrahedral grid. If necessary, the structural analysis can be performed then by using

Finite Element Method (FEM) in order to evaluate structural strain and stress. Fig.3.7 shows

streamline field around the rotational rotor blade and the instantaneous pressure distribution

on the surface of the designed blade at the upstream and downstream sides. The torque of the

designed blade is also estimated as shown in Fig. 3.8. The streamline around the designed blade

is smoothly distributed from the upstream side to downstream one. The maximum pressure on

the blade is found at the leading edge of the blade and the largest pressure is generated at the

tip of the blade but there is no localized pressure and the strength of blade material would be

enough for the design manual in practical use.
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Figure 3.5: Tetrahedral grid generation on the designed blade

Figure 3.6: Computational domain and boundary conditions

3.4 Estimation of Electric Power at Archipelago of In-

donesia

The power coefficient curve for the designed rotor blade can be calculated by CP = τω/0.5ρAV 3,

where τ is the torque, ω is the angular velocity. The electric performance of the optimized

turbine with tip speed ratio (TSR) can be estimated as shown in Fig.3.9. The maximum power

coefficient reaches about 0.43 at TSR=3.75, which is slightly lower than the designed TSR,

4 as investigated in Sec3.3. This means that the electric performance of the turbine blade is

higher than that one estimated by the designed turbine at lower current condition. Moreover

the power coefficient is greater than 0.4 at TSR=3.0∼4.5. This suggests that the designed

turbine could operate with good performance over a wide range of tidal-current condition at
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(a) Streamline around rotational blade in 3D

(b) Pressure distribution on the designed blade

Figure 3.7: Hydrodynamic performance of the designed HAT 10kW

Figure 3.8: Estimated torque of the designed blade with current speed
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Table 3.2: Computational conditions

Condition Values
Inlet current speed 3 m/s

Outlet (static pressure) 0 Pa
Rotational speed (n) 75 rpm

Turbulent model k-omega SST
Turbulent intensity 10%
Water density (ρ) 1025 kg/m3

Advection scheme Modified Petrov-Galerkin

Figure 3.9: Power coefficient curve of the designed turbine with TSR

archipelago area in Indonesia.

Fig.3.10 presents the power curve of the designed HAT 10kW optimized based on the baseline

blade, NREL S814 hydrofoil. Considering the tidal-current velocity at the focusing area, the

turbine blade could generate the designed power of 10kW at the specific location with minimum

averaged velocity 2.0m/s. Theoretically, the designed HAT 10kW could generate the total

electric energy per year, 87.66 MWh. According to Word Bank data in 2014 [9] , the energy

consumption per capita was estimated, 814 kWh. Therefore, the annual power supply by the

designed HAT 10kW, can provide the electricity for about one hundred people at the focused

archipelago area. Moreover, when the maximum tidal-current flow at Lombok strait is about

4m/s, the designed turbine would be able to generate electric power for more than five hundreds

people living there.

The power curve of the designed turbine as mentioned above is necessary to quantitatively

evaluate possibility of harvesting tidal-current energy using the optimized turbine. Based on
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Figure 3.10: Estimated power curve of the designed HAT 10kW with current speed

the estimated power in Fig.3.10, the regression curve of the power can be fitted as below:

Pturbine = 0.8373V 3 − 6× 10−9V 2 + 1× 10−8V − 2× 10−9 (3.2)

where V is the current velocity at x-axis. By using the regression equation and the tidal-current

velocity field in time and space as mentioned in Sec. 2, the possibility of harvesting tidal-current

power produced by the optimized turbine is shown in Fig.3.11.

The designed turbine can harvest the minimum target requirement of the electric power 10kW

at the archipelago area. Moreover, some of the focused locations have the main path line of

Indonesian Through Flow (ITF), which can strengthen potential of current energy harvesting.

In future effort, we have to examine and estimate electric performance considering the velocity

potential and characteristics of seasonal and annual variation of ITF.
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Figure 3.11: Estimated electric power generated by the designed HAT at (a) Maluku islands
and (b) Nusa Tenggara islands

3.5 Conclusions

The small-sized HAT 10kW class with the diameter 2.2m, was theoretically and numerically

designed and optimized considering the specific tidal-current at the archipelago areas, and also

velocity field around the designed turbine and pressure distribution on it were examined. The

baseline blade was designed based on NREL S814 hydrofoil with AoA = 8◦, the CL = 1.256,

and CL/CD = 90.5 at current velocity, 3m/s at the focused archipelago area. The designed

turbine can generate electric power for more than one hundred people at Lombok strait. The

power distribution produced by the designed turbine was mapped by using the estimated power

curve at Maluku islands and Nusa Tenggara islands.

In future efforts, the electric performance of the small-sized HAT will be evaluated considering

seasonal and annual variation of tidal-current and ITF using more fine grids to survey a hot

spot for installing a tidal-current harvester. And also experiment and fields tests should be

conducted with a prototype to examine hydrodynamic and electric performance of the designed

turbine.
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Chapter 4

Fish Aggregating Device (FAD) with

Ocean Energy Harvester

4.1 Overview of FAD

Several kinds of fishes have habit to be easily attracted and gathered around Fish Aggregating

Devices (FADs), which is one kind of artificial floating ocean obstacles in the world. Fishermen

are often using a drifting type and a mooring type of FAD to aggregate many fish species

including tuna, mackerel, scads, sardines, etc., in several countries, especially in East Asia and

Southeast Asia. FADs consist of a floater, submerged net, mooring line and a satellite buoy. The

utilizations of FAD have been increasing to make fishing activities effective, efficient, stable and

regular for a long time. In 2013, the total number of drifting FADs can be estimated from 81,000

to 121,000 around the world, e.g 9,000 in Japan, 7,300 in Philippines, 9,200 in USA and 10,000

in France. Robert et al.[1] discussed size-dependent behavior of tuna in terms of physiological

abilities, diet segregation and anti-predator behavior. The review of FAD research can be found

in Dempster et al.[2]. To collect large amounts of data and to develop a new method and model

to assess the effects of climate change and anthropic pressure on the ocean, Moreno et al.[3]

suggested the potential of FAD as scientific platforms with underwater camera, echo-sounders,

acoustic receivers, coded tag etc.

43
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In recent years, ocean energy harvesters have been proposed and developed during last three

decades. Some of them have been already installed and constructed in real sea operation[4][5][6].

Many researches have been done to explore the possibilities of installing ocean energy harvesters

on floating devices[7][8][9][10]. However, ocean energy devices could sometimes cause several

ocean environmental problems and human discomfort such as effect on sedimentary process[11],

fish dead [12], and noise caused by rotational turbine[13]. Particularly, large-sized ocean energy

devices could affect ocean environmental destruction and some collisions in fishery industry and

environmental preservation group although electric power is increasing more and more to meet

requirement of energy volume consumption. Collision risks to marine mammals, fish and birds

from these devices are also uncertain and they may remain until more devices are installed and

monitored. However, it is essential to consider the possibility of collisions before installation

to highlight potential areas of concern. A collision is considered to be an interaction among a

marine vertebrate, fish and a marine renewable energy device. In addition, archipelago areas

such as Japan and Indonesia, have many remote areas and small straits where a local and

small energy device should be provided and optimized. Although a small-sized ocean energy

device is not economically reasonable and feasible in remote area/island far from commercial

power plant[14], the small-sized ocean energy device has many features such as compactness,

portability, simple structure, and lower noise level. It can be also integrated as a clustered

energy system for urban areas, isolated islands, small straits, whose energy system is quite

different from ordinary large-sized energy plants. Most of these locations need strongly common

demand for a next generation energy-life-style using energy harvesters from several kinds of

energy resources including non-utilized renewable energy in many archipelago areas such as

Japan, Indonesia and Asian countries. Therefore, a small-sized ocean energy device will be

able to help us produce an individual electric power plant and fulfilling energy supply.

Under the above mentioned background, ocean energy harvesters should be needed and designed

considering fish gathering devices, which is the most important key issues in fishing rights, fish-

ery zone, fish resources, employment of fishermen and ocean environment/protection. Another

potential use of a FAD is to be combined with ocean energy harvester such as current turbine

and vibrated harvester using piezoelectric material[15][16], in order to generate independent
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energy supply for navigational and environmental sensors. The FAD is a floating structure

consisting of cylindrical metal frames and floaters with a mooring line supported by seabed. In

general, the FAD can be used to gather many kinds of fishes and to produce an environment-

friendly ecosystem by an artificial infrastructure. Some wireless sensors for monitoring ocean

environment can be equipped on top of the FAD to record information of GPS and its structure

condition in real-time sea state.

4.2 Design of FAD

Fishing Aggregating Devices, FADs plays an important role of gathering and catching fishes

around it and also FADs can lead fishes to safety and feed area. In general, the moored type of

FAD consists of two main parts such as floating reef and mooring cable with sinker or anchor

as shown in Fig.4.1. There are so many types of FADs such as submerged, floating and fixed

types for not only deep water region over 1000m but also shallow one less than 10 m. Normally,

the life cycle of FAD is about only ten years with maintenance free. The construction and

installation cost for FAD are also lower than those of other ocean structures. Fig.4.2 shows

one snapshot of the FAD with the mooring cable in the deep water of real sea state. It can be

found that many swimming fishes gather around the FAD and they can migrate near the FAD

without feed.

In this study, a new type of Fishing Aggregating Device (FAD) with an ocean energy harvester,

e.g. horizontal and vertical axis current turbine, is proposed as shown in Fig.4.3. Normally,

the FAD has two parts such as the floating reef with many floaters surrounded by aluminum

frames and the mooring system part with three sections consisting of the sub-mooring chain,

the upper mooring cable and the lower one. The FAD can be floated near the sea surface and

mooring by the sinker such as anchor and caisson at seabed. The mooring system of the FAD is

usually employed with single catenary cable to reduce the cost for installation, construction and

maintenance, and also to avoid snap load caused by severe sea conditions. As shown in Fig.4.3,

the FAD can be combined with several kinds of energy harvesters such as wind power generator
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Figure 4.1: Illustration of mooring type
of Fish Aggregating Device (FAD)

Figure 4.2: Snapshots of mooring type of FAD
surrounded by many swimming fishes recorded
by a diver in real sea condition

on the top of it, the ocean power generator inside the frame and the vibration energy harvester

such as piezoelectric material[15][16] attached with the frames of the FAD. Using these kinds

of energy harvesters, the electric power can be used to activate and boot up several sensors for

ocean environmental monitoring, warning system for tsunami disaster and navigation system

for ship transportation. The generated electric power can be utilized and stored at battery to

save energy consumption for social requirement on energy network system in small scale and

extensive style, not in big scale and intensive style.

To design an FAD with an ocean energy harvester, several kinds of sea conditions including

wave, tidal current and wind should be considered as shown in Fig.4.4. The FAD with the

catenary mooring can be stable and floated with the draft line in mild sea state represented by

Case 1, which is relatively low velocity condition as a platform with ocean energy harvester.
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Figure 4.3: Illustration
of FAD with ocean en-
ergy harvester

Figure 4.4: Mooring situations of FAD in several sea states

On the other hand, in Case 2, the FAD with tension mooring is inclined and submerged in high

velocity condition, in which spiky snap load on mooring system can be often occurred in high

velocity condition. VIV can also be excited by Karman vortices around the FAD and then the

mooring cable could be fatigued and broken. Therefore, in this study, a suitable and useful

technique is investigated to reduce snap load and VIV and then the flow field around the FAD

with an ocean energy converter is also examined in Case 1 and Case 2. In practical use, a

current turbine inside the FAD would be automatically operated with a stabilized position and

flow direction using a gyroscopic control in real time.

4.3 Design of Current Turbine inside FAD

In this study, a current turbine can be installed at the bottom part of FAD to be applied for

an archipelago area with fishery and aquaculture as shown in Fig.4.3. A horizontal or vertical

axis current turbine can be adjusted to the FAD whose size can be selected by a diameter

of the FAD, normally less than a few meters for small scale and extensive energy style. In

this preliminary research, both horizontal and vertical types of current turbines are designed

to customize energy requirements and to be installed at several locations in archipelago areas

with aqua cultures. Fig.4.5 shows illustration of a small-sized current turbine installed at the
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Figure 4.5: A current turbine installed at bottom part of FAD, (a) HAT and (b) VAT

bottom part of FAD. Considering collision between marine vertebrate, fish and a rotational

turbine, some frames around the turbine can be arranged to avoid fish strikes, floating debris

and seaweed. In the other hand, the frame arrangement of FAD should be optimized to avoid

velocity fluctuation caused by frames.

To develop a Horizontal Axis Turbine (HAT) in a unidirectional current field, NREL S814

hydrofoil is chosen because it has 25% thickness and it can keep a good performance even if at

rough sea conditions[17]. For a multi-directional current field, a Vertical Axis Turbine (VAT)

has many types of its rotor shape, such as straight or curved-bladed Darrieus turbine, Savonius,

Helix, and Troposkien type. Considering simple design for installation and maintenance of the

FAD in real sea state, the Darrieus type[18] can be selected in this study. To achieve high

electric performance of the VAT, NACA0018 is selected to develop the turbine as the main

blade chord. The wind section based on NACA0018 is commonly employed for the VAT,

especially one can use the Darrieus turbine with relatively high-thickness to chord ratio, which

can give it suitable strength in bending[19].

