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Abstract

This PhD thesidocuses orbiofouling of fishing vessel hulls and investigatbe
impacts of biofoulingon shigg r i ct i onal resistance fin
for industrial fishing vessebperating inthe Mediterranean arttie Black Seacoated

with different types of paints.

As part of the PhD studyace to face interviews with the fishermeere conducted

in order to understand their awareness about the impact of the biofouling and the
coating selectiong:ollowing thafan extensive and systematic experimental study was
carried out for investigatmthe impacts of two different antifouling coating systems
namely foul release (FR) and splilishing copolymer (SPC) coating$tatic
immersion tests were conductddr SPC antifouling coatingsEight different
antifouling coating were applied ommmeision test panels and immersied over a
year.Biofouling accumulation on the paneissobserved periodicallyNext, varous
antifouling coating patches were appliedadishing vesseto compae performances

of the SPC coatings und#re same coditions after a year of operatiomhen,ship
testsresults were compared with the static immersion tests results. FFozéy/studies
were employedvith the data generated from the static immersion testiree fishing

vesses$ operating in two diffeznt locatios equipped with either travdr purse seine.

Resultsshowed that althougmost of the fishermen aesvare of the penalties caused
by the biofouling, a significant number of fishermen have limited knowledge on the
impacts of the biofouling. Ftlvermore, results alsshowed thatbiofouling
accumulation shosvdifferent characteristics among the same antifouling coatings and
among the different antifouling strategies (Foul releasselfgpolishing copolymer
coatings).In addition to thatship tes results showed similar resul{gsignificant
differences)n comparison to case studies conducted in the Black Sea.

XXi



1 Introduction

1.1 Chapter Introduction

This chapterintroduces the subjectscovered in this thesis by presenting the
background behind this wortje motivation of the research aims and objectivies,

layout of the thesis and finallythe chapter summary sectiprespectively

1.2 Background

Fishingis an aawity thathasalways attracted people since the early times of humanity
(Gartside and Kirkegaard, 200®)ccording to the Food and Agriculture Organisation
(FAO), fish and other types of seafood provide a considerable amount of protein for
the global population per capita intake of dietary prot@ine approximate fish
consumption per capita the worldwas20 kg in 201 {FAO, 2019) This reflectghe

importance of fishing for the world populatiéer thousands of years

Despite there are no specific limits when classifying fishing activities, it can be said

that fishing activities vary between regidish species, technology, investment, boat

type, gear type and purpose of fishing actijitw ook e and Cowx, 2006
al., 2019) In the literature, industrial fisheries t¢argescale fisheriesartisanal

fisheries, smalbcale fisheries,and recreational fisheriefound namelythe most

popular categories among the fishing activiti€harles W. and Makowski, 2015;
Jafarzadeh et al., 2016; Marine Management Organisation, 2017; Watson and Tidd,
2018) For t hat reason, regional fishing p
descriptions of the fishg practiceshould becarefully considered when classifying

fishing activities.

Watson and Tidd (2018)emonstrated industrial fisherieststics regardingglobal

catch and landings between 1950 and 2015. What can clearly be seen in this study is
thedominance of industrial fisherids this study, taking only theumberof principal

species caught into account, it can be said that tragvksaine catches constitute the

majority of the fishcaught byindustrial fisheriesExamining the worldwide capture



of principal speciemdicated thapelagic fish such as anchovy, pollock, tuna, sardine,
cod and mackereare themain species caught lilge fishing industryFAO, 2019)
Hence, this evidence presents and supports the idea that seines and trawls are the most

commonlyused gear types of modeday commercial/industrial fisheries.

According to FAOG6s fisherlina0dYtheaeqpred. s ul t ut
million fishing vesselglobally,and more than half of them (2.8 million) are propelled

by engines. By only taking thisumberinto account,the dependency of fishing

activities on fossil fuelis very clear Consideringthat fishng vessels are the
fundamental assets of industrial fisherfe&J ] ur | u e it cam lbe.stated2h@t2 0 )
most fishing activities, including industrial fisheriese highly fossifuel dependent

and energyintensiveeconomicactivities (Parker and Tyedmers, 2019}herefore,

there hae beenseveraresearclstudiescarried out indicating GHG emission rates by

industrial fishing vessels.

Tyedmers et al. (2005Winther et al. (2009and Tyedmers and Parker (201&pted

that the amount of fossil fuel used and GHG emissions released by the fishing vessels
are at remarkabl&evels within different periods. In addition to thaasurko et al.
(2013)examined fuel consumpti@ndthecarbon footprint®f 3 fishing vessels. They
showed that the calculatioesuld not be generalised ampecific analys has to be
madeby consideringvariables such as the fishing vessel type, target species, gear type
and site.These results show the significance of determining the fishing activity
classification for consistey and further emission calculationdowever, another
critical point has tdoe made clean these studiesAlthough emission rates of larger
fishing vessels areonsidered seriouslyemission rates o$maller fishing vessels
including smaller commercial fishing vesselse notconsideredy many researchers
(Coello et al., 2015)This is an indicator showinfpatGHG emissions from industrial
fisheries are atinprecedentetkvels and yetthe results obtained from the studies

focusing on GHG emissi@might be higher than the estimated amounts.

In 1997, the International Maritime Organisation (IMO) introduced a new regulation,
Annex VI, intheInternational Convention for the Prevention of Pollution from Ships
(MARPOL) with the @am of limiting air pollution from ships. After MARPOL Annex

VI was introducedseveral revisions wergade such as introducing thEnergy



efficiency Design Index (EEDI) and Ship Energy Efficiency Management Plan
(SEEMP) in 2011.Although newly introducecEEDI and SEEMP bring stricter
emissionstandardsMARPOL Annex VI regulations armited to several types of

ships (such as bulk and gas carriers, tankers, container ships, general freight carriers,
refrigerated freight ships and combination carriers) over 4Q0@®, 2009a, 2009b)
Therefore, considering the volume of the fishing fleet and the types of theastips
referredto, it is not difficult to conclde that the fishing vessels are not covered by the
MARPOL Annex VI regulationgBehrendt, 2014)Althoughl MO6s r egul ati o
not include fishing vesselthey will likely be expanded to the fishing vessels in the
future(Bazari and Longva, 2011; Jafarzadeh et al., 20t Other words, the question

is not if but when MARPOL will include fishing vessefss a result, these studiaad
regulationsshould beconsidered asreindicator and thenotivationfor fishing vessel
owners to reduce fuel costd hence the emissiomswardsa more sustainable

environment.

Looking at the problem in detail, there are several approaches to reduce fuel
consumption and the impact on teevironment for both new and existing fishing
vessels. Improving the operation profile, improving the ship hull design and/or hull
form for the relevant fishing activity, improving theshing gear design, using
alternative fuels, improvements in proputsisystemspr improving the roughness
valueswith the help of hultoating can be listed asome otheinterventionexamples

(He and Winger, 2010; Latorre, 2001; Notti et al., 2019; Rihan, 2010; Schau et al.,
2009; van Marlen, 2009)

What is more, @écent studies in the literature shamcreasinginterestin energy
efficiency improvements in the fisheriegor example,Gabifia et al. (2016)
investigatedvariousmagnetic devices to improveshing vessels' energy efficiency
Similarly, Jafarzadeh et al. (201%)uded liquefied natural@s (LNG) as a fuel in a
fishing vessel with a system engineering approach and showed possible
environmental/economic benefialomba et al. (2018Approached fuel consumption

reduction by assessing wasteat refrigeration technologies in fishing vessels.



Notti et al.(2019)conducted an experimental study to show the impact of biofouling
accumulation on a fotrelease coad trawler by comparinga trawler's fuel
consumptionin three time periodwith the help of a monitoring systeroreover,
onboard monitoring deges were used to estimate the performance predictions of the
antifouling coatings for the fishing vessel§hat is more, heir results showed that
onboardmonitoring devicesauld give an idea for the performance prediction of the
antifouling coatings forthe fishing vesselsHowever, lacking availability of
monitoring devices on every fishing vessel and low frequency of data sampling from
the devices are still in question, as Armstrong (2013) stareerall, althoughthese
studies show the great effort tpmmto improving energy efficiency for the fishing
vesselsnoneof themfocuses on hydrodynamic performance investigatiortiad hull
protectionsand biofoulingsfor the fishing vesselsAmong the poposedsolutions
mentioned abovethis thesis focuses atme advantages ohull protection for the
fishing vessels and biofouling impactm hydrodynamic performances of the

industrial fishing vessels.

A hydrodynamically smooth hull surface is a desired phenomenon for the ships. The
resson behind this is to avoid additional forces acting in the opposite direction to the
shipds motion on the ship hull surface.
resistance on ships which results in powering penaltiesaseaften caused byhe
fouling of marine coatings.There are several studies conducted showing the
detrimental effects of biofouling on shipsloreover, biofouling is a weknown
problem in the shipping industgndcauses a significant increasetle total dragof

ship hulls.To detail, from light to advanced fouling accumulation on ship hulls showed
an increase ranging from 8% to 86% in shaft pofMaslbeck and Bohlander, 1992;
Schultz, 2007; Watanabe et al., 1969)us, it is one of the most challenging problems
that the researchers have to cope with in the shipping industry towards more
environmentally friendly and economical shippiff&parzua ad Jakubowski, 1995;
Schultz et al., 2011)



Because the air resistance of a ship consists of only a small proportion of the total ship
resistance, it is assumed that shydrodynamicresistance consists of two main
components: residual and frictiomakistance. With frictional resistance consisting of

up to 87% of the shi po $whdnthe\edselsrsalsatasldwa n c e
Froude numbey)it is not difficult to assume that it is the dominant resistance
component of sistanee farthe spigssruiding at sldwer spgédsds

Hole Oceanographic Institution, 1952)ence, as the majority of the fishing vessels

are considered sl ow speed ships, frictio
is remarkableNeverthelessany possible improvement in energy efficiency for the

fishing vessels by considering the frictional resistance improvements would

significantly reduce théuel consumption of fishing vesseaia aglobal scale

Biofouling is a natural but unwelcome settlement process of certain marine organisms
on the ships' submerged surfachoreover, here areknown to bemore than 4000
kinds of aquaticorganisms causing biofouling on ship hu{éebra et al., 2004)
Abarzua and Jakubowski (1998gtailed biofouling accumulation in three steps:
molecular fouling, microfouling and macrofoulingolecular fouling is the adsorption
period of organic polymers in the marine environment initiated as soohursaa

made object is immersed in water. Anothgtical point to remember is that, in this
period, a conditional organic film is formedihus, thisconditionalfilm initiates a
sequence of events causing micro aratro fouling(Compere et al., 2001; Loeb and
Neihof, 1975) After molecular fouling accumulation, together with the alterations on
the conditional film surface, microorganisms, bacteria, and diatoms as primary
colonisers and spores of macroalgae and protozoa as secondeda@ne attached on

the surface. At this point, a biofilm laydorms and is called microfouling
accumulation. After that, sessile organism larvae as tertiary setsnattachto
microfouling and called macrofouling accumulati@barzua and Jakubowski, 1995;
Balgadi et al.2018; Bhosle et al., 2005)

Biofouling on ship hulls can easily be linked to the parameters such as temperature,
salinity, light, geography, depth, and voyage sp@&timiraal, 1976; Yebra et al.,
2004) Several methods have been developed with many different pararteeters

minimise biofouling's detrimental effectsn the shipping industrySatheesh et al.



(2016)and Flemming (2020summarsed antifouling methods into three egories:
physical, biological and chemicaSeveral physical methods were developed to
combatbiofouling on ship hulls, such as electrolysis, acoustic technology, radiation,
and surface topography modificatioHowever, problems like power requirement,
comrosion, difficulties in application, stability make physical antifouling methods

i nsufficient t o aovwerseimpartsyBranscon fawduRittschof, 6 s
1984; Cao et al., 2011; Liang and Huang, 206®) the biologtal methodssome
organisms' enzymes and secondary metakdide preventing biofouling settlement

on ship hulls can be given as examples. However, due to the reason that the extraction
of these enzymes and metabolites are complex, lahtamsive proceses and stability

of enzymes in the natural environment is a challenging topic, more studies have to be
conducted to over co(@eandlakat farw Muriidhay, 2817; i mp a «
Satheesh et al., 2016)

Chemical methods are the most popular antifouling methodtlseipresent dayas

there are many commercialised amtiing coatingsvailabletoday. Biocides used in
coatings constitute the majority of the chemical methods. Tin based, dwggeat,
zinc-based, silvebased coatings can be given as examples. Satheesh et al. (2016)
classified chemical methods as: (i) Qmngin containing coatings, (ii) Copper with
booster biocides coating@ii) Self-polishing copolymers coating@v) Foul release
coatings (v) Chlorination.

Antifouling coatings have been the most sufficient addqua¢ coatings to escape
from penaltiecaused by biofouling to da{®wain, 199, 2010; Swain et al., 20Q7)
Furthermore, antifouling coatings can be divided w0 sections traditional and
modern chemical compounds containing coatings. Traditional coatings are divided
into subsections; insoluble and soluble coatings. Insolbard coatings consist of
vinyl and epoxywhich are mainly used for faster shipSoluble coatings are resin and
toxic materialsbased coatings suitable for relatively slower vessels. On the other hand,
modern antifouling coatings can be considere# time periods; TBT era and pest
TBT era antifouling coatinggZhang, 2019) A tin-based organotin compound
tributyltin (TBT), was one of the most efficient antifoulants used in coatingsliidil
banned itentirely in 2008(IMO, 2002) The reason behind this prohibitiavas the



deleterious effects of TBT based antifouling coatings on aquatic ddefirst
discovered bylzieu et al. (1981)After the ban, there has been more focus on tin free
coatings and copp@ontaining coatings by the paint compar(¥ésbra et al., 2004)
Self-polishing copolymers (SPCs) and controlled depletion systems (CDPs) are the

two types of Tin free antifouling coatings.

How can you forecast if an antifouling ¢wey has the potential to be successful or
notinthelongterm® The answer to this question wa:
by Sanchez and Yebra (2009everal methodgredict coating effects on skin friction

of representative hull surfaces andservice ship performance. Although field tests

and laboratory setups are considered as the two main categories withtopleisfield

test methods are considered to be challenging but more reliable and yet the most
informative methods. Field test methods include sea station tests, static tests, dynamic
tests and ship testShe field tests can be considered as natural (d&dts andhip

tests) andartefactsimulating test methods (Sea station tests and Dynamic tests).
Sanchez and Yebra (2009) and Atlar et al. (2019) provided a further explanation of

these methods in detail

A systematic investigation is the data collectenmd analysis to answer a specific
question or a problemof concern. Furthermore, when finding the answers to the
relevant questions and problems, all the process is broken up into steps leading to
conclusions. In other words, a planned structure and mheth® used to reach a
conclusion or the answer to the question in concern. To give an example from this PhD
thesi s, to answer the question AWhat ar
antifouling strategi es, t heir aperwaBer enc
prepared with the experts as a first step and interviews were conducted with the
fishermen later. Following that, the generated qualitative and quantitative data was
analysed, and evaluations were made with the help of plotted graphs. Therefore, f

survey preparation to plotting the data to make an evaluation, this process can be

considered a systematic investigation.



Akeynotcthas t o be taken here for the context
As detailed in the literature review chapter of this thesis, there are many studies
conducted investigating the impacts of biofouling on ships. Howévean be seen

that mos of the studies conducted are carried out with the ideal condisach as

using the mossuccessfulantifouling coating strategies or professionally applied
antifouling coating applications. For that reason, a survey was conducted with the
fishermento determine their current application methods, antifouling coating choices,

and practiceshey use in the fieldln addition, the field and ship testietailed in

Chapter 4 are conducted in thatural marine environment so that biofouling growth

over time for each antifouling coatingis determined as a result of the survey

conducted.

Within this perspective, evaluations made after analysis of the survey results show the
currently used applications or-soal | ed Ai n rTegveanexampedi t i on
survey results showed thatertain SPC antifouling coating brands ased for the
industrialfishing vessels and therefore determined antifouling coatings were used in

the static immersion field tests and the ship tests. Therefore, rather than using a random
anti fouling coat i ng suneessiutdoalingcoatng, thb mostn d 6 s
currently used antifouling coatings among the industrial fishermen or antifouling
coatingsinse. al | e @ afiion condi ti ons were consider

and ship tes

For thereasons mentioned abque this PhD thesisindustrial fishing vessels and

penalties caused by a widespread phenomenon, marine biofouling, were taken into
consideration and systematically investigatédthough many studies have die
conducted on the impacts of biofouling o
knowledge, no specific research has been performed for comparing several-the self
polishing copolymer and foul relees o at i ngs dé perf ormances th
field tests over time with a focus ship resistance and poweriofyjpurse seiners and

trawler fishing vessels real conditionsTwo different antifouling coating systems
(namelyfoul release (FR) and satblishing copolymer (SPC) coating$ield tests

(namely shipass and statiemmersiontests) automatic identification system (ALS)

and face to face surveys weperformedin order to investigatehe impact of



biofouling onindustrial fisheries by focusing on thesistance and powerimgfishing
vesselsThus, this thesis aims to fill this gap ageltthe fishermen's attention to the
importance okelecting the most appropriaatifouling coatings.

1.3 Structure of Thesis

This sectionexplains thestructurefollowed in this thesis.The generalstructure
followed in this thesis can be seerFigure1-1 in order.

: i ' | Coating Datain | 1
' Chapt ! Vo ! :
s .1 iUanetat (2019)] :
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! ! : 4
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Figure 1-1: Structurefollowed in this thesis.

As shown inFigure 1-1, to determine the awareness and the approach of fishermen
regarding antifouling, a survey is conducted with fishermen. After detemgnthe
most commonly used antifouling coatings and the methods, thecmoshon five

coatings used in the fishing industry are appliedamep to be immersetb determine



fouling characteristics of the relevant coatingth@Black Sea. Following that, similar
datais generated with the same coatings in the Mediterraneanvifiedhe help of
similar immersion field test data useduzun et al. (2019)Next, an irhouse model

is developed in order to predict friional resistance and power increase in-$akle

by using automatic Identification System (AIS) data for the fishing veddels;,
(2019  t-demeedent biofouling growth moddbemirel et al. (2019s added
resistance plots for the ships with different LOA(m) operating with a variety of speed
under different fouling conditions, an@ranville (1958) s  srity faw |s@aling
method. As a result, three case studies conducted to show the antifouling
performance of the relevant coatings on different fishing techniques and in different
fishing zones.

As stated in the previous chapter, one of the first thingisenable us to calculate the
added resistance and power requirements of the relevant ships is the roughness
function and Reynolds numbers of the relevant surfaces. As the surface conditions of
the ship hulls are directly related to antifouling coatirfggermining the antifouling
coating behaviours of the fishing vessels is a necessity. For that reason, the first step
was taken as conducting a survey among fishermen in order to understand and
determine the common practice with regards to antifoulingadstfor fishing vessels,

how the maintenance is conducted, how the coating types are selected, how the most
common application is chosen, most commonly used fishing techniques, whether the
fishermen get trained or not and so on. In order to prepare theydinst step was

taken as determining the questions after getting in 4 professibefiswithin the
academia. After weeks of discussions, 34 epreded questions are determined to be
asked to the fishermen. The results of the survey are present@ghmter 3 In

addition bi of ouling accumul ation of sever al
investigated, and results are presentegkiction 33 to generate adhesion strength data

for the fouler organisms.

In order to obtain roughness heights vallegs immersion field tests are designed and
conducted for the most common coating brands by following the most common
coating methods and applications used, as obtained from the sun@gajrer 4

novel roughness data showing the biofouling growth owee tin 2 different
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antifouling coating types over a year in the Black &epresented together with
analysis. In addition to that, a selected fishing vessebated with five different
coatings available commercially. After a year of operation, biofouling accumuigtion
observed and measured and then compared with the static field immersion test data.
After starting the field test data, test paraisinvesigated systematically. In other
words, field test pnek aretaken out of the water first and then observed with eyes,
hands, and rulers. Fouling on ea@melis recorded, and notesetaken related to the
species accumulated on them. This procedinepeated weekly in the first month and

then biweekly over a year. Biofouling growth on bo#imek and the ship hudirerated
using the Naval ds ship technical manual (
results of shigestsand static field testarecompared.

After that, fouling ratingsare converted to kvalues by using the conversidable
between NSTM fouling ratings and values ofSchultz (2007) These obtaineds
values are further used when generating antifouling field test data for the
Mediterranean Sea. In addition to that, antifouling coating field tesisigémerated

for the Mediterranean Sea by using the similar field test data utkdimet al. (2019)
and presented i@hapter 4

In Chapter 5three case studieseconducted. Following that, resulise presented.

