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Abstract

The term “artificial reefs™ is being used by many researchers to refer to a variety of

d These are widely used to reduce the wave energy as well

as to provide a safe and i i for fish. i ies of artificial
reefs made with hollow hemispherical shaped balls are presented in this study. The
hydraulic parameters such as wave heights. particle velocities. fluid flows. wave breaking

and dissipation of wave energy in the vicinity of reefs are investigated using Finite Volume

methods. The study i i i and th i i fluid motion over an
artificial reef constructed with one or more reef units.

As water moves through the reefs. the incoming wave energy is dissipated by
turbulence; furthermore, pressure waves. which can be detected by fish. are produced as
water exits through the holes on the top and sides of the hemispherical balls. Turbulent
water. which exits/enters through the holes on the top and sides. moves upward/ downward
and modifies the incoming/outgoing wave field. This movement of water is found to be
effective in atracting fish swimming near the sea surface. It was also confirmed that the

water decrease iderably within the reef facilitating the of marine

organisms and their subsequent growth.

In the two-dimensional model. use of reefs with less than six units does not seem to
reduce the wave height, significantly. However, use of a 12 unit reef seems to reduce the
wave climate inside the basin, considerably. Provision of proper reefs placement provides a

conducive environment and suitable locations wherein the fish can congregate and spawn;



in addition it also provides areas wherein the benthic diatoms and seaweed spores can
develop and grow.

It was observed in three dimensional model that the energy dissipation was not due to
the breaking of waves as observed in the two dimensional model. but due 1o the flow
separation occuring at the crest and around the reefs. Therefore. the wider the crest of the
reef within one or two wave lengths will result in more wave energy dissipated.
Numerical studies by Tsujimoto, et. al (1999) as well as field observations by Ohnaka and

(1994) have the results of th i i model here.
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Chapter 1
Introduction

1.1. Aims and Motivation of the Thesis
Breakwaters, as an example of coastal structures, are usually adopted to protect and
stabilize the coastal areas from the effect of waves and other hydrodynamic forces. They
are generally built parallel to the shore with their crests above high water. Some
structures are designed to reflect wave energy, while other structures attempt to decrease
most of the wave energy through wave breaking and dissipation upon and within a
permeable structure. Other types of breakwaters. which have their crests below the water

surface have been considered by many researchers due to their economic advantage

(Ahrens. 1987). These b are called as I d b

breakwaters, reef breakwaters, or artificial reefs (Ahrens 1987, Harris. 1995). In this

thesis. since every i abject can ially be i as a reef. these

submerged man-made structures are called artificial reefs.

Artificial reefs. referred as d are used either as

energy dissipatis t or fish ing devices (FADs) in the coastal



environment. However. since both of them have similar purposes. the term "FADs" is
being used to refer to suspended structures in water column, as "artificial reefs' refer to
structures placed on the seabed. Artificial reefs were widely and traditionally used since
early times to attract fish and increase their productivity beside FAD’s (Bohnsack et. al.
1991, Bombace 1989, Ino 1974, Seaman & Sprague 1991,)

The popularity and the beneficial uses of antificial reefs are growing rapidly. Many
countries, such as Japan, USA, Italy, Spain, and Australia, have been very active in the

design, devel ploy and utilization of artificial reefs. More over, Japan is

the only country where reef design processes have been codified into official manuals.

A. Tetrapod B. Modified Tetrapod
Sizes: 110 50 tons Sizes: 0.5 0 30 tons
! E % Void: 56%
C. Tetrahedron D. Nagai

Sizes: 0.25 to 50 tons Sizes: 1o 16 tons
Void: 42 to 50% (arranged)
56% (random order)

F. Trileg B
Sizes: 0.5 to 10 tons £y Sizes:05t0 10 tons
7

Figure 1.1.  Manufactured Concrete Breakwater Blocks (Mottet, 1985)



The engineering properties of artificial reefs are similar to the submerged
breakwaters. Concrete breakwater blocks such as tetrapod. tetrahedron, or trileg (Figure
1.1), are commonly used as artificial reefs because they have large surface areas. Some
breakwater blocks such as tetrapod may be more effective in growing seaweed than many

substrate blocks (Mottet, 1985).

A. "SAB H2" Model B. "SAB H4" Model
(6.6 tons; 25 m’) (33.9 tons; 150 m*)

C. Scouring at Base
Tidal Current

Lo REE S Sen Bottom
Newly set unit Base

Tidal Current

Concave roof
enhances
trbulence
vertically

Base becomes embedded for stability Open bottom Section allows free flow

Figure 1.2 SAB Chamber Structures (Mottet, 1985)



Various artificial reefs have been used to attract fish by producing coherent eddies
with upward flow as well as by providing hiding places for fish such as the “SAB
Chamber Structure” model (Figure 1.2) (Mottet, 1985). Most of these reefs have

rectangular shapes and cause tearing of fishing nets. In order to reduce entanglement of

fishing nets, bott ted h-shaped reefs were d as alternatives, such as
cylindrical shapes, turtle blocks, and reef balls as given in Figure 1.3 (Mottet 1985,
Reefball Development Group 1997).

A. Cylindrical Shape B. Large Cylinder
(0.17 to 4.6 m*) (39.76 m")

Ry i
A8 b

C. Turtle Block
@73m)

Figure 1.3. Smooth-shaped Reefs
(Mottet 1985, Reefball Development Group 1997)

The reefs should generate enough vortices and turbulence for fish, since their
abundance was influenced by current vortices (Lindquist and Pietrafiesa, 1989), and the
fish tended to face into the current to maintain its position while capturing food

(Bohnsack et. al., 1994).



Flow field in the vicinity of artificial reefs. as shown in Figure 1.2 D. can be

determined from either field observation. i i ion or

calculation. Very few studies have been carried out on predicting numerically the fluid
flow characteristics around a submerged artificial reef. Field observation carried out by
Ohnaka & Yoshizawa (1994) and experimental studies by Smith & Kraus (1990) detail

the influence of reef geometry on wave breaking and wave characteristics. Even though

they discuss about the wave dissipati istics, no ive evidence has been
presented on the scheme. This thesis focuses on the numerical analysis of the flow field
around an artificial reef with a view to facilitate aquaculture developments. The intent of
this thesis is to implement a numerical model for fluid flow around artificial reefs made

of single and multiple hollow hemispherical blocks, and to compute the optimum form

for the reef that will minimize the fluid ities and wave itudes inside the basin as

well as within the individual reef blocks.

1.2. Outline of the Thesis

The thesis consists of six chapters. This chapter briefly describes the salient
features of artificial reefs besides outlining the aim and the motivation for the thesis. The
remaining chapters of the thesis describe the use of artificial reefs in coastal areas and
their characteristic features. In addition, the development of finite volume methods for
numerical analysis of fluid flow and its use in the modelling of artificial reefs are given
along with a comprehensive set of numerical results obtained from this study.

Chapter 2 presents a detailed review of the work carried out on artificial reefs. The

history and utilization of reefs in coastal environment, function, type and design are given



in detail. artificial reef istics. the ical method used in analysis.
and their implementation are presented in Chapter 3. In Chapter 4. two-dimensional

analyses of single and multiple hollow artificial reefs are discussed and the results

Furth analyses of th i i models are discussed in Chapter 5
along with the presentation of results. Finally, in Chapter 6. the contributions of this

thesis are summarized and suggestions for further study are presented.



Chapter 2
A Review of Artificial Reefs

2.1. Introduction

Most of the earlier studies on antificial reefs have been carried out by biologists and
marine scientists rather than coastal engineers. Their investigations were merely on the
biological-environmental aspects such as assemblage of fish in the vicinity of reefs. reef
productivity. or comparative studies between artificial and natural reefs. Only a few of

them i i the hydraulic or ineering aspects of artificial reefs. Meanwhile.

other studies. mostly carried out by coastal il ized the utilization of reefs

as breakwaters only.

This chapter presents a synopsis on artificial reefs especially those for fish
enhancement habitats. A brief history of artificial reef utilization and its deployment are
given in Section 2.2. The materials used in reef construction along with the purpose and
reef type are presented in Section 2.3. Section 2.4 covers the environmental factors

considered and the design and engineering aspects of artificial reefs.



2.2. Artificial Reefs Deployment in the World

Antificial reefs may refer to man-made structures that serve as shelter and habitat.
source of food. and breeding area (White et al.. 1990) for marine animals: they are also
used for shoreline protection (Creter. 1994) or as surf-waves generating devices (Craig.
1992). Recently, the term has been used to refer to a variety of submerged structures sunk
in the nearshore area (Harris, 1995). They are normally placed in designated areas to
improve or recover their environmental resources, viz.. in an area with (i) low
productivity or where habitat and environment has been degraded such as an eroded
shoreline (Creter. 1994); (ii) natural reef flat degradation (Clark and Edwards. 1994) or

(iii) in an area where waves need to be generated for surfers (Craig, 1992). However.

most of the artificial reefs have been used lly as fish
structures for a long time, especially in Japan and United States of America (Grove et al..
1989 and 1994; McGurrin and Reeff 1986; Mc Gurrin et al, 1989: Stone 1985: and Stone
etal.. 1991),

According to Stone et al (1991) Japan's artificial reef history can be divided into
three phases of development. First phase was started in the Kansai Era (1789 - 1801).
probably earlier (Ino, 1974). At that time, submerged object such as fallen trees and cut

brush, as well as sunken ship and intentionally placed rocks, were used to aggregate fish.

The first phase was ch: i by 1 le and iti reefs
installation. The second phase was marked by actively promoted construction of artificial
reefs. backed up by numerous financial grants from the government in power, lasting

from 1954 10 1974. The traditional name for artificial reefs Tsukiiso (man-made shore



rock) was replaced by official name Gyosho (fishing reef). In this phase, the large-scale
(Oh-gata) as well as the ordinary scale (Nami-gata) reefs were deployed in several areas.
and cost approximately US $ 93 millions (Ino, 1974). In 1974, the final stage of Japan's
program was begun when the Coastal Fishing Ground Development Act was ratified
Then in 1975 the Artificial Reef Fishing Ground Construction Program was initiated w0
use artificial reef technology to create new fishing grounds. Serious efforts by Japanese
fisheries technology firms, using the Ensei Financial Program have published two
guidelines for reef design and constructed the first marine ranch in Saiki Bay on Kyushu
Island in 1984. Japanese government founded a semi governmental organization "Marine
Forum 21" in 1985 to consolidate the nation's fishery resources; through the Ensei
Program, Japan is trying to change the conventional "catch fishery" approach to "culture
fishery" approach (Grove et al., 1989 and 1994).

Similar to Japanese efforts, artificial reefs have been used to improve fisheries
history for over 100 years in United States. However, their utilization as a resource
enhancement technique have been known and developed only recently (McGurrin et al.,
1989). Initially, the efforts were carried out by local communities or local associations
separately. Only after the National Fishing Enhancement Act was passed in 1984
resulting in the mandated development of the National Artificial Reef Plan in 1985, the

fisheries resource enchancement, using artificial reefs, become a synergized effort by a

wide society including divers, onservation group,
and government agencies (McGurrin and Reeff, 1986). Recently, artificial reef
development has been carried out not only in the coastal or estuarine areas, but also in the

freshwater areas present in various temperature zones.



First artificial reef was built in South Carolina in 1860s (Stone, 1985) using logs.
while large scale ocean artificial reef constructions were made in 1935 using boat and
other material in New Jersey (McGurrin and Reeff. 1986). After World War II. the first
reef built was the"Beer-Case Reef" off the New York coast in 1950s which was made
from 14.000 wooden beer cases filled with concrete.

Private sector, especially oil companies in Gulf of Mexico, has been involved
intensively in "Rigs to Reefs" program. Their efforts together with the state agencies in
submerging obsolete oil and gas offshore platforms as antificial reefs can lead to
increasing sophistication of artificial reef technology and more innovative artificial reef
application. In the future, since the problems encountered in artificial reefs have become
site specific, US government expects private sector such as utility (coal ash reefs) and
LNG industries (rigs-to-reefs) to work closely with state agencies to become active
sponsoring and supporting agencies for artificial reef research (McGurrin et al. 1989).

Meanwhile in the Mediterranean Seas. artificial reefs. consisting of car wrecks.
have been deployed in a limited zone to counter illegal trawling since the early 1970's.
The use of artificial reefs in the Mediterranean (Italy. France. Spain) is still in an
experimental stage and is limited to a few coastal areas. mainly to protect the marine
meadows (posidonia oceanica) and to enhance the traditional fisheries (Bombace. 1989).
As already known, the marine meadows are widely distributed in the Mediterranean Sea

and has ical i in ing oxygen, providing nursery areas for young

ones. and stabilizing the sea-bed (Guillen et al, 1994). In the southeastern area with the

lowest fisheries pi ivity in the i Sea, an i tire reef



construction was planned and the model tested in Haifa (Spanier et al. 1985): the
installation was intended to increase the fishery production.

In Spain, on the and Western i the ion of

artificial reefs was proposed as a possible solution for over-exploitation of near-shore
fishery resources. There are three period of reefs construction in Spain. 1979-1986. 1987-
1991. and 1992-1996 (Gomez-Buckley and Haroun, 1994). During the first stage and
before. the construction techniques and design of artificial reefs were poorly developed.
and the materials used were mainly materials of opportunity (car bodies. concrete blocks.
ceramic pieces, etc). The second and third stages were the systematized stages. when a
Multi-annual Guidance Program (MAGP) was released in 1987 by the Spanish
Government. Under the supervision of the European Economic Community (EEC). the
reefs construction, as well as its assessment. was organized. The MAGP integrated
artificial reefs construction criteria (i.e: materials. design, place. selection. etc) also
ensured the proper scientific assesment for all future artificial reefs to be established in
the Spanish coastal zone. The second MAGP. which was approved by EEC in 1991.
enabled Spain to continue its efforts in ecological enhancement using artificial reefs for
the next 5 years (Gomez-Buckley and Haroun, 1994).

Several installations of antificial reefs were reported from Spain. Off the shores of
Barcelona, in 1979, the first big scale artificial reef was constructed covering 1000m*
area which consisted of several materials (concrete blocks, ceramic pieces. fiber-cement
and car bodies) [Gomez-Buckley and Haroun. 1994]. In the Balearic water (1989 - 1990).
numerous ‘boulders' made from concrete were deployed to prevent further damage to the
seabed as well as to enhance its natural regeneration (Moreno et al, 1994). In Canary



Islands (1990-1991), concrete blocks were immersed (Haroun et al. 1994). and in the
marine reserves of Tabarca. Alicante, they were used to protect the degradation of marine
meadow due to illegal bottom trawling fishing and to provide altemative fishing sites
(Bayle-Sempere et al, 1994).

France started artificial reefs in 1982 to prevent illegal trawling and has also made
several experimental efforts to build artificial reefs in five protected marine parks
(Bombace. 1989). Most of the materials consisted of old tires. car wrecks. concrete
cylinders blocks and other building materials, deployed at several sites such as Palavas-
les-Flots (1968), Concameau (1970-1973), Gulf of Juan and Villefranche-sur-mer
(1980's). and Port La Nouvelle (1980).