4.4 Experimental Setup

In this experiment, the model scale 1/100 to a real sea condition was decided, based on Froude

law, under some limitations in the experimental conditions. The size of FAD in model scale is

shown in Fig.4.6. The floating parameters such as gravity center, center of buoyancy, metacenter

and draft were decided by the design of FAD in a real scale. The FAD consisting of many
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complicated horizontal/vertical frames was actually simplified with the connection part and the

surface roughness of the FAD model in this experiment. Model-A was employed as a typical

FAD. In general, VIV excited by Karman vortices around a bluff body should be considered

in a designing floater with a mooring system. In this study, Model-B with the wider draft line

was also designed to escape from VIV depending on Strouhal number with a diameter of floater

and a current velocity.

Fig.4.7 shows the experimental setup and the measuring system to investigate the mooring

forces acting on the FAD and its motions due to wave and current conditions in the towing

tank (Length 100 m × Width 8 m × Depth 3.5 m) at Hiroshima University. The incident

wave height is set to be 0.04-0.16m with the wave period 1.0-1.6s, and the current speed is

0.1-0.3m/s in the model scale. The FAD model was supported by the pulley with the mooring

line connecting to the load cell to measure the mooring force. The pulley can be located at

certain water depth where the deep water condition can be achieved for the wave length used

in this experiment. To capture the FAD motions in sway and surge directions and under water

motions in several wave and current conditions, the two video cameras were set above the FAD

model. The motion in heave direction and the inclined angle of FAD were recorded by the

side water proof camera. The wave gauge and current meter were located at the upstream side

of the FAD model to obtain incident wave height and current velocity. All of the measuring

systems were set on the towing train to create current conditions in the towing tank.

Impact force on the FAD can be occurred by snap load due to big wave with high steepness

and then mooring line of the FAD can be broken with fatigue. To reduce the snap load

caused by impulsive force on mooring line, two mooring systems were examined as shown in

Fig.4.8. The elastic part in the mooring system was partially applied to be compared with the

chain mooring system. The dimension of the elastic mooring part is 40mm length and 5mm

square. To decide the elastic coefficient by considering the existing mooring system[20] and the

previous application[21], installation site, and sea condition, the experiment of tensile force was

conducted to evaluate strains of some rubbers with different elastic coefficients (No.1-No.4).

As shown in Fig.4.9, the elastic coefficient of the rubber was averaged and selected, 3.75 N/cm

in the model scale of this study.
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Figure 4.6: Overview of FAD model in real scale (left) and model scale 1/100 (right)

Figure 4.7: Experimental setup and measuring system in towing tank
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Figure 4.8: Mooring model of FAD with elastic rubber

Figure 4.9: Relations between tensile force and strain of elastic mooring part
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4.5 Computational Fluid Analysis for FAD

To investigate flow field around the FAD with a current turbine and to estimate electric power,

the computational fluid analysis, CFD is conducted by using the commercial software, Au-

todesk CFD Motion 2016[22]. The continuity and unsteady Reynolds-Averaged Navier-Stokes

(URANS) equations are used with the k − ε turbulent model for whole computational domain

and the k − ω SST (shear-stress transport) model for focused one as follows:
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= 0 (4.1)
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where D/Dt = ∂/∂t+ui∂/∂xi, ρ is the density, t is the time, ui is the time averaged velocity, ν

is the coefficient of kinematic viscosity, νt is the coefficient of eddy viscosity, µ is the coefficient

of viscosity, µt is the coefficient of eddy viscosity due to turbulence, P is the pressure, k is the

turbulent kinetic energy, ω is the specific turbulent dissipation rate, τij is the viscous stress, F1

is the function designed to be one in the near wall region and zero away from the surface. And

also β, β∗, σk, γ, σω and σω2 are the constant parameter defined by Menter[23].

The advection term is discretized by the monotone streamline upwind scheme for the whole

domain including the FAD and the modified Petrov-Galerkin for the focused domain around a

turbine with constant rotational speed. The two mooring situations of the FAD are selected to

investigate fluid force on the FAD at low velocity as a mild sea state in Case 1 and high velocity

as a severe sea state in Case 2 as shown in Fig.4.4. To focus on flow structure field around the

FAD and to examine hydraulic performance of a turbine, mooring cable and motions of the

FAD are ignored in CFD. The inclined angle of the FAD is imposed based on the experimental

result. The computational domain is 15D in length, 5D in width, and 5D in depth, where D is
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the diameter of the FAD. The FAD is located at the distance from the upstream boundary, 3D.

The inlet flow condition is set to be the designed velocity, u=1.0-3.0m/s. The outlet condition

is imposed with static pressure, zero. The unstructured mesh system is employed in the whole

domain. The averaged grid size, dx/D is 0.05 for the surface of turbine blade, especially the

minimum one, dx/D is about 0.001 for the local element such as joint part of frame. The total

number of elements for the FAD with a current turbine is about 3 to 10 million at each velocity

condition. The water density, ρ is 1,025 kg/m3 and the coefficient of viscosity is 1.08 × 10−3

Pa·s. The time increment is set under Courant-Friedrichs-Lewy (CFL) condition.

4.6 Theoretical Analysis of Fluid Force on FAD

To validate the numerical model as mentioned in Sec.4.5, the total force on the FAD should be

compared to the experimental results and theoretical ones. The fluid force can be theoretically

calculated by the regulation of floating obstacles supervised by Fisheries Agency of the Ministry

of Agriculture, Forestry and Fisheries in Japan, which means a preliminary design manual in

Japan [24]. The basic theory at steady state is represented by mechanical balance among wave,

current, wind, mooring tension, buoyancy of obstacle and weight.

The fluid force on the FAD can be considered in the theory and the wave force, PD on the FAD

can be written by

PD = CDAw
w0

2g V
2
m1 (4.5)

Vm1 = π
H

T
e−2πz/L (4.6)

where CD is the coefficient of drag force on the FAD, Aw is the projected area considering

inclined angle of the FAD under the sea water, w0 is the specific weight in the sea water, g is

the gravity acceleration, Vm1 is the maximum water velocity due to the significant wave H with

the wave length L and the wave period T and z is the water depth.
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The body force, PM on the FAD can be also written by

PM = CMVFAD
w0

g

2π
T
Vm1 (4.7)

where CM is the coefficient of body force on the FAD, VFAD is the volume of the FAD, and T

is the wave period. The current force, PC on the FAD can be defined by

PC = CDAw
w0

2g U
2
z (4.8)

where Uz is the current velocity at the water depth z. The steady fluid force, PW on the FAD

caused by wave and current is represented by

PW = w0

2g CDAw(V 2 + βV 2
m1) (4.9)

where V is the velocity due to tide, ocean current and wind drift current, β (0≤ β ≤1) is the

empirical parameter regarding with V/Vm1. To consider interaction force between wave and

current, the maximum force, PF on the FAD can be defined by

PF = PD

(
sinθ + V

Vm2

)2
− PMcosθ (4.10)

where Vm2 is the maximum velocity due to wave in downstream direction of mooring force, θ is

the phase shift from a certain time when the maximum force is occurred, that is obtained by

iteration. The wind force, PA on the FAD above the sea surface is written by

PA = U2
10

2g wa
∑

(CDAa) (4.11)

where U10 is the averaged wind velocity during 10 minutes on the sea surface, wa is the specific

weight in the air, CD is the coefficient of drag force in the air, Aa is the projected area of the

FAD above the sea water. The fluid force, Pk on the mooring part is calculated by

Pk = 1
2
w0

g

∫ h

0
CDAkU

2
z dh (4.12)
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where CD is the coefficient of drag force on mooring part, Ak is the projected area of mooring

part and Uz is the vertical distribution of velocity regarding with water depth, h. The buoyancy

force, PL of the FAD is calculated by

PL = w0VFAD (4.13)

where VFAD is the volume of FAD. In this paper, all of the forces are considered at each

condition as shown in Fig.5.4. According to the designed manual of the FAD supervised by

Fisheries Agency of the Ministry of Agriculture, Forestry and Fisheries in Japan [24], the

floating part of the FAD consisting of some columns can be assumed by a cylinder and the

frame part of the FAD is also considered by a slender pole having the same projected area. In

this study, the coefficients of the drag force, CD can be determined by the primary experiment

and the designed manual as mentioned. The value of CD was set to be 0.82 for Model-A and

0.93 for Model-B, measured by the experiment. The coefficient of the body force, CM was

selected 2.0, considering the added mass. Meanwhile, the coefficient of drag force in the air was

also set to be 1.2 based on the designed manual.

4.7 Blade Element Momentum Theory for Blades of HAT

and VAT

In this study, the software, Qblade proposed by TU Berlin[25], is employed as the first step

to design and optimize a current turbine and to investigate its performance at a focused area.

The theory is based on Blade Element Momentum, BEM[26] and it can consider the momen-

tum theory with the blade element theory. Using the momentum theory, inflow factors for a

designed blade can be derived in axial and circumferential directions, while tip loss factor is

also introduced to take into account a finite blade span. Moreover, drag and torque are also

estimated by dividing rotor blade into a number of elemental sections using the blade element

theory. The combination of both theories can predict rotor thrust loading and power loading

calculated by fluid momentum changes to blade force based on drag and lift coefficients at
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angle of attack (AoA) of a blade section. The number of rotor blade is decided by using an

approximation based on the Prandtl tip loss factor[27]. Prandtl simplified turbine wake by

modeling helical vortex patterns as vortex sheets which have no direct effect on wake itself.

The correction factor, F to induced velocity field, can be expressed by

F = 2
π
cos−1e−f (4.14)

where f = N
2
R−r
rsinϕ

, R is the blade radius, N is blade number, r is the section radius, and ϕ is

the inflow angle. The correction factor is used to modify the momentum part of BEM theory,

so that thrust extracted by each rotor section are equivalent to

dT = 4πrρU2
∞(1− a)aFdr (4.15)

where ρ is the fluid density, U∞ is the mean flow speed, and a is the axial induction factor. The

distribution of chord section for a designed turbine can be optimized by Betz or Schmitz[28] as

follows:

c(r) = 16
9

πR

BCLλ0

1√
(λ0r/R) 4/9

(4.16)

c(r) = 16πR
BCL

sin2
(1

3tan
−1
(
R

λ0r

))
(4.17)

where B is the number of blades, CL is the lift coefficient, and λ0 is the tip speed ratio.

4.8 Fluid Force on FAD and Its Motions

4.8.1 Validation

Before discussing characteristics of fluid force on the FAD, reduction of mooring force and

motions of the FAD, the numerical and theoretical results are validated with the experimental

one. Fig.4.10 shows one example of time history of fluid forces such as wave force Fw, current

force Fc and wave-current force Fwc on Model-A in the experiment. In the wave-current
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(a) Wave condition (H/λ = 0.1) (b) Current condition (u=0.25 m/s)

(c) Wave-current condition (H/λ = 0.1, u=0.25
m/s)

Figure 4.10: Example of time history of mooring force acting on Model-A

condition, the Fwc is excited by interaction between wave force and current one, therefore

the time history is shifted to the positive side and steepen comparing with the the others.

Figs.4.11-4.14 show comparison of fluid force on Model-A and Model-B with theoretical and

experimental results at three different conditions such as wave, current and wave-current, where

Fwmax means the averaged maximum value in five waves with steady state and no-reflection

effect, Fcave is the averaged current value and Fwcmax is the averaged maximum value excited

by wave and current. The quasi steady state can be assumed in the numerical model and

then the inflow condition due to wave and current at the upstream side is imposed by the

experimental data obtained by the current meter. The numerical results in all cases are overall

agreement with them in all conditions. However, there is a small discrepancy and different

tendency in the wave and current condition, especially in the high velocity condition. This is

because the water surface motion is gradually generated with spilling breaking and the resultant

force can be increased in the experimental work, but nonlinear effect such as wave breaking

and steep wave motion were neglected in the numerical model.
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(a) Model-A (b) Model-B

Figure 4.11: Comparison of wave force on FAD between numerical result and experimental one

(a) Model-A (b) Model-B

Figure 4.12: Comparison of current force on FAD between numerical result and experimental
one

(a) Model-A (b) Model-B

Figure 4.13: Comparison of wave-current force on FAD between numerical result and experi-
mental one when the current velocity is 0.1 m/s
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(a) Model-A (b) Model-B

Figure 4.14: Comparison of wave-current force on FAD between numerical result and experi-
mental one when the current velocity is 0.25 m/s

Figure 4.15: Comparison of inclined angle of FAD caused by current

4.8.2 Characteristics of Fluid Force and Flow Field around FAD

This section investigates characteristics of inclined angle of the FAD caused by fluid force. The

flow field around the FAD is also visualized to examine a suitable layout of floating reefs and

frames to install ocean energy harvester. Considering an installation site at an archipelago area

as mentioned later in Sec.4.9.2, the rotational speed is set to be 75rpm to achieve the estimated

power, 200W when the current velocity is 2m/s. Fig.4.15 shows comparison of inclined angle

of the FAD between Model-A and Model-B. The angle caused by fluid force was captured by

the video camera in the experiment. The inclined angle is linearly increasing with the current

velocity and also the angle in Model-A is larger than that in Model-B. Because the buoyancy in

Model-A is smaller than that in Model-B, and therefore Model-A can be easily submerged and

sunk at the high velocity condition. Moreover, the vertical force due to buoyancy in Model-B

is larger and Model B can escape from full submergence under these conditions. Fig.4.16 shows
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(a) Model-A (b) Model-B