After getting fouling ratings andskvalues from the field tests, the first step is to
determine the relevant fishing vessels which are fishing in different fishing zones with

di fferent fishing techniques. Aftesr that
vessel speed and locatioa® determined over time from an automatic identification

system (AIS) from marinetraffic.com. Next, the fouling ratings of the antifouling
coatings from the field tests, plot dataDemirel et al. (2019)which is geerated by
usingGranville (1958 s si mi |l arity | aw scaling metho
operation profile over timareimplemented in an smouse model by taking advantage

of Uzun, (20199 s -ddapendent biofouling model to generate the relevant added
frictional resistance and power increases for three fishing vesEb&refore
comparisons between different fishing zones and different fishing techrigndse

conducted in terms of economiand environmental impacts due to fouling

accumulation.
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The inhouse model was developed to conduct all the calculations using MATLAB

when inputs are giveithe n-house model can be detailed in several steps. First, once

the NSTM fouling ratings of biofouling growth over time on selected antifouling
coatings or two different locatioais determined, fouling ratings are set as an input

forthe MATLAB and then definedasinptit. Fol | owi ng that, sele
profiles are obtained from marinetraffic.com and set as another input for MATLAB,
defined asnput-2. Next Uzun (20193s time-dependent biofouling growth modeas
implemented and set as another input for the MATLAB, namsedput3. Following

that, inputl and inpu2 were run in inpuB and fouling ratings of the specific
antifouling coatings over time that are applied on the selected fishing vessel is
determined. As a result, relevant fouling ratings over time resultsearas another

input for the inhouse MATLAB model, named inpdt Following that, fouling ratings

are converted into ks values using Equation 33. Equivalent sand roughness heights
over time are then used as another input for the MATLAB, named-iter that,

selected ship characteristics are determined and set as another input for the inhouse
MATLAB model, named as inptfi. Next, added resistance values are determined for

the selected ships operating with certain fouling conditions at given speads us
Demireletal. (2019s added resistance plots -and de
house model, named input

For that reason, once all the inputs from irpub input7 are known, the impact of
biofouling for a fishing vessel coated twithe selected antifouling coating can be
calculated. Consequently, impacts of biofouling can be illustrated thwithoutput
graphics for the case studies in regards to financial analysis aadei@iSsion
calculation resultby using the irnouse model deloped using MATLAB

1.4 Motivation of Research

This sectionprovidt he Aut hor 6 s maeorkcarrged autonrthisthestsi nd t
andclarifieshow the gaps werehallenged andddresseih the literature21%' Century
hasbroughttechnological advancements in our lives and contributed considerably to

our understanding of the impacts of human activities, such as GHG emissions, in the

world andthe importance oénvironmentakustainability For that reason, authorities
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in shipping ntroduced related legislative regulationgch ashe Energy Efficiency

Design Index (EEDI) and Ship Energy Efficiency Management Plan (SEEMP) in 2011

to encourage more energificient shipping.The mariime world offered several
solutions to overcome ession problems and have more eneefficient shipping.
Moreover, Energysaving devices (ESB), better designs,trim and ballast
optimisation, solar power integration, wind power integratemdhull protection can

be given as possible solution examplésirthermore dthough decisionmaking
authoritiesfirstly excludedsmaller vesselffom the legislatiotsscope | MO6s 2 05 (
targetsinclude all the ship sizes:or that reason, the author noted the gap in the
literature to the bestothea ut hor 6 s k n o wsystamhgtie study shosvinge 1 s
the benefits of the fouling control systems (hull protectiorf)sdnng vessels involved

in industrial fishing activities

In addition to that|TTC (2011)statedand so drew attention tbelack of datdbases
with regards tothe roughnessrothe coatedsurfaces invaded by differefmbuler
organisns. The reason behind this that the impact of biofoulingroughnesspn
frictional resistance and the sBpower requirementsan bedeterminedthrough
experimental fieldstudies. Aoftheait hor 6 s , thereoiswicsactbgoouling
databasever timeavailable fronfield tests including static field and ship teststh
different antifouling coatings conducted in the margintheftlantic Ocean between
Asia and Europe. Therefore, it has been the motivation behind tbetine field

immersiontess and ship testconducted inheBlack Sea in this PhD thesis.

Although therehavebeen many studies examining biofouling in the shipping world,
most of the work done focus on hydrodynamic performances of the shipshar
biological characteristics of the fouler organisrRsirthermore, d the best of the
aut hor 6 s k n o wdsecthigseience tresearcherelevasit to the biofouling
phenomenon conducted abdighermen and theiopinions about the antifouling
strategies,preferences, and behaviours systematicallgis gap in the literature

motivated the author fdhe surveyconductedn this thesis
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Besides the supportof local coating companies as well sgernationalcoating
companies made this work achievab® this motivated the author toonduct
extended field testto makea comparison between the locally and internationally

available coatings.

1.5 Research Aims and Objectives

This PhD thesis aims tmvestigate the impacts of biofouling on shipsctional
resistancé i n r e al Gpecificallydor industiad fishing vessel To reach tis

aim, the specific objectives of this PhD projeate listedbelow.

1 To conduct a literature review ahe impact of biofouling and hull surface
conditions o0 n shipsbé hydrodynami c perf or mar
antifouling strategies, antifouling coating test methodologies, fisheries
importance, classification of the fisheries, and current fishing method
determine the gaps in the literature.

1 To perform a field survey together witthe regulatory framework introduced
by authoritiesto manage fishing stocks with the aim a@éterminng the

operating profiles of the industrial fishing vessels.

1 To surveyfishermen about how they maintain their vessatsy they select
the coating typeswvhat are the most common coating applicatbasenand

SO on.

1 To determindouling characteristics dishing vessel@ selected fishing zose
together with antifouling coatirs@pplied on the hull (if applied) by inspecting

the vessels at the end of their annual fishing operation.
1 To selectthe most appropriate commercially available antifouling coatings

while considering the fouling characteristias ¢ollaboration withcoating

manufacturers,
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To select the most suitaldishing vessel with the airof this thesis,

To apply these coating as patches on a fishing vessel to determine the
comparative performance of these coating utttesame working and weather
conditions. Inspect the patches between two maintenance periods to determine
the timebased fouling.

To place similar patches (ctel panes$) inthe sea statically and observe the
fouling patterns in regular intervals. Inspect the patchgslarlyto determine

the timebased fouling

To compareantifouling coatings' performanae terms of biofoulingbetween
ship testsand statidestpatchesaandbetween different coatings.

To conductvarious case studies for typical fishing vessels to investigate the
impacts of determined coating/roughness/fouling on powering requirements of
these boats, based on analysis ofab&ting/roughness/fouling data collected

from the field tests,

To determine the most suitable coating in terms of fouling performance and in
terms of energy efficiency, environmentally friendliness and costs

To analyse the performance datgtidespedfied fishing vessel communities
to change or improve their current practice to get the best performance out of

their vessels as well as making the least undesirable imptet environment,
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1.6 ThesisOutline

In this sectiorstructure of this thesis isibfly summarisec&ndoutlinedbelow.

1 Chapter 1 presentsgener&introduction for the research conduciecthis
PhD thesisincluding thebackgroundstructure of thesis, motivation of the
research,research aim and objectives, thesis outliaed finaly, chapter

summary.

1 Chapter 2 presents the literature review about the suls@etsedn this PhD
thesis Biofouling and its impacts irthe shipping industry the theoretical
background of roughness effectstle boundary layerantifouling strategies,
antifouling coating test methodologiegconomic and environmental
importance offisheries, classification of the fisheriesnd current fishing

techniquesire coveed.Also, gaps in the literature apeesentedh this chapter.

1 Chapter Jroposes a new datasegarding biofouling and presents the survey
results conducted with the fishermen/stakeholders det er mi ne f i s
knowledge andctions to addredsiofouling on fishing vesseld-urthermore,
fishing vessal @peration profiles, common fishingchniquesmaintenance
procesf fishing vesselscoating selection, the most common coating brands,
coating application procestc, are some of théopicsstatal in this chapter.
Results are also presented and illustrated when necebsaddition to that,
the field surveys conducted in the fishing ports are presented to determine
fouling characteristics and fouling conditions of the fishing vessels after a yea
of fishing activitiesand relevant shear stress of the particidaler organisms

presented.

1 Chapter 4proposesnew biofouling datasetover time for the relevant field
testsin realistic conditiondor two different antifoulingtechnologies; Foul
Release (FR) and SdHolishing Copolymer (SPC) coatingghis chapter was
presengd inthreeparts.Firstly, together with the coatings selected as a result

of the surveystatic immersion testseretestal, and fouling conditions were
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monitoredweekly for the first month and thefterwardsmonitoredbiweekly.
Then, the datacollected wereanalysed and reportedbout antifouling
performancesf the coatings in the Black Sefter that,fouling conditionsof
the same coatings on a fishing vessiéér a year of fishing operatiomere

surveyedcomparedmonitored andanalysed

1 Chapter 5provides added resistance and ship's effective power increase
predictions due to biofouling in termsfattional resistance by presenting case
studies with three fishing vessels fishing in the Black Sea and the
Mediterranean Sed his chapter starts with a brief introduction. Following
that, fouling accumulation for the @eminedfishing vessels over asfting
seasons predicted. Moreover, the tirgependent biofouling model by Uzun
(2019) is used for the predictions. This procedusebriefly described in
Chapter 5Next,added resistance diagrams frbmmirelet al.(2019)areused
to correlate ship sgel, ship length, roughness height, and added resistance for
the determined fishing vessels under given fouling conditions used in the case
studies. After that, the calculation of the fuel consumption, fuel costs and CO
emissionsare given. Finally, casetsdy resultsare compared for different

antifouling coatings, different fishing methods and different fishing regions.

1 Chapter 6presentsthe investigation resultsf this thesistogether witha
discussion. As stated in previous sections, wizesachievel, the contribution
of this study to the current literature, and so the outputs were stateerning

this PhD thesis's aim and objecByvevere presented i@Bhapter 6

1 Chapter Ppresentshe conclusioa andthe recommendations féurther
research.

1.7 Chapter Summary

The background, motivation of the research, research aims and objeahddise

thesis outline were presented in this chapter.
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2 Literature Review

2.1 Chapter Introduction

In order to makea novel contbution, it is essentialo carry at a criticalreviewof the
stateof-artwork in the relevant fieldFor that reasomy order to identify the gaps and
research motivations behind the research performed in this thesisnprehensive
literature reviewwasconducted and presented in thigpter. That is also important
to state that thparticularsubjects covered in this literature reviavededicated to the

work done throughout ihithesis.

This chapter is divided to two major sectionsThe firstsectiongivesan introduction
to the fisherieslIn this sectionfishing activitiestheimportance of fisherieBothon a
global and local scale, distribution of the fishing vessels in terms of ship characteristics
(hull maerials,LOA in metres, engine poweatc), commonfishing techniques and
nets used, and classification of the fishing actividiepresentedThe second section
focuseson biofouling. In this sectionthe marine bidouling processis briefly
reviewed, aml starting from a traditional perspectjvep-to-date biofouling control
technologies and antifouling strategi@se discussed. In additionimpacts of
biofouling for a ship in terms of resistance and so the power requireraeats
considered After that the boundary layer and effectsf roughnessin terms of
biofouling, ontheturbulent boundary layerepresentedrinally, theliterature review

is concludedwith identified gapsnd overall objectives formulated.

2.2 Fisheries

Fishing is huntinggathering, and collecting food from wortiteans Food, in this
context, varies from fish to mammals and algae to planktons. Beslevital
contribution to the ecological system, fish and fisheries have an important place in
peopl e disheries imoasgderedne of the oldest activities known to mankind
anda tradition dating back to prehistoric times. Together with the changes in needs,
fishing tradition has developed and transformed over time. Fishing activities were

limited to local areas, lakesivers, and coastal areas. However, as being one of the
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oldest representatives of this tradition, fishing settlers with children, men and women
developed new skills, techniques and crdftg made them available to go fishing in
further and deeper fishg sites over time. Thus, this lesid fisheries becoming a day
to-day survival activity to a vital fabsupply for billions of peopl@laoye et al., 2012;
Olubanjo et al., 2006; Williams, 1988aying that, any possibieprovemenbn the
fisheries would not onlgffect millions of peop e &esgldbally but also improve the

health, economic condition, welfare.

2.2.1 Fisheriesand Nutrition

The world population is growing and rapidly approaching 8 billion people.
Furthermore, the growing populatiaiso increases the demand for prgteme of the
mostcritical components of the human di&he amount of protein thanh adulneeds
to takeis around 0.75 g pdwg each dayvith varying body weight and agd@edersen
et al., 2013)According toFAO (2020a) global per capitdish consumption wag0.3
kg, with marine living stockdeing at the back adbout 173 per cent of thevorld
population's intake of anim@roteins and &. per cent of all proteinsonsumedin
addition to thatglobally, fish provides approximately3billion people with almost
20 per cent of their average per capita intake of animal protein @idlfn people
with 10 percent of such proteirA good illustration showing the utsationand food
supply per capitaf the world fish given byfAO (2020a)can be seen iRigure 21.
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Figure 2-1: World Fish Utilization(FAO, 2020a)

What can clearly be seenkigure2-1 is the continual growth of fish utilization since
the 1950s To be more specific, it can be seen that whilst the fish utilizatasnonly

20 million tonnes duringhe 1950s it reaches 180 million tonnes in 2Qi8cluding
nonfood uses and foedsegotal. On the other handlthough the no#filood useshow
fluctuationsover time, food fish supply from capture fisheries and aquacliaeps
growing over timeMoreover, with an average of 91 million tonnes of annual captured
seafood production in the last two decades, and 96.4 million tonnes of annual capture
production, there is undoubtedly an increase in captured fish produlstiaddition,

a similar trend can be observed for food supply per capitae worldpopulation.
Furthermore, ansidering the increasing world population, it is hardly possible to
obtainthis amount of protein requirements from domesticated meat aniroalthat
reason increamg trendsover time, as shown in Figurel2 confirms the assumption
that the fisheriess andwill be playing asignificantrole in food supplyfor the world
population.
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What is moreBéné et al. (2016¢onducted a comprehensive review assessing the
contribution of the fisheries to food security and poverty reductibnilsted et al.
(2016)investigated capture fisheriemquaculture productioand nutrition relation in
healthy diets.They concluded thathe authorities must praise fishes as seafood
products improve nutritioand health outcomgsspecially for the pooBennett et al.
(2018) conducted another comprehensive literature review and highligihied
importance of the role of fish in food security, livelihoods and nutriB@mnett et al.
(2018)alsostated that due to the particular nutritional characteristics of fish, fisheries
mean more than a source of protétience,it is predictable thamostof the protein
deficiencies are inevitably met by seafood prodtetiay andwill be in the future.
Thus, it can be said thésh andfisheriesplay an activeand significantrole in meeting

the deficit for adequate and balanced nutrition of people besides red meat and poultry
meat.For the reasons mentioned aboaey improvement ithe fisheries sector would

not only offer an alternative protein intake for humans duod al® contributes to
supplyinghealty diets for people.

2.2.2 Fisheriesand Economy

In addition tobeing one of the highuality nutrition providers fopeople it is an
indisputable fact thatisheries supply industrial raw matesdbr many industries
such asihmeal and fish aiFor that reason, fish and fish products are one of the most
traded products international. To be more specific, 35% of the total production in
fisheries is exported. Therefoigobalfishing create an important employment area
provides livelihoods to millions of peoplerom production to marketingand
contributes to rural economic development aational economiegAndrew et al.,
2007) According to recent stigtics from the Food and Agricultural Organisation of
United Nationsthetotal first-sale \alue of the global capture fisheries was USD 151
billion. In addition to thatthere were 38.98 milliopeoplewhoengaged in the primary
sector of fisheries in 2018FAO, 2020a) Furthermore, there are estimations stating
that marine capture fisheries might be providing employment directly and indirectly
up to 200 million nen and womeSumaila and Munro, 2009y hesestaisticsgive a

good agrement with the statement that fishereeonomicallytakean important role

I n p eliogsthat dars not be underestimatdthe World Bank, 2012)
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On the other handafteremphasiing the importance of the fisheries econooy a
global scale, it is also important to stateat economy mearis a fishing vesseasin

a micro perspectiveAlthough there is not enough study conducted in the literature
showing the costs of fishingn a global scale, some of the studies conducted\sral
countries for the fisheriesarnings and costs can be considemreolugh tageneralise
Arnason et al. (200%tated that the major cedor the mostisheries,in generalcan

be considered in 5 factors as in followir{g:labour(30% 7 50% of total costs){ii)
fuel (1®6 1 25%); (iii) fishing gear (561 15%); (iv) repair and maintenance%bi
10%); capital cost, such as depreciation and interé&sti(25%). Thus it can be seen
thatby only reducing the fuel costs, a considerable amount of saving is pdssible
industrial fishing vesselsret, any improvemendn cost reduction for the fisheries
would significantly contribute to millions of peopldatscomes directly or indirectly.
Therefore, a further study investigating eneegfycient fisheries and reducing the fuel

costswoul d i ncrease pmealyl eds wel fare econ

2.2.3 Fisheriesand Classification

Before focusing on industrial fisheries, it is important to state deithe different
fisheries categoriest can be seen that categoristhe fisheries is aomplexprocess

as definitions in the literature vary, and there arespecific limits to classifying
fisheriesor fishing activities Howeverthere are certain boundariesdaginitions vary
betweertheamount of the catch, fish behaviours for different biegmistance from

the shore, and fishing area, fuel consumption, number of employed people, region,
species, technology, investment, boat type, gear type and purpose of fishing activity
(Cooke and Cowx, 2 0 Q0 B the li@atlrey ndudriallfishexies a |
or commercial fisheriesargescale fisheriesartisanal fisheries, smadicale fisheries,

and recreational fisheries can be named as the most popular categories among the
fishing activities(Charles W. and Makowski, 2015; Jafarzadeh et al., 2016; Marine
Management Organisation, 20Watson and Tidd, 2018)yhe most commofishery

types namely found in the literaturearedetailed in subsections.
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2.2.3.1 Subsistencerisheries

According toFAO (n.d.) when subsistence fisheries come into question, the fish
caught are consumed by either fishenor the families of thefishermenrather than
selling to either midlemen'middlewomenwith the aim of sellingt to a larger market.

On the other handlyedmers (2004inade an indirect definition for the subsistence
fisheries His studystated thasubsistence fisherieserelated to the energy animated
by human muscles that engage in the fishing activity. In addifigadmers (2004)
also stated that artisanal fishery is a type of subsisfestery. Similaly, Rousseau

et al. (2019)stated no diffeence between artisanal, smstlale, traditional and
subsistence fisherie3.eh and Sumaila (2013)onducted a study to relate marine
fisheries contribution to worldwide employmen#ccording to their definition
subsistence fisheries is any fishing activity that does not bring any income bat only
minimum amount to live athe subsistence level. Moreovehey explained what
subsistence fisherieseandthe differencedetween artisanasubsistence and small
scale fisherieslt was clearly stated that although it is filcult to separat@ne from

anothertheintended use of catch was the key subject to distinguish

2.2.3.2 Artisanal Fisheries

Artisanal fisheriesare underestimated and overlookbg academigsparticularly in
comparison with industriaged fisherie§Rousseau et al., 2019his statement can be
supported by reviewing the literature about similar fisheries types and their definitions
such as subsistence, smsdhle, traditional, and recreational fisheries. As it can be
seen from the previowsection the definition of artisanal fisheries is not an easy task

to overcomébecausef its overlapping nature with similar fisheries types.

Many definitions have been made in the literature for the artisanal fisheries (Bhagooli
and Kaullysing, 2018; Mniz et al., 2018; Olaoye et al., 2012; Rousseau .et al
NeverthelessThe Fish Project (2015an be considered as the most comprehensive
definition among the others. In their definition, ahal fisheriesare traditional
fishing practices conductedn participation with the family members, using limited
investment and energy need, conducted with smaller fishing ve$dbksre is any
fishing vessel useahdshort fishing operations close to shothoughthedefinition

of artisanal fisheries differs among different countridag range changes from a
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singleman handed fishing activity with a canoe idevelopingcountry to20 metres
length trawlers, pues seiners, or longlinerfishing vessels in developed countries.
However,an additional statement was made in the Fish Project (2BkBpugh itis
sometimes referretd as smalscale fisheries, artisanal fisheries edso be a member

of subsistence arommercial fisherieg contributeto local consumption or trade.

2.2.3.3 RecreationalFisheries

Recreational fisheries described as aport or aeisure timeactivity conducted by
individuals that do not involveany profit, trade, sale, nutritional requirerher
scientific researcFAQO, n.d.) Similar to atisanal fisheriesthere is limited research
conducted forecreational fisherieGriffin et al., 2021) Besides being a pastime
activity, there are millions of peoplenjoying recreational fisherieglobally,
accounting for asubstantial proportiorof the total fish landedparticularly in
developed countrie@Arlinghaus et al., 2019; Coleman et al., 2004; Heamrgl Lyle,
2003; Hyder et al., 2018; West et al., 201=)r that reason, these numbers raised
awareness for potential environmental problems due to recreational fisheries on
marine fish stocks and ecosysteflnswin et al, 2019) In addition to thatCooke and
Cowx (2006) conducted thorough research for the contrasting recrehtan
commercial fisheries. In that study, theyncluded that recreational fisheries have
potential rarely considered to be an important fatboaffect fish, fisheries, and
aquatic habitats.