Among the Mediaterranean countries, Italy is very active in deploying reefs and
developing scientific studies in habitat enhancement especially for shellfish. Two

different periods were noted in Italy: initially, small sporadic experiments were carried

out before the 1970s, and then a better scientificall inated effort. Since
fishermen receive the benefits from the artificial reef projects. they actively supported
and promoted the projects, from the beginning.

The first artificial reef in Italian waters was submerged in December 1970 near
Varazze in the Ligurrian Sea (Gulf of Marconi) by a group of fishermen without any
scientific support. The reef consisted of 1300 car bodies and 16 wooden barges
(immersed later, during 1979) to prevent illegal trawling and to improve sports fishing in
the area (Relini and Relini, 1989a).

In 1974, the first ic plan in the i Sea was started in Ancona,

Italy, through the Marine Fisheries Research Institute (IRPeM) by deploying concrete
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blocks and some old boats in Adriatic Sea. Financial supports were obtained from the
Italian state and European Economic Community (Bombace. 1989). In the Ligurian Sea
(Marconi Gulf), an artificial reef was completed between 1980 - 1985 consisting of
concrete blocks, barges, dock-gates. and other materials such as gravel. sand and coarse
pebbles. The reef was intended to offer a hard substrata to spores, seedlings and larvae of
sessile organisms, as well as to offer shelter and protection to eggs, juveniles and molting
animals; they protect small-scale fishing resources (Relini and Relini. 1989a).
Furthermore, from 1987-1988. five artificial reefs using cubic concrete block (2 x 2 x 2

m). in the p; i were along Italian Adriatic coast resulting

in a gradual increase of fish abundance, species richness and diversity (Bombace et al
1994). Currently, coal ash is being used for reefs under construction in Italy (Sampaolo
and Relini. 1994)

Artificial reefs utilization in Australia were mainly promoted by recreational
fishermen and divers (Branden et all 1994) and recently. by surfers (Anderson. 1997).
Australia’s experiences with artificial reefs began in 1965 when the Victorian
Departement of Fisheries and Wildlife deployed 300 waste concrete pipes in Port Philip
Bay near Melbourne. However, derelict vessels were scuttled in Queensland in the late
1960's by private divers groups. Since the Australian government restricted the materials
for reefs to be at little or no cost and durable for at least 20 years. ballasted tires and
derelict vessels have become the widely accepted materials for reefs; no large-scale
concrete blocks have been deployed so far (Pollard and Matthews, 1985)

In the Arabian Gulf reports of artificial reef activities have come from Kuwait and
Qatar. Three experimental tire modules were deployed in the waters off Ras Al-Zoor.
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Kuwait. in 1981 as the first artificial reef in the Arabian Gulf (Downing et al. 1985). The
purpose of these structures was to concentrate fish in the area. In Qatar. reefballs were
deployed by Qatar Science Club in Arabian Gulf, sponsored by an oil company in 1997
(Reefball Development Group, 1997).

Studies in Taiwan, confirmed the effectiveness of artificial reefs for natural
resource preservation. habitat reconstruction, and nursery ground. Concrete blocks (1m*
and 12 m’), scrapped boats. junk cars. used tires, and bamboo were used as reefs.
However. the most effective and most often used materials were concrete blocks and
scrapped boats (Chang, 1985).

As noted by White et al (1990), widespread interest of Southeast Asian countries in
artificial reef construction, as a part of coastal zone management for resource

d in the late ties. Thailand initiated an artificial reef

construction program in 1978, covering seven coastal provinces along the Gulf of
Thailand and the Andaman Sea (Sinanuwong, 1991). In Malaysia. artificial reefs were
established in the early 1970s where they started as initiatives of the small-scale
fishermen in the east coast of Peninsular Malaysia, particularly in the states of Kelantan
and Trengganu, by sinking derelict wooden boats, branches of trees and rocks
(Delmendo, 1991). The Philippines started a national program in 1981 and has
established 70 small-scale artificial reefs in different pars of the country. In Singapore.
the National University of Singapore initiated an artificial reef project on an experimental
basis in 1989 under ASEAN/US Coastal Resources Management Project (CRMP). In
Darussalam. Brunei, artificial reef construction began in 1984 for fish aggregation and
habitat enhancement (White et al, 1990). Indonesia has experimented in Jakarta Bay
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where becak (tri-cycles/pedicabs) which are banned by the city of Jakarta. and used
busses have been dumped into the bay to attract fish since 1985 (Hardjono. 1990).
From the various national plans and programs above. Stone (1991) classified them
into three categories;
* Governments that may have a plan and hence fund deployment such as Japan
(Grove et al, 1989, 1994; Stone, 1991)
= Goverments that may have a plan but have spent nil or only minimal funding
such as USA (Stone, 1991), Australia (Branden et al, 1994), France (Bombace.
1989),and Italy (Bombace, 1989); and
* Governments without a plan yet, but were committing modest funding to

or full-scale of reef. This occurred in

developing countries such as India (Stone. 1991). Kuwait (Downing. et al.
1985). and Southeast Asian countries such as Malaysia. Thailand. Philipines.

and Indonesia (White, et.al. 1990),

2.3. Purpose, Types, and Materials of Artificial Reefs

As noted above, artificial reefs were widely and traditionally used since early times
to attract fish and increase the productivity of fishing, besides being fish aggregating
devices (FADs). According to Chou (1997), the major functions of anificial reefs are to:

* aggregate organisms to enable more efficient fishing,

® increase natural productivity by providing new habitats for encrusting
organisms which contribute to food chain,

* create habitats for desired target species, and



= protect small/juvenile organisms and nursery areas from destructive fishing
gears.

Furthermore, the reasons for the uses of artificial reefs are summarized as follows

(Harris, 1997):

= Environmental enhancement [to increase the amount of hardbottom (perplexing

rocky outcrops) and the it ity]

= Fish aggregating devices (FADs) and aquaculture

= Mitigation of damages (replace the damaged hardbottoms)

= Attraction for eco-tourism (diving)

= Shoreline erosion control and harbor protection (breakwaters and wave
absorbers)

= Surfing enhancement

The first two of the above represent the traditional uses of artificial reefs, while the

latter four are more newly developed uses. According to the purposes listed above, Harris

(1995) classified the artificial reefs into five types as given in the Table 2.1 below:

Table 2.1. Types of Artificial Reefs According to Their Purpose (Harris, 1995)

i Tat Water | Structure

yp pose Depth' Type*

1. Enyigpmicnis} Increase hardbottom, mitigation | 0—100m+ | BorF
Enhancement
2. Fishing Reefs FADs, upwelling, aquacultore | 0—100m+ | BorF
oy Diving Reefs Sngiceling aid diving, 0-40m B
eco-tourism
4. Breakwaters Wave height reduction 0-10m+ | BorF
5. | Surfing Enhancement | Breaking wave form enhancement | 1-5m B
Notes:

I

Typical water depths, + signs indicate some deeper applications possible

2. B = Bottom mounted reef structure, F = floating reef structure
3. FAD = fish attracting device



to their design.

Artificial reefs also can be
Depending on the purpose of the reefs and the design depth, artificial reefs can be either
bottom mounted or floating. The reef may be made up of a number of reef units or the

reefs may consist of one large individual unit, such as a ship. Various types of artificial

reefs are given in Figure 2.1

A. Fish habitat enhancement; Used Tire
(Spanier et al 1985)

B. Fish habitat enhancement; Bamboo. C. Fish habitat enhancement; Materials of
(White et al 1990) opportunity (Seaman and Sprague 1991)

Figure 2.1 Various Types of Artificial Reefs



D. Shoreline protection, Concrete
(Creter 1994)

E. Fish habitat, Prefabricated Ferroconcrete
(Mottet. 1985)

F. Anti-trawling structures and restoration/
production modules: Fabricated concrete
blocks (Gomez-Buckley & Haroun 1994,
and Moreno et al, 1994)

G. Upwelling System, Concrete
(Otake et al 1991)

Figure 2.1 Various Types of Artificial Reefs (continued)
Essentially, various materials used for artificial reefs can be divided into two

types: natural and man-made. The natural materials include rocks, and vegetations such

as bamboo, log cribs, and brush piles which can be placed either individually, or as a pile.

d concrete,

The d ials include new als such as fabri



steel. FRP (fiberglass reinforced plastics) or used materials such as womn-out tires.
vessels. and coal ash.
The abundance of used and waste materials has reduced the costs involved in

1 countries

artificial reef ion, usually an i i ion for
(Chou. 1997). Therefore a waste materials or material of opportunity reef (Harris. 1990.
Harris et al 1996) consisted materials such as used tires. old vehicles. ships. boats. etc..
are not recommended by environmentalists for use in as artificial reefs. Furthermore.
Harris (1995) classified materials of artificial reefs as:

* Waste disposal (or “material of opportunity”)

* Custom designed materials, or

* Combinations of the above

Special materials can also be used for the custom designed reef units. Concrete
units. for example, can be fabricated from concrete containing fly ash, micro silica. and
other additives used to increase the strength. durability, and compatibility of the material

with the marine i (Reefball Dx Group. 1997). The surface of the

concrete can be roughened, native rocks can be cemented in. and different size voids and
surface areas can be created to provide the habitat required by various marine organisms:
and to minimize settlement and reduce scour, geotextile can be used underneath reef units
(Harris. 1995). Another reef was constructed from waste praducts of coal combustion
(Collins et al, 1994a, 1994b) and mineral accretion where calcium carbonate and

were ipil from seawater onto conductive materials using

direct electrical currents (Hilbertz and Goreau, 1996).



Grove et al (1991) classified materials for reefs. in the aquatic environment. as
given in the Table 2.2 below.

Table 2.2. Types of Material Used for Antificial Reefs (Grove et al. 1991)

Environment and application

Material and Structure
Ocean Estuary Freshwater

Natural Material
= Bamboo

= Brush

= Coconut

= Opyster Shell
= Quarry Rock

-
R

o
Stone (piled or in gabions)
Trees, Logs

Wooden Frames

RII>E' >»0
T
£
m
T

-
T mm

Manufactured or Scrap Products

= Concrete
*  Poured structures
*  Rubble
*  Fiberglassiplastic RE
*  Benthic reef Modules REAE i
H

RCHE RHE
RH R

o m

= Midway buoys, streamers

* Seaweed E
* Incineration ash
* Rubber

*  Automobile tires
. teel
Automobile bodies C
Benthic reefs modules R
Fuel Storage tanks
Petroleum Production Platforms R
Street Cars (trolleys)
Vessels

x mm

RCAHE RH

se s e,

* Vessels

Note:  A: Artisanal (small-scale) fishing; C: Commercial Fishing: E: Experimental;
H; Habitat enhancement: M: Mitigation: R: Recreational Fishing
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In Southeast Asia (Chou, 1997) and other developing countries. natural materials
for reefs such as bamboo and wood are commonly used. In Japan. materials approved for
use in reef project were required to provide durability for 30 vears or more of useful life:
therefore. concrete. steel. FRP and stone were used widely. However. in some countries.

such as Italy (Relini and Relini. 1989b). scrap materials such as car bodies. old ships or

similar waste materials were not due to the ibility of the

due to the nature of the byprod of

2.4. Design and Engineering of Artificial Reefs.

Suitable structures used to enhance aquaculture habitats, must have such functions
as providing shelters to eggs, larval and juvenile fish as well as providing prey organism.
These structures must also be based on the clear understanding of the ecology of the
target species (Kakimoto, 1991). From this point of view, the engineering and design of

artificial reefs will be di d based on the i i iological.

hydrodynamical and topographical aspects.
2.4.1. Environmental Characteristics

Once the reefs were deployed. environmental condition in the reefs vicinity would

be changed. Sessile plankton was able to aggregate in the shaded area of reefs.

Subsequantly, new fish species that d on these i were

Physical characteristics such as currents, bed load deposition, or bottom materials would
also be changed once the reefs were installed. Phenomena such as vortex shedding and
wake formation in the lee of the reefs, zones of acceleration, stagnation and turning of
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currents on the upcurrent side of the reef. geometrical shade and shadow in the
surrounding space and within the reef, and generation of topographic wave and
perturbations associated with internal waves would occur in the vicinity of the reefs.

F these would the of sessile

growth of seaweed and algae, and local settlement of drifting algae. and finally provide
diversity in substrate types. Anificial reefs also provide shelter. feeding. spawning.
playing grounds, rest area, and temporary stop-over for fish and create their local
ecological system (Takeuchi, 1991). Therefore, the reefs must be properly designed so as
10 avoid the generation of a hazardous and unstable wave environment in the area.
Currents are important in carrying nutrients and organic matter across artificial
reefs from inlets along the coast as well as bringing planktonic larvae to the reefs for
settlement. Baynes and Szmant (1989) noted that the higher coverage and species
diversity corresponded to areas of high velocity flow and low sedimentation. while areas

of flow and i d sedi ion resulted in regions of less cover and

lower species diversity. Furthermore. to increase the sessile benthic growth on artificial
reefs. they suggested to maximize the amount of exposed surface area to current flow and
the amount of vertical substrate.

Lindquist and Pietrafesa (1989) showed that fish species abundance was influenced
by current vortices and tended to face into the current to maintain its position while food
such as planktivores tended to concentrate along the upcurrent side. above the reefs
(Bohnsack et al, 1994). Pressure waves and current shadows (wake) also affect ocean
fishes. As described by Nakamura (1985), pressure waves created by currents impinging
on solid reef structures are recognized by fishes and provide them orientation to the reefs.

2



Chang (1985) concluded that sites shielded from strong currents are preferred by fish. Lin
and Su (1994) also observed that the assemblages of fishes were affected by current
speed in the vicinity of reefs which distribute water temperature and salinities. However,
study by Bortone et al (1994) on artificial cone reefs made from plastics noted that
current shadow seems to have little impact on the substrate in the system which is
dominated by strong ebb tidal surges such as in the estuaries of Gulf of Mexico.

Water quality parameter such as turbidity, temperature and salinity may affect
assemblages depending on the tolerance of individual species (Lin and Su, 1994, Bortone
et al, 1994, Bohnsack et al, 1991, 1994). In the Liguarian Sea, Relini and Relini (1989a)
observed the unsuccessful effort of deploying an artificial reef in the turbid (muddy
bottom with high sedimentation rate) and polluted areas. Study in Philippines resulted in
the highest initial recruitment and percent coverage of benthic organism in turbid/silty

water area rather than in the clear water when the artificial reefs were deployed. As

earlier, the ilability of benthic it infl i the
assemblage of fish. However, clear site patterns follow the same development as with the
silty site (Pamintuan et al, 1994). Other studies noted that turbidity and pollution did not
affect fish assemblages. Similar results were obtained when reefs were placed in clear

water and in turbid water for ing large fish ities in the coastal waters

off Taiwan (Chang, 1985)
2.4.2. Ecological View and Fish Behavior

Theoretically, the ecology of artificial reefs would be similar to the natural reefs

except the differences due to design and positioning of The ecological factors



such as physical di i ition. and predation also occur in the
artificial reefs. Since artificial reefs have been constructed under various water conditions
ranging from shallow to deep, tropical to temperate, clear to turbid. weak or strong
currents with zero to high turbulence, better understanding will allow better design and
more effective use of these structures which also may answer questions about the worth
of building reefs under different circumstances (Bohnsack. et al. 1991).