Figure 4.16: Comparison of fluid force due to wave-current interaction with wave steepness

comparison of fluid force in wave and wave-current conditions in the experiment. The fluid force

is increasing with wave steepness and also the force in wave-current condition is considerably

larger than that in wave condition. This is because the nonlinear interaction between wave

and current can be occurred and the resultant forces can be considerably increased. The forces

in Model-B are almost twice larger than those in Model-A, especially at the wave-current

condition (U= 0.25m/s). This means that the projected area of Model-B in horizontal and

vertical directions are larger than that of Model-A and the buoyancy in Model-B is also larger

than that in Model-A. Therefore, the fluid force in Model-B is relatively larger under these

conditions but the floating motion could be decreased as mentioned in the next section. The

fluid force on the FAD has strong relationship with flow field around the FAD with many

frames. Firstly, to focus on the whole flow field around the FAD with the turbine, Figs.4.17

and 4.18 show streamline line and vortex field around the FAD with HAT and VAT in 3D at

the low velocity condition (Case 1, Uin=1m/s) and the high velocity one (Case 2, Uin=3m/s)

in real scale condition. The inclined angles of the FAD at each velocity were set based on

the experimental result. It can be found that the flow field becomes fully turbulent vortex at

the downstream side of the floating reef at the upper part of the FAD, whereas at the lower

part of the FAD, the flow field is considerably uniform. The result means that the flow field

around the turbine inside the FAD are not affected by the designed frame layout of the FAD

at the upstream side. The optimized arrangement of frames on FAD should be examined to

obtain highly electric performance and to accelerate flow velocity inside the FAD in future

effort. On the other hand, the 3D vortex field at the upper part of the FAD can produce
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(a) FAD with HAT (b) FAD with VAT

Figure 4.17: Streamline around FAD with turbine and pressure distribution on FAD at low
velocity condition

pressure fluctuation at the downstream side, and thus a vibration energy harvester as the

previous work[16] can be attached on the frames of the FAD to obtain electric power from wave

and current conditions. Next, to focus on flow field around the rotational turbine, Figs.4.19

and 4.20 show streamline line and vortex field in 3D around the rotational turbine at the low

velocity condition (Case 1, Uin=1m/s) and the high velocity one (Case 2, Uin=3m/s) in real

scale condition. The complicated and structural flows were fully developed at the downstream

side in both HAT and VAT cases. However, it is still small magnitude in the area and also

weak in the velocity comparing with a typical Karman vortices field generated around the

floating reef, accordingly motions of the FAD and flow interaction between the FAD and the

turbine could not be affected by the complicated flow field behind HAT and VAT. More detail

discussion on interaction between them in force and motion, should be needed as future work.

To estimate effect of hydrodynamic force on FAD structure, assuming that there is no hydro-

elastic deformation and mechanical vibration, the one-way FSI coupling procedure can be

used to estimate hydrodynamic pressure on FAD, stress and strain distribution, and maximum

displacement of FAD frame. Based on the pressure distribution of the blade surface as shown

in Figure 4.21a and 4.21b, it can be observed that the maximum pressure at each blade is

occurred at both the leading edge and the pressure side, while the low pressure is acting on the

suction side and the trailing edge.
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(a) FAD with HAT (b) FAD with VAT

Figure 4.18: Streamline around FAD with turbine and pressure distribution on FAD at high
velocity condition

Figure 4.19: Streamline around HAT at high
velocity condition

Figure 4.20: Streamline around VAT at low ve-
locity condition
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(a) (b)

Figure 4.21: Pressure distribution on (a) horizontal, and (b) vertical axis tidal current turbine

The hydrodynamic load (pressure on the rotor blade surface) applied on the blade is imported

from CFD analysis at TSR 5 for HAT and 3 for VAT, where the current velocity is 3 m/s for

survival condition, and the rotational spreed is 75 RPM. The structural feasibilities is based on

the deformation, stress, and strain on the FAD frame and rotor blade, which are summarized

in Table 4.1. Under survival condition, the largest deformation of FAD is located at the central

inside frame. The maximum displacement of the turbine blade is occur at the blade tip of HAT

and at the blade mid-section of VAT, while the maximum stress is occurred at mid-section

of the blade for both HAT and VAT, as shown in Fig.4.22. Other critical locations on VAT

are located at the blade tip connected to the top and the bottom plates. On the other hand,

the tendency of the strain distribution is the same with the stress distribution. However, from

material properties explained in Table 4.1, it is observed that both FAD and designed turbines

do not exceed the yield strength of all utilized material and remain in elastic region. The design

of the FAD, HAT, and VAT is generally reasonable for operation on hydrodynamic performance

and structural strength point of view in real sea.

In the operational and the survival condition, the rotational velocity of 75 RPM is significantly

generated as the maximum pressure is increasing. Therefore the mechanical analysis is per-

formed for the survival condition as shown in Figure 4.17. It can be seen that the maximum
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Table 4.1: Deformation, stress, and strain at survival condition

Part Deformation (mm) Stress (N/mm2) Strain (mm/mm)
FAD (aluminum) 0.023 0.32 6.58 × 10−5

HAT (ABS) 3.1 1.76 9.25 × 10−4

VAT (aluminum) 3.2 40.5 8.32 × 10−2

(a)

(b)

Figure 4.22: Mechanical response on (a) horizontal and (b) vertical axis turbine in survival
condition
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displacement of the turbine blade is about 3.1 mm at the blade tip of horizontal axis turbine

and 3.2 mm at the blade mid-section of the vertical axis turbine. Despite the high magnitude

of the blade displacement, it should be noted that the tidal current turbine is mounted on the

FAD and then the structure deformation can be avoided. Under the survival condition, the

maximum stress acting on the rotating rotor is occurred with highly stress at mid-section of the

blade. Other critical locations can be observed at the blade tip connected to the top and the

bottom plates. On the other hand, the tendency of the strain distribution is the same with the

stress distribution. However the maximum stress and strain are still far below for the modulus

of elasticity. This means that it is considerably safe to operate even if in the survival condition.

4.8.3 Reduction of Mooring Forces and Motions

Snap load often causes breaking force on mooring cable and also the FAD with a single point

mooring system could be broken down with floating structure. The snap load can be frequently

occurred when wave steepness is larger and then water level is suddenly exchanged. In this

study, an elastic mooring system using a rubber cable is proposed as shown in Fig.4.8. In this

section, the reduction effect of the snap load caused by wave and current is investigated in the

elastic mooring case.

Fig.4.23(a) shows one example of time histories of the mooring force caused by the snap load

due to wave in the chain mooring case of Model-A, whereas there is no snap load in the elastic

one as shown in Fig.4.23(b). It can be found that the impulsive forces with spiky were clearly

occurred during the short time and the maximum peak value in the snap load case is about

four times larger than that in no-snap case. Fig.4.24 shows comparison of reduction ratio of

the snap load with wave steepness H/λ in Model-A case. The vertical axis means the ratio of

the averaged mooring force between the chain mooring case and the elastic mooring one. It

can be seen that the maximum reduction ratio reaches nearby 30% and the averaged one is

about 15%. The averaged mooring force in the elastic case is relatively lower than that in the

chain case, especially when the wave steepness is larger. In this study, the elastic coefficient of

the rubber was selected in advance to work well as mentioned in Sec.4.2. This indicates that
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(a) with snap (b) without snap

Figure 4.23: Time history of mooring force in Model-A

Figure 4.24: Reduction ratio of snap load with wave steepness H/λ

the elastic mooring for FAD is a useful technique for escaping an unexpected snap load and

for reducing a mooring force. The elastic coefficient of the rubber should be optimized for a

practical operation in future works. Votex Induced Vibration, VIV excited by Karman vortices

around the FAD should be reduced in Model-A. The VIV is depend on Strouhal number which

also consider the diameter of floater and the current velocity. In this study, the wider diameter

is proposed in Model-B to escape from the VIV phenomena as shown in Fig.4.6.

Fig.4.25 shows one example of time histories in sway motion y/D at the center of the FAD,

where D is the diameter of the FAD. The sway motion was recorded by the video camera

(200fps) from the top view. The result indicates that the sway motion in Model-A is clearly

generated by the VIV phenomena, in which Strouhal number is approximately 0.2. The vibrated

amplitude y/D is about 0.5 in this case and the maximum one reaches to y/D=1.0. On the

other hand, in Model-B, the time history is in stable state without vibration due to the VIV.
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(a) Model-A (b) Model-B

Figure 4.25: Example of time history of sway motion of FAD at U = 0.2m/s

Figure 4.26: Reduction ratio of sway motion in Model-B

Fig.4.26 shows reduction ratio of sway motion in Model-B. The vertical axis means the ratio

between sway motion in Model-A and that in Model-B. It can be seen that the maximum

reduction ratio is about 80% or more and the averaged one is about 60%. The result indicates

that Model-B can perfectly reduce the sway motion in the current condition and also the stable

condition can be kept with no-vibration even if at a single point mooring system. Figs.4.27 and

4.28 show reduction ratio of surge and heave motions in Model-B in wave and wave-current

conditions. Both surge and heave motions can be reduced in Model-B and the averaged value

is approximately 50%. These results imply that the water line of the FAD with the single

point mooring system is one the key parameters to reduce their motions in wave, current and

wave-current conditions, and it should be optimized at each focused installation sea. However,

the reduction ratio of the heave motion is less than 30% in wave-current conditions, which is

not so good performance comparing with those in sway and surge motions. This is because the

horizontal velocity component excited by wave-current is stronger and then the vertical one is
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Figure 4.27: Reduction ratio of surge motion
in Model-B

Figure 4.28: Reduction ratio of heave motion
in Model-B

relatively smaller than that at the other cases. Therefore, the heave amplitudes are not so large

different in both Model-A and Model-B. The results in this section concludes that Model-B

with the elastic mooring can reduce the snap load caused by impact force and motions such

as heave, sway and surge in wave, current and wave-current conditions. These techniques are

useful for designing the FAD. In future efforts, the optimized design of the FAD should be

required at focused site in real sea condition.

4.9 Electric Performance of The Designed Turbine in-

side FAD

4.9.1 Validation and Optimization

As explained in Sec.4.3, the horizontal and vertical axis current turbines are employed, NREL

S814 for HAT and NACA0018 for VAT, respectively. Before conducting optimization of turbine

for hydrodynamic performance using Blade Element Momentum theory, the basic performance

of lift force is validated with the experimental data[29][30] [31].

Fig.4.29 shows comparison of coefficient of lift force, CL with angle of attack (AoA) for NREL

S814 at Reynold’s number, Re=1.6×105 and 3.2×105 and for NACA0018 at Re=8×104 and

1.4×105. These conditions for each hydrofoil are selected as a designed velocity. The tendency
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of CL is in good agreement with the experimental data at each case. There is a little dis-

crepancy with them. This is because BEM theory cannot consider viscosity effect, and thus

some conditions cannot be coincided with the experimental one. But this theory can be used

to design a suitable turbine at a focused area in a preliminary optimization process. In this

study, NREL S814 for HAT can be chosen with AoA = 8◦, CL = 0.6 and CL/CD = 81.409

to avoid dynamic stall and NACA0018 for VAT is also selected with AoA =7◦, CL = 0.9 and

CL/CD = 37.25. To apply the selected hydrofoils into turbines and to estimate the produced

(a) NREL S814 (b) NACA 0018

Figure 4.29: Comparison of lift coefficient with AoA

electric power, the important design parameters for HAT and VAT are selected as shown in

Table 4.2 and Table 4.3, while the relationship between the chord length and the twist for HAT

is presented in Fig.4.30. In this study, the HAT is optimized to operate at Tip Speed Ratio,

TSR=5 while the VAT is designed to operate when TSR=3. Fig.4.31 shows the estimated

power coefficient, CP of the designed turbine with the tip speed ratio for each type. It can be

found that the maximum CP is 0.42 at TSR=5 in Type B for the HAT and also that that one

is 0.52 at TSR=3 in Type A for the VAT, comparing with the other types. Therefore, both

types under these conditions can be applied as a suitable turbine for the FAD at an archipelago

area with active aquacultures as shown in Sec.4.3.
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Table 4.2: Design parameters at three different types of NREL S814 for HAT

Parameter Type A Type B Type C
Hydrofoil NREL S814 NREL S814 NREL S814

Max. chord length (m) 0.188 0.2 0.29
Rotor radius (m) 0.5 0.5 0.5
Optimum AoA 8◦ 9◦ 10◦

Number of blade (N) 2 2 2

Table 4.3: Design parameters at three different types of NACA0018 for VAT

Parameter Type A Type B Type C
Hydrofoil NACA 0018 NACA 0018 NACA 0018

Blade span (m) 0.7 0.7 0.7
Chord length (m) 0.065 0.08 0.1
Rotor radius (m) 0.3 0.3 0.5
Number of Blade 3 3 3

Figure 4.30: Comparison of chord length and twist angle with blade radius at each designed
HAT

4.9.2 Power Estimation

In this study, in order to produce environment-friendly ecosystem by an artificial infrastruc-

ture, it can be supposed that the FAD with an ocean energy harvester can be installed at an

archipelago area with active fishery and aquacultures. Therefore, the electric power generated

by an ocean energy harvester inside the FAD as a scientific platform can be utilized with ocean

environmental sensors for real time monitoring, e.g underwater camera, echo-sounders, acoustic

receivers, coded tag etc. in real sea state. Furthermore, the electric demand for ocean environ-

mental sensors is estimated at the archipelago area. The rotational speed of the turbine should

be set to less than 75rpm considering ocean environment at the archipelago area. The HAT is
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(a) HAT (b) VAT

Figure 4.31: Power coefficient of designed turbine with tip speed ratio at each type

Figure 4.32: Estimated power of the designed turbine at each current condition

designed to operate at the current velocity 2m/s, while the VAT is proposed to be implemented

at the lower velocity 1.5m/s. Using the computational fluid analysis as shown in Sec.4.5, the

electric power generated by the designed turbine can be estimated based on eq.4.18[32] with

BEM theory as below:

P = T · ω = T · π · n
30 (4.18)

where T is torque, n is the revolutions per minute (rpm), and ω is the angular velocity of

turbine. Fig.4.32 shows the estimated power of the designed turbine at each current velocity

in real scale, which means the theoretical maximum efficiency. The results estimated by BEM

theory is overall agreement with those by CFD results with a coefficient of viscosity effect but

there is small discrepancy with them because BEM theory is based on the potential theory, and

therefore the viscosity effect and turbulent flow cannot be considered. However, the tendency

of the electric power can be estimated in both turbines. The maximum powers are reached
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(a) Bali strait (b) Lombok strait

Figure 4.33: Tidal current distribution computed by ocean circulation model[33] in a typical
archipelago area with active fishery and aquacultures in Indonesia

(a) FAD with VAT in Bali strait (b) FAD with HAT in Lombok strait

Figure 4.34: Distribution of estimated electric power generated by the designed turbine

to be about 360W for HAT at 3m/s and 200W for VAT at 1.5m/s, respectively. For the

minimum operating velocity, 1 m/s, the estimated powers are approximately 100W for HAT

and 65W for VAT, respectively. The estimated electric power could be adequate to turn on

LED for gathering fishes and to boot up and activate several sensors such as beacon, ocean

environmental, disaster and security devices. In near future effort, the power coefficient should

be validated with a field data and then some efficiencies regarding with loss of gear, generator

etc. should be considered in practical use.