2.2.3.4 Small-ScaleFisheries

As there are many differetechniqus, methods and gears used in fisherileescale
takes an important role, thus, whistdivided into large scal@ndustrial fisheriesand
smallscale fisheriesSmallscale fisheries often involve or argerchangeably used
as recreational,rasanal, subsistence, coastal, traditional, lopahr, and lowtech
fisheries as an aggregative topyet, due tothe complexity of defining smaticale
fisheries different definitions are made from many perspecti¥esexample, a global
definitionand extent of smaklicale fisheriesveredefined byThe World Bank (2012)

I n that report, -anawer §i srbsughvdsd fusahsrena | |

discussed.
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Consequently, although there are many different factors when defining sraks|
fisheries,akey criterbnis considered to be vessel size when considering whether it is
a smaliscale fisheries or notChuenpagdee et al., @8). For example,the EU
considers any fishing vessel smaller than 12 m overall (LO#nallscale fishing
vessel.Another example can be given from a local perspecliel and Sumaila
(2013)made a local geeralisation for the smaficale fisheries in tropical countries.

In their definition, smatkcale fisheriearemainly conducted in parts of poorer areas
of tropical developing countries where there is no alternative to employment or
famingdwar uprooted pople to castal areas where they engage in fishing activty.
furtheranddetailed study conducted regarditng definition of smalkcale fisheries
has been brought to attention Bynith and Basurto (2019A good illustration for
differentiating fishing activities can be seerFigure 22 (The Fish Project, 2015)

100
Large scale

10
Intermediate

Boat size (tonnes)

Small Scale

Low Intermediate High
Artisanal Modern artisanal Industrial
Semi-industrial

Technological investment / man-on-board

Figure 2-2:Differentiation of fishing types according to FAO, adapted fiidm Fish Project (2015)

It has been accepted thafithorities andcientists hve underestimatesimallscale
fisheries (Ifremer, 2@7). However, onsidering the fact thaamaltlscale fisheries
supply 50% othewo r | d 6 s ahdiyst Wherthe@ntincbér of people employed in
this sectomakes9 0 % of t he \heimpodadce of smakchale fislzeries
can be pointed owasily (Berkes et al., 2006; FAO, 2012; Teh and Sumaila, 2013)

With this in mind it shouldalso benoticedthat there is an ongoing transition from
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smallscale fisheries to industribdrgescalefisheriesin the world (Berkes, 2003;
Johnson, 2006)

Overall, although there are overlapping definitions betveseallscale, recreational,
and artisanal fisheriesand yetstudiesindicate the transition towards industrial
fisheries this ongoingtransitionfrom small scale fisherianay be linked to any study
conducted for the industrial fisherids. other words, anytudy conducted for the
industriatlarge scale fisheries would directly influence the many otherskeoid

fisheriesincluding smaliscale, recreational, and artisafistheiesand the people that

have direct or indirect relation with it

2.2.3.5 Industrial / Large-ScaleFisheries

The industriakationof fisheriesreceivedattention particularly after the iconic factory
fishing vesseldnvention by European countriestimeearly 1950¢Peet et al., 2010)
These vessels dichtchthe fish anccould process fish on board, which was a game
changer for the fishing industriessupply the need for fish during pasar conditions
(Standal, 2008)

In contrast with the small ate fisheriesindustrialcommerciallarge scale fisheries

are operated by large companies with relativatyore significantinvestments
(Tyedmers, 2004)According toEuropean Parliment (1998ndustrial fisheries is
characterisedby net mesh sizes and target species. To be more spewnifstpf the
species caught in ingdtrial fisheries are selected to be used in industrial fish meal and
fish oil production. Thugnostof the caught fishcoming from industrial fisheriess

not used for human consumptioBesides thatalthough smalkcale fisheriesare
practisedall aound the world, high input fisheries accoimt the majority of global
landings(Tyedmaes, 2004) That shouldalso benoted that industrial fisheries consist

of 30% of the total fish cauglainnuallyworldwide

According toFAO (2020b) there are 4.5 million fishing vessels globally, and 63% of
them are motosed fishing vessels. Moreover, there are 2.86 million megdrishing
vessels in the world. Nevertheless, 514800 of the total rsetbfishirg vessels have
more than 12 m LOA. In other words, mosed fishing vessels in the LOA class of

more than 12 m constitute 11% of the total number of fishing vessels (of 4.5 million)
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in the world. Furthermore, the number of maded fishing vessels witht éeast 24 m
or larger LOA was estimateals 67800, constituting approximately 2% of the total
number of fishing vessels (of 4.5 million) globa({lyAO, 2020b) Consideringthat
vessels in 24 metres length overall or over are defined withintmaldsheries it can

be said that these numbeepresent the number of industrial fishing vessels gipbal
(McCauley et al., 2018)'here areseveraltypesof industrial fishing vessels reported
by FAO (1985) Among these vessels, pwsgning, trawling and longlines ae
consideredasthe most significant one@Peet et al., 2010}J-urther details about these

vesselsarediscussed in detail in the following sections.

Looking at the historical data, from 1950 to 2015%e number of fishing vessels
doubled.Althoughfossilfuelled engines were started to be used in fishing vesdels
the beginning ofthe 20th centuryWorld War Il played a significant role in
accelerating this integration. As a result, with the ongoing technological
advancements, gasoline aidsel have dominatetielargescale; industrial fisheries

sector as an energy input over the padtcentury(Tyedmers, 2004)

In recent yearshowever, effective fisheries management has started showing its
benefits and so that the number and size of motorised fishing vesseésiropped
approximately around 6% from 3 millidishing vessels to 2.86 million fishing vessels
since 2015. Although these sstits might look as an indication formore
sustainability for the fisheries, that should be noted that the main reason behind the
decreas@ the fishing vessel numbers is thia¢ efficient regulations arttleirimpact

in the developed countriefRousseau et al. (201%tated that with developing

countriesd integration to modern world f

engines could join the global fleet by 2050s.

Several studies condted in the literature shothie fossil fuel dependency of industrial

fisheries. As a resulthe combustion of these fuels contributsenormous amount

of greenhouse gases and contaminatiothne atmosphere that increases the climate

change effectg¢Driscoll and Tyedmers, 2010)yedmers et al. (2005tated that an

i ndustri al fiesootpupgavesBehobdba eagge of man)
kil owat t s generakd anmap showmng the global fuel consumption intensity
thatcoversthe majority of the industrial fisheries in the world. In their estimation, 42
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million tonnes of fuelvereburnt,and 134 million tons of COwerereleased intdhe

atmospherall around the worlah 2000due to fisheries

Anothercomprehensive and historicgtlidy illustrating the growth of greenhouse gas
emissios due tofisherieswas conducted biarler et al.(2018) In this study, global
fuel used and total GHGs emissions were estimated between 1990 anB&0kEEn
these periogl fishing vesselsconsumed40 billion litres of fuel for their fishing
activities in 2011. This fuel consumptioeleagd 179 million tonnes of C®and
equivalent greenhouse gase® the atmosphere, which constitutes 4% of the total
global food productiorf-urthermore, emission rates from fishing activities showed a
increaseof 28% from 1990 to 2011Conductedresearchcan be accepted as a

excellert indicator for the world fisheries and the impactglmenvironment.

FurthermoreSuwuronen et al. (2012)onducted comprehensive research to highlight
possible improvements by focusing on the low impact anddfifieient capture
technologies for the fishing vesselBhis study gave examples of eneiggving
techniques and operatioredaptations to reduce fuel consumption and environmental

impacts of demersal trawlings shown ifmable 21.

Basurko et al. (20133howed energy implementations of three fishing vessels by
examining three case studies to reduce the fuel costs of fishing vessels. Their study
concluded that no generalisation could be made foerleegy consumed by onboard
systems between the fishing vessels that use different fishing §tetslli et al.

(2016) conducted hydrodynamic computations to encourage improving the energy
efficiency of the existing industrial fishing vessels by assessing a trawler's propulsion
system. They found #t a 24% efficiency increase is possible by optimising the vessel
speed. Furthermore, they also stated that the gain in efficiency might be much higher

when the costs are considered on a global scale.
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Table 2-1: Potential techniques for energgving and their effect with the constraints and barriers adapted from

Suuronen et al. (2012)

Technique/measure

Effect

Constraints—barriers

Use of thinner and stronger twines, super fibres,
knotless netting, square mesh netting, T90 net, less
netting, larger mesh size

Use of smaller and/or multiple nets for species that
exhibit poor avoidance behavior to the presence of
the fishing gear (e.g. shrimp, flatfish)

Use of effective bycatch and benthos reduction devices
(BRDs)

Using four-panel design (instead of typical two-panel)
in the belly, extension piece and codend, using
square mesh netting in the belly

Use of hydrodynamic trawl doors and use of optimal
warp length (that corresponds to optimal door
efficiency)

Use of raised or flying trawl doors where the weight
element of the door is separated from the spreading
element (doors can be flown above the seabed to
open the trawl)

Better rigging of the gear, lighter ground-gear, shorter
ground-gear, less discs and better rotation capacity,
self-spreading ground gear, composite ropes,
lengthened bridles, off-bottom bridles, lightweight
warps, and proper matching of trawl net and trawl
doors

Use of hydrodynamic shape of floats, kites, beams,
pulse trawls, SumWing-design

Converting from single boat trawling to pair trawling

Improving real-time monitoring and control of gear
with acoustic gear surveillance technology

Installing real-time camera observation system for
informing skipper of fish behavior and composition
in the trawl

Improving navigation and fish finding, and improving
knowledge on fishing grounds (GPS, electronic
charts, sea-bed mapping)

Use of speed controls, reduction of towing speed
Vessel and propulsion system optimization, preventive

maintenance of vessel and engine, change in trip
planning practices

Reduces the amount, weight and surface area of
netting and increases water flow through the net,
thereby reducing the overall drag

Reduces the overall netting surface area and
thereby the weight and the drag without reduction
in catch

Allows the escape of unwanted species or sizes of
fish and other unwanted objects thereby reducing
the weight and overall drag

Ensures easier installation of BRDs and better

geometry and stability for the back end of the trawl

Less drag (traditional trawl doors contribute up to
25-35% of the overall gear drag), less weight, better
fuel efficiency

Better spread, less drag and less pressure on the
bottom (less seabed disturbances)

Lighter and reduced contact points to seabed, less
seabed pressure, smaller impact area, less drag

Reduced drag, reduced seabed contact

Reduces fuel consumption, less seabed damages

Maintenance of optimal gear performance, reduces
energy consumption and bycatch

Helps to maintain optimal gear performance,
reduces bycatch and collateral impacts. The next
step may be an active mechanism to release
unwanted catch

Maximizes catches and minimizes time, energy
and collateral impacts
Reducing speed directly reduces the fuel

consumption

Reduces fuel consumption

High price and availability of materials; use of
larger meshes can reduce the catch of marketable
species and sizes; cost benefit analyses not carried
out for most fisheries

Policy, complexity of rigging, resistance to change

Variability in performance, lack of technical
support to test and optimize BRDs, loss of revenues
of target species and sizes, perceptions

Cost benefit analyses not carried out for most

fisheries

Price, performance monitoring, control in different
sea conditions and depths

Price, performance monitoring, control in different
sea conditions, depths, not suitable for all species

Performance monitoring

Performance monitoring, speed dependence

Policy, human behavior

Price, training

Price, training

Price, training

Human behavior

Price, human behavior

One of the studies regarding energy efficiency in fishing vessels was conducted by

Gabifa et al. (2016Y hey tested magnetic devices on diesglregs to improve energy

efficiency and reduce GHG emissions from the fishing vessels. Their results showed

that an average 5% saving in annual fuel consumption (I/h) for a trawler is passible

using the magnetic deviceon enginesafter two years of opet&n. However,this

reduction was lower than what the manufacturers stated.
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2.2.3.6 Other Typesof Fisheries
Besides the most commonly classified fisheries, there are many other definitions for

the fisheries types. These definitionary between different factors Deepsea

fisheries, pelagic fisheries, coastal fisheries, offshore fisheries, high seas fisheries,

indigenous fisheriestc. can be given as examples.

T

Deepsea fisheries take place between 200 and 2000 metres depths on
continental slopes, oceangeamounts, and ridge systems banks to catch
demersal/benthic species.

Coastal fisheriestake place within 200 nautical miles from the coasts, so
called Exclusive Economic Zonesid using fishing vessels up to 10<oim
addition it also includes vessétee fisheries, satet fisheries and beach seine
fisheries(Japan International Cooperation Agency, 2007)

Pelagic Fisheriess the fisheries that take place in order to catch the fishes that
spend most of their time netlre sea surface rangingoim forage fish to apex
predators such as sharks, tuna fish and bil{fielseph et al., 2019)

Offshore fisheries are the fisheries that take pladeetweenthe territorial
waters andhe limits of Exclusive Economic ZonéEEZ) and the fishing
beyond EEZ as known as high seas fishéhéigesekara, 2016)

High sea fisheriesarethe fisherieshat take place in the open ocean where
outside the xclusive economizone (EEZ), territorial seas or internal waters
of any stat€The Fish Project, 2015)

Indigenous fisheriesis the fishing activities undertaken by indigenous people
to satisfytheir needs or for educational purpgsekich do not include any
commercial purposéABARES, 2020)

Target species fisheriesrethe fisheries that the name of the target species
given to the fishing actity. Yellowfin tuna fisheries, Bluefin tuna fisheries,
shark fisheries, anfibrage fish fisheries can be given examples. That should
be noted that the given examples can be replicated.
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2.2.4 Fisheries and FishingFleet Segmentgechniques

There are many modern and economically effecth@vever, fruthles® fishing
techniques used, pamtlarly in industrial fisheriegStandal, 2008)n addition to that,
Cheilari et al. (203) stated that pelagic trawls and seiners are fishing techniques that
are reported to have the lowest fuel use intensity ratio. Howevannprehensive
study conducted b¥Kroodsma et al. (2018p popular Science magazimpeesents
significant details about fisheriesn this study, industrial fishing vessels were
scrutineed An automatic identification system (AIS) wased,and more than 70
thousand industrial fishing vessels were tracked éetv2012 and 201Bootprint of
industrialtrawlers, purse seiners, and longliners were then generated and illustrated on
a mapin terms of total fishing activity per square kilometres (h%kna socalled
fishing effort

Interestingly their results shw@d that industrial fishing ipractised irmore than half
of the ocean area (>55%yhich is more than four times that of cultivation arElae
results of this study can be seerfigure 23. It should be noted that this study was
conducted with the fishg vessel with AlShowever, AIS is not used by every single

fishing vessel. Hence, the resudfsthis study could be higher than reported.

In addition, by looking at the results th&abodsma et al. (201§resented, it isvident

that purse seining and trawling activities are conducted within coastal areas where
people live. Within this perspective, a comment may be underlined as the impacts of
industrial fishing vessels, particularly trawlers and psesgers, wouldseverely
impact human health thamther shipping industries. To give an example, £O
emissions released from the industrial fishing vessels would reach the urban areas
quicker andmore intensively than other industriggch asshipping.In other words,

any improvement in C@emissionreductionreleasedrom the fisheriesvould make

a direct and significant contributida human health.
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Figure 2-3: The spatial footprint of fishing. (A to D) Totéishing effort [hours fished per square kilometre (h
km'2)] in 2016 by all vessels with AIS systems (A), trawlers (B), drifting longliners (C), and purse seiners (D).
(E)Examples of individual tracks of a trawler (blue), a longliner (red), and a pursz ggieen). Black symbols
show fishing locations for these vessels, as detected by the neural network, and coloured lines are AIS tracks. (F)
Global patterns of average annual NPP [expressed as milligrams of carbon uptake per square meter per day (mg C

m'2 day )] are shown for referend&roodsma et al., 2018)

Furthermore,as can be seen frorkigure 23, differentfishing gearsare used in
different areasTo detail, whilst longliners appeared to be active in transoceanic
distances, purse seiners and trawlers fish mostly in regional atesse statements
are considered tcomplywith each otherAs stated in previous sections in this thesis,
trawlers, purse seinerend longliners are considered the meastective fishing

techniques andontributorgto industrial fisherieeamongindustrial fishing vessels.

2.2.4.1 Purse Seiners

Purse seiners are the fishing vestigdguse seine nets and surrounding technigjioe
the fishingactivity, ranging fromsmall boa$ to open oceagoingvesses$ worldwide
Thesize ranges mostly depend the target speciglsaving larger storageapacities,
and having larger geaaboard the vessé{roodsma et al. (201&}ated thathe purse

seiners use 17% of the ocean amgihh an average trip length of 750 km conduct
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their fishing activitiesThat shouldalsobe kept in mind thanostseiners argrimarily

used to catch pejic or forage fish such as anchovies, sardines, mackerels etc.

Due tothe purse seinefsvorking mechanismhigh manoeuvrability is essential for a
typical fishing operation. This is the reason why larger sgihave lateral thrusters.
Furthermorethereare twokey gear handling equipment tyes purse seinergpurse
gallows and purse winches. Thagpes of equipmerdare used for hauling the purse
lines to close the netfter settingIn addition to that, a power block and net drums are
used for hauling and stowing the net abg&#O, 1985; Marcalo et al., 2018)

Figure 2-4: Schematic of a purse seining operafidfFMA, 2018a)

A typical purse seinérs f pperhtiomstarts with the use of sonar droesounder
fish finders.Becausearget species shodénser angdwim near sea surface during the
night, the majority of the purse seiner operatiomscur at night. After locating and
reaching the fishing poing wall ofthe net(seine netsurrounds the target shaala
circle. The seiné placednthe surface with the help of a fleliie, while the bottom
of the seiris sunk quickly with the help of a leaded rope and heavy metal virgsh
arealso caléd purse rings. The next stisgo close the seinender the target sholy

pursingthe netwith the help of thgurse wire and purse rings. After this poitie
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target is trappedand there is no way to escajpem the shoalFollowing that the

pursedseine is hauledradually with the help of hydraulic winches.

It should be noted that purse seine is hauled froméehsel's starboard his hauling
process is done until the caught fish is brought to the edge of the seine net, called the
bunt end. Afterit is visible to see and check what is in the catble, process of
transferring fish onboard starDuring this process, there are three optiofise first

IS to use crewméns p hppwer. €Craw members gather at the starboard side and
starthauling the nets by hand. The second one is using brailing techaiguge dip

net called brail is used. The third one is to use fish puimgan et al., 2009)A

typical purse seiner operation can be sedfigare 2-4 (AFMA, 2018a)

2.2.4.2 Trawlers

Trawlers are the fishing vessels that use trawl nets and towing techiiuée
fishing activity at an appropriate trawling spee@nging from small to large size
vessels alaround the worldFAO, 1985) Besides thatirawlers areacceptedasone

of theworld's most essential and efficient fishing technig@sodsma et al. (2018)
stated that 9.4% of the ocean area is used by trawlers with an average trip length of
510 km to conduct their fishing activiieThe target species for a trawler can vary
from small pelagic fislsuch as madakels, redbaito ground fishes, crabs, shrimjhe
term trawler is minly considered asraumbrellaclassification.According to FAQ
there are several types wawlers:bean trawlers, otter trawlers, pair trawlers, side
trawlers, stern trawleysoutrigger trawlersfreezer trawlers, and w4ish trawlers.
However, bottom trawlers and midwatpelagic)trawlers can be considered as two
main groupdor trawlers(AFMA, 2018b)

Depending on the target species, trawls can be used at various depths, and so the type
of the nets changes by means of the mesh size. Trawl nets have a cone ohap®el s
with a wide mouth to | et t he n dGitica e t en:
components of a trawl net are consideo&ér boards or trawl doors, which are used

to keep the wide mouth of the net open. Furthermore, key components of the trawlers
are considered to be gallows, winches, and equipment necessary to haul the net and

lift cod-end on board. In addition to that, towing warps, a stern ramp, outriggers and
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net drums are also commonly found in a trawleAO, 1985) A typical midvater

trawler geration can be seenfigure 25.

v X %

Figure 2-5: Schematic of anidwater trawleoperation(AFMA, 2018b)

Atypicalpelgi ¢ trawl erds fishing opdéshfnterson st a
After locating and reaching the fishing poittie trawl is released to the water and

pays out the required lengths of towing warp amdashstowards the target shoal.

Trawl nes are towed at the appropriate lewethe wateto set the trawl dept ammétch

the shoalA net monitor or a sounder mounted on the net headline is used to determine
the netds distance from the sea speedf ace.
becomes also determinarior the gear deptfDignan et al., 2009)A typical purse

seiner operation can be seerrigure 25 (AFMA, 2018b)

2.2.4.3 Longliners

Longliners are the fishg vessels that use longlines nets for fishing activity ranging
from small to large size vessels all around the w(FKO, 1985) Kroodsma et al.
(2018)stated thathe longliners use 45% of the ocean avéh an average trip length

of 7200km to conduct their fishing activitie3hat shouldalsobe kept in mind that
longliner was the most widespread fishing actiyitgctisedamong the other Target
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species for the longliners varies from bottfish species to larger pelagic fish such as
sailfish, swordfish, tuna eté&dditionally, the majority of the larger longliners aim to
fish single specied-or thatreason.there aretwo types of longlining: pelagic ah

bottomlonglining.