Many species in the aquatic habitats have different ecological roles depending on
their size and the stage of their life cycle. As noted by Anderson et al (1989). juveniles
and small-bodied fishes tend to stay near artificial reefs for protection. but larger or older
fishes, which are less vulnerable to predation. spend more time away from the artificial
reefs.

Fish pattern studies by Ogawa (1968) cited in Grove and Sonu (1985) indicated five

different fish patterns associated with the availability of reefs:

Patern! Species which prefer strong physical contact with their bodies against
hard objects.
Pattern 1T : Species which like to remain in physical touch with an object with their

pectoral fin or belly.

Pattern III : Species which like to remain in close proximity to a hard object.
‘without really touching it.
Pattern IV: Species which do not always require the presence of a hard object, but

‘when one is offered, occupy a certain typical position relative to it.
Pattem V Species which are indifferent to the presence of a hard object. They

rather tend to respond to fluid excitations.



Figure 2.2. Type of Fishes According to Their Response to The Reefs
('Reefiness') (Nakamura, 1985)

(1985) classified fishes into three types according to their

respective position to the reefs. Type A fishes prefer physical contact with the reef. and
occupy holes. crevasses and narrow openings. They are dominantly benthic dwellers.
such as rock cod and rockfish. Type B fishes are linked to the reef through vision and
sound. These fishes are mostly reef dwellers (coral fish), and like to swim around the reef
while remaining near the bottom and spend most of their life cycle in the vicinity of reefs.
Type C fishes tend to hover above the reef while remaining in the middle and upper parts
of the water column. Anchovy, Mackerel and Sardine belong to this category. Their
responses (called "reefiness") vary by species and their stage of maturation as given in

the Figure 2.2.



Various fish instinct or respanse to their environment are described using the

following terms: rheotaxis (fish tends to place itself parallel to currents). georaxis (fish

tends to balance its abdomen downside, th is (fish navigates through physical
contact). phototaxis (fish responds to light), and chemotaxis (fish responds to smell)
(Nakamura. 1985).

Fish species can also be classified as residents. visitors, or transients (Bohnsack and
Talbot 1980, Bohnsack et al 1994). Residents tend to stay at a structure for long periods
once they colonize or settle. Visitors use artificial habitats for brief periods. from a few
minutes. to hours, days or seasons. Transients are species observed at artificial habitats

but they do not respond to it di ially than the i Behavior of

the species may differ between reefs. A species may be a resident on a large reef but only
a visitor to a small reef because there is insufficient food (in the large reef) to support a
permanent population (Bohnsack et al. 1991).

From an ecological view. the structure of the reefs will depend on the 1arget species
planned to populate the reef. For example. for type A fishes. the reef should have holes
or gaps equivalent to the size of the fish which occupy the reefs. The reef must also be
permeable to the passage of the currents.

For type B fishes, space between the structural members of the reefs should be less
than 2 m from each other (Nakamura. 1985), since the fishes perceive structural
members. 2m apart, as an individual object but clearly notice any object at a distance less
than Im (Ogawa (1968), in Grove and Sonu, 1985). The reefs should also generate
enough vortices and turbulence for fish to identify sessile organisms attached to the reefs.
According to Nakamura (1985), vortex shedding in a current with a velocity of u
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(em/sec) occurs at the reefs with the thickness or width of structural member B (cm)
when the following condition is satisfied:

Bu > 100 (cm?/sec) @n
For practical purposes. Takeuchi (1991) suggested Bu > 10° (cm¥sec). However. when
the current increases, fishes tend to take refuge in the lee of the reefs as shown in Figure

2.3. The current in this area may be approximated by (Nakamura. 1985):

w=ue1-S24
25

)

in which Cp is a drag coefficient for the reef, A is the projection area of the physical

portion of the reef, and S is the projection area of the maximum envelope of the reef.

Figure 2.3. Wake behind The Antificial Reefs (Takeuchi, 1991)

The wake captures drifting objects and suspended mud which contributes to the
improvement of environment for fish. The length of the wake, as shown in the Figure 2.4,
is typically about 4 times the height of permeable reef, and about 14 times for an

impermeable reef.



transition zone

o non-permeable obstacle

Figure 2.4. Current Shadow behind A Two-dimensional Obstacle
(Takeuchi, 1991)

Furthermore, for type C fishes, the reefs should provide a high shadow and be able

emitted by the reef which are detected by fish instinct (Nakamura, 1985). I

densimetric Froude number is 0.09 (Nakamura, 1985):

u

Fr= =0.09 @23)

gd(

to block the currents and shed vortices (Takeuchi, 1991). The linkage between the fish
and the reefs may result from flow-field instability, pressure fluctuations, and sound
n a
continuously stratified slow-moving current, the reef triggers a lee wave which helps the
fishes 10 find an optimum hovering position relative to the reef. The optimum height of a
reef structure to generate the lee wave, is approximately 10% of the water depth in which
the internal wave may rise as high as 80% of the water column at this condition

(Kakimoto, 1991). A lee wave is best developed under the condition where the



in which u is the current speed. d is water depth. p; and p: are water density in the upper
and lower layer. When the current speed exceeds //r (=0.32). the lee wave will generate
a plain wake as described above. Figures 2.5 shows the typical formation of a lee wave

due to artificial reefs.

Figure 2.5. Lee Wave due to Artificial Reefs (Nakamura. 1985)

For the turbulent wake. generated by wave action. the velocity « is substituted by
horizontal velocity component of the orbital wave motion at the crest of the reefs (Grove
and Sonu 1985. Sorensen 1993):

H cosh(kD)
=——"os(kx - 24
W bk € 2.4)

where H is the wave height, T is wave period, t is time. © is the wave angular frequency
(2n/T ). L is wavelength. d is water depth, k is wave number (2x/L). and D is the reef

height. Figure 2.6 typically shows the turbulent wake generated by wave action.
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Figure 2.6. Turbulent Wake due to Wave Action (Takeuchi. 1991)

2.4.3. Geographic Location and Reefs Placement
Based on Japanese experience, geographic location has also been recognized as an
essential parameter for artificial reefs. Site selection was regarded to be more important
than reef design itself (Bohnsack and Sutherland. 1985). A new reef location should be
complementary or remedial to the existing condition (Nakamura, 1985). Artificial Reefs
placement at an adequate distance from the existing natural reef is recommended 1o avoid

competition for the same species in the neighborhood (Grove and Sonu. 1983).

(1985) d various affecting decision of reef site selection.
as described in Table 2.3.

Table 2.3 Various Parameters Affecting Selection of Reef Sites

Site Selection

Topography Oceanography Hydrodynamics
Discontinuities Upwelling Turbulence
* Peninsula, Headland, Downwelling Ascent of Nutrient Salts
Canyon, Ridge, Island * Gyre Plankton Entrainment
Substrata Diversity * Drift Eddy-shedding
Internal wave
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school is then deflected upward at the point of contact with the obstacle as illustrated in

the Figure 2.9.

Internal Jump

Figure 2.9. Fish Position during the Passage of Intemal Wave
(Grove and Sonu, 1985)
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Figure 2.10 Current Patterns around Artificial Reefs (Yoshioka et al, 1993)

According to Yoshioka et al, (1993), current flow patterns on the on-shore end of
artificial reefs can be classified into four types as shown in Figure 2.10. Pattern I shows
that couple circulation currents develop behind the reefs. As the length of reef (Lr)
increases, the effect of opening section does not reach the central part of the reefs (Pattern

II). When the distance between reefs are so narrow, a couple of circulation currents

develop behind the two adjacent reefs (Pattern II). F pattern IV is dy ped
when no circulation currents are developed; i.e., when the reef width (Wr) is small
compared to reef length (Lr).

Behind artificial reefs, a developed couple of circulation currents as well as

longshore currents would reduce the rate of littoral drift and accumulate sediments which
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cause the growth of a cuspate spit from the shoreline. For the offshore breakwater with
the crest above the water level, if the structure’s length (Lr) is great enough in relation to
its distance offshore (Y); i.e: Lr < 2Y. the cuspate spit may connect to the structure.
forming tombolo (CERC. 1984). However. as observed by Newman (1989). the antificial
reef does not induce the circulation current that leads to the tombolo effect.

For the purpose of controlling sand accumnulation and littoral drift a placement.
which will produce flow Pattern I. is recommended by Yoshioka et al. (1993). This is
approached by setting the broad opening at Wr > 0.25 Lr and Y<Lr<4Y. Similar to
Pattern I. a relatively good coastal littoral drift control effect can be obtained by flow
Pattern 11, although circulation currents only develop at the tips of reefs. Furthermore.
when a permeable reef structure is used and the distance between the reefs and the
shoreline is short; i.e: Lr <Y (CERC, 1984). onshore current flowing over the reef almost
reaches the beach line and some times sand accretion does not develop behind the reefs.

Field observations (Newman, 1989) as well as laboratory studies (Bruno. 1993)
confirmed that the artificial reef is effective in limiting the offshore transport of
sediments. Moreover, Newman (1989) noted that the reef converts a significant amount
of wave energy into current energy and produces a strong current along the crest of the
reef. Therefore, more wave energy is converted to current energy along a coastline
protected by the reef than an unprotected coastline that undergoes continuous wave
breaking. Another fact found by Newman (1989) was that the reef also does not reduce
the longshore current; therefore the longshore littoral drift can bypass the reef shadow

zone without sediment deposition.



2.4.4. Physical Criteria
Physical reef characteristics such as materials. texture. size and geometry. have
been known to affect fish assemblages. Material for artificial reefs must be selected
appropriately and should provide suitable substrates for the benthic assemblages which
constitute the source of food for fish. In Japan, the government stipulated that the
artificial reefs should fulfill the required standard of durability, safety, functionality. and
economy. For instance, the material must have a minimum of 30-year expectation life.

d fish. i ility, must be ffective and be free from toxic or

hazardous materials such as PCB (polychlorinated biphenyl), mercury. cyanide.
cadmium, lead, chrome, and arsenic. Bell et al (1989) also suggested that the selection
and design of a manufactured reef must be based on their durability. stability and
biological effectiveness as well as the cost of construction.

Irregularity and rough surface texture of reef substrate as well as vertical reef
profile (reef relief) affect coral setlements (Carleton and Sammarco. 1987). epibenthic
reef settlement (Hixon and Bronstoff. 1985) and influence fish composition (Chandler et
al. 1985). Substrate texture is mainly affected by the characteristics of reef material.
Studies in Hawaiian waters have shown that coral attaches itself more to metal surfaces
than to rubbers. Concrete is recommended for structures since it provides fouling
assemblages most similar to natural coral substrate (Fitzhardinge and Bailey-Brock,

1989). It was also observed that a nontoxic arificial plastic substrate such as PVC

(polyvinyl-chlorid the same epil i as flatly-cut natural dead
coral rock substrate for inveriebrate abundance and algal biomass, coverage, and species
composition (Hixon and Brostoff, 1985). Also in Hawaiian waters, Brock and Norris

35



(1989) observed that reefs composed from randomly dumped scrap materials
(automobiles and concrete pipes) showed low life expectancies and were found highly
unstable. Moderate enhancement was found at reefs composed of automobile tires set in
concrete bases and was found relatively stable. Significantly greater enhancement effects
were attained on a reef constructed from concrete cube modules.

Studies in Taiwan also found that concrete blocks and scrapped boats proved to be
the most effective. However, the concrete blocks were observed to be much more
durable, effective and economical in long term than of scrapped boat (Chang. 1985).

F ions off Florida showed the effectiveness of wood as fish

concentrating material than steel despite its low service life (Shin and Wicklund. 1989).

Some studies have signi identi| the infl of reef size to the total

number of species and biomass (Bohnsack et al 1994). Other studies have mentioned the

reefs appeal to fish (Ambrose and i 1989), fish and catches

(Bombace et al, 1994). Size is also to be i ing to its iation to total

volume. bottom coverage and surface area of reefs. Greater fish density was found in
smaller reefs rather than on large reefs, but there were fewer species. This was due to the
fact that they attracted fishes from a proportionally larger area due to a higher perimeter-
to area ratio (Ambrose and Swarbrick, 1989). However, more individuals and species
were found on multiple small reefs than on a single large reef made of similar material
(Bohnsack et al, 1994). Practical experience in Japan indicated that the minimum
effective size of a reef unit or a large single reef was about 400m’ (Grove and Sonu.

1985, Bohnsack et al, 1991).



The Japanese Artificial Reef Planning Guide has classified reefs into three

in ing order ing on the fishing ground to be created: single reef.

unit reef, and compound reef (Kakimoto. 1991). The proposed classifications were
merely typical cases; in the real site. this composition may deviate to suit the specific
objective of each project, environmental condition, target species and their life cycle.

Figure 2.11 shows the size scales of artificial reefs.

Unit reef

Single reecf

T==-- Compound reef --
Figure 2.11. Typical Size Scales of Antificial Reefs (Kakimoto. 1991)

Single reef is a unitized structure which functions as a reef by itself. Single reef
may have a small size such as concrete blocks (Figure 1.1) or large size (Figure 2.1E).
Several small single reefs may form a unit reef. However. a single extra large reef may
also be referred to as unit reef. Reef group or a compound reef (Kakimoto, 1991) or a

Reef Complex (Grove and Sonu. 1985, Grove et al, 1991) is a fishing ground which
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contains several unit reefs at a specified interval which allow movements of organisms
from reef to reef. As noted previously, the distance between unit reefs in a reef group
should not exceed 2m due to the lack of fish perception or sight (Nakamura, 1985).
Beside size, the spatial and temporal scales used in artificial reef studies are an
important and essential consideration. Japanese Artificial Reefs guideline recommended
that the deployment area of a reef should be less than 20 times the aggregate shadow
areas of all single reefs, or expressed as:
S'<20NX 2.5)
where S' is the deployment area of reef blocks, N is the number of reef blocks, and X is
the shadow area of an average reef block (Grove et al, 1991). Figure 2.12 illustrates the

typical horizontal configuration of a reef group in Japan.
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Type B Arrangement

Overall deployment of group in the complex

Figure 2.12. Typical Horizontal Configuration of a Reef Group (Grove et al, 1991)
(All dimension in meters)



Ecologically. the arrangement and spacing of reef materials within or between reefs
can be important. Since many fishes feed away from a reef or on passing plankton. reef
material that are too concentrated may limit plankton availability or may lead to

for ing bottom ( et al. 1991). To avoid overlapping the

enhanced fishing zones around individual reefs, the Japanese also attempted to place reef
in a particular arrangement such as parallel strips or concentric circles (Mottet. 1985).
Taller reef structures may be effective in deeper water and appear to be more

effective in attracting some fishes especially type B and C fishes. For type A fishes. the

height does not appear to be as i i ion in Japan on
fish aggregation suggested that the height of structures should be abow 10 percent of
water depth (Mottet. 1985, Grove et al. 1991) and not to be higher than 5m (Grove at al.
1989. 1991) in order to attract type C fishes. It was also reported that most benthic fishes
remain within 3m of the sea floor and higher reef might not be effective for these species
(Grove and Sonu, 1985). Therefore. horizontal extensions seem to be more important
than vertical dimension in attracting benthic fishes. However. total height did not appear
as important as the total area and the number of protuberances; hence horizontal spread of
the reefs is an essential factor in reef design.