The designed turbines for HAT and VAT are applied to one of the typical archipelago area with

active fishery and aquacultures, Bali strait and Lombok strait in Indonesia where our previous

numerical research[33] has been already conducted by using ocean circulation model to examine

ocean circulation and to estimate potential of tidal current energy in whole Indonesian sea.
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Fig.4.33 shows one snapshot of the tidal current field in Bali strait and Lombok strait. The

distributions of estimated power generated by the optimized turbines, HAT and VAT are shown

in Fig.4.34. In Bali strait, the maximum tidal current velocity is about 1.5m/s at the northern

part where the width of strain between Java and Bali islands is narrowest. The maximum

power reaches about 220W using the VAT. It means that the northern part at Bali strait could

be a suitable installation site for the FAD with the VAT to generate electric power. On the

other hand, in Lombok strait, the mean current velocity is about 2m/s and the maximum one

is about 3m/s, especially at the narrow region between Nusa Penida and Lombok islands. The

maximum electric power can be estimated to be about 700W. This indicates that the FAD with

the HAT could operate with its optimum performance in this focused strait.

4.10 Conclusions

This study has proposed and designed a new type of Fish Aggregating Device (FAD) with an

ocean energy harvester in order to generate independent electric power for several sensors such

as beacon, ocean environmental, disaster and security devices, especially at an archipelago

area with aquacultures where the FAD can be utilized as a scientific platform to produce

environment-friendly ecosystem by an artificial infrastructure. The proposed FAD with ocean

energy harvester is one of the useful options having an individual electric power platform and

fulfilling energy supply for many archipelago areas with fishery and aquacultures. The main

conclusions can be summarized by experimental, numerical and theoretical works as follows.

A mooring type of FAD with Horizontal Axis Turbine (HAT) and Vertical Axis Turbine (VAT)

was designed considering collision with a marine vertebrate, fish and a rotational turbine.

To investigate characteristics of fluid force and motion of the FAD caused by snap load and

Vortex-induced Vibration (VIV), the experimental and numerical works were performed with

the theoretical work in wave, current and wave-current conditions. The elastic mooring can

achieve 15% reduction for the averaged snap load and 30% for the maximum one. The modified

FAD with the wider draft line can reduce motions such as surge, sway and heave excited by VIV
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in wave-current condition, whose reduction rate is approximately 50% or more, especially in

sway motion. The flow field around the FAD and the rotational turbine in 3D can be computed

by CFD and also the results in the fluid force are overall agreement with the experimental and

the theoretical ones. The flow field is almost uniform at the lower part of the FAD and then the

flow field around the turbine inside the FAD are not affected by the frame of the FAD at the

upstream side. On the other hand, at the upper part of the FAD in the downstream side, the

complicated flow field can be generated with pressure fluctuation, and thus a vibration energy

harvester can be attached on the frames of the FAD to generate electric power from wave and

current conditions. The electric power generated by the optimized blades of HAT and VAT was

estimated. The maximum electric power reaches about 200W for VAT and 360W for HAT. In

Indonesian archipelago area, the estimated electric power could reach 220W in Bali strait and

700W in Lombok strait, due to higher current velocity, by using the mooring type of FAD with

the designed turbine. It could be adequate to turn on LED for gathering fishes and to boot up

and activate several sensors such as beacon, ocean environmental, disaster and security devices.

The first model of the FAD without a turbine was build up and has been tested in real ocean

field to survey fluid force on the FAD and its motions and to investigate structural problems

such as fatigue, buckling and yield load due to wave and current conditions including severe

sea state since 2015 as shown in Fig.4.35. The size of the FAD is 1.5m diameter and 5.4m

height. The installation site is 26◦39’ North Latitude and 128◦34’ East Longitude, 27km offshore

near Okinawa island, where fishery and aquaculture are quite active in Japan. The water

depth is approximately 1000 m. The FAD was designed on the basis of theoretical, numerical

and experimental works for wave and current conditions in real sea. The FAD was mainly

constructed by the aluminum frame and the ABS floaters. The FAD as a scientific platform

has been working near sea surface and moored by anchor at seabed in this site. In near future

effort, some ocean energy converters will be installed on the second prototype model of FAD.

There is a great need for this kind of field test to investigate environmental effects, particularly

sea-cage fish farms, and to manage environment-friendly ecosystem without accidental events

related with interaction between the FAD and wild fishes. In future effort, unsteady motions of

FAD with an ocean energy harvester should be directly considered in theoretical and numerical
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Figure 4.35: First prototype of FAD installed near Okinawa island in Japan

works to investigate fully nonlinear fluid-structure interaction. The power coefficient should be

also validated with field data and then some efficiencies regarding with loss of gear, generator

etc. should be considered in practical use.
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Chapter 5

Numerical Model on Restoration of

Ocean Environment using Steelmaking

Slag

5.1 Steelmaking Slag in Ocean Restoration

Enclosed sea areas with a complicated geometry and a variety of marine environments in Japan

have been significantly affected by anthropogenic impact during last five decades. Many indus-

tries are built up at coastal region surrounding enclosed sea and also urbanizations are rapidly

increasing. In addition, reclamation and some dredges were required for progressing in industry

and urban development, which caused serious environmental issues and wide range of marine

environments in enclosed sea areas. For example, in northern part of Tokyo Bay, there are many

dredging trenches covered by bottom sludge, where oxygen solubility is decreased, especially

in summer and causing hydrogen sulfide (H2S) generation. In recent years, oxygen deficiency

caused by decomposition of organic matter in bottom sediment is occurred thus the blue tide is

annually induced. Therefore, dredging trench could be source point of oxygen deficient water

which often cause the blue tide when northeastern wind is blowing [1][2][3].

79
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Due to worse environment in enclosed sea, Council for Transport Policy of Japan’s Ministry

of Land, Infrastructure, Transport and Tourism has announced a basic plan of a future port

environment policy for practical use of recycled materials such as soil and sand dredge from

port and harbor, especially in enclosed sea [4]. Considering Status of the London Convention

on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (1972) and

the Protocol Thereto (1996), in Japan, the Ministry of Land, Infrastructure, Transport and

Tourism has proposed practical use of industrial products and recycled materials including slag

because the use of natural mountain sand or crushed stone is not desirable from the viewpoint

of the natural environment protection [5]. Ministry of the Environment also showed water

environment improvement technology for enclosed coastal seas field using steelmaking slag [6].

These efforts could also make an important contribution to reduce CO2 emission.

Under this background in recent social requirement, steelmaking slag has been employed from

production of steelmaking, which is about 15 million tons/year. Steelmaking slag has been used

for social infrastructure construction such as roadbed material, coarse aggregate in concrete,

as a component of raw material of cement in civil engineering field. Since 1993, Nippon Slag

Association in Japan has been involved in application technology research for the use of steel-

making slag as a material for ground improvement in port and harbor construction [7]. JFE

steel corporation in Japan manufactured artificial reefs for Marine block using carbonated steel

slag in order to help a great breeding habitats for seaweeds and coral [8]. In recent year, steel-

making slag including high amount of iron has been utilized to recover shore protection and to

improve sea bottom sediment [9]. Some research works have been undertaken during last two

decades to promote useful practical use of special characteristics of steelmaking slag in enclosed

sea environments. Many studies have investigated that slags are useful for removing phosphate

and H2S and for releasing iron in order to produce growth of seaweeds [10][11]. The process

and mechanisms of solidification of steelmaking slag at tideland have been investigated and

also dredged soil was added to the slag to examine whether it would prevent solidification [12].

More recent works have focused on iron content of steelmaking slag, rocky shore denudation

measures and bottom sediment improvement measure in enclosed sea by using Fe ions eluted

from steelmaking slag [13][14]. For example, it was examined that steelmaking slag is a useful
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material for remediation of organically enriched sediments in enclosed sea areas to suppress

H2S in the field experiment at Fukuyama inner harbor [15][16] and Kawasaki port [17]. The

review paper showed the research progress of steel slag utilization [18].

In this study, a numerical model is proposed and developed with considering fluid-particle

interaction between ocean circulation and steelmaking slag to investigate advection-diffusion

of dissolved sulfide based on the results in the field experiment[15][16]. The model is also

applied to Fukuyama inner harbor and Tokyo Bay, where H2S is highly toxic and fatal to

benthic organisms and it causes oxygen-deficient water and the blue tide. This study shows

effectiveness and usefulness of steelmaking slag for improving organically enriched sea bottom

in enclosed sea.

5.2 Overview of Field Experiment

To reduce dissolved sulfide and suppression of formation of hydrogen sulfide gas, the previous

field experiment has been confirmed by JFE Steel Corporation West Japan Works since 2011[16].

The steelmaking slag was covered on sediment including silty and organic matter in Fukuyama

inner harbor with 2200m Length × 100m Width × 2m Depth as shown in Fig. 5.1. The right

figure shows the horizontal plane and vertical section with monitoring points for measuring

water quality at the inner harbor. In this harbor, the capacity of sewage treatment plant at the

head of inner harbor is over and the untreated sewage including organic matter is sometimes

flushed when the heavy rainfall exceeds the holding capacity. Sulfate-reducing bacteria could

generate H2S and toxic compound with stinking. The properties of the sediment on the bottom

in the inner harbor can be seen in [16]. In 2011, the first construction was conducted at Site A

with area 432m2. The fine steelmaking slag with particle size 5-10mm was located and next the

coarse slag with the size 10-25mm was placed. The second construction was also constructed

at the neighboring location of Site B with area 2620m2 and Site C with area 890m2 in 2012.

The slag with particle size 30-50mm was also used with the above mentioned slag. The total

thickness of the covered slag is about 0.7m on the silty sediment. These conditions such as slag
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Figure 5.1: Field experimental site at Fukuyama inner harbor.

size, covered area and thickness are considered in numerical model as mentioned in the next

section. The chemical composition of the steelmaking slag can be found in [16]. Some important

parameters such as water quality, gas and benthos were monitored after the construction at

the distance x=-100, -50, 0, 65, 134, 184 and 244m from the center of Site A, where there are

three vertical observed points to monitor and analyze dissolved sulfide.

5.3 Numerical Model

The present study employs two different scale models. One is based on 3D Eulerian-Lagrangian

model [19] to compute fluid-particle interaction among soil, slag and tidal flow in local area.

The other one is quasi-3D Ocean Circulation Model based on Princeton Ocean Model, POM

[20] to compute advection-diffusion of dissolved sulfide in global area. Both models can be

coupled at sea bottom boundary condition in global area, where steelmaking slag is covered.

5.3.1 Eulerian-Lagrangian Model for Local Area

In local area, to compute multiphase flow considering fluid-particle interactions among soil,

slag and water including water surface, Eulerian-Lagrangian model [19] is employed by using

both Lagrangian marker particles and density function as shown in Fig. 5.2. In this section,

firstly, the grid based method is introduced to compute fluid flow such as current in ground
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water and water elevation in global area and next the particle based method is explained to

compute behaviors of soil and sand in local area.

Governing Equations

The governing equations in this model are incompressible Navier-Stokes equation, the conser-

vation of mass and equation of the density function φI for Ith phase (Air phase : I=1, Water

phase : I=2, Solid phase such as soil and slag : I=3) given by

∂ui
∂xi

= 0 (5.1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂P

∂xi
+ µ

ρ

∂2ui
∂xi∂xj

+ Fe (5.2)

∂φI
∂t

+ uj
∂φI
∂xj

= 0 (5.3)

∂C

∂t
+ uj

∂C

∂xj
= Kh

(
∂2C

∂x2 + ∂2C

∂y2

)
+Kz

∂2C

∂z2 + Sin + Sout + Sca (5.4)

where u is the velocity, µ is the coefficient of viscosity for each phase, ρ is the density for each

phase, P is the pressure, Fe is the external forces such as gravity acceleration and the surface

tension, C is the concentration of dissolved sulfide, Kh and Kz are the coefficients of horizontal

and vertical diffusion, Sin and Sout are the inlet/outlet terms, and Sca is the chemical reac-

tion term which will be explained later. To consider physical properties representing different

materials, the density function φI (0 ≤ φI ≤ 1) is defined as below:

φI = {
1 if occupied

0 if otherwise
(5.5)

This density function can be used to distinguish several different phases such as water, air

and solid representing soil and steelmaking slag. The density function for each phase can be

computed by eq.(5.3) with Navier-Stokes equation. Using the density function, the density and
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the coefficient of viscosity can be defined as follows:

ρ =
3∑
I=1

ρIφI (5.6)

µ =
3∑
I=1

µIφI (5.7)

where φI is the density function defined by eq.(5.5).