W~

Float

Figure 2-6: Schematic of a bottom (Left) and pelagic (Right) longlinaperation

For the pelagic species, a typical longliner operation starts with baiting hooks attached
to longlines by shorter lines (snood).larger vesselghere are automated gears for
the baiting process. The level of mechanisation becomes moreol@gicaly
sophisticatedh larger vesseld he long line goes up to kilometres long with thousands
of hooks attached odepending on the vessel size and storage capacity of the vessel.
After the longlines are releaseto the water, they are not anchored and are set to be
drifting with a radio transmitter. Radio transmitter giaesgnal when the speciese
caught so that the vessel tracks and habkscaught fish onboard. For bottom
longlining, longlines lie on thea@an ground horizontally anchored. The target species
for the bottom longlines are for the fish swmmgjust above the ground. Typical long
liner operatiorpelagic ad bottomlong-liner operationcan be seen iRigure 2-6.

In conclusion,eachfishing vessl has adifferent operationaprofile due to having
different fishing equipment on boards stated abovia previoussections For that
reason, anyenergy efficiency study concerning industrial fisheries must be
investigated separately as different fighitechniques require different adjustments,
particularly forindustrial fishing vesselsin addition, it is important to consider

regional differences in the selection of fishing vessels while carrying out such studies.
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2.2.5 Fisheries inthe Mediterranean and the Black Sea

From the early times of history, fisheriegvealways been an important activitytime
Mediterranean andhe Black Sea.For that reasonfo encouragedevelopment,
conservationand the best management of marine living resources in the region,
General Fisheries Commission for the Mediterranean (GFCM) was established as
regionalauthority regardng fisheries activities irthe Black Seaand Mediterranean
Seaby theUnitedNation® F AO.

According to GFCM, 87600 fishing vesselsperatein the Black Seaand the
Mediterranean Seblowever,only 12.9% of the fishing vessels are either purse seiners
or trawlers which constitute the second largest fishing vessels group afterstabll
vesselsn theBlack Seaandthe Mediterranean Seé#n addition, the number of small
scale fisheries consssbf 83% of the total number of fishing flsatperating inthe
Black Sea and the Mediterranean SHaerefore 17% of the total numberfighing

fleets make up the industrial fisheries. In other words, there are 15000 industrial
fishing vessed operating in the Mediterranean and the Black, &eeording toFAO
(2020) It canalsobe seen thaheMediterranean Sda divided into subregions #se
westerrMediterranean SeaentraMediterranean SeaasteriMediterranean Seand

the Adriatic SeaExamining the relevant stats in deté#ile easterrMediterranean Sea
andthe westernMediterranean Sehave the highestfleet numbers with 30.6% and
23.2%o0f the total number dhefishing fleet intheGFCMareay especti vel y. G

fishing areazan ke seen irFigure2-7.
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GFCM subregions 17. Northern Adriatic Sea

W Western Mediterranean 3 ¢ 02. Alboran island 18, Southem Adriatic Sea

Central Mediterranean
Adriatic Sea 03, Southern Alboran Sea 19, Wester lonian Sea
W Eastern Mediterranean
u Black Sea 20. Eastern lorian Sea

05. Balearic islands 21, Southern lonian Sea

09. Ligurian Sea and northem
Tyithenian Sea

10. South and central
Tyhenian Sea

111 Sardinia (west)
112, Sardinia (east)

12. Northem Tunisia

13. Gulf of Hammamet

14, Gulf of Gabés

—— FAO statistical divisions GFCM geographical subareas (GSAS)

15 Malta

16. South of Sicily

Figure 2-7: Fishing areai the Mediterranean anthe Black Seaaccording to GFCMadapted fronFAO
(2020c)

In 2018, the total catch inthe GFCM area was approximately 1.2 million tonnes.
Moreover, purse seiners and pelagic trawlers targeting two significant species
(anchovies and sardines) makehalf of the total landinggOngoingarrangements by

the authoritiesin the region for sustainable fisheriesvlaastarted showing their
benefits.As an indication, it can be seen that althotiyglh number of landings from

both the Mediterranean anthe Black Seashoweda 2-3% increasethe number of

fishing vessels has nivicreased since 201 addition, considering the totandings
percountry, there is a positive trend towaathalanced share between GFCM countries
compared to pr evi olucan by staded thiihe totad langdihgbyy an di n
the major fishingcountri es decreased whil st t he
increasedMor occo6s 10 . RoMandesd.4%arnerease iratotad landings

can be given as an example.

Thereis an indisputable fact that tiack Sea and the Mediterranean Sea fiske
have direct linkwith many peoplé s i nAccordirgg toFAO (2020c) considering
the whole GFCM area countries, 1 out of every 1000 people living near theis@asts
fisher who earn their living from fishing. Moreoverfisheries activities inthe
Mediterranean andhe Black Sea provide approximately 785000 jobs for people.
Considering theeconomicsof the fisheries for the relevant countriéise estimated

wider contribution of the fighg activitiesin the region is aund USD 9.4 billion.
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Overall, fishing activities in the Mediterranean and The Black Sea have vital
importance fotocal people of theoastal areas. For that reason, any improvement in

the fisheries, such as reducing the cost ofirighvesselsin the region, would
significantly cont r inpasatiekltistaéact that lsndeaimost n 6 s |
wholly enclose the Mediterranean and the Black Sea, and both the Mediterranean and

the Black Sea are surrounded by urban coastal areas. ififprsying the energy

efficiency in industrial fisheries in these regions would also help improve the air

qualityand hencéhep e o pHedtld s

2.3 Marine Biofouling

Although there have been many descriptions made for biofouling in the literature, one
of the arliest definitiongointed out wass early ag 4™ centuryB. C.by Plutarcid s
statementasto how beneficial it is to scrape weedgze and filth from the ships
(Woods Hole Oceanographic Institution, 1992pfouling, so fabledsship-stopper,

IS a fhenomenon that simply reflects a group of organism behavamartendencies

to any given surface when the conditions occufrom microto macro scale,
waterborne organisms tend to attéaclsurfaces irthe marine environmentyet, this
settlement gives kth to many problems in different industries, particularly in

maritime.

2.3.1 Categorisation andComposition of Biofouling

As biofouling is accepted as a natural yet unweleoaccommodation of marine
organisms, there have been a numbestodlies conducted id#afying the types and
species of the fouler organisms by many ye&tsrting from the earliest studies
published Woods Hole Oceanographic Institution (196@hducted a comprehensive
study regarding the principal fouling organisms and specified approximately 2000
species with fouling tendency. Another study stated that the type of fouler organisms
is considered to be more than 25@0derson et al., 2003NeverthelessCao et al.
(2011) pointed out that there are more than 4000 types of biofouling isrgan
Besides the increasan the numbersJMO (n.d.) stated that Asian Paddle Crab,

Colonial Tunicate, North Pacific Seastar, Asian Green Mussel, Black Striped Mussel,
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European Fan Worm, Bay Barnacle, WialkaSeaweed, And European Shore Crab are

considered to be some of the major fouler species besides other species.

In order to understand biofouling, it is better to understand what causes it. For that
reasonthe classification of fouler organisms is essahtAtlar (2008)made a simple

but explanatory classification for marine fouling organisms. He divided fouling
organisms intdwo segments as plants and animals. Next, he detailed the organisms
for each segment. Plants are dividet microalgae (slime) and macroalgae (weeds).
Furthermore, he stated that red, brown, and green algae are the subsegitients of

macroalgae (weeds) segment.

On the other handhe animal segment was classified irttwo subsegments asoft-

bodied and harghelled organisms. Furthermomghilst softbodied segments are
divided into unlimited and limited organisms, he stated that barnacles, tubeworms, and
mussels are accepted to be hsinélled organisms as fouler organisms. Although there
are different vaations of biofouling classificatiqisuch as ilbarzua and Jakubowski
(1995) and Atlar (2008) marine fouling is mainly categorised intawo groups;

microfouling and macrofouling.

2.3.1.1 Microfouling

Microfouling, also called slime foulingplays avital role in initiating the biofouling
processn marine environment#s soon as a manmade material is immersdte
marine environmengdsorption ofmolecular substansand particles on the surfaces
forms an organic film This film, so-called conditional film,triggersa chain of
commands that &ls other organisn{microorganismsjo settle on the surfacerhich
results in biofouling. Wi t h having proteins and carb
composition, surface structure changes and becomes an attraction fofirghe
colonisersin microfouling primarily bacteria(Bhosle et al., 2005)Subsequently
bacterid organismsproducenatural polymers(extracellular polymeric substances)
transformingthe cells io the conditional film Thus, a new form is constitutethis
new form helps new colonisers hold tmthe surface with its glualike behaviour
(Stoodley et al., 2002)
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Figure 2-8: Schematic of Biofouling process over time adapted fientin-Rodriguez et al. (2015)

After this, photosynthetic organisms that are capable of generating efargye
biofilms with the help of light starts appearing on the surfaces as secaudangers.
Primary species for the secondary colonisers are considered as the (hatibetsal.,

2006) In addition to diatoms, spores of macroalgae and protozoa are accepted as the
later secondary colonisetia microfouling Although the limits of miarsfouling and
macrofoulingare not certaimrgand yet there is an overlat this point in the biofouling
accumulation process, microfouling partse accepted to becompleted. A

representative chart diebiofouling process can be seenHigure 28.

2.3.1.2 Macrofouling

After microfouling organisms gathiegon animmersed substrater fAser ved o as
nutrient ofa plate inthe marine environmengessile larvae of thevertebrats such

as mussel pediveliger, barnacle cyprid etc. begitling on microfoulingThis stage

is accepted as the beginning of macrofoulimgdetail, macrofouling organisms are

divided into two segments whilst algae represplaints invertebrates represen
animals.Green,red,and brown algae are three subgroups of plelasssified as soft

fouling organisms.

On the other handhere ardour different subgroups for the animal fouling organisms
which are hard shell organisms (barnacles, Balanus, mobustfouling bryozoans
tubeworms, spirorbis el¢.grass type organisms (hydroids or bryozoans), small bush
organisms (hydroids or bryozoans) and spinebeganisms (ascidianspongesand
anemonesfAlmeida et al., 2007; Atlar et al., 2002; Breur, 2001; Lejars et al., 2012;
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Martin-Rodriguez et al., 2@). That should also be kept in mind that although tigere
a variety of fouling organismshe variety, density, size of these organisdepends
on many other factors such as; degtime, light, and location A trawler's heavy

growth ofmacrofouling after a year of fishing operatican be seen iRigure 29.

Figure 2-9: Heavy growth of macrofouling after a year of fishing operation tawler.

2.3.2 Parameters Affecting Biofouling

Thelongera substrate stays in the seawater, the more advémdeng accumulation
occurs.As being dependent on chemical, physical, and biological everasy
parametersnfluenae biofouling due to its complex and multispecies structiifes

parameters havingsignificant influence on biofouling can betéd as irfollowing:

1 Water Temperature: Seawater temperature is accepted as a trigger when

consideing the fouling organism grath. An upgoing trend is generally
observed when the temperature increddany studies conducted in the
literature showthe differencein the growth ratein different sea surface

temperature However, a notshould be considerdoetween temperate and

tropical waters. Due to the reason that tropical sea surface temperatures are

consistently at higher temperatures during a year, biofouling accumulation

does not showemarkablaifferences when considering the growth rates over

a year. On the other hand, temperate waters, when considering the growth

rate over a yearseasonal changes may change the biofouling growth rate

(Hellio and Yebra, 2009) o give an exampl&om the recenstudiesUzun et
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al. (2018, 2019penerated ame-dependant biofouling modély illustrating
biofouling growth differences betweer? regions (2separateseawater
temperatures). From their results, it can be seen that biofouling growth is much
faster in higher seawater temperaturdesaddition to thatDean and Hurd
(1980), Koopmans and Wijffels (2008), Lord (2017), Stachowicz et al. (2002),
andVillanueva et al. (2011¢an be given as the othsignificant researcs
showing the positive relatiship between temperature and biofouling growth

rate.

Salinity: Although it is fairly uniform with few exceptions, the world oceans

salinity levels are between36 dLindholdt, 2015) ThereforeThiyagarajan

etal. (2003)s upported the idea that i n comp
impacts on life forms, the effect of salinity is weaker than sea surface
temperature. Besidesatia number of studies amwnducted in the literature
examining the fouling characteristics and survival behaviours of the fouler
organismgDe Castro et al., 2018; Noor et al., 2021; Qiu and Qian, 129&)

of the good examples can be giveratstudy conducted for one of the most

common fouler organiss) striped barnacleB@lanus amphitrite Qiu and

Qian (1998)investigated the relati@hip between salinity and tolerance of

striped barnacleSheirstu¢ concl uded that between 1
levels are the critical limits where the adult striped bassaate not affected

in terms of growth rate and survivorship. In addition to tbat,Castro et al.

(2018) conductedmmersion test panels &harioussalinity levels and their

results showed a good agreement wiiu and Qian (1998) s study.
Elaboraing further a good example would be comparing two different seas
with different salinity dweleljasditlBd & c k
is 30a for the Medi Batanus amphkitatthhs Sfe@u | iTrhe
characteristics on a surface immersed in the Black Sea and on a surface
immersed in the Mediterranean Sea would not be different when salinity levels
areconcernd. Nevertheless, it is difficult to generalise the impacts of salinity

on fouling organisms for two reasons. The firsbécause each species has
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different salinity tolerance, and the second one is due to world oceans salinity

levels do not reactie levés that the impacts seen.

pH Level: As a result of climate changthe amount of CQ does not only
pollute the atmosphere but also cause many problems in marine odeans.
that reason, marine acidity will not go awaythe near future(Elias, 2017)
With the adsorption o€0; by world oceans, carbonic acid in the water forms
due toachemical reactionThere are only limited studies showing the impacts
of pH on marine organismdvichaelidis et al. (2005)examined pH and
mussel sd relation and showeglowthinat c he
musses. In addition to thatsimilar results were obtained when a stwdys
conducted ornthe growth and survival of gastropods and sea urchins by
Shirayama and Thornton (200#&)nother recent study showed the impacts of
pH alteration on marine polychaete larval settlem@aspinetVelasco et al.,
2021) Although pH alteration has assentiaimpact on marine organisms, all
of these studies showed tipd values never reachdlevelsthat would affect

the organism& marine oceans.

Light: Light is considered one of the vital elements neededHotosynthetic
organisms. For that reason, light isiarportantfigure for plantsand algae in
the biofouling community. Howeverit should be noted that the need for light
for calcareous fouling organisnsslesscritical thanfood availability Hence,
calcareous fouling organisms are considered not the be affected bpdight

much as photosynthetic orgamis (Lehaitre et al., 2008)

Depth: Salinity, anabundance of nutrients, light and temperature can change
significartly dependingon the depth.For that reasgnthe diversityof the
biofouling community is dependent on many parameters as MAlgllough
there are limited research conducted showing thectsff of degt on
biofouling, a project called ANTARES showed that the difference between the
deep sea and shallow ssaot significantly different from each othas far as

the biofouling is concernedn addition to that, as most of the macrofouling
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organisms are photosynthetic, so that they are depérah the light, the
amount of depth might affect the degree of biofouling due to lack of light
(Amram et al., 2003; Luna et al., 2004; Venkatesan et al., 2003)

Nutrient Abundance Food andood availability are importargarameteror

fouler organismsMoreover the flow rateof the seawatesind the closeness to

the shore are the two key fact@aiecting nutrient abundee availability.
Moreover seawateflow rate plays avital role in biofouling accumulatioas

it cariies nutrieng for the fouler organism#lthough slower flow ratesupport

the biofilm accumulatiorat the early stage$ouling growth inlater stages
becomes slowetue to lower nutrient abundané2n the other hand, if the flow

rate istoo high,it canslow down the primary colonisersdherence, such as
bacteria,due to the higher she stress applied on the surfacélowever, it
supplies an excellent environment for biofilm growth due to nutrient
abundance. Thether keypointthatcan be regardedssignificantis the site
whether accumulation occurs near shores or not. Sites close to the shores tend
to have a morautrientabundancelue to domestibased reasons. Thubge
closeritistotheshe;,t he greater the fouling accu
(Lehaitre et al., 2008)

Flow Velocity: Because colonizer organisms position themselve
perpendicularly to the flow of water currents, the flow rate directly influences
biofilm growth due to the shear stre$®adu et al. (2012¢onducted a study
showing the effects of velocity flow on biofouling. Their study showed that
biomass removal is inevitable when there is a sudden increase in flow velocity
However, they have alsaoticed thatbiomass regrowth happens when the
velocity drops back to initial condits. In addition to that, another study
examining the biofouling growth rate when considering the flow velocity
changes in a tubular heat exchangj/@wed similar result® that ofRadu et

al. (2012)(Trueba et al., 2015)
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2.4 Antifouling Strategies

For the reasons aforementioned in previous sectmtdouling strategies is essential
to mitigate marine biofoulinddue to its complex structurieeing influenced by a large
number of parameterandthe needor many disciplines and industries to overcome,
biofouling preventiorhas been a difficult task overcomeover manyyears For that
reason, with developing technologieayiousantifouling techniques and approaches
have been trialled for antifouling technologiésbiofouling cleaning process via a
water compressafter a year ofishing operationin drydock can be seen kigure 2

10for a trawler.

Figure 2-10: Biofouling cleaningorocessafter a year of fishing operation in ddpck

Startingfrom a historical perspectivese ofwax, tar,asphalt, pitch, copper sheathing,
lead sheathingandtallow can be given athe earliesexamples of antifoulingfforts
taken o consideration to fight with biofouling by ancient civilizatio{Sallow,
1990; Lunn, 1974; Woods Hole Oceanographic Institytii952) Following events
are considerethe major events in antifouling histgmespectively(Dafforn et al.,
2011)
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i.  Use of heavy metals (copper, arsenic, mercury) inrugst
ii.  Copper dominaceuse in antifoulingcoatings
iii.  Discovery of TBT integratedonventionabntifouling coatings,
iv.  Development of Foul release antifouling coatings
v. Development of TBISPC coatings to control biocide release rates,
vi.  Discovery of theleleterious impacts of TBT on the marine habitats via

oyster farms,

vii.  Copper release coating restrictions
viii.  Research awareness for a more environmigntiaéndly antifouling
coating

ix. CompleteTBT banacross thevorld

X.  IMO AFS Convention regulations

Consideringthe historicalpoint of view different methods and technologies have
always been a part of the battle. Although antifouling technologies and/or matbods
classified as modern and traditional in some casegeneral antifouling strategies
are categosed into three sections as biological, physical, and chemical méaals
et al., 2011)

2.4.1 Biological Antifouling Methods

Biological antifouling methods can lgeneralised as taking advantage of some of the
enzymes secreted Ispme organisms as natural biofoulgxgtagonists. Looking i

in detail, it can be seen that there are different enzytmatswork in different
mechanismsvith fouling organisms. (i) Enayes preventindouler organismsrom
settling on surfacesby degrading the adhesion abilitflLeroy et al., 2008) (ii)
enzymedlisturbing conditional biofilnmatrix to prevent other organisiigrowth in
biofouling sequencéXavier et al., 2005)(iii) enzymesgenerating deterrents and
biocides by using the molecules secreted byrathganismgJohansen et al., 1997)
and (iv)enzymes interfering with intercellular communicat{&nistensen et al., 2008)
are thefour types of functions that biological antifouling mean. Although there are
many advantages of using enzymes as antifouling mettioe$o the lacking stability
and disadvantages from environmental factors affectirgfunctionality of the

enzymestheapplication of enzymeis not accepted as successful or feasible yet.
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2.4.2 Physical Antifouling Methods

There are severahgsical antifouling methodavestigated to prevent biofoulinguch
as;electric useacoustiause electrolysis of seawater, changing surfelaracteristics
(topography, wettability, and lubricityyadiation, magnetic fields, and radioactivity
(Bertram, 2000; Callow, 1990; Dineshram et al., 2009; Scardino et al., 2006; Swain,
1998; Yebra et al., 2004However,only a small numbeof the studies conducted in

the aforementioned fieldbave been accepted as sufficient enough to solve the
problem. Riblet structured surfaces andltraviolet (UV) light treatmentused in
biofouling prevention can be given as recent examples from the lite(Kioreet al.,

2022; Ryan et al., 2020)

2.4.3 Chemical Antifouling Methods

As stated in previous sections, there have been many methods tisedbattle with
biofouling, from biological to physicantifouling strategiesHowever,none of them
showed adequate effectiveneks preventing biofouling. Chemical antifouling
strategies are divided intavo groups as traditional and modern antifoulmgthods.