Some experimental studies show that hole size and number influence fish
assemblages. Walsh (1985) found that hole composition had little effect on fish

assemblages during the day. but it was important at night for sheltering fishes. Bortone et

al (1994), also concluded that reefs specific and were
and height: hole size had no relationship to the fish assemblage. Anderson et al (1989)
noted that juveniles and small-bodied fishes needed more shelter than large-bodied fishes
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or older life stages. Shulman (1984) found that holes provided shelter from predation and
increased juvenile recruitment, numbers of species. and total fish density on small reefs
in the Virgin Islands. Ogawa (1982) noted that fishes did not inhabit chambers with
opening 2m or larger. and recommended that 0.15m to 1.5m openings were best for

fishery purposes.

2.

Stability Consideration
Stability of reef due to wave and current also should be considered in the design.

The reef must not overturn or slide. Therefore the friction between the reef and the sec.

floor must be greater than the i of the ic forces
(Takeuchi. 1991).
The stability of artificial reef blocks can be examined using Stability Number (Ns)

(Hudson et al, 1979), as given below:

where H is waveheight, W, is weight of reefs, v, is specific weight of reefs. R is the ratio
between water and reef specific weight=v, /v, . In practice (CERC. 1984). the stability

(Kp) is used. To ine stability ient Kp. the stability

numbers N; obtained from laboratory test were plotted on a log-log paper resulting a
straight line with the following realtionship. typically:

N, =(K,co18)"* @n
where 6 is the slope angle of the reef toe. Higher Kp values give more stability. As noted

by Nakayama et al, (1993), the stability number can be considered to depend on the ratio
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between reef depth and the incoming wave height (d/H) and wave period (T). As an

illustration. Kp values for some breakwater block are given in Table 2.4 shown below.

(CERC. 1984):

Table 2.4 Kp Values for Breakwater Blocks (CERC, 1984)

Structure Trunk

Structure Head :

I}
| Armor Unit
; Breaking | NonBreaking | Cot6 | Breaking | Non Breaking
| 15 5.0 6.0
Tetapod and 7.0 8.0 20 4.5 55
Quacripod 30 35 4.0
[ 15 83 90
Tribar 90 10.0 20 78 85
3.0 6.0 65
[ 20 8.0 16.0
| Dolos 158 318 0 = e
[ Hexapod 80 95 5 50 7.0

2.4.6. Artificial Reefs as Wave Dissipating Structures

Antificial reefs dissipate incoming wave energy by forcing them to break on top of

the crest as the freeboard of the reefs decrease. Freeboard (F) is the difference between

the height of the reef and the water depth as shown in Figure 2.13
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Figure 2.13 Geometry of Artificial Reefs



The wave transmission coefficients for anificial reefs are also much higher than
those structures with crest above the water level. However. as the incident wave
amplitude increases, the wave transmission coefficient generally decreases. This indicates
that the structure is more effective in affecting larger waves; therefore an anificial reef
can be used to trigger breaking of high waves (CERC, 1984). Field observation during
construction of artificial reefs at Yugawara Coast in Japan (Ohnaka and Yoshizawa.
1994) showed that the reef with a large crown width had a considerable wave dissipation
compared to that with a small crown width. It was also clearly observed that the
transmitted waves were obstructed by the induced breaking wave due to the reef as
modeled by laboratory experiments. Another observation by Aono and Cruz (1996) also
confirmed the damping effect of the reefs on breaking and non-breaking waves.

A detailed breaking wave study over artificial reefs (represented by triangular
submerged obstacles) outlined by Smith and Kraus (1990) reported that for regular
waves. plunging and collapsing breakers were predominant. whereas spilling breakers
occurred with a slope of 1/30. The breaking waveform was affected by the retum flow. A
secondary wave shoreward of the main wave crest was generated which caused the wave
to break before the incident wave had reached the depth-limited breaking condition as
shown in Figure 2.14. The breaker height (Q, = Hy/H,) as a function of deepwater
steepness was increased in the presence of a strong return flow. The strongest return flow
was obtained if the seaward slope ) was steep and the deep-water wave steepness Ho/Lo

was small as shown in Figure 2.15.
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Figure 2.14 Typical Incipient Wave Breaking
(Smith and Kraus, 1990)
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Figure 2.15 Breaker Height as A Function of Deepwater Steepness
(Smith and Kraus, 1990)
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The attacking frequency distribution (number of waves in a given time) graph of
incoming waves was essential in the design of an artificial reef as a wave dissipating
structure. As shown in Figure 2.16 below, waveheight was the main consideration when
the artificial reefs were intended as non-overtopping structure to dissipate wave energy
(Yaoshioka et al. 1993). As shown in Figure 2.16b, the attacking frequencies of 2m wave
height were reduced after the installation of a high crown reef.

‘However. if the reefs were used to stabilize the beach line. the wave frequency

was the main i jon as shown in Figure 2.16c. For the same wave

height, for example 2m. the lower attacking frequencies were obtained after the reefs

with shallow crown depth were installed.

E
Ho(m
(¢) Crown depth (shallow)

. 3 4
Ho(m) o m)

Figure 2.16. Typical Wave Frequency Distribution (Yoshioka et al, 1993)



The wave breaking effect increases with the decrease of crown depth as noted by
Yoshioka et al (1993) and Ohnaka &Yoshizawa (1994). Also the longer the travelling
distance of broken waves, i.e., the wider the crown of the reefs, the higher the wave-
dissipating effect as shown in the Figure 2.17. The ratio of the crown width (B) and deep
water wavelength (L,) as a function of the transmission coefficient of wave height K is
shown in Figure 2.16 above. By definition, K; is the ratio between the transmitted wave
height (Hy) and the incident wave height (Ho): Ki = H/H,. Figure 2.13 shows the
geometry of artificial reef and its parameters.

15

30

Figure 2.17. Wave Breaking Effect of Artificial Reefs (Yoshioka et al, 1993)
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Moreover, numerical and experimental studies for different placement of artificial
reefs were carried out by Goda and Takagi (1998). As reported, energy dissipation could

be ent d if the wave ion effect were ilized to increase the wave height

before breaking. By arranging longitudinally as shown in the Figure 2.18, the artificial
reefs were shown to be more efficient in dissipating wave energy than the conventional

lateral artificial reefs system.

Shoreline

Incident waves

g

JU0L

Figure 2.18 Longitudinal Artificial Reefs

2.5. Summary

This chapter has presented a brief overview of artificial reefs, their deployment
around the globe, purpose, materials used. the design and the engineering aspects based
on environment and ecology. Emphasis has been placed on highlighting the factors that
influenced the engineering and design of artificial reefs. In the next chapter, the use of
numerical methods to simulate the flow field in the vicinity of reefs as well as to

characterize the wave breaking over the reefs will be presented.



Chapter 3
The Volume of Fluid (VOF) Method

3.1. Introduction

The Finite Volume Method is a special formulation of the Finite Difference Method
(Versteeg and Malalasekera, 1995) which is also known as the Control Volume Finite
Difference Method (Patankar, 1980). The Finite Volume Method has been widely used
in the free surface flow studies. Some studies of wave breaking over the artificial reef
were also examined using Finite Volume Method (Hayakawa et al., 1998. Kawasaki and
Iwata 1998). The most widely known algorithm technique developed for the Finite
Volume Method is the Volume of Fluid (VOF) method which was originally developed
by Nichols et al (1980). VOF method has been proved to be useful to model even free
surface flows due to its capability to define not only single free surface value as a
function of space, but also multiply-connected surfaces/areas as obtained for breaking
waves (Figure 3.3) or bubble drops, Furthermore, VOF has also been considered as a
prime candidate for simulating realistic flows at sea defences and walls (Sabeur et al.

1996).



Section 3.2 of this chapter presents a brief review of the three-dimensional
formulation of the Volume of Fluid Method whereas its implementation in the

Computational Fluid Dynamic (CFD) software FLOW 3D will be covered in Section 3.3

3.2. Volume of Fluid Method (Nichols and Hirt, 1981)
Nichols and Hirt were the first to report on the solution algorithm of the Volume of
Fluid (SOLA-VOF) method in 1975 and further extended it in 1981. The method used
the Eulerian mesh of prismoidal cells shown in the Cartesian coordinate system of Figure

e

IMAX

X/ 1 2 JMAX

Figure 3.1 Computational Mesh
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Since the ocean water was assumed il ible. the il ibility

below must be satisfied.

) G4

x &
However, to allow for limited compressibility effects. Equation 3.4 above was

replaced by the general continuity equation (Hirt and Nichols 1981. Flow Science 1995).

where ¢ is the adiabatic speed of sound in the fluid. Al the dependent variables described
in the equations above are arranged in a staggered grid as shown in Figure 3.2 above.
To define the fluid locally in space. a time dependent VOF (Volume of Fluid)

function was given as follows:

?5?+%[A,u?£+.4‘v%+,4__w€£]=0 (3.6)

with F as fractional volume of fluid. The F function is also used to identify the mesh cell
that contains the fluid of density pr. A cell will have a zero F value. unity. or in between
them. For a case where only a single fluid is used. cells with zero F values are empty or
contain no material; a full cell of fluid is a cell with non-zero values and no empty
neighbours. An interface cell or free surface cell is defined as a cell containing a non zero
value of F and having at least one neighboring cell that contains a zero value of F. The

method also has capabilities to define an obstacle cell where fluid cannot flow. Figure 3.3

the two-dimensional idealization of the types of cells utilized by the VOF

method.
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Figure 3.3 Typical Free Surface Cells

Nichols and Hirt (1981) briefly described the basic procedure to obtain a solution

for one increment time 5t as follows:
1 Explicit approximation of the Navier Stokes equations (Equation 3.1, 3.2 and 3.3)
are used to compute the new time-level velocities using the initial condition or

previous time-level values of advective, pressure, and viscous acceleration.

¥}

To satisfy the continuity equation (Equation 3.5) pressures are iteratively adjusted
in each cell and the velocity changes induced by each pressure change are added to

the velocities computed in step 1 above.

w

Finally the F function, defining fluid region, is updated using Equation 3.6 to give
the new fluid configuration.

At each step, a suitable boundary conditions must be applied at all mesh
boundaries, free-surface boundaries and internal-obstacle boundaries. These boundaries

will be discussed in the subsection 3.3.5.



3.3. Approximation of VOF by FLOW3D

The Computational Fluid Dynamic (CFD) software package FLOW-3D* (Flow
Science. 1997) was used to model the flow field in the vicinity of reefs. The software was
based on the fundamental laws of mass, momentum and energy conservation. as
described earlier in sub Section 3.2. to which finite difference method was applied to
solve these equations.

The original development of the program was carried out in the Computational
Fluid Dynamics Laboratory at the Los Alamos National Laboratory, New Mexico. USA.
in the early 1960's. The numerical algorithm used was called "Solution Algorithm -
Volume of Fluid (SOLA -VOF)". an extension of the SOLA method (Hirt et.al. 1975.
and Hirt et.al. 1980). The obstacle geometries in the software were placed in the grids
with Fractional Area Volume Obstacle Representation (FAVOR) methods. By

implementing this method, the geometry and grids were made completely independent of

each other. This i rates smoothly ic feawres that were
constructed from the program's pre-processor or imported from Computer Aided Design

(CAD) programs.

FLOW3D empl the grid All variables were located at
the center, except for velocities, which were located at the cell faces. The flow region
was divided into a mesh of fixed rectangular cells. When free surfaces of fluid interfaces
were present, it was necessary to identify whether those cells were empty, contained a
partially filled volume, or were full of water. The software considered a cell with an F

value less than unity, but with no empty neighbor, as a full cell.



At the mesh boundaries. a variety of conditions could be set using the layer of
fictitious cells surrounding the mesh. Six types of boundary conditions were provided by
FLOW3D; symmetry plane (default), rigid wall, specified velocity, specified pressure,
continuative, and periodic boundary condition. However, in this study only the first three

were used.
33.L Notation

Since the fractional subscript index values cannot be used in the numerical code,

therefore all ional indi were d to the nearest integer. For example, the

u velocity at i +l2 (for instance, u | " ) which was located on the cell face between cells
e

(i,j.k) and (i+1,j,k) was denoted by u/,,, where subscript n refers to the o time step
value. As shown in Figure 3.2, for the variables located in the center of cell, the

following notation was used:
piyx = pressure at center of cell (i,j,) at time level n
Similarly for F, Vg, and p. For the variables located on the cell face, such as velocities
and fractional areas, the following notation were used:
Up ik = velocity along the x axis at middle of i +% cell face at time level n
AFR, ;, = fractional area 4 for flow along x axis at right cell or face (i + % )
AFB, ;, = fractional area 4, for flow along y axis at back cell or face (/ + %)
AFT, ;, = fractional area 4: for flow along z axis at top cell or face (k + % )

VF,,, = fractional volume for flow at center of cell (i,j,k)



332, Momentum Equations in Variable Mesh

Flow Science (1995) used finite diffc

Stok

equation (Equation 3.1, 3.2 and 3.3) as follows:
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3.9
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3.1

(3.12)

of fr.

/v, and £z, respectively, in Equations 3.1, 3.2 and 3.3. The advective acceleration terms

are represented by FUX, FUY, FUZ for the advective flux of # in the x axis, FVX, FVY,

FVZ for the advective flux of v in the y axis, and for the advective flux of w in the z axis

the terms are FWX, FWY and FWZ, respectively. The ad

flux

are



the second term on the left side of Equations 3.1. 3.2. and 3.3, These terms are evaluated
using the old time level (n) values for velocities.
1

In the beginning, the initial value of p™' is not known: therefore Equations 3.7.

3.8. and 3.9 cannot be used to evaluate u™'. v*'and w""' values. Therefore in the first
step. p""' values are replaced by p" to obtain the velocity values in the beginning.
Unfortunately, the use of variable meshes reduces the accuracy of the solution if the

convective flux term was written in the divergence form Veuu instead of ueVu. The
" ’ - " o’ % Z
inaccuracies of using divergence lerm—;for FUX in the variable mesh has been

described earlier by Hirt and Nichols (1981) as follows:

For simplicity, consider a i ional control volume used for , ,as indicated

by dashed line in Figure 3.4. where all fractional areas and volumes are assumed equal to

unity. Assuming the u velocity to be positive. the approximation of advective flux of u is:

FUX = ————— (3-13)

U, U 20

and ) {u... o F <0

where u,

similar equation can be written for u, .