Arrangement of Grids and Particles

The staggered MAC grid system is used to compute velocity, density coefficient of viscosity and

pressure as shown in Fig. 5.2. The density function φI is defined on Eulerian grid to capture

sea surface and ground water surface, and then it is stored at nodes of a grid. In this study,

this model can be used in both fluid phase and soil one because the sediment area including

slag is always submerged in the water for evaluating concentration of dissolved sulfide on this

advection-diffusion problem. The velocity components are defined on cell faces of a grid. The

pressure is defined at the center of each grid and also density and viscosity are defined at the

same position. On the other hand, Lagrangian particles are defined to represent steelmaking

slag, sand, gravel and silty sediment related with particle size, drag and permeability. To

capture deformation of bottom topography caused by tidal current, Lagrangian particles can be

tracked by velocity on Eulerian grid. The density function φp is defined on all particles to keep

physical properties such as density, viscosity, radius, permeability and eluted concentration,

which is interpolated by the density function φI defined on Eulerian grid. Therefore, the range

of the value can be defined by 0 ≤ φp ≤ 1. The first order explicit is employed in time

discretization and then the fractional step is employed to advance velocity and pressure in time

integration.
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Figure 5.2: Arrangement of grids and particles in computational domain (Left: Definition of
density function and particles, Right : Staggered grid system)

Numerical Algorithm

The governing equations are solved using time-splitting method. It is well known that the

technique is suitable for solving a multi-phase flow without numerical diffusion and smearing.

The advection step is calculated by CIP method [21], which is the third order accuracy in

time and space, and also it is a less diffusive and stable algorithm for solving the advection

term in eqs.(5.2)-(5.4). The spatial profile of density function between neighboring grids is

approximated with a cubic interpolated function. The non-advection step can be computed

using the second-order finite difference method and Poisson equation for pressure with specified

jump conditions can be used as below:,

∇
(
∇P n+1

ρ∗

)
= ∇u

∗

∆t (5.8)

where * denotes the physical value after advection step. More details can be seen in [19] and

[21].

The particle velocities−→u (−→x p) are interpolated from velocities on underlying grids. Furthermore

the density function φp on lagrangian particle is interpolated from the density function φI on

nodes of grids. In this model, the bilinear or the trilinear interpolation are used with high

accuracy and efficiency. Since the velocity on cell faces can be replaced in unsteady flow

problem, the interpolation procedure is performed at every time step. Lagrangian particles
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representing steelmaking slag and sediment defined previously, can be moved in water phase

and then they can be tracked by evolution equation as follows:

d−→x p

dt
= −→u (−→x p) (5.9)

where −→x p is the particle location, −→u (−→x p) is the particle velocity at −→x p. The particles having

density function φp is separately integrated forward in time. This equation is integrated using

the fourth order accurate Runge-Kutta method. The particle velocity −→u (−→x p) is interpolated

from velocity on neighboring cell faces of Eulerian grids as mentioned in the next section.

A methodology for reconstructing an interface is employed using Lagrangian particles. The error

of density function φI defined on nodes of grids can be corrected by using neighboring particles

within interaction region with radius h. The smoothing approximation of density function φI

can be constructed by utilizing a kernel function in SPH method [22]. This approximation

is commonly known and used in particle based method. The interpolation technique in a

meshfree method can be considered as a discretization that uses a set of particles to approximate

continuum without grid. The averaging operator is usually defined as

ϕi =
N∑
j=1

mj
ϕj
ρj
Wij (5.10)

where ϕi is the physical value, mj is the mass, ρj is the density and Wij is the spatial filter

as a kernel function of spatial variables. N denotes number of particles which means set of

neighboring particles that are closer than interaction radius h. Based on SPH method using a

kernel function, the density function φI defined on nodes of grid can be corrected using density

function φp for each particle within referenced area with a radius h as follows:

φ′I = max

φI , N∑
j=1

φp
mp

ρp
Wp (|xg − xp|, h)

 (5.11)

where φ′I is the density function on node of grids after the error correction, mp/ρp is the volume

characterized by radius rp of particle, and Wp is a kernel function defined as a spline function.

xg and xp indicate spatial variables on a grid and a particle, respectively. The referenced radius
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h is set to be twice for grid size. The corrected density function φ′I is used in eqs.(6) and (7) and

it is also utilized in time integration of the advection equation, eq.(3). In addition, in order to

consider φp defined by Lagrangian particles having characteristics of steelmaking slag, φ3 is also

corrected by φ′3. The density function φ′I is employed to track the interface between different

phases and it is also utilized to solve Poisson equation for the pressure, eq.(8) considering the

density ρ calculated by the density function φ′I in eq. (6). This formulation is applied to

multiphase algorithm manner with eq.(8) to solve the pressure in all phases. Moreover, the

chemical reaction process can be considered with radius of steelmaking slag and elution from

each slag represented by Lagrangian particles. This error correction of density function φ′I is

carried out periodically, and not at every time step.

In this study, the particle size of the steelmaking slag is approximately 5-10mm and 30-50mm

and the averaged density is 3.0g/cm3 as shown in Section Overview Of Field Experiment. The

surface of steelmaking slag is generally rough and the friction stress is relatively large, and

then motion of the steelmaking slag is very slow for long time duration in flow velocity due to

ground water and tidal current near sea bottom. Therefore, in this study, the suspension and

sinking processes are not directly computed as a conventional Lagrangian model is normally

used. Considering characteristic of interaction process between slag and flow, turbidity and

SS caused by current velocity at sea bottom boundary, the relations between them should be

imposed by the experimental and field results for steelmaking slag and sediment as mentioned

in subsection Ocean circulation model for global area.

In Eulerian-Lagrangian coupled model, at first, the velocity u3 of the steelmaking slag on

Eulerian grids is computed by using the multi-phase formulations, eqs.(1) to (8) considering

several different phases defined on Eulerian grids. In this step, some physical properties of the

steelmaking slag can be considered, Next, the velocity u3 on the grids can be interpolated on

Lagrangian particles. Finally, particle locations of steelmaking slag can be tracked by eq.(9)

and density function φI for solid phase on Eulerian grids can be obtained by eq.(3). In Eulerian

process, numerical diffusion and smearing could be caused by advection phase in eq.(3). To

avoid this error, φI for solid phase is corrected by eq.(11) including density function φp defined

on Lagrangian grids.
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Chemical Reaction Process and Conditions

In ocean space, it should be considered that the risk could be occurred by artificial material

installed in sea water. The algal blooming due to Fe irons eluted from steelmaking slag was

suggested by some research works. On the other hand, other researcher mentioned that Fe irons

can help seagrass and seaweed to growth, especially in oligotrophic ocean space. In practical

use, considering some risks, Fe irons should be utilized to improve ocean environment and to

contribute to prevention of the blue tide and, in turn, recovery of natural habitats for benthic

organisms.

The concentration of dissolved sulfide can be computed by eq.(4) including the flow velocity in

eq.(2), considering multiphase flow with different density and viscosity, where Sca is the chemical

reaction, which is imposed on Lagrangian particle as boundary condition. The chemical reaction

process is occurred on the surface of steelmaking slag in micro scale. According to the previous

works [13][14][15][16][17][23], the existence of FeS and S0 was confirmed by the laboratory

experiment in the anoxic condition with Electron probe microanalyzer (EPMA) and X-ray

absorption fine structure (XAFS), the reactions, eqs.(12) and (13) as below are occurred. In

this case, when oxygen is supplied, the FeS formed by the reaction, eq.(12) can be oxidized to

iron oxide and S0. In the reaction, eq.(13), when the ORP is higher, the formed Fe2+ can be

re-oxidized to 3+, and the reaction, eq.(13) could be occurred again. This means that the Fe

functions substantially as a catalyst in suppressing sulfides, which is in a good agreement with

the suggestion by [23].

HS− + Fe2+ → FeS + H+ (5.12)

HS− + 2Fe3+ → S0 + 2Fe2+ + H+ (5.13)

When a large amount of dissolved sulfide exists in the interstitial water in the sediments at the

test field site, it consumes the dissolved oxygen (DO) at the bottom layer as shown in eq.(14)

[15][16].

2H2S + O2 → 2H2O + 2S (5.14)
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The above chemical process means that water permeability is firstly improved by the crevices

of the slag, and an aerobic environment can be formed in the seawater around the slag. Next,

the sulfide concentration in the vicinity of the slag can be reduced by the chemical reaction

of sulfides with Fe ions eluted from the slag. Then the pH is increased in the vicinity of the

slag, suppressing the activity of sulfate-reducing bacteria living in the sea bottom near the

slag, thereby reducing generation of H2S. The supply of DO is increased by the improved water

permeability resulting from placement of the slag, and the amount of H2S generation decreases,

resulting in a decrease in DO consumption accompanying the oxidation reaction of hydrogen

sulfide. It is believed that a coastal environment could be considerably improved by effective

utilization of steelmaking slag, contributing to prevention of the blue tide and, in turn, recovery

of natural habitats for benthic organisms.

Considering the above chemical reaction in eq. (4), the dissolved sulfide can be included in the

right hand side term, Sca depending on radius of steelmaking slag and chemical reacted volume

as below.

Sca = St
Vrct
V

(5.15)

Vrct = 4
3π(r −H)3 (5.16)

where St is the total elution of steelmaking slag, Vrct is the eluted volume, V is the total volume

of steelmaking slag, r is the radius of steelmaking slag and H is the reaction depth from surface

of steelmaking slag.

Based on the previous experimental works, elution of steelmaking slag is gradually decreased

when the chemical reaction is almost saturated at a certain concentration of the dissolved sulfide

around slag. Therefore, the elution potential of slag is defined and it is integrated by a certain

concentration. If the concentration of the dissolved sulfide is not saturated at a certain time,

the elution process is occurred with the chemical reaction. But the elution is limited when the

maximum elution per unit time is reached. The process can be expressed as follows:

Sin(t) = Se(t) + Sp, (0 ≤ Sin ≤ Smax) (5.17)
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where Se(t) is the elution obtained from the experimental work, Smax is the maximum elution

of slag per unit time and Sp is the elution potential considering the saturated condition.

The previous works revealed that magnesium, Mg is deposited and it could be covered on the

surface of steelmaking slag. Then the elution process is decreased by the covered Mg. This

reaction model can be expressed as below:

SMg(t) = Sin(t) ·D(t) (5.18)

D(t) = Dmax
Msum(t)
Mmax

(5.19)

where SMg is the elution considering the covered Mg, D(t) is the coverage of Mg on the surface

of steelmaking slag, Msum(t) is the total deposition of Mg by a certain time and Mmax is

the deposition for total steelmaking slag. More details can be seen in [24][25]. The initial

conditions for the chemical reaction as mentioned above are the saturated elution related to

dissolved sulfide, maximum deposition of Mg, radius of steelmaking slag and the reaction depth.

They can be identified by experimental work with some chemical conditions.

Computational Domains and Conditions

This study focuses on Fukuyama inner harbor as shown in Figs. 5.1 and 5.2 as mentioned in

Section Overview of Field Experiment. As shown in Fig. 5.3, the computational domain is 400m

for x-axis and 2m for y-axis and the surface of sea bottom is y=0. The initial thickness of the

soil phase including slag is constant, 1m, where the silty sediment is linearly 0.2 to 0.4 m for

0≤ x ≤400 based on the field work [15][16]. The averaged water depth is approximately 2.5m

during the steelmaking slag construction. The tidal elevation is about 3m in the test field and

the resultant tidal current is generated at both side boundaries. The sea bottom and the silty

sediment can be represented by Lagrangian particles related to radius of soil and silt as shown

in Section Overview of Field Experiment. In the previous field work [15][16], the steelmaking

slag can reduce dissolved sulfide and Fe ions eluted from slag can react with sulfide. This means

that adherent effect due to iron sulfide formed on surface of steelmaking slag was found in the
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previous field work. Therefore, it can be assumed that adherent effect due to iron sulfide in

upper surface of silty sediment is half with linearity for bottom one in silty sediment. This

condition is assumed based on the laboratory experiment in Miyata et al. [15], as shown in

Figs. 5.5 and 5.8 of this paper, where the temporal changes of dissolved sulfide were covered by

Slag Capping, Slag Mixing, Natural Strone Capping and Control area in the overlying water,

the upper layer and the lower layer of the interstitial water. Comparing the dissolved sulfide

in the upper interstitial water and the lower interstitial one by the day of detection limit, in

Slag Capping, the dissolved sulfide concentrations in the lower interstitial water (Silty sediment

area) showed a range of 0.5-0.6mg-S/L, whereas that in the upper interstitial water (Slag area)

is about 1.0mg-S/L. Based on this laboratory experiments, it can be assumed that adherent

effect due to iron sulfide in upper surface of silty sediment is half with linearity for bottom one

in silty sediment. The area of deposited slag is 125≤ x(m) ≤275 and -0.7≤ y(m) ≤0 while

the total thickness of slag is 70cm constructed in 2011 and 2012. The size of the steelmaking

slag is 5-10mm for fine particles and 10-25mm for coarse particles and also 30-50 mm as the

top cover. Considering the total constructed volume and the total surface of the particles, the

radius of Lagrangian particle in this model is set to be half or quarter size of the grid one. The

time increment of computation is 600 s. The horizontal grid size is 0.1 m and the vertical one is

0.015 m in the all domain. Fig. 5.4 shows one example of time histories of tidal current velocity

based on the averaged observation data near the surface of the silty sediment in x and y axis.