2.4.3.1 Traditional Chemical Antifouling Methods

In consideratiomf thehistorical point of view, it can be seen taatifouling coatings
with toxins have played agssentiatole in preventingbiofouling. Within this frame,
thetraditional antifouling method defines antifouling coatings with t@wecides.By
gradualy releasing toxic particles into seawater, fouling organisms are previemted
settlingon ship hullsand yet thisvasone ofthe most efficient wagto get rid of fouler
organisms fronship hulls up untithe 1960s With the developing technologiestime
20" century when tributyltin TBT) based organotin compound®reimplemented
in antifouling coatingsa new era started; it solved the biofouling problem asadit
never existedAfter the discovery of TBT, it haseen widely used due to its antifouling
ability in the shipping industry all around the \WwbiHowever, TBT-based antifouling
coatings' dominancéastedonly 40 years up untithe 2000s.A French scientist
discovered the anomali@s oyster growthwhich later resulted in banning the use of
TBT involving antifouling coatings all around the world by IM@Izieu et al., 1986;
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IMO, 2001) As a result othedetrimental effects 6fBT on marine organisms, a new

trend started to replace TBT wil-calledo t hneore ertvironmentdbxic biocide$

In addition, traditional chemical antifouling coatings are classifiemitmo categories
depending on their working metabolisms: insoluble matrix paints and soluble matrix
paints where bothhavetheir own drawbacks such akort lifetimes and inadequate

performance inow speeds

2.4.3.2 Modern Chemical Antifouling Methods

When it comes to moderohemical antifouling methods,biocides in antifouling
coatings playn important role. Modarchemical antifouling coatings are categorised
into two groups as biocidal and ndmocidal antifouling coatings. Whilst ndwiocidal
coatings are called foul release (FR) or4stink coatingsandbiocidal coatings are
examinedunder thresubgroupsControlled Depletion Polymer (CDP), Sé?olishing
Copolymer (SPC) and Hybrid SPC coatings.

1 Controlled Depletion Polymer (CDP) Coatings Controlled depletion
polymer coatings use a technology that creates a layer around the ship hull for
aspecifictime perod. The formation of CDP coatings similar to traditional
soluble matrix coatingsChe hydrationprocess which is achemicalreaction
where water reacts with compounds to form another compaindgl to let
the biocides leach into seawatdowever, dudo its working metabolism and
insufficient biocide release aftespecifictime, CPD coatings become useless
for the inten@d purpose. For that reason, CDP coatingsnaialy used for the
vesselghatdrydock more tienthanthe other shipgAtlar, 2008) In detall, it
canalsobe seen that the CDP coatings are rasith biocidebasedand applied

in thick layers.

1 SelPolishing Copolymer (SPC) Coatings: Self-polishing copolymer
coatingsuse a technology that releases biocides into the water with the help of
hydrolysis, which is a chemicataction whereby chemical bonds areken
in contact with water. SP€oatingsare considered in 2 groups as FBPC
and tin free SPC coatings. After the complete ban of TBT use in antifouling

coatings,a new trend started to discover a similar antifouling mechanism as
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TBT has been highly efficient to prevent marine biofogll For that reason,
TBT was changed with biocid€ginc acrylate Silyl acrylate Zinc acrylate

etc.) and tin free SPC coatings were developed. Looking at in detail, in
comparison with the CDP coatings-free SPC coatings are considered as
highly efficient as SPC coatings have a longer lifetime, relatively cheaper
maintenanceandsmoother surface due to more efficient-galfishingability

(Cao et al., 2011A simplified working scheme of a CDP coating can be seen
in Figure 211.

- Coating Surface

' Fores formed after dizzolution
of leached particles

% @ @m - Biocide Particles
A A A A =— Ship Hull Surdace

-

Coating Thicknezs
¢ )
O

Expozure time in zeawater

Figure 2-11: Simple working Scheme of SPCoatings similar to traditional soluble coatings adapted from
Yebra et al. (2004)

1 Hybrid SPC coatings:Hybrid SPC coatings use hydrolysis and hydration as

biocide releasing methodadth rosin andacrylic-based compounds

1 Foul Release (FR) CoatingsAlthough SPC coatings are considered to be
efficient waysto prevent biofouling, due to their toxic impacts ¢he
environment by releasing biocidestire marine environment, a possible ban
of these biocides ithe near futurecan be expectedror that reason, biocide
free foul releas coatings offer a great opportunity for more environmbntal
friendly solutiors. FR coatings offer a smooth surfa@nd the working
mechanism is designed ttegrade the adhesion strengths of the colonisers
When a fouler organism settles on a ship hull, together with its weight, whilst
the ship is moving, relevant shedorces caug® detachmentof the
organism@Champ, 2003; Yebra et al., 200Fhis mechanism is also called
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selfcleaning mechanismHowever, the shear forceneeded to detach an
organism, for foul release coatings, becomes é&fective on slow speed
moving vesselsyhich is one of the biggest drawbacks of this paint

A further comparison between different antifouling coatings by megoarfidirmance
and costs is presented bgjars et al(2012)

2.4.4 Antifouling Coating PerformanceTests

As stated in the previous section, antifouling coatings play thecaritsal role inthe
fight with the penalties caused by biofoulinfhe chemical compounds of the
antifouling coatings leatb the effectiveness of the coatings thatsmall changes in
the chemical formulation can result in different biofimg organismsattachingto the
surfacesFor that reasorseverakesting and experimentsve to be conductdzkfore
antifouling coatingdecomeindustrially available Although there are many factors
affectingthe duration of thesexperimentiests such as experiment types, most of
them take more than a ye@hat shouldalso benoted that these tests are conducted to
measure theerformance of the coatings so thatther upgradeson the relevant
coatingscan be doné required After a coatings successfullyappliedandperformed

as expectedfurther experiments are conductexa real ship hullgo test it ina real
operational environmentTherefore, allof this procedure takes from 1 to 5 years in
totalast he anti fouling coatingds | i-dokihg me dej
which typically ranges from 1 to 5 years.

Looking into the details, ageing tests are divided twtmmain categories deeld tests
andlaboratoryageing test§Sanchez and Yebra, 2009)

2.4.4.1 Field Tests

Field tests are conductédo t est and experi emcseawatkr coat i
and in reakonditions. Although the bestethod would ide&) be coating fulscale

ship hulls with the relevant coatings and collecting performance data over time with
regular inspectionghe economic and timéased limitations are considerasimajor

problems within this approacBhip st and sea testing stations are considaexed

subcategories within field tests.
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2.4.4.1.1 Sea Testing Stations

There are many factoedfectingthe intensity of the fouling accumulatices detailed

in previous sectiondVhen antifouling coatings are tested in séassthere are many
parameters that are not controll&r that reason, antifouling coatings are observed
and analysed in one or more sea testing statamkhe experiment start dayaries as

a quicker biofouling formation is expected in warrsea tenperaturesHowever it
shouldalso benoted that although seasoalanges are monitored when considering
antifouling coating performances, there are only small changes in difi@ngraigeing
sea testing stations different locations and seawater tesmgtures (Sanchez and

Yebra, 2009)Sea testing station tests are conducted in two vesgtsc and dynamic

Static tests are conducted through coagpiaiges with the relevant antifouling coatings
and immersing them into the natural seawaRane$ are regularly checked and
observed to understand the efficacy of antifouling coatings. Static testspa@ally
useful to get the relevant antifouling performancesféghore structures anships

with long idle periodssuch ascoastalfishing vesselsin other words, static tests
represent the exposure conditions of slow currents and low tides on antifouling
coaings whilst a ship is iranidle position.In addition, relevantstandards were
released byhe formerly known American Society for Testing alterials,ASTM
International. Withinthese standards, a procedure to speciésting antifouling
compositionsn theshallow marine environment was described cle@&§TM, 2012)

On the other handjynamic tests consist of rotating drums immersed in seawater.
Dynamic testgepresent the cruisingonditions of ships by provoking the friction
between antifouling coatings and seawaldrese tests arbelpful for both self
polishing or erodingoatingsand foul release coatingé/hilst biocide release rate is
measureddr the biocidal antifouling coatings is theadhesion strength of the fouler
organisms which is measured for the foelease coatings.

2.4.4.1.2 Ship Tess

As a result of ageing tests, all theatings are supposed to be used in real working
conditions so that on ship hulls. For that reafembest performance test results would
be obtained by coating ship hubisd monitoring antifouling coatingerformances

regularly overa long durationShip tests can be accounted as coatimegntirehull of
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the ships or coatingsmall area of the hull$lowever, there are many limitatiotigat

make full-scaleship st impracticablesuchas (i) the amount of the antifouling
coatingapplied isexpensive, (ii) operation profiles of the ships take longer times, (iii)
convincing the shipowner or company to get the permissions are difficult, (iv)
uncontrolled environmental conditiori2or that reasartheapplication of coatings on
small parts of sip hull areass more practical Atlar et al. (2018)stated thasmall
coatingareas of the ship hultouldbe considered as a step between laboratory/field
tests and full ship tests. Another important ptiat should be pointed ogtthatsmall
coating areasof the ship hulls make antifouling coating comparisons available
(Sanchez and Yebra, 2009)

Uzun (2019)stated that he developed a novel tibased biofouling growth model
based on three parameters: antifouling coating field tests, roughneseria and ship
operational data. Additionally, assuming that idle conditions dominate the dynamic
fouling growth in his model, he also stated the need for the data representing the
biofouling growth under cruising conditions. For that reason, the athood the
motivation to complete this task by cooperating with a representative fishing vessel
owner and applying several types of coatings on the vessel to generate fouling growth

data for the dynamic conditions.

2.4.4.2 Laboratory Tests

As stated in the previousections, mosif the field tests take long seawater exposures
for both static and dynamic setups. For that reason, controltyegna tests in
laboratory setups designed to speed up this process comparte titeld testsThat
should be noted that in laboratory tests, most of the factors affecting biofgrdinth

can directly be controlledsuch as temperature and nutrient abundahbere are
several laboratory setugbhat have beerused such ag Couettetype laboratoy
setups, turb@roder type, slime farm$ultipurpose flume facility ASTM D4938
highspeed water chann@tlar et al., 2015; Lndholdt, 2015; Sanchez and Yebra,
2009; Swain and Touzot, 2008; Yebra et al., 2006; Yeginbayeva et al., 2019)

53



Ship tests

Long-term teSts/Field tests \

£

£

Medium-term tests ,/ Couette-type setups \\
Turbo Eroder \

¥
/ \
/

/ \

/ Y
\

/" Raw material characterisation tests for
Short-term tests /. Mechanistic performance models ‘\.\
/ \
/' High throughput tests with raw-material mixtures/
paint models \

\

/ \

Figure 2-12: Efficient antifouling coating degh and optimisation worflow (Sanchez and Yebra, 2009)

To summarise, looking at the pyramid representing woekflow of antifouling
coatng testgiven inFigure 212, it can be seen that whilst the ladimrytests take
shorter time to perform, field tests and particularly ship testsaékeger time Each
step in the pyramids followed byt h e i n efromn thesbioteom to the top of the
pyramid illustrated irFigure 212. Short term lab tests areonducted tceestimatea
given formulation/raw materiab be suggested as medutenm tests for polishing and
biocide leaching testsAfter having successfutest resultdrom mediumterm tests
long-term optimisation tests are conducted in tield. Following that,the final

method used is shigss, as itprovidesthe real results for an antifouling coating.

2.5 Impacts of Biofouling

As stated in previous sections, biofouling has been an issue for rhased activities

for over 2 thousand yearShip fuel systems, ship hulls, marine propellers, underwater
turbines, piping, sea chests, water tanks, fuel and hydrodynamic systems, marine
sensors, and marine aquaculture are some of the many draloisg marindased
industriesthat biofouling affead (Flemming, 202Q0) Among these, the effect of
biofouling on ship hulls is substantial. Although there are many impacts of biofouling,

such as environmental problems (increasing emissions and invasive species),
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biofouling on ship hulhot only deteriorateship hull surface but also increases drag
resistance of the vessel, increases corrosion rate, and cause breakdown of the coatings
applied. Furthermore, an increase in shiwictional resistance causes significant
problemssuch asanincrease in fuel consumption aadincrease in C@emissiors

for the ships.

Since the beginning of the 2Qentury, a number of research studies have been
conducted indicating the impacts of biofouling and hull surface conditioships 0
hydrodynamic performance and resistance in the shipping industry. Effects of

bi ofouling on a shipbés frictional resi s
McEntee (1916)What he did was coating flat plates with asdrrosive paints and

keeping them in the water in the Chesapeake Bay over 12 months to observe the
bi of oul i mmgfidcsonal resistancet He pulled the flat plates ouhefvater

every month and towed the fouled plates for each month over 12 months. Later, he
compared the frictional resistance change on the fouled plates in comparison to clean
plates at differentelocities. As a result of his extensive research, he estimated that the
fouled platesdé frictional resistance val
plates after 12 months of immersion in seawdi#ioods Hole Oceanographic
Institution, 1952)

Besides flat plate tests, another method to quantify the roughness aftibet forms

of biofouling is to monitor the fouling accumulation before (represerdiegnhull),

and after (representing fauled hull) a trial ship hull is coatedzubuchi (1934)
conducted shipesss with a Japanese destroyer Yudachi by measuring the increase in
frictional resistance coeéffients between clean and fouled Bulhfter coating the
destroyerds hull with the rel ev,aandtthecoat i |
top speed was measured. After 375 days of operation, the top speed that the destroyer
could go was measuredesults showed that there was a 4.6 knots decrease in the ship
speed, from 20 knots to 15.4 knots precisely. Although the method used was not
satisfactorily explained, his test results indicaged00% increase in frictional
resistance after 300 daglse b severe fouling conditiaon the hull surface.Hiraga
(1934)conducted towing test experiments witlass plates in order to show the impact

of the early stage of micro fouling accumulation on the surface. He immersed coated
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plates in seawater for just over three weeks and towed the plates. His results indicated

a significant increase in total drag undetiative microfouling conditions.

Kempf (1937)also conducted experiments on pontoons known as classic pontoon tests
under shell fouling, and his results showed a significant increase in ship resistance
even with lower surface coverages. Anothtedg showing the impacts of biofouling

in forms of slime accumulation on frictional resistance was conduct&kbgon et

al. 1938) In addition to thatConn et al. (1953)onducted a study with a trial ship hull

over 40 days whilst cruising between 5 to 15 knots in seawater. After 40 days of
accumuléion, results showed biofouling cause8% increase in frictional resistance.

Slime accumulation was on the headlines wki¢gatanabe et al. (196%onducted
research showing biofoulingds i mpacts on
that there is an increase in frictional resistaheeveen8% and 14% when slime
accumulation is in questiodnot her t ool used to measur e
impact on the frictional resistance was rotating digkeeb et al. (1984neasued the

frictional resistance of the rotating disks before and after fouling accumulation. Their
results showed that slime accumulation increased the frictional resistance 10%.

One of the earlier fulkcale trials was conducted Blaslbeck and Bohlander (1992)

In their study, they examined a frigate aegorted the increase in delivered power.
The frigate was moored in a hatban Hawaii over 22 monthsand then ship speed
and the delivered power was measured. Their results shawé&@% increase in
delivered powercompared toa clean hull.Schultz and Swain (199%nd Schultz
(2000) investigated laminar and turbulent boundary layer velocity characteristics
under biofilm covered and clean surfaces using a Doppler velocimeter in a
recirculating water tunnel. Results showed an average increase from 38%4an

skin friction under foled conditionsSchultz(2004)conducted extensive towing tank
experimentgusing flat platesjo comparefrictional resistance valueamong several
antifouling coatings for freshly applied, fouled and cleaned conditions. The most
important outcome from his study wdstthec al car eous foul er org
play an important rolen impact on frictional resistance on the platesother words,

the higher the calcareous fouler orgaréskeight is the severer the impact on the

frictional resistance is.
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Schultz (2007)predicted fullscale ship resistance and powering penalties under
different roughness and fouling conditions for antifouling coatingstéted that from

slime b calcareous (macro) fouling accumulation, stgse severe penalties that
might require between 21% and 86% additional power to operate the vessel at the same
speed.Furthermore,Hellio and Yebra (2009)llustrated the dditional emission
numbers resulting from fouling accumulation depending Schultz (2007 s
calculations. It can be seen that even at early stages of bigfoulithe forms of thin

slime accumulation, causes 134 million tonnes of @@ission released into the
atmosphere annually. These numbers increase up to 1238 million tonnes per year,
depending on the severity of the biofouling. In the same study, pdteswiags due

to biofouling were put in numbers and similarly, it is demonstrated that the most
negligible biofouling accumulation causes approxiyag22 billion and goes up to

$204 billion a year. In additioigchultz et al. (201lipvestigated the economic impact

of biofouling on a midsize naval ship hull to raise awareness for the amount of money
that biofouling causes. Several costs, including fuel, hull coatings, coating application
and removal, and hull cleaning, were considefiéhe resultshowed thatthe primary
costdue to biofouling is the fuel consumptias a result ofhe increase in frictional

resistance

As can be seen from the studies conducted in the literature, thexdden many
studies focusing on theystematianeasurement of the penalties caused by biofouling
through added frictional resistance, required power increase to maintain cruising
speed,financial penalties, and detrimental impacts on the environment including
several shipest for a number of ship fges. Howeverjn addition to the studies
reported inSection 2.2.3jt would have been incomplete if the studies showing the
impacts of biofoulingon fisheries together withthe efforts put for more energy

efficient and sustainable fisherjegould notbereported

Furthermore, one of the initigtudies related to biofouling and the fishing boat ship
hulls was conducted dyavindran & Balasubramanyan (197A)though such studies
focus on the wooden hulls due to early advancements in fisherieis a good
representative of how the fishing vessels' fight against biofouling and corrosion was

neglected at that time. The paper suggests a final contribution to the literature as the
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cathodic hull protection would solve this exsduding problem, infouling and so the
corrosion, for the fishing vessels. Another study showing the impacts of biofouling on
fishing vessels was conducted Byulbrandsen (1986He stated that hull fouling
causes significant penalties for a snrsaléle fishing vessel. To be mongesific, he
calculated that one month, six months and twelve months of biofouling accumulation
on a smaliscale fishing vessel hull would cause a 7%, 44% and 88% increase in fuel
consumption, respectively. In additiddato et al. (1989¢onducted an experimental

study examining the prevention of the hull and the propeller fouling for energy saving.

Hamaguchi et al. (199@&)Iso investigated a small fishing vessel's NOx emission and
fuel consumption change when underwater hull, propeller and rudder cleaning was
conducted. According to this study, there was a significant reduction in fuel
consumption (kg/l) and NOx emission (kg/l). Moreover, the fishing vessel's sailing

speed was obsexd, reaching more than 10 knots as an increase.

Boopendranath (200@pnducted a PhD research, and as a part of his PhD, he surveyed
the fishermen/stakeholde mechanised fishing vessels to see the knowledge,
awareness, and adoption of practices in energy saving. Several topics were discussed
in the survey, including; alternative low energy fishing, optimum economic vessel
speed, advanced technology, propei®zzle, antifouling performance and sail
assisted propulsion. Survey results showed that the fishermen's awareness of
antifouling usage and hull cleaning was poor. He also concluded that the antifouling
measures are largely neglected and underestimatéeé sommercial fishing industry.
Therefore, he highlighted the need to increase awarenesslérstandhe penalties

caused by biofouling among the fishing communities.

On the other hand\otti et al. (2019konducted one of few experimental assessments
examning fouling and its impacts on fuel consumption rates for industrial fishing
vessels. Their study compared fuel consumption rates of a Mediterranean trawler
before and after a foul release coating application. Their results showed ,218 13
litre/year fuelsaving and 35.3 tons/year of €émission reduction is possible for an

industrial fishing vessel.
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Overall, these studiepresentan excellentrange of signs for indicatingpenalties
caused by biofoulingFurthermore, these studies can beepted as proof othe
continuous efforts taken by the researchers to fight against biofoulifgpfothe
shippingand fisheriesndusties However, although there have been experimental
studies investigatinghe impacts of biofouling in terms dan ingease in frictional
resistance, fuel consumptioGHG emission and financial penalties, there is no
systematistudy conducted focusing on the improvements for the fight with biofouling
in terms of hull protectiorand its impacts on industrial fisheridaurther research
could fill this gap by(i) conducting field tests of different antifouling coatings,
determining the fouling characteristiotthe fishing vessels at the end of their fishing
operation, (iii) determiningthe fouler organisman the <®lected regions(iv)
comparing different antifouling strategipsrformances over timand(v) conducting
case studiewith the selected antifouling coatinfgs theselectedishing vessels using
different fishing techmjues.In addition, although therare studies conducted for
smallscale fisherigsthere is no study conducted to determine and incréese
awareness in the industrial fisheries regardingo f oul i ngdés dThis et er i «
gap could be filledy carrying out asurveywith the relevant fishermen/stakeholders
to determine currerknowledge orbiofouling, antifouling strategies, preferences, and
behavioursas social science research relevarthé&biofouling phenomenon.