Expanding the Equation 3.13 using Taylor series in x,, . yields:

(3.14)

which is true only if the cell widths are equal; &x, =&x,,, -



u, .
up 8z,

Figure 3.4 Control Volume in x-y Plane used in Finite-difference
Approximation for » Momentum (Hirt and Nichols, 1981)

Therefore for the advection flux FUX, u%u form is used instead of- % for the

variable mesh. Hirt and Nichols (1981), intoduced a parameter o to control the

methods, bining first order imation and second order central-

difference approximation to give the stability results. The general approximation form for
FUKX =224 % e theretore:
Vi %

FUX = %[(UAR o [UAR|)) DUDR + (UAL + o [UAL|)) DUDL] (3.15)

where

R A
8x,

s =110)

DUDL =

UAR=05(u,,, ,, AFR,, ,, +u,,,AFR,,,)



UAL=0.5u,, AFR, ,, +u,,,,AFR_,,,) and
e < BV + 85V )

(or, +8x,.,)
VF is the fractional volume for flow at center of cell. VFC is the fractional volume open
to flow. AFR is the fractional area along x axis at right face of cell as described in
Subsection 3.3.1. When the mesh is uniform, or «=0. Equation 3.15 reduces to a second
order central-difference approximation. and when the variable mesh is used (a=1). the
first order donor-cell approximation is used.
By using this method. there is no loss of accuracy when a variable mesh is used.

In Equations 3.7, 3.8, and 3.9, all convective flux terms were approximated with this

method. whereas standard I-di imati were used to
viscous accelerations.
333. Continuity Equation
The continuity equation (Equation 3.5) must be satisfied by velocities computed
from Equations 3.7, 3.8. and 3.9. By an iterative process. the pressure and velocitiy
values in each computational cell were adjusted and therefore each cell full of fluid will
change its pressure to either draw in or force out fluid to satisfy Equation 3.4. The finite-

difference form used for Equation 3.5 is

&t 8x,
(v, AFB, ,, -

(o

oL 1
pe’

(1) Veus(Pli=00,) | WIAAFR, —u7 AFR,,,.)

JAFB,, 1) @16)

(Wi AFT, = Wi\ AFT, 000

.

[
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In each cell containing fluid. the pressure change needed to satisfy Equation 3.15 or
3.16is

B =S
P =(as/ap)

3.17
where S is the left side of equation 3.16. S is estimated with the latest velocity values in
each cell (Flow Science. 1997). The computational mesh is swept cell by cell starting
with the first non-boundary cell in the mesh. Sweeping is carried out on /. then ;. and
finally on k values. Calculations are only performed in cells that contain fluid and have
no empty neighbours. The new estimate for the cell pressure is:

P +8p G.18)

and the new estimated velocities in x. y. z directions on the left and right of cell are:

“.:k*j::'ll' (3.19a)

Ui~ (3.19b)
(3.19¢)
8tdp
Vg (3.19d)
ooy, i
3
(3.19€)




(3.190)

In a free surface, since the pressure was assumed specified at the surface. Hirt and
Nichols (1981) defined the S function as:

S=(-n)py +10, - P (3.20)
In this case, to satisfy the boundary condition, the surface cell pressure p,  , is set equal
to the value obtained from a linear interpolation (or extrapolation) between the desired
pressure at the surface p; and a pressure inside the fluid (px). n=4d, /dis the ratio
between surface cell centers and interpolation cell center to the distance between the

surface cell and the center of the interpolation cell as given in Figure 3.5

Surface Cell
®

Interpolation Cell

Figure 3.5 Definition of Variables 7 in Free Surface Pressure
Boundary Condition

Finally, a complete iteration consists of adjusting pressures and velocities in all
cells occupied by fluid according to Equations 3.17, 3.18, and 3.19, where S is given by
Equation 3.17 for an interior cell and by Equation 3.20 for a surface cell. Convergence of
the iteration is achieved when all the cells have S values with magnitudes below some

small number, (EPSL Vi), typically, of the order 107,



334, Volume of Fluid (VOF) Function
By using information about F downstream as well as upstream of a flux boundary

an approximate interface shape can be i F the i shape is

used to compute the flux in the next time step. The VOF function is given by Equation
3.6. Since the fluid is assumed incompressible, Hirt and Nichols (1981) combined
Equation 3.6 with Equation 3.4 to give

OF  OFu  oFv dFw
e =
a ax a &

0 (321)
As described before, in every time step 5t the fluid F need to be fluxed to the right cell
crossing cell face per unit cross section area with volume equal to L = ud 8 , where u is
the normal velocity at the face as shown in Figure 3.6a. As described by Hirt and Nichols
{1981), the donor and acceptor cells were determined by the sign of . If u positive, the
left cell is the flux donor, and the right cell is the flux acceptor, and vice versa.

The amount of F fluxed across the cell face in one time step in x axis is 8F times

the face cross sectional area ( 8ydz ), where, Flow Science (1995) outlined 8F as

(322)

e =MIN{F‘D\L\+CF }

FpVybx,

o mingae] Cone TV e~ W
0.0

Subscript A and D represent the acceptor (A) and donor (D) cells, while subscript AD

represents either the acceptor or donor cells depending on the orientation of the interface

to the direction of the flow. Fpy is the maximum of Fp and the F value in the next cell

upstream of the donor cell.



In Figure 3.6(b), when AD = D, the F value in the donor cell is used to define the
fractional area of the cell face fluxing F. Therefore F = F,|L|. Figure 3.6(c) shows the
example of the MIN feature in Equation 3,22 to prevent the fluxing of more F from the
donor cell than it has to give. When AD = A, the value of F in the acceptor cell is used to
define the fractional area of the cell face across which F is flowing. In this case all the F
fluid in donor cell is fluxed because everything lying between the dashed line and the
flux boundary moves into the acceptor cell. The MAX feature accounts for an additional
flux CF if the amount of void (1-F) to be fluxed exceeds the amount available or more
fluid than the amount £, | Z| must be fluxed, as shown in Figure 3.6(d). The computed
flux is then multiplied by the flux boundary area to get the amount of fluid to be

subtracted from the donor cell and added to the acceptor cell.

— udt = | 9
T T
i i
i —t» i
i i
DONOR ACCEPTOR
(@ () AD=D

© AD=A @ AD=A

Figure 3.6 Examples of Free Surface Shapes used in The Advection of F.
The Cross-hathced Region in b-d are The Actual Amounts of F Fluxed
(Hirt and Nichols, 1981).



3.35. Boundary Conditions

Several conditions are defined for the mesh boundaries. Rigid free-slip wall, no-slip
rigid wall, continuative or outflow boundary, and periodic boundary condition. For
example in a two-dimensional rigid free-slip wall in the left boundary. the normal
velocity must be zero and the tangential velocity should have no normal gradient.

u;=0

Vij=Va

PLi= P2

Fiy=Fy

If the left boundary is a non-slip rigid wall, then the tangential velocity component
at the wall should also be zero;

u;=0

Vi§= V2§

PLi=P2y

Fij=Fy

Generally, all rigid and free boundary surfaces are treated as free-slip boundaries
(no tangential stresses on the surfaces) and referred to as symmetry plane boundary
condition. For rigid wall boundary, the normal velocity is set to zero, and also the

tangential velocities (free-slip wall). However, in the no-slip wall conditions, the

tangential velocity can be set to any value by the wall shear stress model provided by the

software. In the speci velocity conditi ial velocities and normal velocities

must be specified.
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These boundary conditions are specified for the right. top and bottom boundarics of
the mesh. The normal and tangential velocities at the top and bottom boundaries are v and
u respectively. Similar conditions could be derived for a three-dimensional problem.

Internal obstacle boundaries within mesh were defined using a special technique
called Fractional Area Volume Obstacle Representation (FAVOR) method (Flow
Science. 1995). Solid geometry obstacles which were made using FLOW-3D geometry
builder or CAD software such as I-DEAS or AutoCAD in stereolithography (STL) format
data. were embedded into the prepared mesh in the input file.

The mesh cells occupied by obstacles will be flagged automatically by FLOW-3D.
The portions of element surfaces and volumes blocked by obstacles were computed and
stored before starting the hydrodynamics calculation. The quantity chosen as a flag was
the volume fraction VF,;;. When this quantity was zero. the cell was entirely within an
obstacle and all fluid calculation in the cell were eliminated. No velocities or pressures
were computed in full obstacle cells. and all velocity components on faces of obstacle
cells were set to zero. Therefore in the cell blocked by obstacles. the following are
applied:

uk=0

vijk=0

Pk =0

Fiix=0



3.4. Summary
A brief overview of Volume of Fluid Method and its numerical approximation by
FLOW3D has been presented. More details of the VOF method can be obtained in Hirt
and Nichols (1981) and its source code is given in Nichols et. al (1980). In the next two
chapters. the results obtined from the use of computational fluid dynamic software
package FLOW3D, to simulate the flow field in the vicinity of reefs as well as 0

characterize the wave breaking over the reefs. will be presented.



Chapter 4

Two Dimensional Modelling of
Artificial Reefs with Hollow
Hemispherical Blocks

4.1. Introduction
Studies on artificial reefs using Finite Volume Methods have been widely carried

out (Tsujimoto et al, 1999; Hayakawa et al, 1998: Kawasaki and Iwata. 1998). However.

most of these studies have ii i solid or rubbl d reefs with idal or
rectangular shapes. The sharp edges of these shapes would cause tearing of fishing nets.
Therefore. in order to reduce the tearing of fishing nets, bottom-seated smooth-shaped
hollow reefs were proposed as alternatives. such as Cylinders, Turtle Blocks. and Reef
Balls™ (Mottet, M.G., 1981: Reefball Development Group, Lid.. 1997). The
hemispherical shapes were also considered to be stable than the other shapes in resisting
the wave forces (Roehl, 1996).

Based on the above requirement, the study on this thesis will focus on the

implementation of numerical analysis in the vicinity of artificial reefs with hollow



hemispherical shapes. This chapter will cover the results of two-dimensional modelling

of these reefs while those of three-di ional modelling will be d in the next

chapter. The waveheight and wave velocity magnitudes at salient points are the
parameters examined in this study. The first step was to simulate the wave profile without
any reef, and then to compare the wave profile with that obtained due to the installation

of one, two, three, six, or twelve reefs.

4.2. Numerical Model
The reef blocks were located on the ocean floor (see Figure 4.1) using a cartesian
two-dimensional coordinate system (x.z) from the toe of the beach (0 m) to a distance of
13.0 m, from the toe, in the upward direction (depending on the configuration of reefs).
The applied beach was straight with the toe located at 50.0 m from the open sea or at x=0

with 5% slope.

50 cells 65 cells 77 cells

-50.0 -22.0 6.0 34.0 62.0 90.

im deepwater wave height
Ssec period

o »a

5 oo
——t

-50.0 0.0 +90.

Figure 4.1. Typical Reef and Applied Grids



The computational grids used to cover the model consisted of 192 cells in the
horizontal direction. Varying volume of fluid cells were used in the horizontal direction.
Cells in the vicinity of reefs (between 0.0 to 13.0 m) were denser than in the other areas.
In this area, 65 cells (each cell equal to 0.20 m wide, which gave nearly 10 cells within
one hemispherical reef) were used to represent the reefs smoothly, while in the areas
between -50.0 m to 0.0 and 13.0 m to 90.0 m, the width of each cell was equal to 1.0 m.
The number of cells used in these areas were 50 and 77, respectively. In the vertical
direction, total numbers of cells were 30, over a height of 6.0 m (each cell being 20 cm in
height). Therefore, total cells used in both directions were 5760. These grids were used to
cover the physical size of the computational domain which was 140.0 m in length and 6m

in height, as shown in Figure 4.1 above.

Figure 4.2 Typical Th i i Reefs Al
A typical three-di ional reef ion is shown in Figure 4.2. However,
since the math | model was two-di 1 in nature, the reefs were inherently

assumed to be hollow semi-cylindrical shapes in analysis. The reefs (2.0m diameter),

each having four opening holes, were located between 0.0 to 13.0m from the toe, as



shown in Figure 4.3. For the purpose of analysis. one, two, three, six, and twelve reefs
were installed at the specified location as shown in Figure 4.3. Three and six reefs were
arranged in a triangular shape, while twelve reefs were constructed with two triangles of
six reefs. The velocity magnitudes within the third reef in the bottom layer, at locations

represented in the figure by A, B, and C, were also examined.

Figure 4.3 Placement of Reefs and Salient Points of Interest within A Reef

The water depth was set at 4.0 m, and the sea considered to be at rest. The
velocities obtained from a sinusoidal wave, with 1.0m height and 5 seconds period (at

deep-water location), were applied for all reef configurations, as the left boundary
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conditions. Symmetry boundary conditions were used at the lateral boundaries and a rigid
wall boundary condition was used at the right boundary.

The numerical calculations were carried out in a 500 MHz personal workstation
DEC Alpha with 768 MB memory. The first step was to simulate the wave profile
without any reef, and then to compare the wave profiles with those obtained from the
installation of one, two, three. six. and twelve reefs. Since turbulence was present in the
vicinity of reefs, a k-€ turbulence model was included by setring the input file to give a
better representation of the turbulence around the reefs. The flow chart for the
implementation of the numerical analysis, described in chapter 3 is given in Appendix A.
A typical input file for FLOW-3D is given in Appendix B for two-dimensional flow.

To check the convergence of results obtained in this study with respect to mesh

size. the total number of cells in the computational domain were varied in the vic of

reefs. The comparison of time history results for water profile and velocity magnitudes
in water surface near the reefs [at (-23.0m, 4.0m)] for the 12 reefs configuration are
presented in Figure 4.4. For the coarse grids. the number of cells in the reefs vicinity
were 13. and for the normal and fine grids were 39 and 65. respectively.

Total cells used in the horizontal direction for coarse grids were 140 cells. while for
the normal and fine grids were 166 and 192 respectively. In the vertical direction the total
cells for coarse grids were 6, for normal and fine grids were 18 and 30, respectively.
Therefore, total number of cells used were 840, 2988 and 5760, respectively, for coarse.
normal and fine grids as given in Table 4.1. Figure 4.4 below shows the velocity

magnitudes and water surface profile histories for varying grid sizes near reefs.
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Table 4.1. Number of Cells used in Varying Grid Sizes

140 m
50.0mto +0.0m
+0.0mto+13.0m
+13.0mt0+90.0 m
Vertical (z axis) :6.0m Coarse | Normal ‘
+0.0mto+6.0m 6 ]Kl 30‘
Total Cells 840 3042 [ 5760 |
conmegids  —nomaigids  =—fie grds
150
n | I
iw ' A
fos
oo
2 % © % & 7 & % 10 10 1o
Time (sec)
comegits  —nomalgnds  —fnegris

‘Water Surface (m)

0 3 4« s e 70 s %0 w0 10 12
Time (sec)
Figure 4.4 Velocity Magnitude and Water Surface Profile Histories
for Varying Grid Sizes near Reefs
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Figure 4.4. shows that ther¢ were no differences in phase due to those grids. but
there were differences in wave profile and velocity magnitude time histories. The
differences between the normal and fine grids were not significant in the water profile
plots. However, for the velocity magnitude time history plots. generally. the coarse grids
gave the highest values, while the fine grids gave the lowest. The differences in velocity
magnitudes were around 10 to 40 percent between the normal and fine grids. Hence in

this study. the fine grids were used to model the flow field in the reef's vicinity.

4.3. Results And Discussion

The model without reefs followed the surf similarity model that has been analyzed
previously using FLOW3D (Richardson, 1996); that study was repeated to verify the
results from the specified grid arrangements as described before. In this study. a 5%
beach slope and 1.0 m deep-water wave height with 5 second period was used as input
parameters. and the resulting breaking wave characteristics were examined and compared
to the previous study.