The dominant component caused by tidal elevation is mainly horizontal direction in the inner

harbor

5.3.2 Ocean Circulation Model for Global Area

Governing Equations and Grid Systems

In global area, ocean circulation model can be employed to compute tidal elevation and current

at a bay and an inner harbor, which is one of the well-known ocean circulation model based

on Princeton Ocean Model (POM) [20]. The specific coordinate system, σ in vertical axis is

constructed along bottom topography and water elevation in order to reduce numerical error
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Figure 5.3: Computational domain and condition in Fukuyama inner harbor

(a) Horizontal velocity (b) Vertical velocity

Figure 5.4: One example of time histories of tidal current velocity
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caused by structural grid generation and complicated bottom topography. The horizontal grid

uses Arakawa C-grid and the structured orthogonal coordinates. The basic continuity equation

can be written in horizontal Cartesian coordinate after conversion to sigma coordinates, σ , as

follows:

σ = z − η
H − η

(5.20)

∂UD

∂x
+ ∂DV

∂y
+ ∂ω

∂σ
+ ∂η

∂t
= 0 (5.21)

where H is the bottom topography, η is the surface elevation, D is the summation of H and η,

t is the time, x, y and z are the conventional Cartesian coordinates, and U , V and ω are the

velocity component for x, y and z directions, respectively. The momentum equations can be

expressed as follows:

∂UD

∂t
+ ∂U2D

∂x
+ ∂UDV

∂y
+ Uω

∂σ
− fV D + gD

∂η

∂x

+ gD2

ρ0

∫ 0

σ

[
∂ρ′

∂x
− σ′

D

∂D

∂x

∂ρ′

∂σ′

]
∂σ′ = ∂

∂σ

[
KM

D

∂U

∂σ

]
+ Fx

(5.22)

∂V D

∂t
+ ∂UV D

∂x
+ ∂V 2D
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where f is the Coriolis parameter, ρ0 is the sea water density, ρ′ is the referenced density, KM

is the vertical kinematic viscosity, Fx and Fy are the diffusivity term for horizontal and vertical

axis respectively, t is the time and g is the gravity acceleration. The ocean circulation model

can provide vertical mixing coefficients using the second moment turbulence sub-model. The

turbulence closure sub-model was introduced by [20] and then it was significantly advanced

in collaboration with some researchers. The Mellor-Yamada turbulence closure model is often

cited in ocean circulation model. In this study, the Level 2.5 model is used together with

a prognostic equation for the turbulence macroscale. More detail can be seen in [26]. The

advection-diffusion equations for temperature, salinity and concentration such as DO, H2S and

SS are also employed.
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Figure 5.5: Computational domain and bottom topography including trench and navigation
channel

Computational Domain and Boundary Conditions

In this study, the focusing site is Tokyo Bay, where the hydrogen sulfide causes the blue tide

every year and there is a large number of trenches in which the dissolved oxygen decreases,

especially at the bay head in summer season. It was reported that oxygen deficiency was

occurred near the sea bottom at the bay head of enclosed area such as Tokyo Bay [1] and

Osaka Bay during summer.

The horizontal grid size is 100m for the northern part of Tokyo Bay as the nesting area. The

vertical grid is ten layers for sigma coordinate. As shown in Fig. 5.5, the water depth is about

20-30m at the dredged trench of Makuhari and the navigation channel of Funabashi is straight

existed from north to south. To evaluate concentration such as H2S, DO and Suspended solids

(SS) in time and space, two kinds of bottom topography are set by covering steelmaking slag at

the trenches of Makuhari and navigation channel of Funabashi. The monitoring points colored

by red dot are located at these trenches, St.2 and 4 at Makuhari and St.10 and 12 at Funabashi.

The boundary condition for the concentration is imposed by the results computed by Eulerian-

Lagrangian coupling model. The sulfide reduction effect due to steelmaking slag is imposed at

the bottom boundary of these trenches. The condition of the tidal elevation at the mouth of



5.3. Numerical Model 95

Table 5.1: Computational conditions

Case Dredget material Location Evaluated items
1 sediment (mud) Makuhari H2S, DO
2 steelmaking slag Makuhari H2S, DO
3 sediment (mud) Funabashi H2S, DO
4 steelmaking slag Funabashi H2S, DO
5 sediment (mud) Funabashi SS
6 steelmaking slag Funabashi SS

Tokyo Bay is given by the prediction data [27][28].

To impose relation between SS and current velocity at bottom boundary, the experimental

results are used as showed in Figs. 5.6 and 5.7. The turbidity is increasing with current

velocity. In the steelmaking slag case, the turbidity is considerably low comparing with that

in the sediment case and the relationship between SS and the turbidity is linear. Therefore,

the regression curve can be represented by the experiment data to clarify the relationship

between the current velocity and SS. By using this regression curve, concentration of SS can

be imposed at seabed boundary condition under certain current velocity at bottom layer which

is computed by ocean circulation model. Fig. 5.8 shows time variation of dissolved sulfide in

both sediment (mud) cover case and steelmaking slag one. The dissolved sulfide in the slag case

is rapidly decreasing with time and also the minimum value is almost zero after one week in

this experiment. Fig. 5.9 shows relationship between H2S and DO observed by [29]. The data

was obtained at three different locations in Tokyo Bay. The field data are widely distributed

with field fluctuation at these locations. However, the regression curves can be used at seabed

boundary and the initial condition in this study.

The model uses a time split for time step in the external domain, in which two-dimensional

part of dynamics (sea surface elevation and depth-averaged currents) is computed separately

with a short time step. For vertical distribution of currents in the internal domain time step,

salinity and temperature can be computed in 3D with a much longer time step. The coupling

process with Euler-Lagrangian model at seabed covered by steelmaking slag is employed in the

time step for the internal domain in 3D. The time steps for the external and internal domain

are selected to be twelve second and sixty second, respectively. By using the ocean circulation
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-
Figure 5.6: Comparison of turbidity to
current velocity between sediment and
sediment-slag

Figure 5.7: Relationship between turbidity
and Suspended Solids (SS)

Figure 5.8: Comparison of dissolved sulfide
between slag and sediment (mud)

Figure 5.9: Relationship between H2S and
DO [29]

model, water elevation, tidal-current velocity magnitude and vector can be estimated for two-

weeks prediction and two days spin-up simulation. The computational conditions are shown in

Table 5.1. The dredged materials are set to be both sediment (mud) and steelmaking slag in

order to compare sulfide reduction effect due to steelmaking slag. The dredged locations are

Makuhari trench and Funabashi navigation channel where the concentrations of H2S, DO and

SS are evaluated.

In this model, a nesting technique is employed at sea bottom boundary to consider dissolved

sulfide, turbidity, SS and sea bottom topography exchange. The sea bottom topography on

ocean circulation model is exchanged by the surface distribution of steelmaking slag computed

by eq.(3). The current velocity at the sea bottom computed by the ocean circulation model
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is used to impose the turbidity and SS using the regression curve in Figs. 5.6 and 5.7 as

boundary condition. The chemical reaction Sca in eq.(4) based on the explanation in chemical

reaction process and conditions section is considered with the elution results in Fig. 5.8. The

dissolved oxygen is also imposed by the relationship based on the observed data in Tokyo Bay

as shown in Fig. 5.9. The suspended matter for steelmaking slag and sediment caused by

current velocity at sea bottom boundary are modeled by using the turbidity and SS obtained

in the experiment and therefore the relations are imposed by the result as shown in Figs. 5.6

and 5.7. To work well without numerical instability, the horizontal grid size, ∆xc for Eulerian-

Lagrangian model should be fine comparing with one, ∆xo for ocean circulation model, which

is set to be ∆xc = ∆xo/M , where M is about 50 ∼ 100 in this study. Then the time increment

∆tc for Eulerian-Lagrangian model is set to be ∆tc=∆to/N, where ∆to is the time increment

for ocean circulation model and N is set to be about 10 ∼ 50. More details can be seen in

[24][25][30][31].

5.4 Validation with Field Experimental Data

In Fukuyama inner harbor, the initial conditions for temperature of sea water, DO and pH are

based on the field observation in [16]. This chemical process was confirmed by some research

works as the referenced papers. The validations with field observation at Fukuyama inner

harbor are shown in Figs. 5.10 and 5.11.

Fig. 5.10 shows comparison of tidal elevation during one week, at the nearest location, Onoshima,

provided by Japan Meteorological Agency and the result is overall agreement with JMA data.

Fig. 5.11 also shows comparison of dissolved sulfide at three different vertical positions after

two weeks from the 2nd construction in the field site. The horizontal axis indicates distance

from origin at the center of Site A (x=0) from head of harbor to sea side in Fukuyama inner

harbor. The interstitial water was measured at both 5-10cm depth from surface of silty sed-

iment and floating mud. The overlying water in floating mud with detritus was obtained at

5-10cm above the surface of the floating mud. This results indicate that the steelmaking slag
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Figure 5.10: Comparison of tidal elevation at the nearest location, Onoshima, provided by JMA

has potential for recovering organically enriched sediment including H2S and also it is one of

the useful remediation techniques for improving ocean environment on sea bottom sediment.

The computational results by Eulerian-Lagrangian model are overall agreement with the field

experimental data in Fukuyama inner harbor. The concentrations of the resolved sulfide in

the interstitial water at the construction sites A, B and C are drastically decreased comparing

with those at the referenced site, that is, the head of harbor and the sea side. On the other

hand, the concentration of the resolved sulfide in the overlying water is quite low and it is

almost stable condition at both the construction and the referenced sites. This tendency is the

same with the computational results and the model is a useful assessment tool for evaluating

and predicting concentration of dissolved sulfide due to tidal current. However more detailed

validations in velocity and concentration during long time, should be quantitatively conducted

in future effort.

5.5 Reduction Effect of Dissolved Sulfide using Steel-

making Slag

Fig. 5.12 shows comparison of horizontal distribution of dissolved sulfide at three different

construction conditions, that is, present case, no-construction one with no steelmaking slag and

expanded one. The expanded area is set to be twice for the present area at -75≤ x(m) ≤225

where the steelmaking slag is covered. It can be seen that the reduction effect of the dissolved

sulfide is remarkably emerged in the expanded area and also the horizontal distribution of the
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(a) Upper water (b) Detritus area

(c) Interstitial water at sediment layer

Figure 5.11: Comparison of dissolved sulfide at three different vertical positions with filed
experimental data in Fukuyama inner harbor

dissolved sulfide is the same tendency with the present case. This means that the steelmaking

slag in silty sediment can reduce concentration of dissolved sulfide in interstitial water at not

only silty sediment but also floating mud over whole area covered by steelmaking slag.

Fig. 5.13 shows comparison of vertical distribution of dissolved sulfide for three different con-

struction conditions. The horizontal axis indicates concentration of dissolved sulfide and origin

of vertical axis (y=0) indicates surface of silty sediment. The conditions for the construction

area of steelmaking slag and floating mud are mentioned in Eulerian-lagrangian model for local

area. In the construction site, the concentration of dissolved sulfide in silty sediment area,

y(m) ≤ 0, is almost zero and it could be perfectly controlled by the steelmaking slag. In the

floating mud region at 0 ≤ y(m) ≤ 0.2 ∼ 0.4 as shown in Fig. 5.3, the concentration of dissolved

sulfide is gradually decreasing and it is almost zero at the surface of silty sediment, y=0. This is

because iron sulfide, FeS, formed on the surface of steelmaking slag can suppress sulfide in the

silty sediment [15][16]. On the other hand, the concentration of dissolved sulfide is increased

near the top of the floating mud because the steelmaking slag diminishes in effectiveness. The
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(a) Upper water (b) Detritus area

(c) Interstitial water at sediment layer

Figure 5.12: Comparison of spatial distribution of dissolved sulfide for three different vertical
constructions

concentration of the dissolved sulfide is drastically decreasing from the surface of the floating

mud to the overlying water. The tendency was also found in [15][16]. However, more detail

validations should be required in future work although it is difficult to take a sample by divers

without any disturbance in floating mud where porosity is higher in sea water.

5.6 Application to Tokyo Bay

Before constructing steelmaking slag at seabed in real sea condition, environmental impact

assessment should be demonstrated in semi-enclosed sea as a numerical survey. The numerical

model based on ocean circulation model [30] coupling with Eulerian-Lagrangian model [19] is

applied to Tokyo Bay including the dredged trench and the navigation channel one at the sea

bottom as shown in Fig. 5.5, during short time period, only two weeks. The initial conditions

are based on [29] and the experimental results as shown in Figs. 5.6, 5.7 and 5.8 considering

the chemical process mentioned in Chemical reaction process and conditions section. The
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Figure 5.13: Comparison of vertical distribution of dissolved sulfide for three different construc-
tion conditions

distributions of salinity and temperature in August 2015 are set by the observed data provided

by Japan Coast Guard [32]. However, there is no research works on relationships among

dissolved sulfide, temperature of sea water, salinity and the reaction speed. In this model, it

is assumed that the chemical reaction is not affected by salinity and temperature of sea water

even if in stratification condition. The chemical reaction with temperature and salinity should

be investigated by laboratory experiments and their results must be considered in future effort.