2.6 Theoretical Backgrounds i Roughness and Turbulent Boundry

Layer

2.6.1 Ship Resistance and Powering

Ship resistance is defined as the force required to tow aashigonstant speed in

calm water Due to the reason that ftdktale ship resistance trials are expensive and
complexin practice, towing test tanks withodels or flat plates, which are similar to

the actual ships, are used. A comprehensive review of proposed methods to model the
roughness on ship hulls was investigatedAloglersson et al. (2020 addition to

that, it is important to poinbut that the form factor effects on ship resistance due to

biofoulingaren e gl ect ed. Furt her mor e, Oligeiraetat.ent st
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(2018) can be regarded as confirmation for the discouragements applieation of

aform factod seffectinto flat plate predictions on hull roughness penalties.

Once the total resistancePof the flat plates is determined by the towing tank tests
for both smooth and rough surfaces, due
law is used tacalculate resistance values in full scale for the shipvdRe is then
employed inEquationl to calculate the effective power of a stiffective power is

the necessary power to tow the shipos
Therefore, the eéictive power of the ship,ePis calculated with the multiplication of

the total resistance,fRand ship speed, V, defined Bguationl.

0 26 (1)

The total resistance Rdecomposition formula is given lsquation2.

2 glve# 6 (2

Wherem is the density of the water, S is the wetted surface areds the total
resistanceoefficient. To redefine the effective powethetotal resistance formula is
integrated into theeffective power formula. TherEquation1l and Equation2 are

combined and rewritten as lguation3.

0 ENB# 6 (3)

A variety of forces are applied on the shighich end up as esistance components
for the ships. These components are confined as frictional resistancesidual

resistance, R and air resistanceaRr as defined byequation4.

2 2 2 2 4
As mentioned aboveresistance calculations of ships are traditionally calculated
through towing tank tests with model ships geometrically similar testidle ships
Because most of the models do not have superstructures or fully immersed flat plates
are used in towing tartlests, air resistance is nbusincluded in the total resistance
calculation formula for the model ships.

theory is given as ikquation5.

2 2 2 )
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Once the total drag,fRvalues were calculated for each plate and related speeds, they
were customarily nodimensionalised by dividing by dynamic pressured ), and

the wetted area of the ship model hull (S) as define@dmation6.

2 2 2

p P p
cV6 3 N6 3 EM6 3

As a result, the total resistance coefficient of the modeglis@Ghe sum of the residuary

(6)

resistance coefficient of the modelg,Gnd the frictional resistance coefficieng. C
Schultz (2007 stated that whilst the residuary resistance coefficient is a function of
Froude numbethe frictional resistance coefficient is a function of Reynolds number.

Therefore, the total resistance coa#nt can be defined as liguation?.

# # 2A # &0 (7)
Once the resistance is calculated in a towing tkestptal resistance coefficient {€
is calculated usingequation2. As a next step, the frictional resistanoeféicient (G)
is taken into consideration. Although there are several studies conducted to calculate
the frictional resistance coefficient, The Karrrfachoenherr friction linéSchoenherr,
1932) given by Equation8 for a smooth plate can be used to predict the frictional
resistance coefficients of a smooth flat plate.

n&#_r S T )

As the two components @&quation7 are determined for the smooth plate surfaces,

the third component, the residual coefficient of the smooth ptate),(can be

calculated as ikquation9.

# # o # (9)

As the flat plates are towed to get resistance values, the change in the total resistance
due to the biofouling accumulation is accepted to be only due to frictional resistance
(Schultz, 2007) Fa t his reason, rough and smoot
coefficients are assumed to be egaalshown irEquationl10.

4 # (10)
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Finally, frictional resistance coefficient values of the rough plate surféceswere

cooputed by subtracting the smooth plateds
the total resistance coefficients of rough flat plate surfaces as sh&gaationl1.

# # # (11)
The increase indue to the effect of fouling can be expresse&gyation12 similar
to that used byfezdogan et al. (2015)

#h # h

R
b -
30 e Qpnn#ﬁ

@p T (12

2.6.2 Boundary Layer

The boundaryayer concept wafirstly presented by German physicist Ludwig Prandtl
in a conferencdeld in 1904(Schlichting, 1979)Furthermore, the terrBoundary
layer defines the layer which forms around any submerged object under interaction
with the fluid flow.Moreover, loundary layer theory helps usderstand ancalculate

the impacts of aughnesseffects as inthe form of biofouling on ship resistance.
Thereforeto understand the calculatioffisstly, velocity change in the boundary layer
has to be analysed and well understétrdndtl stated thathere the fluid flow meets
the substratethe velocity of the fluid particlesbecomeequal to zero (nslip
condition) andfluid velocity increases exponéalty with distance from the object
until the fluid flow reaches to free stream velocity of the fluid. This velocity gradient
neara submerged substrate gives us the definiticabaiundary layer.

Figure 213 illustrates the velocity changestime boundary layer and the growing
distance from the object as the fluid moves downstream. Considéitaigplate, when
the fluid flow meets the plate surfacesiexposed tthree stateas laminar, transition

and turbulent flonpatterns otheboundary layerespectively
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Figure 2-13: Boundary layer development over a flat plate adapted Alzui (2016)

Firstly, a laminar flow is observed for a distance from the point where the first contact

occurs. Thisalsomeanghatthe velocity of the flow doesat fluctuate intheso-called

laminar boundary layein the laminar boundary layeskin friction is the smallest in

comparison with the followingtates as the flow is in stable conditiéifiter a certain

point, thefluid flow enters the transitioregion, where the velocity fluctuatiorizegin

and instabilities ariseFinally, the flow becomes turbulent where the velocity profile

is fully fluctuating The length of the laminar boundary layer and the transition region

depends on several factors such as roughness, pressure, and velocity fluctuations. In

addition, the transition region highly depends on Reynolds numBag, (which is

defined as

Y 6o
YQ — (13

WhereUe is freestream velocity, x ihe distance from the dowtieam distance, and

3 the&inematic viscosity of the fluid, respectively.

Furthermorejt should be noted that the laminar boundary layer andrémesition
region covers the smallest portiontbé hull surface whilst the majority of the hull is
covered withthe turbulent boundary layer area ofailing ship. For example, when
230 mlong ships cruising at 24 knots is considesied Re = 5 x 10is used, it can be
seen that onlyhefirst 5 cmin lengthfrom the leading edges defined as laminar

boundary layefSong, 202Q)
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2.6.3 The Velocity Profile in the Tur bulent Boundary Layer

After briefly introducingthe boundary layer and its downstream behaviotins,
turbulent boundary layeas detailed in this section.hie urbulent boundary layes
divided irto two layers asaninner and outer layeFigure 214 shows the velocity
profile in a turbulent boundary layer. Figure 214, U is meanvelocity, Ugis friction
velocity, U" is norrdimensional mean velocity,is the normal distance from the wall,
y*

Furthermore, friction velocityUy) is defined as T ¥’ where T is the wall shear

is the nondimensional distance from the walnd 3 is kinematic viscosity

stressand kinematic viscositg)i s d e f i,whereke adgrsangid viscosityand

}  thedluid density.

32
30
28
26
24
22
;?g Linear Buffer

16 {sublayerl layer }/
14

12

10
8

Inner
layer

Viscous Log-law
sublayer region

v

-
-«

UMU,=U*

Velocity defect
region

O N D

1 10 100 1000 10000
.VU':N: _'f+

Figure 2-14 Law of the wall plot for a turbulent boundary lay&chultz and Swain, 2000)

The important point for the inner layer is that although it only consistssohall
portion of the boundary layer (from 10% to 20%)e majority of the velocity
variations (approximately 70%) occur in this part of the boundary |ged. yet
whilst the flow in the inner region is affected by surface roughfiessis not affected
by the surface roughness in the outer layae mean velocity profile in this region is
defined with a functionncluding wall shear stresiuid density, kinematic viscosity,
and the distance from the wall. For that reasioavelocity profile of the inner layer

theso-called law of the wallcan be defined as EBguationl4.
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—Y Q ﬂ ° Y Q® (19
Y V)
The innerlayer consists of two sublayers, a viscous sublayer aludy-égaw region.
Consideringrigure 214, it can bdurtherseen thathelinear sublayer and bufféayer
are twoparts ofthe viscous sublayetAs can be understood from its name, the flow
velocity is inthelinear state in the linear sdéyer. The velocityprofile of the linear

sublayer can be seen as giverzquationls.

~

Y o (15
Another point that should be noticed is ttawtl shear stress is stable and equal to the
wall shear stresés). Thereforewhen the wall shear stress is normalised, skin friction
coefficient G:can be defined as given lHguationl6.

T

5
Py (16)

C
Additionally, the region where the velocity profile stddsing its linearity is called

the buffer region That should be noted that the highest tuafice takes place in this

region.

The Log-law region starts after the viscous layer ®Bkecauseahe tdal shear stress
is stable and velocity fluctuations exist in this regitwe, flow is also highly turbulent
in thislog-law region As can be understood frons itame thevelocity profile in this
region is calledog-law, which is expressed as in tfalowing Equation17 for a

smooth wall

Yo Pacm § (17)
Where o is the von Karman constant afdis the loglaw intercept.Looking at the
literature, there have been several studies conducted confirming Hasvioggion of
the boundary layeiClauser, 1954; Klebanoff and Diehl, 1958Hpwever, it can also
be seen thad and C valuesvary among different studiess there is still @onflict
when defining these valu¢George, 2007)Different values for C andvalues can be

seenn Table2-2.
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Table 2-2: Differenta andC values among different studies

Authors van Kormanconstant(a) C intercept
(Clauser, 1954) 041 4.9
(Coles, 1956) 0.4 5
(Cebeci and Bradshaw, 1977

. 0.41 5.2
Cebeci and Chang, 1978)
(Zagarola and Smits, 1998) 0.436 6.15
(Mckeon et al., 2004) 0.421 5.60

As stated previously in theection theinner region consists of 10920% of thetotal
boundary layerhowever,mostof the velocity fluctuations occur in this regidfor

the outer regiortheflow velocity is accepted to be not affecteglsurface conditions
such as roughness and or viscous eff@as/nsend, 1980; Yaglom, 197%) addition

to that, velocity defect starts from the {tayv region and advansén the outer layer.

In other words, a& can be seen frorfigure 214, thevelocity profile does not follow
the preceding lodgaw trend which is called the wake characteristic of the outer layer
for a turbulent boundary layevelocity defect law can be seenhiguationl8.

- Q.— (18)

On the other hand;oles (1956} orrelated the logaw and the velocity defect law as

the wake function, as shamin Equationl9.

v Paw 8 ja S (19)
i i G

Where Y is the wake parametassumed tequal 0.05%or zero pressure gradient and

lo free-stream turbwdnce.

2.6.4 The Effect of Surface RoughnessroBoundary Layer

A simple definition of roughness can be made as the irregularities on a surface texture
or surface geometry. Besides that, hydrodynamic roughness is defined as a critical
parameter for describing the bottom drag in the boundary (agey et al., 2005)

Furthermore, roughness is presented with numeric values representing the roughness
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profile. Before detailing the effects of roughness on the boundary layer, roughness
types have to be stated briefly. Although there are many parametdrsthesenost
common roughness parameter can be regarded as the average roughness height (Ra).
In addition to that, mean ped#-valley height (Rz) and root mean square roughness
(Rg, RMS) are some of the parameters of roughness. In the marine industtgrdstan

hull roughness measure has been accepted as average hull rougs)esgich is a
measure of maximum ped&-valley height over 50 mm lengths of the hull surface.

To give an example from the literature, Schultz (2008) useRth® equivalent and
roughness heightkd] conversion table when converting the NSTM fouling ratings

into ks. Furthermore, there are two types of roughnkggpe andd-type roughness.

This categorisation is made as they represent different scales used in roughness
functions. Thed-type roughness stands for the pipe diameter roughness scale, while
thek-type roughness stands for the roughness height scale. As the roughness scale on
the ship hull surface i&-type roughnessk-type roughness is used in this thesis.
Therefore, the roughness term used in this thesis stankisyfoe roughness from this

time forth.

Surface roughness term is a parameter that can be defined with the roughness Reynolds

number k%), which is formulagd as in the followindEquation20
0

There have been many studies conducted relatedyjoekroughness ithe forms of

sand grain roughnegBemirel et al., 2019, 2017; Flack and Schultz, 2010; Musker,

1977; Schultz, 2004, 2002; Schultz and Flack, 2013, 2007; Sezen et al., 2021;

Shockling et al., 2006furan et al., 2016; Unal, 2015; Uzun et al., 2021, 2020, 2019)

In addition to thatliménez (2004¢onducted a comprehensive review ontthibulent

(20

flows over rough surfaces wheretherresearch can be foundonsidering theffects

of surface roughness dme boundary layer, one particular condition niesthecked
Depending on whether the roughness scale on a surface is covered linedhe
sublayer of the boundary layer or nibiree flow regimes have to be taken into account

as smooth, transitional regime and fully rough regime
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To start with the first flow pattertdirstly, a hydrodynamicalhsmooth surface term
has to be explained®hen the roughnessaleon a surfacés so small that it can be
covered by théinearsublayer of the boundary layeelevant roughness has no effect
on the surface shear stress. This surface is termed a hydrodynasradith surface
and thereforehe flow over that surface is termed as smooth regime fidext,
transitional or intermediate regime occurs when the rougheiessentgartially go
beyond thdinear sublayer of the boundary layddue tothe roughness scale, eddy
shedding and drag formation can be observed in this regime. Fiadllity rough
flow regimeoccurs whemmost of the roughness elements go beyond the boundary
layer's linear subyer. Furthermore, that should be noted that the skiass varies
quadratically with the velocitfAllen et al., 2007)

Looking attheliterature, it can be seen that thexeomprehensiveoughnesseseach
conductedyy using artificially roughened surfaces with sand grains on either surfaces
or pipes. By using the sand grains, sand grain height is useaghness character
which is defined as the equivalent sand grain heigt As sated bySchlichtirg
(1979) equivalent sand roughness grain height can be used as of the same roughness
functionwith any roughness geometmyuran et al. (2016)onducted extensive towing
tests at the Kelvin Hydrodynansicaboratory at the University of Strathclyde. In their
study, flat plate covered 3D printed artifial banacles were towedt the laboratory

to investigatehe effect ofcoveragepercentage of the barnacle accumulation on ship
resistancevith variousReynolds numberdn addition,Uzun et al. (2017nvestigated

the impacts of calcareous foulimg added resistance and power requirementiseof
shipsby attaching 3D printed barnacles on flat plates. Flat plagze covered with
varying coverage areas, then towed over different Reynolds numbers vam Kel
Hydrodynamics Laboratory at the University of Strathcly8emilarly, Demirel et al.
(2017)examined the impacts of different barnacle heights and coveragecardiae
ships' resistance and effective powenothergoodand practicabxamplethatcan be
given is Uzun et al. (202@ sesearch examining the different barnacle fouling
settlement configurations by using 3D printed barnadiepes.
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FurthermoreUzun et al. (2019nvestigated fouling growth and developed a model to

predict the daily fouling accumulation ovemt. In their study, a timdependent

model was developed with the help of an SPC type antifouling field test data provided

by the company with operational profile and shipping route. Following that, they
converted biofouling growth over time into equivdleand roughness heights and
roughness functions. N e ug procetiunedoyinvestyated Gr a
the effect of roughness on fidtale ship resistance. Finally, their results were
validated with a tanker odigfriciopatresstaricowas d at a
measured with onboard devices over a year and a case study where the noon reports of

a crude oil carrier were examined to predict the increase in the effective power.

In addition, Demirel et al. (2019presented frigbnal resistance diagrams data of

varying ship lengths, ship speeds and fouling conditions for practical use for further
studies.These figures provide the added resistance values for any ship ranging from

10 m to 400 m LOA under varying ship spe€lis.give an examplegrom typical as

applied antifouling coating condition to heavy calcareous fouling condaigfyalue

of a 20 m ship cruising at 10 m/s can go from 1.625%u®to 4.55 x 1§ as can be

seen inFigure 215. Furthermore, a keynote has to be taken for the definition of the
added resistance here. The term fiadded r
the frictional resistance due to biofouling accumulation for a ship operating in calm

water at a givespeed.
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LOA cruising at different ship speeds as adapted fBamirel et al. (2019)

In Schlichting (1979 definition roughness Reynolds number of a flow can be used to
identify the flow regimes detailed previously in this section. Furthermore, he identified

the relevant ranges of roughness Reynolds number for the equivalent sand roughness

ks" for different flow regimes as shown Trable2-3.
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Table 2-3: Flow regime characteristi@cording toSchlichting (1979andCebeci and Chang (1978)

ks" Range Flow Regimes ks" Range
(Schlichting, 1979) (Cebeci and Chang, 1978)
5 > kst Smooth 2.25> ks"
70 >kst > 5 Intermediate 90 >ks" >2.25
ks" > 70 Fully rough ks" >90

Within this context,which should be noted that for different typef surface
roughnesghisks" range may changtepending on the nature of the surface roughness
as Schlichting (1979used a uniformand roughnessAs stated byBandyopadhyay
(1987) Schlichting (1979 s f | ow s forgd” vakies bre lowefor a wire
mesh roughness and for spanwise grooves. In add@iebeci and Chang (19)s

limits can be given as another example of different values range shdahla22.

The first experimental studies conducted on the effects of roughness can be seen in
Nikuradse (1933) s r e sHe ausat luniformsandgrain coated pipes by
characterising the roughness elements with sand grain height,

Depending on the sublinear sublayer thickn@gand roughness height in forms of

ks relation the flow regime is determinedt the roughness height theform of ks is
smaller than—, flow is in a smoothregime andthe roughness height does mmt

beyond the linear sublaydfor that reasqra log-law velocity profileis usedfor the
law of the wvall region Equation2l is the updated statement of the-lagv velocity
profile, as inEquation19 with A= 5.62(Schultz, 1998)

Y daé® O (21)

Furthermore, if the height of the sand roughness elengegtsater than seven times
the thickness of the sublayer, or simpdy> 7xu ,&the flow becomes not affected by
viscous effects. In other words, this regime is fully rough condifidre velocity
profile of this relation is given bquation22 with B=8.5 for fully rough flowregime
according tdSchlichting (1979)

Y% bas% o) (22
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After obtaining both the velocity profilequatiors for rough and smooth surfaces,
Equation24 is subtractedrom Equation23, and a downward shift as a result of
roughness elements is calculated. For that reason, roughness defsctatied

roughness function, is defined lguation23.

— WY 6 06 (23
WhereC is smooth wall logaw, By is actual loglaw intercept.
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Figure 2-16: Roughness Effect on the law of the w@thultz and Swain, 2000)

Next, when theJ* and logy* is plotted,the aforementioned roughness defect can be
seen as a downward shift in the velocity profile. This downwéifi can be seen in
Figure 216. Thereforethe loglaw region of the boundary layer for all regimes can
be expressed as thefollowing Equation 24Schultz, 1998)
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Y O daé® 6 oaém® o6 YV (24)

Where C=B; andgdJ” in smooth flow regime due to the reason that roughness should
not affectthe loglaw interceptOn the other handheroughness function for a fully
rough regime can be written in terms of roughness Reynold nu@abeshown in
Equation25.

9

Y5 1T KE # o (29)

2.6.5 Determinations of Roughness Functions

As stated before in this chapter, biofouling on shipsiulh cr eases t he ship
resistancewhich triggersa number of actions resulting in problems such as air
pollution, economic penalties, etEor that reasonprediction of the increase in

frictional resistance of any immersed object covered by fouler organisms is important.
Furthermore, according tGranville (1985, 1987)once the roughness function is

known, an increase in frictional resistance can be calculated whbwandary layer

method. Within this context, that should be noted that each roughness element has
different roughness characteristics and roughness functions. For that reason, each
roughness type and so that the roughness functian tbhabe determined

expermentally.

In the determination othe roughness function, there are two methagbsj namely
direct and indirect methodgvhilst direct methods measure the velocity profil¢hie
boundary layerto determine the roughness functipssnpler and generally more
economical methods are called indirect methedshasmeasuring the pressure drops

in pipe flow (Nikuradse 1933), total drag of flat plates (Granville 1978) or torque on
rotating disks (Ganville 1982) Becausdhe towed plate methad used in this thesis,

further discussiois conductedvith regard to this approach

After the calculation of the total resistance coefficie@t), frictional resistance
coefficient Cr) and residuary resistae coefficient Cr) values of both rough and
smooth flat platesas stated ilsection2.5.1 Gr anvi |l |l ebds similarit

to extrapolate the roughness effects of particular fouling condition from model scale
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to the fulkscale ship, which iased on the flghlate assumptiofGranville, 1958,

1987) In order to predict the effect of roughness on frictional resistance of flat plates

of ship lengths, roughness Reynolds numbérsand pughness function valuep,U,

must be calculated for all/l of the surfac:
(Schultz, 2007)Therefore, roughness Reynolds numblktsand roughness fation

values,qp U, for all surfaces are obtained iteratively usiguation26 andEquation

27 following the overall procedure of Granville (1987).