Typical profiles of breaking waves and variation of breaking wave characteristics
for three beach slopes were given by Wiegel (1964) and are shown by Figure 4.5. Each of
the breaking wave type given in Figure 4.5, can be represented by Battjes' (1974), surf

similarity parameter:

e “.1)



where tan o is the beach slope, H is the incident wave height at the toe of the beach, and
Lo is the deepwater wavelength. Table 4.2 shows the surf similarity parameter and

breaking wave characteristic as defined by Battjes (1974).

Table 4.2 Breaking Wave Characteristics and The Surf Similarity Parameter
(Battjes, 1974)

g 0.1 05 1.0 20 30 40 50
Type l spilling Ip]unging collapsing/surging no breaking

Figure 4.5 Types of breaking waves on the shore
(Wiegel, 1964)
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Since a 5% beach slope with 4m depth at the toe and 1.0 m deep water wave height
with 5 second period (equal to 39.03 m deepwater wave length) were used in this study,
the wave could be characterized as spilling, based on Equation 4.1 (with § = 0.312) and
Table 4.1. The computed water surface profile agreed well with the results published in
various literatures for spilling type of breaking waves as shown in Figure 4.5 (Wiegel,
1964, Gross, 1987 and Carter, 1988). The wave amplitude profiles for every 10 seconds
are given in the Figure 4.6. The computed wave height in the left boundary in Figure 4.6
(x: -50.0m), where the depth was 4.0 m resulted in 0.8m wave height, while computation
based on linear wave method (CERC, 1984) was 0.93m. The 14% difference might be
due the nonlinear effects produced by the 5% slope (not considered in the linear
formulation), influence of spilling of waves and residual error in numerical computations.
As soon as the wave travels forward, the wave feels the effects of the sloping bottom and
the waveheight is reduced, as seen in Figure 4.6 (without any reef) for t > 20 sec.

The energy dissipation in computation was achieved by using the "k-g turbulence
model" available in FLOW3D and setting the viscosity to 0.0012 kg/m sec. Even though
other models are available in FLOW3D, this model only was used in this study since
many other researchers have favoured this model.

Typical water surface plots for models without reefs, and with one, two, three, six,
and twelve reefs installed around 6.0 m from the toe of beach are given in Figures 4.6 to
4.11. These figures show that the wave amplitudes, within the basin enclosed by the
reefs and the shore, get reduced when the number of reefs installed are increased. Below
six reefs, the waves do not break over the reefs as shown in Figures 4.6 to 4.9. Above six
reefs the waves break around the region where the reefs are located as seen from Figure

4.10and 4.11.
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e W O e W W

e N i
 Eog W W6 S G WS

S o S N e

S S e, WIS

Figure 4.9 Water Surface Profile with Three Reefs



Figure 4.10. Water Surface Profile with Six Reefs
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Figure 4.11 Water Surface Profile with Twelve Reefs
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Figure 4.12 Water Surface Profile and Surface Velocity Magnitude Time
Series for One Reef at x:+15.0m
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Figure 4.13 Water Surface Profile and Surface Velocity Magpitude Time
Series for Two Reefs at x:+15.0m
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Figure 4.14 Water Surface Profile and Surface Velocity Magnitude Time
Series for Three Reefs at x:+15.0m
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Figure 4.15 Water Surface Profile and Surface Velocity Magnitude Time
Series for Six Reefs at x:+15.0m
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Series for Twelve Reefs at x:+15



When the reefs are less than six. the waves travel over the reefs as if there is no
obstruction and hence do not break at the reef location. This is due to the fact that the
reefs are placed deep below the water surface and as such do not influence in reducing
the energy of the wave located around the sea surface. However, as shown in Figures
4.10 and 4.11. where six and twelve reefs are installed, the waves break over the reefs
and dissipate the wave energy considerably: this leads to the reduction of wave amplitude
profiles.

In Figures 4.12 to 4.16, the water surface history plots at +15 meters from the toe of
beach (inside the left hand end of the basin produced in between the reefs and shore) are
compared before and after installation of the reefs. The red line represents the water
surface without reefs, while the black line represents the water surface time history when
the reefs, either. one, two. three, six. or twelve are installed. The reductions are noticeable

when the pumber of reefs installed are twelve; (a phase shift can also be noticed). Since

the model used for numerical analysis is only two di i the d

in the lateral direction by the ths i i porous i ical reef is not properly
modelled in analysis.

The FLOW3D computation resulted in an increase of all the flow variables as a
results of fluid accumulation. In the results shown above, the mean accumulated value
was subtracted (or added) on a cycle by cycle basis to maintain the horizontal nature of
mean fluid surface.

Figures 4.12 10 4.16 also give the surface velocity variation within the basin (at x =

+15.0 m) for one, two, three, six and twelve reefs. It is seen that the velocities at this



location (just near the reef on the side) decrease i for twelve reefs.

which would facilitate the settlement of benthic diatoms and congregation of fish.
The two-dimensional model results show that the wave amplitudes are reduced
inside the wave basin produced by reefs when the number of reefs are greater than six.

even though the reduction is not signi This ion would create qui areas

inside the basin between the reef and the coast leading to the congregation of fishes.

settling down of biomass and the of api i habitat.

However it must be cautioned that this reduction of velocities should not lead to the
settlement of fine marine sediments which would lead to siltation and the consequent
closure of reefs. The reduction of velocity must be such as to keep the mean average
velocity above the critical settling velocity of marine sediments.

As water moves through the reefs, the incoming wave energy is dissipated by
wurbulence; furthermore, pressure waves, which can be detected by fish, are produced as
water exits through the holes on the top and sides of the hemispherical balls. Turbulent

water. which exits/enters through the holes on the top and sides. moves upward/

d and modifies the i i going wave field.

This movement of water is found to be effective in attracting fish swimming near
the sea surface. Typical flow over one wave period, around the reefs, is given in Figures
4.17 10 4.22. It is seen that the waves break over the reefs when the number of reef units
installed are more than six (Figures 4.21 and 4.22). The shades of colors represent the
varying velocity magnitudes in the vicinity of reefs. As seen in the figure the energy
dissipation, due to turbulence around each structure, leads to almost quiescent local areas

(points A, B. and C, shown in Figure 4.3) in and around the lower hemispherical reefs



where fish can settle down and spawn. The area where the velocities are low are

represented by the blue color.

t=32sec t= 355ec

Figure 4.17 Velocity Magnitudes for a Beach without Reefs
at Various Times
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Figure 4.18 Velocity Magnitudes for a Beach with One Reef
at Various Times



Figure 4.19 Velocity Magnitudes for a Beach with Two Reefs
at Various Times



t = 32sec t = 35sec

Figure 4.20 Velocity Magnitudes for a Beach with Three Reefs
at Various Times



t = 32sec t = 35sec

Figure 4.21 Velocity Magnitudes for a Beach with Six Reefs
at Various Times



t = 30sec t=33sec

Figure 4.22 Velocity Magnitudes for a Beach with Twelve Reefs
at Various Times



It should also be noted that the generated reduced fluid flow would lead to the

of sedi ining food isms; as well it would also lead to the

growth of seaweeds. This would attract bottom-feeding animals such as flatfish, sea
urchins and lobsters. These benthic animals tend to congregate and populate the partially
quiescent areas on the leeward side of these structures. As stated by Mottet (1986) the
possibility of silting at the bottom of the hemispherical reef (due to very low velocities),
that will inhibit the growth of benthic diatoms and prevent the attachment of seaweed
spores, must be judiciously minimized.

From a computation of the Keulegan-Carpenter (KC) numbers (Umax x T/D) for the
flow inside the reefballs, it was observed that the KC numbers fluctuated in the ranges of
5.5 to 11.25 for locations A, B, and C (Figs. 4.23 to 4.27). Hence the flow can be
characterized as inertia-dominated for lower values of KC < 6 and inertia & drag
dominated for the higher values of 6 < KC < 11.25. Since the flow is not highly turbulent
(KC > 25) the turbulence effects are not very dominant in these regions. Hence the use of
k-€ turbulence model is justified.

Time series for velocity magnitudes before and after reef installation, for one, two,
three, six and twelve reefs at points A, B and C within the reef in the bottom layer
(indicated in Figure 4.3), are shown in Figures 4.23 to 4.27. It is seen that the water
velocities decrease considerably especially in the twelve reefs installation at all the three

locations (A, B, and C) facilitating the hi of marine i and their

subsequent growth, especially at locations B and C.
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Figure 4.24. Velocity Magnitudes Time Series for Two Reefs at Points A, B, and C
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Figure 4.27 Velocity Magnitudes Time Series for Twelve Reef at Points A, B, and C




4.4. Summary

The numerical analysis of the two-dimensional model of an arificial reef with
hemispherical hollow units has been presented here. It can be concluded that increasing
the number of installed reefs will reduce the waveheight and velocity magnitudes.
considerably. However, if the number of instailed reefs are below six. the energy is not
dissipated much: this might be due to the placement of the reef units below the water
surface.

Since the model used for numerical analysis is only two dimensional. the crossflow

generated in the lateral direction by the three-dimensional porous hemispherical reef is

not properly modelled in analysis. Therefore, a three dimensional model study was also

carried out. and the results are presented in the next chapter.



Chapter 5

Three Dimensional Modelling of
Artificial Reefs with Hollow
Hemispherical Blocks

5.1. Introduction
The results of the three dimensional modelling of the hollow hemispherical reefs is
presented in this chapter. As stated before. in the two-dimensional model. the lateral flow
in the reef vicinity was neglected. Therefore. to model the lateral flow. a three-
dimensional analysis was carried out. The three dimensional model was essentially an
extension of the two dimensional model in the lateral direction (y axis). However. due to

the limitation of the software. the effects of jon or dif ion of the i ing wave

could not be properly investigated in the analysis. since the numerical model could
consider only a small transverse section in the vicinity of reefs. Similar to the two-
dimensional model, the waveheight as well as the velocity at salient points in the reefs'

vicinity of the three dimensional model is compared to thase of the model without reefs.



The results of twelve reefs as used in the two dimensional model is also compared to

fifteen and twenty-four reefs iil ion (of th di ional model).

5.2. Numerical Model
In general, the results of three-dimensional model are similar to those of two-
dimensional model. The reef was located upward from the toe of the beach (5% slope) as
shown in Figure 4.1, given earlier. However, since the computational range of the
number of cells provided by the software was limited, the grids were rearranged to obtain

an optimum computational accuracy.

LN

NN
R

R

2.00
(&) Cross-section of a Single Reef (in meter)

Figure 5.1 Typical Three Dimensional Reef Arrangement
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The designation of ‘twelve’. 'fifteen’. and 'twenty four' represent the number of
reefs (used in building of reef) that could be seen from their side view. For example. in
Figure 5.1. the total number of reef units used in the model were more than 15: however.

from the side view as shown in Figure 5.1(a), the number of reefs were only 15

Table 5.1 Number of cell used in computational domain

[ Along the Horizontal (xaxis) : 140m | Number of Cells l Total Cells |
-50.0m to 48.0m | 10

[ -48.0m to +0.0m 29
+0.0m to +20.0m 100
+20.0m to +68.0m 29

+68.0m 10 +70.0m 10 |

+70.0m to +90.0m 20 198

Along the Lateral (y axis): 6.0 m
+0.0m to +6.0m 30 30

| Along the Vertical (z axis) : 4.0m
[ +0.0m to +4.0m 20 T 2

Due to the limitation of the software and the symmetrical nature of the reefs, the
computational domain was limited only to a 4.0 m width, while the length and height
were similar to the two dimensional model; viz., 140.0 m and 6.0 m, respectively. The
computational grid consisted of 198 cells in horizontal direction (x axis). In the horizontal
direction. the cell sizes were varied. Cells in the vicinity of reefs and in the vicinity of
some other salient points (the right hand end and left hand end of fluid domain) were
denser than in other areas and have same density to obtain the computational accuracy.

The wave height generated in the left hand end of fluid domain (at location x: -50.0 m)



was compared to the results obtained from the linear wave theory: therefore to obtain
better results, the grids in this regions were made denser than in other areas.

In the vicinity of reefs (from +0.0 m to + 20.0 m), 100 cells (each cell equal to 0.20
m wide, which gave nearly 10 cells within one hemispherical reef) were used to represent
the reefs smoothly. While in the areas between -50.0m to -48.0m and 68.0 m to 70.0m.
the number of cell were 10, in the area between -48.0m to 0.0m and +20.0m to +68.0m
were 29, and 20 cells were used in the areas between +70.0m to +90.0m For lateral (y
axis) and vertical (z axis) directions, the number of cells used were 20 and 30,
respectively. Total cells used in all three directions were 118.800. Table 5.1 above shows
the total number of cells used in the computational domain given in Figure 5.1. Figure 5.2

below shows the computational grid for the three dimensional model:

g e T

(b) Side View

Figure 5.2. C ional Grid used for Three-di; ional Model
with Twenty-four Reef Units
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Similar to the previous two-dimensional model, the reef unit of interest (with its
cross section), as shown in Figure 5.3, was considered in this study. The velocity
magnitudes within this third reef located in the bottom layer, were examined at points A,

B,and C.

Reef of Interest

s
Reefs Bottom Layer

-50.0 -22.0 6.0 34.0 62.0

-50.0 -22.0 6.0 34.0 62.0

-
=
8y s =
~

[ e

-50.0 -22.0 6.0 34.0 62.0

C . ——

-50.0 -22.0 6.0 34.0 62.0

Computational Domain Cross Section at y = +2.0m
Figure 5.3 Points of Interest within the Reef Units

Initially, the velocities obtained from a sinusoidal wave with 1.0 m height and 5
seconds period (at a deep-water location) was applied for all the reef configurations as

the left boundary condition. The water depth was set at 4.0 m, and the sea considered to
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be at rest. Symmetry boundary conditions were used at the lateral boundaries and a rigid
wall boundary condition was used at the end of the right computational domain.

The numerical calculations were carried out on a 500 MHz personal workstation
DEC Alpha with 768 MB memory. Since the three-dimensional model consumed a large
memory and execution time (almost 24 hours for each simulation). the final time for
model was limited to 60 seconds. The first step was to simulate the wave profile without
any reef. and then to compare the wave profile with that obtained for the installation of
twelve, fifteen, and twenty-four reefs. One meter waves with wave periods of 3.5 seconds
and 4.0 seconds were also considered in the model with twenty-four reefs. Similar to the
two-dimensional model, the k-€ turbulence model was utilized by setting a parameter in
the FLOW3D input file. A typical input file containing all physical property data. mesh

and obstacle descriptions. boundary and initial conditions as well as

parameters controfling the operation and output for a three dimensional model using

FLOW-3D is given in Appendix C.