Fig. 5.14 shows comparison of time histories of water elevation between numerical results,

prediction and observed ones during August 1st to 15th in 2015. The prediction data is given by

astronomical tide of Japan Meteorological Agency, JMA [27]. The mathematical method [28] is

based on the harmonic analysis of tide assuming that the rise and fall of the tide in any locality

can be expressed theoretically by the sum of a series of harmonic terms having certain relations

to astronomical conditions, what we call astronomical tidal level. And also the referenced

data [27] is given by Japan Meteorological Agency. The provided data is mathematically

predicted by astronomical tidal level and also the observed data at 71 locations is validated

and opened on the web site. The comparison of tidal elevation at Kawasaki is also added with

the nearest observed location at Harumi given by Japan Meteorological Agency, as shown in

Fig. 5.14(e). The model results in the tidal amplitude are overall agreement with the predictions

and observations ones. However, it is a little overestimated and the tidal phase is also slightly

shifted. There is also a small fluctuation and little discrepancy of the tidal phase at low tide

period and tide amplitude. The difference between them is generated by the implementation of
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Figure 5.14: Comparison of time history of water elevation between model results, prediction
and observed ones by JMA

leapfrog advection scheme in the ocean circulation model, and therefore it should be improved

in future effort. However, the results are reasonably good for investigating concentration of

DO, H2S, SS, and characteristic of tidal assessment in Tokyo Bay in the following section.

Fig. 5.15 shows comparison of current velocity near sea bottom with the observed data at

Tokyo light beacon near Haneda, the northern part of Tokyo Bay, which is provided by the

Bureau of Port and Harbor, Tokyo Metropolitan Government [33]. The model results cannot

reproduce spiky fluctuation with high frequency and some of the amplitude in the model cannot

be represented with the observed ones. This is because the weather condition caused by wind

was ignored and the discharges from Sumida and Arakawa rivers were assumed by the monthly

averaged data. However, the model could be available for examining some scenarios as a

preliminary study for ocean environmental assessment to install steelmaking slag. Fig. 5.16

shows one example of velocity field in flood tide and ebb one at whole area in Tokyo Bay.

Figs. 5.17-5.21 shows time and spatial variation of DO, H2S, and SS after three days, one week

and two weeks in order to investigate them in the present situation. It is assumed that the

high concentration of H2S and the oxygen-deficient condition are occurred, where the blue tide

sometimes occurs and sulfate-reducing bacteria is quite active at the dredged trench in the
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Figure 5.15: Comparison of time history of current velocity near sea bottom with the observed
data at Tokyo light beacon

Figure 5.16: One example of velocity field in flood tide and ebb tide at whole area of Tokyo
Bay

present situation.

After one week, the concentrations of DO, H2S and SS at the trench are spreading by advection-

diffusion due to tidal current. The low concentration region of DO, less than 2mg/L, is diffused

from the trench and it is extended with advection-diffusion in the direction from north-west to

south-east. The high concentration region of H2S, over 70mg/L, can also be found at the same

distribution tendency with the concentration of DO. These results mean that the concentration

of DO causes oxygen deficient for marine biology and fish and also the high concentration of

H2S makes stink so that the blue tide could occur especially in summer. On the other hand, in

the steelmaking slag case, the low concentration area of DO is not generated and also the high
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Figure 5.17: Spatial variation of dissolved oxygen, DO in Makuhari trench

Figure 5.18: Spatial variation of dissolved oxygen, DO in Funabashi line

concentration area of H2S cannot be found around the dredged trench when the steelmaking

slag is constructed at the trench. This result indicates that the steelmaking slag could cover

on the organically enriched bottom sediment at the dredged trench to control hydrogen sulfide

and oxygen deficient water.

The monitoring points are located at Makuhari trench and Funabashi line as shown in Fig. 5.5

to investigate time variation of H2S, DO and SS at the assessment area in Tokyo Bay. Figs. 5.22

and 5.23 show time histories of DO concentration and H2S at Makuhari trench (St.2 and St.4)

and Funabashi line (St.10 and St.12). The concentration of DO in slag case is in stable state in

high level of concentration after two weeks. On the other hand, in sediment case, it is lower than

that in slag case at all monitoring points, St.2 and St.4, which is sometimes less than 3.0mg/L,

that is oxygen-deficient water. The concentration of H2S in slag case is rapidly decreasing and

it gradually reaches zero after one week. Whereas in sediment case, it is not stable and not

drastically decreasing by two weeks. This is because the dissolved sulfide in slag case is rapidly
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Figure 5.19: Spatial variation of hydrogen sulfide (H2S) in Makuhari trench

Figure 5.20: Spatial variation of hydrogen sulfide (H2S) in Funabashi line

Figure 5.21: Spatial variation of suspended solid (SS) in Funabashi line

decreasing during one week, but in sediment case, it is gradually decreasing. In slag case, the

concentrations of DO and H2S are stable state for remediation of ocean environment, which is

relatively high concentration of DO, about 6 mg/L and the low concentration of H2S, about

less than 30 mg/L. Fig. 5.24 shows time history of SS at Funabashi navigation line (St.10 and

St.12). In slag case, SS is almost zero during two weeks but it is relatively high concentration

in sediment case. As shown in Figs. 5.6 and 5.7, SS is imposed with current velocity at

seabed boundary. Considering this experimental data, the slag could cover suspended matter
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escaping from trench area. These results indicate that steelmaking slag is one of the useful and

effective material for improving sea bottom sediment including hydrogen sulfide, especially at

deep trench, where organic material and sulfate-reducing bacteria in anaerobic condition are

accumulated.

Figure 5.22: Time histories of DO at Makuhari trench (St.2 and St.4) and Funabashi line (St.10
and St.12)

Figure 5.23: Time histories of H2S at Makuhari trench (St.2 and St.4) and Funabashi line
(St.10 and St.12)

Figure 5.24: Time histories of SS at Funabashi line (St.10 and St.12)
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5.7 Conclusions

In this study, the numerical model has been proposed and developed using Eulerian-Lagrangian

model with ocean circulation model in order to consider fluid-particle interaction between tidal

current and steelmaking slag, and advection-diffusion of dissolved sulfide. The model was also

applied to Fukuyama inner harbor and Tokyo Bay using the experimental and field data. The

numerical results are overall agreement with the experimental ones. The results showed that

the model is a useful assessment tool for evaluating and predicting concentration of dissolved

sulfide due to tidal current. Furthermore, the numerical results demonstrated that steelmak-

ing slag can control advection-diffusion of concentration of DO and H2S which is highly toxic

and fatal to benthic organisms and it causes oxygen-deficient water and the blue tide at the

dredged trench in Tokyo Bay. Accordingly, steelmaking slag could improve organically enriched

sea bottom in enclosed sea area. In future effort, more detailed validation should be quantita-

tively conducted and also a more sophisticated model should be developed in physical-chemical

interaction process between slag and sea water.
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Chapter 6

Preliminary Assessment of Ocean

Pollution Effect in Sunda Strait

Indonesia on Fishery and Aquaculture

6.1 Overview of Sunda Strait Environment Conditions

Sunda Strait is bordered by two islnads, Sumatera Island in the north and west and Java Island

in the south and east, and administratively within two provinces that are Banten Province and

Lampung Province. At its narrowest part in the north-east sill, it is only about 24 km wide

[1]. It is a very deep, more than 90 m, in several locations but also very shallow, about 20m

or less especially near small Sangiang Island in the middle part of Sunda Strait as shown in

Fig.6.1. Sunda Strait has a shallow bay with a shoreline about 37 km and provides economic

services ranging from port and shipping industries, tourism to fishery sectors. Fishery has been

a major income for local communities for long time. The coastal bay of Sunda Strait is home

for almost 23,000 fisherman work on fishing and marine-culture [2] [3]. Fisherman use almost

all types of fishing equipment, such as . Based on national data from Ministry of Marine Affairs

and Fisheries Indonesia, there are about 6,000 units of fishing equipment within Sunda Strait

area [4]. While fishery activity provide an income for local communities, the concern over the

113
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Figure 6.1: Main study site location of Sunda Strait in Indonesia. Study site is marked with
yellow square.

land-based pollution is also growing as the coastal area becomes a major site of illegal waste

disposal.

Previous reports have showed the presents of high concentration of heavy metal solution in

Sunda Strait area, especially along the west coast of Java Island [5][6] and southern part of Su-

matera Island[7]. Population growth is affecting the land-based population amount, especially

Pb (lead), as reported by Hosono [8]. Booij [9] reported that Banten Bay, located on northern

part of Sunda strait, has a similar values of Pb found in Jakarta Bay which has increasing

coastal pollution tendency[10]. However, Suwandana in 2007 [11] reported that heavy metal

contamination was lower than Jakarta Bay. Despite the lower pollution amount, Pb concentra-

tions, both in water and sediment, are still significantly high in the mixing layer, about 20 mg/L

[8], and they may lead to a decrease in productivity of fishery and marine aquaculture. Based

on previous researches [12][13], Pb can contaminate and infiltrate the ocean biota. Although

the contamination process occur slowly, Pb can quickly inhibit respiration and photosinthesys

process on phytoplankton algae [14]. Phytoplankton algae is an autotrophic microorganism

which has the ability to produce organic matter from inorganic material through photosyn-

thesys process with the help of light. Approximately 95% of primary productions in the ocean

come from phytoplankton [15]. Therefore, it is very important to understand the environment

condition that affecting the phytoplankton production ability.

Generally, phytoplankton algae in the sea is composed by diatom species (Bacillariophyceae),
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followed by dinoflagellates (Dinophyceae) and blue green algae (Cyanophyceae) [14-in pratiwi].

In Indonesia, specifically around Java Island, phytoplankton species are dominated by Bacil-

lariophyceae where it compose 73-85% phytoplankton in offshore and 71-78% for nearshore

location [16]. By estimating the Pb (lead) concentration distribution due to tidal current flow,

the influence on phytoplankton algae photosynthesis can also be known and understood. Spa-

tial and temporal variation in pollutant accumulation were most probably affected by distance

from source and physical conditions of the environment such as current and mixing[6] which

not accomplished yet in previous researches. Ke [17] also suggests that spatial distribution of

phytoplankton is significantly influenced by the surface current pattern. Therefore, until this

environment problem is solved, it is important to understand the relationship between land-

based pollution and ocean circulation in order to avoid fishery loss by considering the monsoon

season in Indonesia.

6.2 Method

This research utilized Princeton Ocean Model (POM) [18] to compute tidal elevation and cur-

rent flow which affecting pollutant diffusion. The principal attributes of the model are includ-

ing: second moment turbulence closure sub-model to provide vertical mixing coefficients, sigma

coordinate model scaled on the water column depth as the vertical coordinate, unstructured

horizontal grid, free surface, and split time steps [19]. The specific program that is now applied

to the research simulates tidal-driven flow across the strait with a prescribed vertical temper-

ature stratification, constant salinity, zero surface heat and salinity flux, an a zero wind stress

distribution although wind stress may also be applied. By applying point-source pollution,

the model simulates the pollutant which distributed due to tidal current flow. The horizontal

viscosity and diffusion terms are defined as below:

Fx = δ

δx
(Hτxx) + δ

δy
(Hτxy) (6.1)

Fx = δ

δx
(Hτxy) + δ

δy
(Hτyy) (6.2)
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where x, y is cartesian coordinate, H is the bottom topography, and τxx, τxy, τyx, τyy as below.

τxx = 2AM
δU

δx
, τxy = τyx = AM

(
δU

δy
+ δV

δx

)
, τyy = 2AM

δV

δy
(6.3)

where U, V is tidal current velocity in x, y direction respectively, and AM represents Smagorin-

sky diffusivity for horizontal diffusion. AM decreases as resolution improves.

The computational area of Sunda Strait simulation is shown in Fig.6.2 where there are 12

monitoring points to acquire numerical results. The area is 36km in x and 18.7km in y direction

which divided into 61 x 61m grid size. The minimum depth is 5m while maximum depth is

120m, and this depth range is divided into four sigma layer. As the tide data are taken from

Tide Model Driven (TMD) which is used to achieve tide prediction data by ESR/OSU [20].

Because Indonesia lies in the region which form the connection between Pacific Ocean and

Indian Ocean, the ocean circulation variations are strongly affected by the monsoons [21].

Therefore, the simulation will be divided into two cases: (1) South East Monsoon case which

use one month tide data of May 2017, and (2) North West Monsoon case which use one mont

tide data of November 2017. Tidal increment is one hour while tidal constituent including

principal lunar semidiurnal (M2) and principal solar semidiurnal (S2) according to Sunda Strait

tide characteristic. Ocean circulation model can be estimated for four weeks prediction with

two days spin-up simulation. As split time steps are used in current simulation, time step

for external domain, in which water elevation and tidal current velocity can be computed in

two-dimensional depth-averaged mode, is 1 second, and the time step for internal domain, in

which tidal current, salinity, and temperature can be computed in three-dimensional mode, is 5

seconds. Environmental initial and boundary conditions are based on previous researches data

which are achieved by performing field experiment. Ray [22] reported that ocean temperature

in South East Monsoon (data June 2015) ranges from 29.5oC near surface to 18oC near sea

bottom, while in North West Monsoon (data November 2015) ranges from 29.5oC near surface

to 21oC near sea bottom. Pb (lead) concentrations as the main pollutant in Sunda Strait

area are set as highest value in the sea bottom, that is 20 mg/L, as reported by Hosono [8]

in both monsoon seasons. Other important factor in coastal environment is turbidity, because
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Figure 6.2: Topography map of Sunda Strait including pollutant point sources and monitoring
points of numerical model

suspended solid (SS) in Sunda Strait area is very high, in range of 25 to 100 mg/L, especially

near the south sill which is affected by strong wave from Indian Ocean, [23]. Therefore, SS

value will also be included in the model and the distribution due to ocean circulation can be

analyzed. Pb source point is located at Source1 and Source2 which represents large port in

Java and Sumatera Island respectively, while SS source point is located at Source3, which lies

at the southern coast of Java island, as shown in Fig.6.2.