0 Y® ¢ 5 s . 6
Q v — i p b o L wyY — (26)
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_ (27)
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WherelL is the plate lengtiRe is the plate Reynolds numbé€; is the frictional drag
coefficdeing,thpd] roughness funcomplUana sl ope
function of In(k"), and the subscripB indicates a smooth condition whereas the

subscriptR indicates a rough condition.

266 Granvill eds @®adlingiPloduiet y Law S

Biofouling accumulation on ship hulls impacts the velocity profile in the turbulent
boundary layer. This deformation causes a downward shift which gives the roughness
function (@ U) definition with given roughness Reynolds numHb€i,(asshown in

Figure 216. Moreover, once the roughness Reynolds nuniigri§ known for any
immersed surface, increase in the frictional resistance due to biofouling accumulation
can be calculated through following the steps give®eietion 2.5 in this chapt. For

that reason, many experiments have been conducted in towing tests to obtain relevant
added resistance values for flat plates covered with relevant biofouling conditions
(Demirel et al., 2017; Schultz, 2004, 2002; Turan et al., 2016; Uzun et al.,. 2017)

However, it has never been easy, and so that a practical task to conduct these
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experiments forfus cal e ships in terms of towing t
similarity law scaling procedure is accepted to be one of the most practical ways to
calculate the changes in frictional resistance due to biofouling effects escéildi
ships(Granville, 1958)

Granvillebds similarity |l aw scaling proce
conduct the scaling procedure, roughness heihtrgughness Reynolds numbers

(k"), roughness functionsz{J*) , corresponding flat plate
required to be known. The first step starts with the calculation of the frictional
coefficient of a smooth flat platé ( ) usingEquation8. Following that# against

log(Re) curve is plotted. In the second step, the roughness function is used for shifting

the plotted# curve by a distance afU*/ (In(10)//) in log(Re) direction.This new

curve represents the frictional coefficient of a rough flat plite)(Moreover, the

third step is plotting the line of constargide” satisfying theEquation28.

5
YQ

6 , p & (28)
¢ P T
WhereLpiate is the nordimensional length of the plate defined as the length of the

plate (Lpiate) divided by viscous length scale as showEguation29.

. 0
v 0 Qi e DI GO Q (29)

That should b noted that the viscous length scadl() can be calculated using
Equation20. The fourth step is to shift the line of constagid- by log(Lshi/Lpiate) in
log(Re) direction. The new line is defined agik'. The intersection point of this new

line with the# curve gives theét value for the ship. Hence, subtractitig value
from # gives the increase in the frictional resistange# of the ship due to the

roughnessThe £hematic othis procedure is illustrated Figure 217.
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2.7 Financial and Environmental AnalysisCalculations

In order to take the impacts of biofouling intotheend er 6 s poi nt of
and environmental penalties have to be staffenl. that reason, fuel consumption
increase due to biofouling must be calculafealdo that, power output of the engine
(brake horsepoweryith the service allowancand themain engine fuel consumption
(MEFC) at design spedthve to be determined.

Effective power is equal to tHerake horsepower minus losses due to the gearbox,
shafting and propeller, as well as interaatioetween the propeller and the hull
(USNA, 2020) For that reasorgfter calculating the total resistanaad the effective
powerwith Equation 3several parameters have to be considered, such as propulsive
efficiency, engine condition, weather conditions, disance cruisedVithing this in

mind, the distance cruised for each fishing vessel can be obtaisaty AIS
Moreover,it can beassumed that the ships operating in calm water and have the same

engine conditionsHowever, due to the difficulties of obtaining each parameter for
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every ship, a simple approach is used by taking propulsive efficiencgdotwnt for

each fishing vessel.

As stated before in this chapter, effective power isnbgessarypower to tow the
shipds hull t hr ou g hantdithhcan bevabtaired usendg Equatiog i v e n
3. However, due to the energy losses in a typical propulsion system of a ship, ship
powering requirement is impacted by tpear, shaft, propeller, and hull efficiencies
Therefore, to be able to calculatee brake horsepover from effective power,
efficiencies areequired to bassumed for each portion of the drivetrddevertheless,

instead of deducing all of the separate efficiencies for each comptmeseparate
efficiencies are frequently combined into a single cadficy, which is called
propulsive efficiency.That is to say, after obtaining the effective power for each
fishing vessel, transmission and propulsive efficiency losseala®r into account and

then brake horsepowes calculaedfor the fuel consumptim Furthermore, common

values of propulsive efficienagngefrom 55%to 75% (USNA, 2020) In addition to

that, Theotokatos and Tzelep(2013)examinedpropulsive efficiencyaluesranging

from 67%to 77%. What is morethema j or ity of the fishing

efficiencies areonsideredis 70% byOliveira et al.(2021)

Following the calculation of thenergylossesin the propulsion systemservice

allowance isaddedto the brake horsepoweFurthermore, service allowance is
determined depending on the expected service @amasequentlyy el evant engi
fuel consumptionin litres per hourcan bedetermined with the help dherelevant

engi neds t e avithntheccaldulated rakdardepower Once thefuel
consumption is calculated, the cruisitige data is determined with the help of AIS.

After that cruising time, brake horsepower amahgine fuel consumption are

mul tiplied, and the total f usechlculatedn s u mp t |
litres. Finally, therecent marine diesel oil price is determirfiemm the marketor the

fuel consumeptherefore the total fuel consumption cost can be calculated.

Furthermore,dssil fuel combustion causes the release of Green Housss Gach as

COz into the atmosphere. Considering the thousands of industrial fishing vessels, the
impact of fishing vessels on climate change is one factor that should be considered.
For that reason, CQemission from the fuel consumption of the fishingsadsis
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calculated as diesel oil is the primary fossil fuel used among industrial fishing vessels.
Marine diesel oil is known to emit 3206 kg eger tonnes of marine diesel MO,

2005) Moreover, the density of marine diesel oil is 900 KyiiO, 2016) Therefore,

for a litre of diesel oil, 2.8854 kg of GG emitted into the atmosphere. Thus, the fuel
consumption of the fishing vessels can be converted intoe@@sions emitted into

the air from theighing vesselby multiplication

2.8 Gapsin the Literature

After a thorough literature reviewthe following gaps in theliterature were

determined:

1 There is no systematic study showing the benefits of the fouling control

systems (hull protection) focusing aindustrial fisheries,

1 There is no systematic study conducted showamjcomparinghe impacts of
biofouling onfishing vessels operating withfferent fishing techniques

T ITTC(2011p recommendati ons addressmgheldckob ut t he
databases of the roughness on the surfaces invaded by different fouler
organems f o r di fferent antifouling coati
knowledgethereis nobiofouling databasever ime available from field tests,
including static fieldtestsand shiptests with different antifouling coatings
conducted in the margins of the Atlantic Ocean between, &sieope,and

Africa.

1 There is no availableiofouling dataover timelinking ship ests and static sea
station tests.

1 There is nosocial science research relevanttiie biofouling phenomenon

conducted aboufFishermenand their thoughts for antifouling strategies,

preferences, and behaviours in a systematic manner.
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1 There is limited dat on the shear stress data of the fouler organisms.

2.9 Chapter Summary

In this chapter, a comprehensive literatuegiew on fisheries,marine biofouling
antifouling strategiespoundary layer,the effect of biofouling on a ship, and

determination of roughness functiasgresented.
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3 Survey And Hull Inspections

3.1 Chapter Introduction

This chapter presents the results of a survey conducted with the fishermen and hull

underwater inspections of the se@xtindustrial fishing vessels

3.2 Survey Conducted with Fishermen

Categorisatiorof the fisheries is stila complextask becausehere are no specific

limits when classifying fishing activitieglowever, it can be said that fishing activities

vary between region, species, technology, investment, boat type, gear type and purpose
of fishing activity( O6 Far r e | | Coeke & @adwx, 200&2110 thelliterature,
industrial fisheries or commercial fisheries, artisanal fisheries, swalk fisheries

and recreational fisheries can be named as the most popular categories among the
fishing activitiegMMO, 2017,Charles W. & Makowski, 2015afarzadeh et al., 2016
Watson & Tidd, 2018)in addition,the Food and Agriculture Organisation (FAO) of

The United Natioaclassifies fishing vesselstoitwo categoriess motorised and nen
motorised vessel®idditionally, motorised vessels adivided into threecategories
depending on the vessel length overall (LOA): vessels smaller than 12 m, vessels

between 12 24 m, and vessels above 24 m LOA.

Motorized vessels cotigite the majority (63%) of the global fleendthe majority

of the motorised vessels consist of smaller veg5&l©, 2020b) However Rousseau

et al. (2019)conducted a study linking the LOA and engine powers of the marine
fishing vessels irthe motorised catgory. Theresultsshowed that althougbmaller
fishing fleets dominatthe global marine fishing fleet, small fishing vessels contribute

only 27% of the global engine power.

Watson & Tidd (2018) demonstrated industrial fisheriesssied in terms of glohal
catch and landings between 1950 and 2015. What can clearly be seen in this study is
the dominance of industrial fisheries. Additionally, in this study, taking only the

amount of principal species caught into account, it can be said that trawl and seine
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catches constitute the majority of the caught fish in industrial fisheries. Similarly,
examining the worldwide capture amount of principal species, it can be se#methat
majority of the caught species are pelagic fish such as anchovy, pollock, tuire,sard
cod and mackerdFAQO, 2019) Hence, this evidence presents and supports the idea
that seines and trawls are the most commonly used gear types of rdagem

commercial/industrial fisheries.

That is to say this section aims to investigate the knowledge of stakeholders,
characteristics of the fishing vessels as well as common coating applications, in terms
of biofouling and how to avoid penalties caused by it in industrial fishdiedo that,

the first stgp was taken as preparation of a survey. A surweg preparedin
consultation with four experts from academiaand t he correspondi
experience as part of théSc thesigOzyurt 2013) The relevant questionnaire can be
found in Appendix AAfter that, a facdo-face survey with 34 opeand closeeended
guestions wereprepared andconducted among 64 fishermen/stakeholders of 64
different fishing vessks. Furthermore, target of the survey is to consider and reveal
Ai-rne al 0 cforthd industrial fishing vessehther than suggested antifouling
practices used among the industrial fishing ves8étse specifically the targets of

the surveyareto determine the common knowledge, awareness and the practices used

among industrial fishing vessels in regards to antifouling strategies.

That should be noted that the surwegsconducted with the stakeholders of the fishing
vessels operating in the southern Black Sea region. The reason behind southern Black
Sea choice is one of the major Guagahur e s
et al. (2017stated that when the anchovy schools migrate to the southern regions of
the Black Sea, a valuable source of fishegctmes available. In addition, as it is
detailed in thé=AO (2020c) anchovy and sardines constitute justrdvalf of the total
landings inthe Mediterranean anthe Black Sea. For that reason, considering the fact
that the majority of the fisheries relies on the anchovy fisheries in the Black Sea and
anchovy is one of the major capture speciethmGeneral ksheries Council for the
Mediterranearand Black SedGFCM) regiors, therefore, conducting a survey with

the fishermen in the Southern Black Sea regions would show a good representation of

the industrial fisheries in GFCM regigan
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What is moremajority of the fishing vesselare smaller than 12n LOA, andthe
fishermendrydock their fishing vessels monthty protection and cleaning purposes
Therefore, the subject of this thesis compreay industrial fisheriesandthe survey
focuseson the industal fishing vesselswhich are considered as 12 m aimbvein

LOA. The arveyed fishing vessels were chosen in accordance with the
aforementioned reasoirsthis chapterQuestions in the surveys can be classified in
four different sectios:

Technical info of the vessel
Operation profile of the vessel

Coating application process

= =2 =4 =2

Fishermeb experience

3.2.1 Survey Results Industrial Fishing Vessels(Vessels Greater than 12m
LOA)

41ownersof 64industrialfishing vessels wereontactedand theesults of the surveys

are presented in thisection in order to put thetakeholde® knowl edge abo
issue Fishing vessels are groupedariour subgroupsdepending on the LOA as

12 - 19.9metres, 20 29.9 metres, 3049.9 metres and 50+ metres for the industrial

fishing vessels.

3.2.2 Positionsof the Attendeesn the SurveyConcerningthe Vessels

In order to determine the relatsmp between thattendeesnd the related fishing

vessel, a gestion was added to the survey and askedttemdees. Thadditional

guestion in theurveyis communicated to the participagtss A Do you own t h
I f your answer is NO, Ambngtesitattengees23iof y you
the attendeestated that they are the ship owners whilst 6 stated that they are the
captairs, 4 stated they are the family memberst&ed that they are the person in

charge, 4 stated they are seapaand 2 stated thaheyarestakeholders
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3.2.3 LOA and Total Main Engine Power Relation

Considering the number of engines each vessel used, it can clearly be seen that
although the highest percentage of the industrial fishing vessels use only one main
engine, a significant number of vessels use 2 or 3 main engines stammg3soHP

to 4400 HP in total. A regression analysis between LOA (m) and total main engine
power (HP) can be seenkiigure 31. In addition, what can additionally be seen from

Figure 31 is thatthemain engine power and LOA increasesanrelation.

Total Main Engine Power (HP) vs LOA (m) for Industrial Fishing Vessels

4500 A y = 2.4909x? - 49.936x + 528.22
R?*=0.8474

Total Main En

LOA (m)

Figure 3-1: Distribution of Total Main Engine Powers (HP) Regarding LOA (m) for Industrial Fishing Vessels

3.2.4 Main Engine Age Groupsand the Number of Engines Usedin the Vessel

What is interesting in this dat aariess t hat
from 0 to 30 years, 44% of the main engines are less than 10 years old, whiist 39%
between 10 and 20 years old, and 17% is between 20 and 30 yedfgyoid. 32

illu strates distributions of the number of engines and engine age groups obtained from

the survey data.
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Number of Engines Used Engine Age Groups

M Less than 10 Years
m 1 Engine
m Between 10 and 19.9 Years
H 2 Engines

3 Engines Between 20 and 30 Years

Figure 3-2: Distributions of theNumber ofEngines and Engine Age Groups

3.2.5 Hull Material

It is a fact that inthe modern world,hull materialfor industrial fishing vessels is
commonly steelhowever, due to traditigevooden vessels are still in use in the sector.
For this reasara question wamcluded in the survey as whathull materialwasused
inyouf i shi ng vResulsseonfidned thatind miajority (90%) of the fishing
vessel hulls are made sfeel,and the number of the fishing vessels using wooden

hulls are seen only in lower LOA groups.

3.2.6 Distribution of Fishing Vessel AgeGroups

A question related teessetdageswvas included in the survey show old your vessel
is. What can be sednom the surveyesultsis thatthe oldest vessel is 34 years pld
and22% of the vesselareunder 10 years oldrigure 33 illustratesthedistribution of
fishing vessels according to vessel age grolupaddition to thatthe majority of the

industrialfishing vessels are between 10 and 30 years old.
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Distribution of Fishing Vessel Age Groups

M Less than 10 Years
M Between 10 and 19.9 Years
Between 20 and 29.9 Years

W Between 30 and 35 Years

Figure3-3:Di st ri buti on of Industri al Fishing Ves

3.2.7 Experienceof the Fishermen

A question was asked to the attendees in order to determind tlee h e expeeamnce s
in the industrial fisheriesResults showed thdishermen mvolved with industrial
fisherieshaveexperienceraryingbetween 9 and 55 yeai®o go further in detail, more
than half of the fishermeimaveexperience of 30 years of fishimy in otherwords it

indicatesthatexperienced people perform the majonfythe industrial fisheries

3.2.8 Fishing Activity Frequency

When a question asked about fishing activity frequensy i How many days
vessel go f ireshltsshgowed tmttte day spantir?fishing activity varies

from 75 to 225 days for aimdustrial fishing vessah acalendaryeat Fi sher menods
answes havealso been analysedand results showed thdishing activities are
conductedn official fishing seasonswhich is between L September and ¥SApril

for each calendar yeafn additional question waaskedto the fishermen in order to
understand the reason why they do not go fishing for a full year. All of the fishermen
stated that there are tiniased regulationgnd restrictions put into force by the
governmentFor that reason,raevaluation can bdoneas that the authoritideeep

fishing bans strict and push industrial fishermen to go fishing in the legal fishing

seasons.
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3.2.9 Fuel Consumption

A question wasiskedo the fishermen to determitieedaily fuel usage of the relevant
fishing vessed Results showethat daily fuel consumption ranges from 100 to 5500
addi ti

LOA (m) and daily fuel consumption in litres was added and illustratédjure 34.

litresfor an industrial fishing vessel | n on, a scatter

As it can be seen from the graphe LOA of the industrial fishing vessels and daily

fuel consumption shows an exgential agreement with the daily fuel consumption in

litres.
Daily Fuel Consumption (L) vs LOA (m) for Industrial Fishing Vessels
6000
c5og 4 | v =0.4014x228% ®
R? = 0.3998

5000 @
= 4500
s
-2 4000
Q
€ 3500
2
§ 3000 @ @
E 2500
w2000 [ @ @
=
‘T 1500
a ®

1000 8 @ o ®

O,Qn w4 [
500 - g 0® ®
o __ o0 (]
0 =Q
1] 5 10 15 20 25 30 35 40 45 50 55
LOA (m)

Figure3-4:Di st ri buti on of Fi shi rruelCoheumptienlirsittes L OA ( m)

3.210Fi s her me n 06 sabdtrihe RenatidsgCausetly Biofouling

As one of the main purposes of this survey wasadpturefishermed s
regardingbiofouling, several questions weapesedto the attendee®Vhen a question

was askea@siiAre you aware of the penalties posed by biofouling? If Your answer is
YES, pleasapecify.o, 95% of the attendees stated that they are aware of the penalties
caused by biofoulingiVhat is morethere is more than one disadvantage of biofouling
accumulationaccording to the given answers by the fisherrmiée dstribution of the

specified penalties causexs inthegiven answersare presented in Figures3
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Distribution of Specified Penalties Caused by Biofouling

I Increases Maintenance Cost, 2%
I Limits Manoeuvrability, 2%
I Overheating Machines, 2%

I Affects Sonar System, 2%

- Shorten Coating's Life, 7%

Damage to Fishing Nets, 7%
Shipworm, 10%
Fuel Consumption Increase, 46%
Corrosion , Rusting and/or Hull Deterioration , 53%

Reduction in Ship Speed, 79%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 3-5: Distribution of Specified Penaltiesaused by Biofouling for the Fishermen

As seen from Figure-8, the penalties specified by the fishermenyv&urthermore,

79% of the fishermen stated that biofouling causes a reduction in ship speed, and 53%
of fishermen stated that biofoulimguses corrosion, rusting and/or hull deterioration.
Also, 46% of fishermen stated that biofouling increases fuel consumption. On the other
hand, only 2% of the fishermen stated that biofouling causes an increase in
maintenance cost, manoeuvrability, oveating machines and affected sonar systems

which were the least mentioned by the fishermen.

3.211Fi s h er me n 6fer Fighting with Biofauling

Another questioposedo the fishermen was whether thegdreceived any training
information from any organisabn/institution to minimise the biofouling
accumulationAs shown inFigure 36, theresults confirmea lack of information and
guidanceavailable tofishermenabout biofouling andts detrimental effects88% of
the fishermen stated that thiegdnot be@& given any information or training by any
organisation. On the other hamdew fishermen stated that they wemmehoweither
suppliedor trained by different organisatiomsd authorities.3% of thefishermen
stated that they wergven circulars bya public institution, 5% stated that they were

informed by coating companies, 2% of the fishermen stated thatwbee given
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information by the painters and or paint sellers, 2% of the fishermen stated that they

were given training byhe local directorates of fisheries.

Have you got any training and/or infarmation by any sort of organisation?

A circular is given by public institution 3%

Coating companies 5%

NO 88%

Painters and paint sellers 2%

Provincial directorate of agriculture 2%

Figure 3-6: Distributionof the Given Information/Trainingy any Organisation

3.2.12 Fishing Activity Profile

In order to understanithe operationaprofile of the fishing vessels, several questions
wereaskedto the fishermenAverage time gentand average speed for the specified

activitieslistedbelow were determined

1 Navigation to fishing zone,

1 Multiple hauling and back to the next line,

1 Navigation bak to the port,

1 Discharging caught fish in pdtio tender ship

When a question was asked indhaursfirWavigationi s
to the f i, dishérmegsanswersedfied frorf.25to0 26 hours Variety of

the time spent ithe navigation to the fishing zorean be related to many factors such
asfishfinder technologyavailability, amount of fish spottedhe distance of the fish

and amount of the stockeltaddi t i on, another question

theaveragegedi n knot s f or navi gandfisShermersanswetsh e

varyfrom 5 knots to 12 knots.
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When a question was asked as fAWhat i s th
hauling and back to the nex betwkeninte 160 , fioc
hours. In addition, another questippsed wag§ Wh at i s t he average s
mul tiple haul i ng a arlfisleanerkandwers viarjg feon@rioe x t | i

15 knots. The reason for the difference between average speed for the navigation to

the fishing zone and hauling and back to the nextdordirmsthe urge to keep the

fish in the netand/orto usea tender shipvhile catching the fish.