5.3. Resuits and Discussion
The surface wave profiles resulting from a wave of height 1.0m with 5 seconds
period. at y = +2.0 m (in the middle of computational domain), are shown in Figures 5.4
to 5.7 for the beach without the reef, as well as that with twelve, fifteen and twenty four
reef units. For a 5 seconds wave period. the wave length was 27.94 m at 4.0 m depth. The
waves seem to break over the reefs when the number of reef units are equal to or greater
than fifteen. By comparing the results, it is seen that the addition of a number of reef

units would reduce the wave height, considerably.
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Figure 5.7. Wave Profile with Twenty-four Reefs, T: 5.0 sec



* LB — =
75 ey e 0 T SO TR R eSS,
e S

1:30 W B s
e M N IS T
2 [P SR S e e

= = =
£:95 3.3 —————

s b o e L e o

L P NN

11525 SO N

Figure 5.9 Wave Profile with Twenty-four Reefs, T: 4.0 sec



x
L

LI G —
122, SN W
30 e W -

:37, S

Figure 5.10. Wave Profile without Reefs, T; 3.5 sec

== e |
75 g
S~
L2 X i e oA e
t:30 s

1:37. L~~~
1:45 T ———————————
182, e e
1:60 R

Figure 5.11 Wave Profile with Twenty-four Reefs, T: 3.5 sec



Figures 5.8 and 5.9 above show the surface wave history of the beach without
reefs and that with twenty-four reefs for a 4 seconds period. while results for a 3.5
seconds period are given in Figures 5.10 and 5.11. Comparing these results with those for
a 5 seconds period, it is seen that the wave heights in the basin were reduced considerably
for the waves with 4 seconds and 3.5 seconds period.

Furthermore, Figure 5.12 shows the water level histories of the beach with variation
in number of reef units (twelve. fifteen and twenty-four; represented by black line)
compared to a beach without reefs (represented by red line) for a 5 seconds wave period
at x = +18.0m (just after the reefs). Figure 5.12 shows that the reduction in wave height is
much less when the number of reef units per unit width is equal to or less than fifteen. It
is also seen than there is a considerable phase shift (more than 60°) in the wave when the
reef units are twenty-four.

In addition. the water surface history comparison for the beach without reefs and
with twenty four reefs at same location (x: +18.00 m) for different wave periods: i.e: 5
seconds. 4 seconds and 3.5 seconds. respectively. are shown in Figure 5.13

Comparing these results with those of the two-dimensional model. the wave heights
were reduced much less (by 16-17%) for twenty-four unit reefs compared with 40% for
two-dimensional model with twelve reefs (Figure 4.16) as shown in Figure 5.12. This
might be due 10 the assumption of the reefs used in the two models. In the two
dimensional model. the reefs were assumed as semi circular cylindrical shapes. while in
the three-dimensional model the reefs were hemispherical in shape. Hence. if in the three
dimensional model the reefs were also modelled as those with semi circular hollow

shapes and extended laterally, the results would almost be the same.
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For the model with fifteen reefs, the wave phases were shifted more compared to
the model of twelve reefs. The wave heights were also reduced slightly, and were almost
same as the model with twelve reefs. However, the wave energy reduction was
significant in the model with twenty-four reefs where a wave of 27.94m length, at 4.0m
depth, traveled over the reefs (of base length 18.0m). The average reduction was 16.7%
This fact has also been shown in Figures 5.4 to 5.7 above

Therefore, for the same wave period the longer the wave travel occurs over the
reefs (or wider the reefs), the greater the wave energy dissipated over the reefs

Moreover, the energy dissipation was not due to the breaking of waves as observed in the

model (as described in Chapter 4), but mostly due to the flow separation
that occurs over the reefs. In addition, the wave energy dissipation also occurs due to the
diffraction of waves around the reefballs.

Furthermore, as the wavelengths get reduced due to the increase in wave frequency
(reduction of wave period), the wave heights are also reduced considerably. For a 5§
seconds period, the wave height at a location just after the reef (x: +18.0m), was reduced
by 16.7% on average, while for 4 and 3.5 seconds period the reductions were was 17.5%
and 20%, respectively. Finally, it can be concluded that the greater the reef length over
which a single wave travels, greater the wave energy dissipated.

Typical velocity magnitudes over a wave cycle in the vicinity of model without
reefs and for the model with twelve, fifteen, and twenty-four reefs, respectively, are
shown Figures 5.14 to 5.17. The shades of color represent the velocity magnitudes in the
reefs' vicinity. These figures have been plotted in a three dimensional manner in Figures

5.18t05.21.
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tn e t= 35sec
Figure 5.14 Time Series of Velocity Magnitudes for a Beach
without Reefs; at y= +2.0m
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Figure 5.15 Time Series of Velocity Magnitudes for a Beach with
Twelve Reefs; at y= +2.0m
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t= 35sec

Figure 5.16 Time Series of Velocity Magnitudes for a Beach with
Fifteen Reefs; at y= +2.0m

113




Figure 5.17 Time Series of Velocity Magnitudes for a Beach with
Twenty-four Reefs; at y=+2.0m

114



033 067 100 133 167 200 00 03 o067 100 13

033 067 100 133 167 200 000 03 o067 100 13

167

167

Figure 5.18 Time Series of Velocity Magnitudes for the Beach
without Reefs shown Three Dimensionally
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Figure 5.19. Time Series of Velocity Magnitudes for the Beach
with Twelve Reefs shown Three Dimensionally
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Figure 5.20 Time Series of Velocity Magnitudes for the Beach with
Fifteen Reefs shown Three Dimensionally
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Figure 5.21 Time Series of Velocity Magnitudes for the Beach with
Twenty-four Reefs shown Three Dimensionally
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Figure 5.22 Velocity Magnitude Time Series for Twelve Reefs at Points A, B, and C
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Figure 5.23. Velocity Magnitude Time Series for Fifteen Reefs at Points A, B, and C
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As it has been pointed out earlier, turbulence and vortex shedding occuring behind

the are the i drauli istics required for energy dissipation
and for the congregating of fish around the reefs. Figures 5.14 to 5.17 show the
distribution of turbulence and vortex shedding in the vicinity of reefs.

Low velocities, as represented by dark blue color, were found within the reefs. as
well as in the regions behind the reefs. As mentioned before, these regions provide the
space for fish to congregate and spawn. More over, Figures 5.22 to 5.24 show the
velocity magnitude plots at points A, B, and C (shown in Figure 5.3). It is seen from
these figures that at point A (sea bottom) velocities decrease considerably; this is contrary
to the observation made for the two-dimensionzl model where the largest decrease was
observed at C. The decrease at C is minimal while that at B is greater than that at C. The
velocities seems to fluctuate between a maximum and a minimum in the two adjacent
wave cycles, probably due to the alternate exiting and entering of waves through the
holes located on the reef units.

5.4. Summary

The results of a three-dimensional modelling of the artificial reef made of hollow
hemispherical balls have been presented in this chapter. It was observed that the energy
dissipation was not due to the breaking wave as observed in the case of two-dimensional

model, but due to the turb flow and di ion of waves

around the reefs. Therefore, the wider the crest of the reef or the longer the wave travels
over the reefs, the greater is the energy dissipation that occurs in the basin. Numerical
results presented by Tsujimoto, et. al (1999) as well as field observation made by Ohnaka

and Yoshizawa (1994) seem to confirm these results of the study.
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Chapter 6
Conclusions and Recommendations
for Future Study

6.1. Conclusions

Afier an introduction to the utilization of artificial reefs in the coastal and offshore
areas. a brief review of artificial reefs, their deployment around the globe. purpose,
materials used. the design and engineering aspects based on environment and ecology
have been presented in chapter two. Emphasis has been placed on highlighting the factors
that influence the engineering and design aspects of artificial reefs.

A brief overview of the Volume of Fluid method and its numerical implementation
in the computational fluid dynamic software package FLOW3D for the modelling of
artificial reefs is given in chapter three. The Volume of Fluid method was used in the
study to obtain the optimum reef configuration.

Chapter four gives the results of two-dimensional modelling of the fluid flow in and
around the hollow hemispherical units that constitute the artificial reef. Chapter five

models the beach and artificial reef structure in a three dimensional manner and presents
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the salient results obtained from this study. The following conclusions were drawn from
this study.
1. Based on the results of two-dimensional analyses. it can be concluded that increasing

the number of installed reefs will reduce the ights and velocity

considerably. However. if the numbers of installed reefs are below six. the energy is
not dissipated much. This is due to the fact that below six reef units the surface wave

energy region is not influenced much by the presence of reefs

2. The reduction of wave amplitudes and velocity magnitudes. around the vicinity of
artificial reefs, makes the region to be most conducive for the congregation of fishes.
growth of biomass and spawning of fish.

. Since the model used for numerical analysis was only two dimensional. the crossflow

w

generated in the lateral direction by the hollow three-dimensional porous
hemispherical reef units was not properly modelled in the two-dimensional analysis.
Therefore. a three dimensional numerical model study was carried out. ft was
observed from the results of the three dimensional model, that the energy dissipation
was not due to the breaking of waves as observed in the two dimensional model. but
due to turbulence and flow separation at the crest and around the reefs.

4. Moreover, it was observed that wider the crest of the reef (equal or more than one

wavelength) greater the wave energy dissipati Ni ical i igation by
Tsujimoto. et. al (1999) as well as field observations by Ohnaka and Yoshizawa
(1994) have confirmed the results of the three-dimensional model obtained in this

study.
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5. Overall. the numerical analyses have shown that the installation of reefs would

produce turbulence and vortex shedding in the vicinity of reefs. These phenomena are

p hy li istics required to fish. Therefore. provision of
suitable reef configurations will provide a conducive environment and suitable
locations for the fish to congregate and spawn; in addition it will also provide areas

wherein the benthic diatoms and seaweed spores can attach and grow.

6.1. Recommendation
Since the limitations of the computer software allowed the use of only a limited

lateral space in the reef vicinity, the analysis for comparison of three-dimensional

of reefs as itudii against lateral, to obtain an optimum reef
configuration. could not be carried out. Despite the fact that the longitudinal arrangement
of reefs has been shown to be more efficient in dissipating energy for submerged roubble
mound breakwaters (Goda and Takagi. 1998). the analyses for various configurations of
hollow hemispherical reef blocks need to be carried out to verify and confirm the above
results.

shoreli such as di it and

The wave isti i the
refraction also need to be considered in the analysis to give a better comprehension of the
reef effects in dissipating wave energy. This study also could not be carried out due to
computer software limitations. The possibility of siltation and erosion around the reef
barrier need to be investigated and eliminated by the provision of a suitable

configuration.
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studies to ine the opti form of the it ical shapes
such as external appendages (to produce turbulence and flow separation). need for and

influence of identified number of holes within a reef unit, and the combination of normal

and inverted forms of reef groups to produce better wave field in the reef vicinity also

should be carried out.
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Appendix A
FLOW3D Structure

(Flow Science, 1997)

FLOW3D consists of five modules: PEEK (utility program) to monitor
computational process and 1o interact with the solver while it is being run. PREP3D
(preprocessor) to process the input file before the solver is executed. HYDR3D
(hydrodynamic solver) to solve the hydrodynamic model. FLSCON (postprocessor) to
process computational results, and DISPLAY (graphics display program) to show the
results in a graphics format as well as to create postcript files. These modules are outlined

in Figure A.1.

PEEK DISRAY
(monttoring utility program) (graphics dispiay program)

Figure A.1. FLOW3D Modules
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Input file for FLOW3D is 'prepin.inp'. This file contains all physical property data,
mesh and obstacle description, boundary condition and specified initial conditions, as
well as all computational parameters controlling the operation and output of the code.
Some files are generated by FLOW3D as output files from modules above or as transfer
data files between modules. There are two type of running modes in FLOW3D: regular
(non-restart, where t=0) and non-regular (restart, where t>0). Figure A.2 shows the file

structure for regular run.

prepin.inp
(user created input)
fisinp.dat PREP3D
(plot specifications) (preprocessor)

hd3in.dat

nktosoven |

ut.dat
(PREP3D summary)

prpplt.dat |
(initial condition plot) J

prperr.
(PREP3D errar nmssaqeﬁ\ ‘

hd3msg.dat
(HYDR3D summary)

hd3out.dat

|
v

‘ HYDR3D
T

| fisgrf.dat
(binary result data file)
FLSCON | fisout dat
(postprocessor) (FLSCON summary)

fispit.dat
(solution plots)

hd3err.dat
(HYDR3D error messages)

Figure A.2 File structure for regular run (non restart; t = 0)
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In a regular run, the model is started with initial conditions, and time t is set starting
from 0. However, it is not necessary to repeat the starting computation time from t = 0

when the user needs to extend the time ion from last The

computation can be carried out using non-regular run, and the starting time is based on
the availability of data from the previous run. The old files from previous run, especially
‘flsgrf.dat' are needed to access the initial conditions data for the restart run. File structure

for non-regular run is given in Figure A.3.

prpoutr.dat
(PREP3D summary)

fisinpr.dat
(plot specifications)

PREP3D

|

[ hd3in.dat

(link to solver) ‘

FLSCON fisgrf.dat
(postprocessor) (previous results)

hd3rstr.dat
(restart state data fle) |

prppltr.dat
(initial condition piot)

hd3inr.dat
(ink to solver)

prperrr.dat
(PREP3D error messages) |

hd3msgr.dat |
(HYDR3D summary)

v
HYDR3D
| | (nycrodynamic solver)

fisgrir.dat
| (binary result data file)

FLSCON fisoutr dat
(postprocessor) | (FLSCON summary)

hd3outr.dat
(HYDR3D result summary)

hd3errr.daf
(HYDR3D error messages)

fispitr.dat |
(solution plots) |

Figure A.3 File structure for non regular run (restart; t > 0)



FLOW3D input files. ‘prepin.dat’ where extension files 'dat’ can be any character
string to identify the input file. contains several namelists blocks to describe problem
model. Typical input files used in this study are given in Appendix B and C. while Table

A.1 below describes the namelist used on input file:

Table A.1 Namelist in 'prepin.dat’

Namelist Description

XPUT computational parameter and general problem description

LIMITS specification of computational limits and print window limits

PROPS specification of fluid properties
| BCDATA | boundary condition specification

MESH definition of computational mesh
OBS definition of solid obstacle geometry
| FL initialization of fluid state within mesh at beginning of simulation
‘!iF definition of 2D baffle element (not used in this study)
‘\TEvMP specification of initial fluid temperature distribution (not used in this study)

GRAFIC specification of graphic output request

PARTS specification of mass or marker particles

Furthermore. since the Volume of Fluid method uses FLOW3D, the flowchart is
assumed to be similar to the flowchart of SOLA-VOF (Solution Algorithm - Volume of
Fluid) method given by Nichols. et al. (1980). A flow chart of this method is given Figure
A4. Typically, this flowchart is similar to the flowchart in hydrodynamic solver module
(HYDR3D) in FLOW3D.

The following lists describe each subroutine with a brief description of its major

function (Nichols, et al, 1980).
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— e |

PETACAL
a

Surface Tension

| Print Plot
)

b

DELTADJ
[

Time to Stop? Yes-»{ STOP |

Figure A.4 Flow chart for SOLA-VOF

TILDE: (Temporary Velocity Calculation)

- Computes an explicit solution for each of the momentum equation. i.c., new

values of velocities are obtained from the time n values of pressure, advective,
and diffusive accelerations. These TILDE values are advanced to time n+1 in the

pressure iteration

139



BC (Boundary Condition)
Sets the values of appropriate variables at rigid free-slip. no-slip. continuative

outflow, periodic, and specified pressure or velocities boundary

g

Sets the values of appropriate variables around the boundaries established by
free surfaces.
. Allows for special boundary condition i i such as inflow

w

-

Sets average F and p values in obstacle cells adjacent to fluid cells.