After the tidal current and pollutant distribution in both seasons are obtained, the effects

to aquaculture are studied by determine the direct influence of Pb (lead) concentration to

phytoplankton algae as reported by Woolery [14] that Pb could inhibit photosynthesis process

based on laboratory experiment. The photosynthesis rate was drastically decreased as the

Pb concentration increased as shown in Fig.6.3. For more than 10mg/L Pb concentration, the

photosynthesys rate is inhibited to 0% which lead to lethal condition[14]. The experiment object

is Bacillariophyceae algae which is very common in Java sea [16]. By using this laboratory

experiment results, the effect of Pb concentration on Bacillariophyceae algae photosythesis

can be known in Sunda Strait area. The summary of computational conditions are shown in

Table.6.1.
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Table 6.1: Computational conditions

Case Monsoon season Location Evaluated items
1 South East Source1 Pb, Algae

Source2 Pb, Algae
Source3 SS

2 North West Source1 Pb, Algae
Source2 Pb, Algae
Source3 SS

Figure 6.3: Photosynthesis rate of Bacillariophyceae algae after 72hours laboratory treatment
[14]

6.3 Results and Validation

Firstly, SEM and NWM cases are validated by comparing water elevation from both compu-

tational results to tide data from Geospatial Information Agency Indonesia [24], which are

generated from the assimilation of permanent tide stations and altimeters data, as shown in

Fig.6.4. The simulation results show a good agreement with the field data with little discrep-

ancy in the tide phase. The most notable differences are occur in the first and second day

because at that period, the models are still in spin-up stage. In SEM case, tidal currents are

mostly flowing from south sill to north sill, both at surface and near bottom, with maximum

velocity of 1.5m/s, although there are lower velocity from north sill about 0.3m/s as shown

in upper figure of Fig.6.5. In the other hand, NWM case shown in lower figure of Fig.6.5 has

most of its tidal current flowing to the south sill with maximum velocity of 1.4m/s. The tidal

currents are flowing strongly along the coastal area both in SEM and NWM cases as shown in

Figs.6.6-6.8. Due to the tidal current flow characteristic in SEM case, Pb concentration spreads
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Figure 6.4: Water elevation of Sunda Strait in SEM and NWM season validated with tide data
from Geospatial Information Agency Indonesia [24]

in the nothern area only even after 4 weeks, while SS, which originated from south coast of Java

Island, spreads strongly to wider area in northern part of the strait. In NWM case, the tidal

current flow helps Pb and SS concentrations to spread into further western part of the strait.

Therefore, although the tidal current flow is lower, it distributes the ocean pollutant wider and

evenly to other part of the strait. SS distribution is covering much larger area as shown in

Fig.6.8 which could lead to wider effect on oxygen decrease and temperature rise[25]. In the

other hand, the Pb concentration distribution is estimated to affect a very large area as shown

in Fig.6.6 and 6.7 for SEM and NWM case respectively. After four weeks contamination from

two point source of Pb west and east coast of Sunda Strait, the photosynthesis rate in the 5km

radius from the source 1 is decreased to 0% which means the phytoplankton algae is in lethal

condition, both in SEM and NWM cases. However, in NWM case, 60-75% photosynthesys rate

area are wider and those could lead to less production of phytoplankton algae in Sunda Strait

area. The time histories also shown that during SEM season, ST6, located near Source1,

is contaminated with high Pb concentration which cause algae photosynthesys rate decrease

to less than 20% at several periods. This results also validated by Suwandana report from
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Figure 6.5: Tidal current flow in Sunda Strait at different monsoon season
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Figure 6.6: Pb distribution from point-sources due to tidal current flow and Algae photosyn-
thesis rate due to Pb contamination in SEM season
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Figure 6.7: Pb distribution from point-sources due to tidal current flow and Algae photosyn-
thesis rate due to Pb contamination in NWM season
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Figure 6.8: distribution from point-sources due to tidal current flow in SEM and NWM season
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field experiment in SEM season 2010, who found the Pb concentration at north side of Sunda

Strait about 10mg/L [11]. In the other hand, Pb contamination is low at ST2, located near

Source2, about 2-4 mg/L. Despite low Pb concentration, it still affect algae photosynthesys rate

which reduced to 40%. Otherwise, in NWM season, ST6 affected by lower Pb concentration,

about 4 mg/L which lead to 40% algae photosynthesys rate, while ST2 contains higher Pb

concentration with maximum 8 mg/L which caused lower algae photosynthesys rate in range of

30-80%. Refers to field data in SEM season 2010 and 2011 from [17], Phytoplankton abundance

and biodiversity were significantly higher in Sunda strait, about 9.75×103, compared to other

locations near Java Sea[26][27][28]. It can be concluded that marine pollution in Sunda Strait

area could lead to large ocean primary production and significantly affect the fisheries and

other aquaculture sectors results[29]. Based on time history of suspended solid results at ST3

and ST10 which located near SS point-source Source3, the SS concentrations are very high. At

St10, SS concentrations are within range of 50-90 mg/L in SEM, and 40-90 mg/L in NWM.

High concentrations of SS are causing high turbidity which can reduce sunlight penetrates in

water and decrease the algae phosynthesys rate, although those phenomena are common in

tropic country with high rainfall intensity thus lead to sediment washoff from land, especially

in esturary area [30].

Figure 6.9: Time histories of Pb concentration and algae photosynthesys rate in Sunda Strait
during SEM season
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Figure 6.10: Time histories of Pb concentration and algae photosynthesys rate in Sunda Strait
during NWM season

Figure 6.11: Time histories of SS concentration in Sunda Strait during SEM and NWM season



126 Ch. 6. Prelim. Assessment of Ocean Pollution Effect in Sunda Strait

6.4 Conclusions

Environmental analyses of marine pollution in Sunda Strait, which consider the tidal current

flow in South East Monsoon (SEM) and North West Monsoon (NWM) seasons are simulated

for one month period at each case. Validations with field data shows good agreement with

little discrepancy which does not affect the end results of the simulations. SEM case results

show dominant flow to the north which affect the Pb (lead) and Suspended Solid (SS) con-

centration distribution. In NWM case, tidal current flows to south mostly and spread Pb and

SS concentration to wider area from the east to the west side of the strait. This is also affect

more contaminated area which has lower photosynthesis rate of phytoplankton algae, about

60-75%. Meanwhile, in 5km radius from Source 1 of Pb concentration, photosynthesis rate is

very low, or nearly 0%, and threaten the living ability of the phytoplankton algae. Moreover,

high SS concentration phenomena in Sunda Strait as part of tropic area could also decrease

algae photosynthesis rate because of less sunlight penetration.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

In this final chapter, the results of this research which based on objectives in Chapter 1 are

briefly described. Considering that for several aspects only a preliminary investigation which

then could be executed, suggestions of future works are also presented.

The topic of the dissertation is motivated by the desire to understand in more detail not

only the ocean potential including renewable energy, fishery, and aquaculture, but also the

environmental problems that occurred due to human activity, especially in archipelago area.

Both aspects should be balanced to keep ocean resources sustainability. After conducting this

study, the main conclusions drawn are summarized as following.

• Indonesian archipelago is chosen as it is one of the largest tidal current resource in the

world. Investigation on tidal current characteristics and its energy potential shows that

the tidal current velocity is relatively high in narrow straits at Maluku islands and Nusa

Tenggara islands. In particular, Lombok strait is the most notable location with the

maximum tidal current velocity, 4m/s. The narrow straits at Nusa Tenggara islands can

produce more than 2.8m/s for tidal current and more than 12kW/m2 for tidal current

energy. In the northern and the southern part of Halmahera island, the resultant tidal

131
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current kinetic power also produces about 5kW/m2. The tendency of tidal current at

Lombok strait and Maluku sea is almost south direction and therefore a small sized

Horizontal Axis Turbine (HAT) is appropriate for the flow conditions to generate electric

power with high efficiency to avoid ocean environmental damages caused by installing

and operating HAT and to suitably supply electric power with low transmission cost to

local living people.

• In order to harvest the tidal current energy in Indonesia and distribute it to local commu-

nities, a small-sized HAT 10kW class with the diameter 2.2m, was theoretically and nu-

merically designed and optimized considering the specific tidal-current at the archipelago

areas, and also velocity field around the designed turbine and pressure distribution on it

were examined. The designed turbine can generate electric power for more than one hun-

dred people at Lombok strait. The power distribution produced by the designed turbine

was mapped by using the estimated power curve at Maluku islands and Nusa Tenggara

islands.

• For country with aquaculture such as Indonesia and Japan, small-sized tidal current

turbine can be combined with Fish Aggregating Device (FAD) considering several sea

states for practical use. FAD can also be utilized as a scientific platform to produce

environment-friendly ecosystem by an artificial infrastructure. In this study, a mooring

type of FAD with Horizontal Axis Turbine (HAT) and Vertical Axis Turbine (VAT) was

designed considering collision with a marine vertebrate, fish and a rotational turbine. The

designed FAD has been optimized to reduce fluid force and motion using elastic mooring.

In Indonesian archipelago area, the estimated electric power could reach 220W in Bali

strait and 700W in Lombok strait, due to higher current velocity, by using the mooring

type of FAD with the designed turbine. It could be adequate to turn on LED for gathering

fishes and to boot up and activate several sensors such as beacon, ocean environmental,

disaster and security devices.

• In order to accomplish the balance between coastal development and ecosystem sustain-

ability, environmental research should be conducted especially in urban coastal area such
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as enclosed sea in Japan. Study on hydrogen sulfide reduction in order to recover ocean en-

vironment by utilizing recycled material had been conducted using Eulerian-Lagrangian

model with ocean circulation model in order to consider fluid-particle interaction be-

tween tidal current and steelmaking slag, and advection-diffusion of dissolved sulfide.

The model was also applied to Fukuyama inner harbor and Tokyo Bay using the exper-

imental and field data. The numerical results demonstrated that steelmaking slag can

control advection-diffusion of concentration of DO and H2S which is highly toxic and

fatal to benthic organisms and it causes oxygen-deficient water and the blue tide at the

dredged trench in Tokyo Bay. Accordingly, steelmaking slag could improve organically

enriched sea bottom in enclosed sea area.

• Preliminary assessment of ocean pollution effect on fishery and aquaculture is a very im-

portant step in order to prevent further marine production loss and ocean environmental

damage in Indonesian seas. By considering tidal current flow in different monsoon season

in Indonesia, pollutant distribution can be estimated and spatial effect on marine aqua-

culture can be predicted, which was not achieved in other researches before. Sunda Strait

is chosen to be specific study site because it is one of important strait where industry,

transportation, and tourism are heavily established, while fishery has been a major income

for local communities. Environmental analyses of marine pollution in Sunda Strait, which

consider the tidal current flow in South East Monsoon (SEM) and North West Monsoon

(NWM) seasons are simulated for one month period at each case. Pb (lead) has chosen

as the main contaminant because of its high concentration in this area. Validations with

field data shows good agreement with little discrepancy which does not affect the end

results of the simulations. SEM case results show dominant flow to the north which affect

the Pb (lead) and Suspended Solid (SS) concentration distribution. In NWM case, tidal

current flows to south mostly and spread Pb and SS concentration to wider area from the

east to the west side of the strait. This is also affect more contaminated area which has

lower photosynthesis rate of phytoplankton algae, about 60-75%. Meanwhile, in 5km ra-

dius from Source1 of Pb concentration, photosynthesis rate is very low, or nearly 0%, and

threaten the living ability of the phytoplankton algae. Moreover, high SS concentration
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phenomena in Sunda Strait as part of tropic area could also decrease algae photosynthesis

rate because of less sunlight penetration.

7.2 Future Works

From this study, an enhanced understanding has been gained in the tidal current energy re-

sources and ocean environment assessment in order to keep fishery and aquaculture sustain-

ability. Some recommendations for further research are presented below.

Tidal current energy harvesting

The electric performance of the small-sized HAT should be evaluated considering seasonal and

annual variation of tidal-current and ITF using more fine grids to survey a hot spot for installing

a tidal-current harvester. Experiment and fields tests should also be conducted with a prototype

to examine hydrodynamic and electric performance of the designed turbine.

Fish Aggregating Device (FAD) with an ocean energy harvester

Unsteady motions of FAD with an ocean energy harvester should be directly considered in

theoretical and numerical works to investigate fully nonlinear fluid-structure interaction. The

power coefficient should be also validated with field data and efficiency regarding with loss of

gear, generator etc. should be considered in practical use.

Eulerian-Lagrangian coupling model

More detailed validation on the numerical model should be quantitatively conducted and also a

more sophisticated model should be developed in physical-chemical interaction process between

slag and sea water.
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Investigation on marine pollution in Indonesia

The dynamic wind and river discharges data from each monsoon season should be included in

future numerical model, as it play important roles in water contaminant and sediment distribu-

tion in coastal area. Furthermore, the ocean pollution effect on fishery and marine aquaculture

should be supported by detailed data of marine biota abundance and specific physical and

biogeochemical mechanism should be included in the numerical model so that the ecosystem

model can be well described.