MESHSET (Mesh Setup)
1. Generates the computing mesh from the input data established in namelist
MESH
2. Evaluates all of the necessary geometric variables that are used throughout the
code.

SETUP (General Setup)

1. Initializes constants necessary to the calculation

2. Computes the scaling factors and centering shifts required for graphics output.

3. Computes the initial hydrostatic pressure distribution to initialize the pressure
array, [p (i) or p (i3.K)]-

4. Initializes marker particle number

5. Sets up the initial velocity with U(ij) = UI and V(i,j) = VI everywhere in the
mesh for two-dimensional model.

PRESSIT (Pressure Iteration)
1. Iterates the velocity and pressure field such that mass is conserved in each cell of
the mesh.
2. Computes a free-surface cell pressure adjustment based on the applied surface
pressure; mass conservation in the surface is not iterated, it is set by application
of the free-surface boundary conditions.
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VFCONV (Volume Fraction convection)
1. Computes the solution of the VOF function
2. Computes and stores for printout any errors in volume (i.e.. loss or gain) during
the calculation of step (1) above.

PARMOV (Particle movement)
1. Computes the movement of marker particle in the fluid velocity field
2. Provides the necessary bookkeeping to allow marker particles to exit the mesh
or to be replaced by newly input particles.

PETACAL (PETA Interpolation factor cajculation)

Determines the slope of the surface in the surface cells

Determines the cell flag NF(i,j) to indicate the interpolation neighbour of the
surface cell.

. Computes the surface pressure PS(i,j) caused by surface tension in surface cells.

9

w

if the surface tension flag is set.

DELTAD! (Time step adjustment)
1. Computes maximum allowable 5t for stability

2. Adjusts 8t according to number of iterations and maximum allowed for stability
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Appendix B
Two Dimensional input Files for
FLOW 3D

A typical input file (prepin.inp) used to model the hemispherical hollow reefs is
given in this appendix. The file contains all physical property data, mesh and obstacle
description, boundary and initial conditions. as well as all computational parameters
controlling the operation and output of the code. The explanation of each command line
will be given together in the lists as 'remark’. Namelist blocks are typed in bold to

distinguish with other namelists.

Twelve hollow reef 1.m diameter smooth surface opening one hole on top

Sxput
remark='units are mks',
twfin=120.0, remark='set termination time'

remark='vertical gravitational acceleration'
remark='uniform hydrostatic pressure'
remark=‘free surface modelling flag'

remark='limit in hd3out output file'
iadiz=1,iadix=1,remark='pressure  iteration use limne  implicit
methods ',
epsadj=1., remark=‘'multiplier for calculated pressure iteration

convergence*,
remark='number of materials',
remark='time interval (in second) between spatial
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in flsgrf/flsplt output files',

remark='k-e turbulence model, set viscosity flag’,
remark='duml is wave angular zrequency, T=5 sec’,
remark='dum2 is wave number, m
remark='dun3 is wave amplitude, Hel.om',

remark='print window maximum x cell index'

remarks='print window maximum z cell index'

remarks='water densit:

mui=0.0012, remark='water coefficient dynamic viscocity'
Send
Sbcdata
flhtl=a.o0, remark='water depth',
wl=6, remark='left-specified velocity boundary condition',
wr=2, remark='right-rigid wall boundary ',
1, remarks= ' top- symme:ry plane bcundary condition’,
wb=1, remarks="b pl. y condition',
remarks='back- con:mua:xve baund.uy condition®

remark='f: ndition,

remark='total cell in horizontal (x) direction’
nxcell (1)=50, remark='50 cells used in between -50 to

nxcell (2) =65, remark='65 cells used in between 0 to 13'

nxcell (3)=77, remark='77 cells used in between 13 to
px(4)=90.,
nycele=1, remark='total cell in lateral (y) direction'
py(2)=1.0, remark='only omne cell wused in lateral
direction'
nzcele=30,

remark='total cell in vertical (z) direction'
pz(1)=0.0, nzcell(1)=30, remark='S0 cells used in between 0 to &'

remark='number of defined obstacles’

remark='the following commands define shoreline slope',
iob(1)=1, ex(1)=-0.05, cz(1)=1.0,

remar

define virtual reefs for cottom and middle reefs layer',

remark='the following command define the outer circle of the reefs',
ivre(2)=1,

iofo(1,2)
ex2(11) =

By
<o €22(11)=1., cc(1l)=-1.0,




21(11)=0.125,

remark='the following command define the inner circle of the reefs',
iofo(2,2)=12,

., €z2(12)=1., ec(12)=-0.5625,
21(12)=0.125,

remark='define reefs holes',
iofo(3,2)=13, ich(13)=0,

0.125, zh(13)=0.125,
xh(13)=-0.74,

ioh(14)=0,
zh(14)=0.125,
xh(14)=-0.74,

remark=‘the following commands define reef foundation; height=0.25m',
iofo(12,2)=18,

cx(18) cc(18)=-0.405, cz(18)=1.0,
21(18)=-0.125,  zh(18)=0.125,
xh(18)=0.,

trnx(18)=-0.875, trnz(18)=-0.25,
iofo(13,2)=19,

cx(19)=2., cc(19)=-0.405, cz(19)=1.0,
21(19)=-0.125, zh(19)=0.125, x1(19)=0.,
£rnx(19)=-0.875, trnz(19)=-0.25,

©c(20)=-0.405, €z(20)=1.0,

0.125, =zh(20)=0.125,
xh(20)=0., trnx(20)=0.875,
trnz(20)=-0.25,
iofo(15,2

1,
cx(21)=2., cc(21)=-0.405, cz(21)=1.0,
z1(21)=-0.125, zh(21)=0.125,
x1(21)=0., trnx(21)=0.875,
trnz(21)=-0.25,

remark='define second virtual reefs for top reef layer',

remark='the following commands define outer circle of the reef’
ivre(3)=1, .

iofo(1,3)=2,

cx2(2) = cz2(2)=1., cc(2)=-1.0,

21(2)=0.135,

remarks=‘the following commands define inner circle of the reef',
iofo(2,3 h(3)

ex2(31=1
21(3)

cc(31=-0.5625,



remark='the following commands define top holes of the reef',

iofo(3,3)=4,
21(4)=-0.125
x1(4)=-1.1,

roty(4)=90.,

remark="copy,
icpy(1)=2,
icpy(2)=2,
icpyl3) =2,
icpy(4)=2,
icpy(s) =2,
icpy(6)=2,
icpy(7)=2,
icpy(8)=2,
icpy(9)=2,
icpy(10)=2,
icpy(11}=3,
icpy(12)=3,
Send

$£1
flht=4.0,
Send

$bf

Send

Stemp

Send
sgrafic

contpv(1)='p",

nvples(1)=1

remark='def;

ion(4)=0,
. zh(4)=0.125,
xh(4)=-0.74,

translate and rotate virtual reefs',

crrnx(1)=1.180,
ctrax(2)=3.377,
ctrax(3)=5.574,
ctrox(4)=7.772,
ctrnx(5)=9.963,
ctxnx(6)=12.166,
ctrax(7)=2.218,
ctrnx(8)=4.416,
ctrax(9)=8.810,
ctrax(10)=11.007,
ctrax(11)=3.157,
ctrax(12)=9.849,

ctrmz(1)=0.434,
ctrnz (2)=0.544,
ctrnz(3)=0.654,

ctrnz (4)=0.764,
ctrnz(5)=0.874,
ctrnz(6)=0.984,
ctrnz (7)=1.688,
ctrnz(8)=1.798,
ctrnz (9)=2.017,
eernz(10)=2.127,
ctrnz(11)=2.941,
ctrnz(12)=3.271,

remark='define water depth'

s',

croty(1)=-2.862,
croty(2)=-2.862,
.862,
862,
862,
862,
862,
862,
2.862,
croty(10)=-2.862,
croty{il)=-2.862,
croty(12)=-2.862,

[SEIVEIVI

remark='contoured velocity magnitude under the
vector:

remark=,velocity vector only plot once’

ine coordinat plots',

xvi(1)=0., xv2(1)=12.,
2vi{1)=0., z2v2{1)=6.,
remark='the following command define location for water level

probe’,

xloc(2)=-50., yloc(2)=0., zloc(2)=4.,
xloc(3)=-25., yloc(3)=0., zloc(3)=4
xloc(4)=0., yloc(4)=0., zloc(4)=4
xloc(5)=15., yloc(5)=0., zloc(5)=4.,
xloc(61=70., yloc(6)=0., zloc(6)=4.,

remark=''the following command define location for velocity probe',
iloc(7)=79, jloc(7)=2, kloc(7)=3,
jloc(8)=2, kloc(8)=6,
jloe(s) =2, kloc(9)=7,




Appendix C
Three Dimensional Model Input Files
for FLOW3D

In a three dimensional model. since the reef units are too complex to be handled by
FLOWS3D obstacle generation, the reefs models were created using CAD software. and
exported asstereolithography file (.STL ). Furthermore, the STL files will be embedded
in the input files. Comparing with two-dimensional model. this method will reduce the

command line in obstacle description. considerably.

Twenty four hollow reef smooth surface with opening one hole on top

Sxput

remark='units are mks',

twfin=60.0, remark='set termination time'

gz=-9.81, remark='coefficient of vertical gravity
acceleration',

ipdis=1, remark=‘uniform hydrostatic pressure’

itb=1, remark='free surface tracking enabled

apltde=0.5, remark=time interval for animation plot'

prtdt=1000.0,  remark='limit in hd3out'

hpleds remarks'set interval for history plot',
plde remark='time interval (in second) between spatial
plot
in flsgrf/flsplt output files',
iadiz= remarks'pressure  iteration use line  implicit

methods ',
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iadix=1,
iadiy=1
epsadj=1

ifvis=3,

Sprops

sh
nxcelt=198,

so,

px(1)

px(2)=-48,
px(3)=0,
px(4)

px(6)=70,
P (7) =

nycelt=20,
py(1)=0.0,
py(2)=4.0,

nzcelt=30,
pz(1)=0.0,

avrck=-2.1,

nobs=6,

remark='multiplier for calculated pressure iteration
convergence’,

remark='number of materials',

remark='k-e turbulence model, viscocity flag'

remark='duml is wave angular frequency, T=5 sec',
remark='dum2 is wave number, L=28m',
remark='dum3 is wave amplitude, H=1.0m',

remark='print window maximum x cell index',

remark='water density',
remark='water coeffient dynamic viscocity',

remarks='water depth',

remark='left-specified velocity boundary condition',

zemrk= ngh: rigid wall boundary ',

op- symll\e:ry plane boundary condition',
a

y plan
back-continuative boundary condition',
front-continuative boundary condition',

remark='total cell at x direction',

axcell(1)=10, remark='10 cells used in between -50 to

nxcell(2)=29, remark='29 cells used in between -48 to 0
nxcell (3)=100, remark='100 cells used in between 0 to 20'
nxcell (4)=25, remark='29 cells used in between 20 to 68'
nxcell (5)=10, remark='10 cells used in between 68 to 70'
nxcell (6) =20, remark='20 cells used in between 70 to 90'

remark='total cell at y direction'

total cell at z direction'

remark:

remarks‘'adjust cell volume fraction so ratio does not
exceed 2.1
remark=‘number of obstacle',
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remark='the following commands define shoreline',
iob(1)=1, cx(1)=-0.05, cz(1)1=1.0,

remark='import the reefs from cad data (STL files)',

remark='the following command is used to import first reef group',
iob(2)=2,

igen(2)=: ioh(2)=1,
trax(2)=-1., trmy(2)=-3., trnz(2)=-0.2, roty(2)

-2.862,

remark='the f£ollowing command is used to import second reef group’

iob(3)=3, .
igen(3)=3, ioh(3)=l,
trnx(3)=5., trmy(3)=-3., trmz(3)=0.1, roty(3)=-2.862,

remark='the following command is used to import middle reef group'

iob(4)=4,
igen(4)=3, ioh(4)=1,
trox(4)=-1., tray(4)=-3., trnz(4

0.2, roty(sa

2.862,
remark='the following command is used to import third reef group'
iob(S)=5,
igen(s)=3, ioh(s)=1,
trnx(s)=11., troy(s)=-

trnz(5)=0.4, rory(5)=-2.862,

remark='the following command is used to import second middle reef
roup'

g
iob(6) =6

ioh(8)=1,
. trny(e)

. trnz(6)=0.1, roty(6)=-2.862,

£1ht=4.0,  remark='water depth'

Sgrafic

anmtyp(1)='velr,

anmtyp(2)='p’,

contpv(1)='p', remark='contoured velocity magnitude
vector:

remark=,velocity vector only plot once'

under the
nvplts(1)=1

define coordinat plots',
o xv2(1)=18.,

zv1(1)=0 2v2(1)=6.,
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iloc(4) =41,
iloc(5)=130,
iloc(6) =179,

iloc(7)=2,

iloc(12)=2,
iloc(13) =26,
iloc(14) =41,
iloc(15) =130,
iloc(16) =179,

iloe(17) =2,
iloc(18) =26,
iloc(19) =41,
iloc(20) =130,
iloe(21) =179,

iloc(22)=2,
iloc(23) =26,
iloc(24) =41,
iloc(25) =130,
iloc(26) =179,

jloc(2)=4,
jloc(3)=4,
jloc(4)=4,
jloc(s) =4,
jloc(6)=4,

jloc(7)=9,
jloc(8)=3,
jloc(9) =9,
jloc(10

jloc(13)=11,
jloc(14)=11,
jloc(1s) =11,
jloc(16)=11,

jloc(17)=14,
jloc(18)=1a,
jloc(19) =14,
jloc(20) =14,
jloc(21) =14,

jloc(23)=19,
jloc(24) =19,
jloc(25)=19,
jloc(26)=1s,

define location for water level probe',
at x:-50m, -24m, Om, 18m, 70m, y:0.5m,1.5m,2m, 2.5m,3.5m',

kloc (2)=22,
kloc (3)=22,
kloc (4) =22,
kloc (5)=22,
kloc (6)=22,

kloc (7)=22,
kloc(8)=22,
kloc(9) =22,
kloc(10)=22,
kloc(11)=22,

kloc(12)=22,
kloc(13)=22,
kloc(14)=22,
kloe(15) =22,
kloc(16)=22,

kloc(17) =22,
kloc (18)=22,
kloc(19) =22,
kloc(20)=22,
kloc(21)=22,

kloc(22)=22,
kloc(23)=22,
kloc(24)=22,

kloc(26) =22,

remark='define location for velocity probe',

remark='at location (4.59,0.5,0.3),

iloc(27) =65,
iloc(28) =63,
iloc(29) =56,

Send

Sparts

$end

jloc(27) =6,
jloc(28)=6,
jloc(29) =6,

(4.5, 0.9,
kloc(27)=3,
kloc(28)=5,
kloc(29)=6,

0.7), (4.9,

0.

9,

0.9)
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