After that, similar questions weraskedto the fishermen for navigation back to the
port as fAWhat is the average time spent |
AWhat is the average speed in knots for n

that ittakes fromlLO minutedo 6 hourswith speedraryingbetween 6 and 13 knots.

Finally, questions werposedo the fishermen for discharging the caughtéisk 1 Wh a t
i's the average time spent in hours for d
averge speed in knots f orFisheanen stpted thatakes b a ¢ k

from 20 minutes to 5 hours with no speed.

3.2.13 Hull Cleaning Operation

In order to determin¢ghe methoddishermendeploy toprevent biofouling, several
questions were includeid the survey. When a questia posedto the fishermen
whether they conduct the hull cleaning or not, all of the attendees stated that they
regul arl y cl| eanTo tldberate thipoiatsnsdetdil,bas additiohal
question wasskedto thef s her me n a dy whivhigyoue hulacteahing
procesonducted or bi of oul i n g 0 .the Raositydf thesfishermeshi c at e
gave multiple answers to this questiamcluding: by a diver in a shipyardor in a
fishing boatyard Among the given answer24% of the fishermen stated that they
conduct the hull cleaninthemselvesn a fishing boat yard, 76% of the fishermen
stated that they have the hull cleaning conducted by the skitldanenin a shipyad,
and29% of the fishermen stated that they conduct the hull cleaning with a skilled diver

as well
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In addition to that, it is noticed th#lte fishermen who ncl uded fAdi ver sc
answers to this question also stated that they do not conduct theldarliing

themselves in fishing boat yards. Instead, they have the hull cleaning conducted by the
skilled workmen in shipyard§ his means that majority of the fishermen (76%) have

their biofouling cleaning conducted by professional worknegher by sKied divers

or skilled workmen in a shipyasd her e mi ght be sever al rea
di verso and fihaving the hull cleaning pro
as "drydocking the vessel biyearly”. Nevertheless, in&vitable to tate that the
fishermen who ask diversd help for condu

professional care when the fedlhull cleaning igequired

3.2.13.1Drydocking and Hull Cleaning

At this point, two questions are required tadmenulatedfor a better understanding of

this section. A qguestion (i) posed to th
your vessel ?20. 63% of the fishermen stat
whilst 37% of the fishermen stated that they dry dock tessel biyearly. Another
guestion (ii) posed to the fishermen was,
for biofouling?o0. 93% of the fishermen s
biofouling annually, and 7% of them stated that they oohdhe hull cleaning

biyearly. Moreover, a further step was takenexamire differences between the

answers given to (i) and (ii) questions. Therefore, the fishermen who answered
Abiyearl yo to question (i) wer toquestibtnen i nt
(ii) were further investigated for these fishermen (among the ones who ansinered
guestion (i) as Abiyearlyo). Rhequestohy , 80
(i) as fAbiyearlyodo stated t hat ottetmmrds, condu
some of the fishermen do not prefer to conduct the biofouling cleaning even if the

vessel is drydocked.

The following question in the survegskedthe fishermerwas fiWhat is the main
reason behind drydocking your vesdel®ase specify Resuts showedthat there are
multiple reasons for the drydocking progdssncethe majority of the fishermen gave
multiple reasons. Looking &tin detail,more than half of the fishermen (61%) stated

themaintenance and repais a reason for drydockingetih fishing vesseld~ollowing
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that underwater hull cleaning fdriofouling comes as the second important reason
givenfor the drydocking with a proportion of 41%he majority of industrial fishing
activities are controllednd inspectetly the authorigs. To give an example, in order

to prevent extra fuel consumption, industrial fishing vessels are obliged to be dry
docked biyearly. The reason behind this is to let authorities to investigate the
antifouling coating applications and chetkspect and @ventthe relevant issues that
might occur during fishing activities. Neverthelessjrateresting result staticsfrom

the surveyindicate that although there are regulations, so the legal obligatory, only
37% of the fishermen stated that one of the main reasons for the drydocking is legal
obligations.In addition to these, whilst 24% of the attendees stated that coating
applicationis one of the main reasons for drydocking, 12% of the fishermen stated that

the cleaning is one of the main reasons for the drydocking.

3.2.13.2Methods Usedto Conductthe Hull Cleaning

A furtherquestionposedto the fishermen wasi Wh at ki nd of met hods
conduct the hull cleaning (docking) process for biofoltimiResults showed that there
are several methedand tools used to conduct the hull cleanitrg.other words,
fishermen prefer to conduct the hull cleaning withre than one methodlthough
there aré8 methods specifieid survey resultanostof the fishermer78%)stated that
the hull cleaning is conductedth afreshwater compressdfollowing that grinding
machins andscraping with @patulavereused by29%of the fishermemsthe second
mostcommortools for underwater hull cleaninign accordance to survey resultther
tools thatwereusedby the fishermemuring thehull cleaningare sardpaper(15%),
sandblastingnachines(17%), bristle brush (7%pynd, bleach (2%) That should be
noted thathetools mentioned abowa this paragraph were used by either fishermen
or skilled workmen while the shiwasdrydocked.The dstribution of themethods

used to conduct the hull cleaning fmofouling is presented in Figure73
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Distribution of the Methods Used for the Hull Cleaning

Bleach, 2%
Bristle Brush, 7%
Sandpaper, 15%
Sandblasting Machines, 17%
Spatula, 29%

Grinding Machine, 29%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 3-7: Distribution Of The Methods Used To Conduct The Hull Cleaning For Biofouling

When it comes to the todieethodshat areused to clean underwater haflly divers,
survey attendees stated thditof the divers usspatula,8% use grinding machise
8% use fishing nets, 25% use compressbinat should be noted that survey attendees

stated that divers use more than one to@onduct the underwater hull cleaning.

3.2.13.3Time Spenton Hull Cleaning Procesdor Biofouling

In order to understand the duration of the biofouling cleaning process, a question was
subjected to the fishermen as ftleaong | ong
processfor biofouling® Results showed that the days spent in biofouling cleaning
ranges from 1 day up to 20 days.order to show the relevance between biofouling
cleaning time in dawes swltbés ‘aapgies eilendIsyed dOrAs
main engine power (HP)relevant linear regressionanalyseswere conducted
However resultsshowed that there is not a correlation between hull cleaning for
biofouling time and LOA vessefs age or total main engine powelRegression

analysesre preseted inFigure 38, Figure 39 andFigure 310.
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Biofouling Cleaning Process (Days)

Biofouling Cleaning Process (Days)

Fishing Vessel's LOA {m) vs Biofouling Cleaning Proccess (Days)
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Total Main Engine Power (HP) vs Biofouling Cleaning Proccess (Days)
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3.2.13.4Selectionof the Methodto Conduct Hull Cleaning

In accordance with the hull cleaning methadjuestion waposedto the fishermen

about how they chose the cleaning method for the biofoulsgillustratedin

Figure 311, results indicated th&@9% of the fishermen stated that they chosehtlie
cleaningmethodfor biofoulingfrom their personal observations and copying from the
other fishermen, 20% of the fishermen stated that they chose their method with trial
and error methods, 7% of the fishermen stated that they choose their method with the
recommendations, only 2% of tlishermen stated thdle cost is the major factor
when choosing hull cleaning method and 2% of the fishermen stated that maritime

regulations and rules determine their hull cleaning methods.

Methods Used for Hull Cleaning Selection

m Cost

W Maritime Rules
Recommendations

M Trial and Error Method

W Obeservations and Copying
from Others

Figure 3-11: Distributionof the MethodsaiboutHow the Fishermen Choose Hull Cleanifug Biofouling
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3.2.14 Antifouling Coating Preferences

3.2.14.1 Antifouling Coating Application Process

Not surprisingly, whera question wasaskedto the fishermen whether they usall

coatingor not all of the fishermen stated that thpgintt hei r vessel 6s und
with a coatingln accordancevith that a question was subjected to the fishermen as
AHow often do vy o WResdlte showed/tivatiG3% ofehe Bshernfen .
stated that they coat their underwater hull annually and 37% of them biyearly.

3.2.14.2Antifouling Coating Brands

For the reasothatit was considered to be complicated to ask the type of cahing
fishermenchose another question wamsedto the fishermen a® which brand they
use fortheunderwater hullSurvey results showed thitie majority of the fishermen
do not have any tendenon a specific branchence, their answestated that there
wasmore than one brand narggren by a fishermathat they are usingio be more
specific, whilst 49% of the fishermen gave one coating brand name, 34%wgave
brand names, 12% gave three brand names and 5% gave four brandAfeamése
examination of the resulteyo categorizations can be madet@athe coatings that are
available intheinternational market and the coatings that are available only indak |
markets.To be more spafic, as can be seen from Tal8el, 54% and 51% of the
fishermen stated that they use internationally available coatiagsl B, respectively
Furthermore, the least preferred coatings are the local paints with 2% and 5%

resgectively.

Table 3-1: Distribution of theFishermen'sCoatingSelection for the Underwater Hull

% Of Fishermen % Of Fishermen

Internationally Stated That They | Locally Available Stated That They

Available Coatings  Use The Coating Coatings Use The Coating
PAINT A 54% Local Paint A 37%
PAINT B 51% Local Paint B 7%
PAINT C 17% Local Paint C 5%
Local Paint D 2%
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3.2.14.3Antifouling Coating Selection Method

In order to understangho supply thecoatingsto the fishermen, a questigosedto

the fishermenwa$i Wher e do you buy t he Iparticipants oat i n
stated that they buy the coating from the dealer, 15% of the fishermen stated that they
buy their underwater hull coatirfigppm the hardware store and 7% of the fishermen

stated that they buy the coating from the suppligirasentedn Figure 312.

Choices For Buying Antifouling Coating

M Dealer
m Hardware Store

Supplier

Figure3-12Di st ri buti on Of The Fishermends Choices F

At this point, definitions of the dealers, hardware stores and suppliers have to be
clarified. Hardware stores are the local shops selling handy materials for the fishermen
and smaliscale fishing vessels. On the other hand, dealers refer to the representative
of the larger paint companies. Dealers are preferred mainly by the large scale fishing
vessel owners as a larger amount of antifouling coatings can only be provided by
dealers locally with the help of their representing antifouling companies. To compare
with the hardware stores, dealers sell antifouling coatings of a particular brand, and
the majority of the products that the dealers sell are antifouling coatings. However,
any small craft needed for a fisherman, such as smaller amounts of antifoulingsoat

or gears, can be found in hardware stores. Suppliers are the people hired either by a
group of industrial fishermen or privately, and their duties are to take the antifouling
coating prices down for the fishermen. In other words, suppliers are theekele

acting as a mediator between the antifouling companies and the fishermen.
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Another questiomaskedo the fishermenwaé How do you choose the
o n t h eResultslsHowed that the majority of the fishermen gave multiple answers

to this question. To be more specific, whilst 63% of fishermen stated that they consider
three factors, 30% of fishermen stated that they consider two factors, and only 7% of

the fishermen stated that they consider one factor when choosing the antifouling
coating applied on the ship hull. Giving an example would make it clear to understand
this situation. For exampl e, wipirlicteoome dc
fexperienceodo influence their decision (t
Afexperi eneperd,c efidoc,0 aatnidn gir ecommendati onso i
factors) when choosing the coating applied on the hull. Furthermore, a conclusion can

be drawn as the majority of the fishermen (93%) stated that there is more than one
factor when deciding which antifouling coatirgapplied on the shiplo be more

specific, seven separate choices were stated by the fishermen given to this question.

T The first choice was Antri3P®% ofdhe d err
fisher men s t-anttegrakmett hhaotd O i tirsi ad n e of

influencing their decision when choosing the coating applied on the hull.

T The second cheoftlree owad s N 0 qu3dibafthdher mor
fisher men st a-bfeghdc otahdthngdqgu asl i diye of

influencing their decision when choosing the coating applied on the hull.

T The third choice w Rusthermoree22% ofnileen d at 1 C
fishermen stated that Afirecommendati o
their decision when choosing the coating applied on the hull.

T The fourth chprf ceewas Ré% d thefishergene ,
stated tipat cBooatsi mgme of the factor:

when choosing the coating applied on the hull.
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T The fifth <choice was 15eox the fishemnanc e 0 .
stated that fAexperienceo i s one of tf}

chaosing the coating applied on the hull.

==

The sixth <choi ce -twiame oi C oRaubbbtotdeersmolraes,
fisher men stated thateo iCsatonegbsf | &

influencing their decision when choosing the coating applied on the hull.

==

The seventh c¢choibde gwtaisomdrRyY afFther t her m
fi sher men stoabtleidg atthiaotn sfol eigsalone of t

their decision when choosing the coating applied on the hull.

Choices effecting antifouling coating selection the fishermen and the distribution

of the answers given by the fishermen are presented in Figiie 3

Distribution of Choices Effecting Antifouling Coating Selection

Legal Obligations, 2%
Coating’s Lasting Time, 5%

Experience, 15%

Coating Price, 22%

Recommendations, 22%

Quality of the Coating, 39%

Trial and Error Method, 39%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 3-13: Distribution of Choices Effecting Antifouling Coating Selection
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3.2.14.4Antifouling Coating Application and Manpower Relation

A question was asked to the fishermen for the personappbesthe hull coating.
Results showed that the fishermeither conducthe painting themselves, dedicated
painters otabours Lookingat itin detail it canbeseen that ogl22% of the fishermen
have underwater hull coating conducted dedicated professional painterEBhe

distributionof the given answers in detail taglguestion can be seenkigure 314.

Who conduts the coating?

Labors
Myself
49% 29% 22% vse
Painters
0% 20% A40% 60% 80% 100%

Figure 3-14: Distribution of the Fishermen's answer to the question about who conducts the coating

When it comes to the question about the place where the fisheondact the hull

coating, fishermen stated that they either coat their vessels in professional shipyards
(78%) or fishing ports (22%])n addition to thatanother question wasskedto the
fishermena s i Wh at i's the common pai nt appl i
fishermen communities?o. Resul tathosgh owed
the most common practice g®nductedwith paint guis, a considerablenumberof

fishermen stated that rell brush is still used in practice.

3.2.14.5Time Spent in Antifouling Coating Application

A question waposedo the fishermen in order to determine the duration of how long

it takes taapplythe hull coating. Interestingly, results showed that coating applicatio
duration varies from 1 day to a monWith the aim of understanding the distribution

of the days spent for conducting the hull coating application process, a regression
analysis was conducted betwdabe LOA ofthes ur veyed f i shdhemenos
days spent tapply hull coating.Surprisingly, the trend between LOA and the days

spent in hull coatings not presenting a good match as expected due to the hull surface
area. Regression analysis can be seé&igure 315.
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Time Spent in Hull Coating (Days) vs LOA (m)
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Figure 3-15:LOA and Days Spent in hull coating relation

Within this point, it should be ideal to state that there are several possible reasons for

t hi sr ufisnhod sviieh aoresitlaring antifouling coating applicati@ecause the

official fishing season ends on"18pril and lasts until 3 September, theris plenty

of time when considering the antifouling coating application. Furthermore, when the
vessels drydocked, the antifouling coating application is not the only problem that the
fishing vessels have to deal w&ilegahpaperFi s hi I
works, availability of the shipyards relevant personal, availability of the desired
antifouling coating in the market, negotiation process with the antifouling coating
dealers, the desire to put the fishing vessel back to the sea closdégitning of the

fishing season might be many of the possible reasons for why the trend between LOA

and the days spent in hull coating is not presenting a good matckigsiia 315.

3.2.14.6Amount of the Antifouling Coating Applied per Vessel

Another questiorsubjected to the fishermen wadsHow many | itres of
coatings do you u sResultsshowtlmaafishergnenuwisem ¥0e s s el ?
litres to B00 litres of antifouling coating. A regression analysis conducted between

Fi shing vem)saad usdl antif@uing ¢oating in litres can be seen in

Figure 316.
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Amount of Antifouling Coating Used to Coat Fishing Vessel's Hull (L) vs LOA {m)
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Figure 3-16: Regression Analysis of LOA and Used Antifouli@gating(Litres) Relation for Fishing Vessels

3.2.15 Propeller and Biofouling

In addition to the questions askeshardingt he f i shing vessel sé h
posed o the fishermen as fiDoes your propell
stated that their s el 6s propell ers are fouled whi
propeller is not fouled. Furthermorenaherquestion wasskedto the fishermen to
understand whet her t hey Ioooattastdtheansweess sel 6
given to a similaquestion for the hud] whilst 61% of the fishermen stated that they

coat their propeller39% of the fishermen stated that they do not coat their propeller.

Answers given by the fishermen who do no

can be seendbow:

1 19% of the fishermen stated that thay not coat the propeller because its

colour is yellow

1 44% of the fishermen stated that thigynot coat the propeller because we do

not believe that it makesdifference

1 19% of the fishermen stated that théy not coat the propeller because it
decelerates vessel speed

1 6% of the fishermen stated that theéy not coat the propeller becausesit i

made of brass

1 12% of the fishermen stated that tftgynothave a reason
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A pie chart showing the distribution of the preferences stated by the fishermen is

illustrated in Figure 7.

Distribution of Reasons for Not Coating Propeller

M Yellow Colour

m Does not Make a
Difference
Decelerates Vessel Speed

It is Made of Brass

B No Reason

Figure 3-17: Distribution of the Reasons for Not Coating Propeller

3.3 Underwater Hull Inspections of Fishingvessels in theRegion

In order todeterminethe biofouling accumulation resultfor the variouscoatings
applied on the fishing vese | and test panel dipfoulmge ver al
accumulations were investigateshdtheresultswerepresented in the sectit@low,

3.3.1 Data for Fishing VesselUW1

FishingVesselUW1 is a 15 years oltrawler vesselwhich goes fishing ithe Black
SearegionT h e v €GASSE32 mesresandthev e s s el 6 s hsteél Theremat er i
are two main diesel engines with 720 and 720 HP. After conducting a survey with the
vessel ownetthevessek drydocking frequency is determined asyearly, however;
underwater hull cleaning is conducted every year. When the vessel is inrtthago
underwater cleaning process is conducted via a diver. Diver scrapes biofouling using

a spatula. Hence, fouling accumulated on the vessel represents biofouling, which
occurred as a result @ne yearof fishing activity. Figure 318 illustrates vamus

underwater hull sections and biofouling accumulatioffrishing Vessel UW1
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Figure 3-18: Biofouling Accumulation on Various Hull Sections for UW1 Fishing Vessel

The ownerof the fishing vessel indicadeghatthe underwater hulwaspainted withan
antifouling coating. D u e of theantifotlieg caatmg e r 6 s
process, the type of antifouling coating applied on the vessekisown However,
whenthes hi pyardés painter investigated, he
fishing vessels are coated with Self Polishing Paint. Hence, an assumption was made
as Fishing VesselUW1 is coated with SPC with a high degree of probabilfg.
indicated by thesurvey recommendations and trial/error meth@iay an important

role in choosing antifouling coating. Additionalipternationally available two major
antifouling coating are two brands that they prefer. To condhetcoating process,

the owner indicted that firstly rubbing down with sandpaper and then scraping process

is done. Following that, washing with a freshwater compressor is done. After waiting
for the surface to dry, primer paint is applied and finadlge or two days before
relaunching thevessel,an antifouling coat is applied. Although antifouling coating

takes only 1 day, the whole underwater coating process takes 1 week by professionals

hired by the owner.

With regards tahe operation profile of the vessel, although the owner indictitad
it has a 300 Nm operation rangeaverage ithe Black Seait is difficult to make an
assumption for how fahev e s sel 6 s operati onal range fr
vessels operate every day 6 months within the legal fishing seasdable 3-2 shows

the average time spent on each operation typéh@average speed for each operation

type.
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Table 3-2: Operation Profile of Fishing VesseW1

Operation Type Average Time Average SpeedKnot)
Navigation to fishing zone: 10 hours 10 Knot
Multiple hauling and back to 2 hours 12 Knot (releasing the net),
the next line 0 Knot (gathering the net)
Navigation back to port 1 hour 12 Knot
Discharging fish inthe port 45 minutes 0 Knot

Due to the cleaning process that was conducted approximately one hour after dry
docking theresearchehad limited time to do the measurements. Slime measurements
were done in 4 different parts of the ship: port bow, starboard bow, port stern and
starboad stern just after drgocking.Table 33 illustrates the data gathered with wet

film thickness gauge from slime measurements.

Table 3-3: Slime measurements taken from various sectioiseafnderwater hull

Port Bow 800 pm
Starboard Bow 750 pm
Port Stern 650 pm
Starboard Stern 800 um

After the observationsome of the most common speciesre examined due to the
limited time. Because of the limited knowledufethe classificatiof the species, the
researcher named the species with common names of its kind. However, after making
a short literature review of the specitee researcher deducttat several speciese

the ones accumulated on the underwater hull of fishing vessels in the rEgisn.
research was alsmnfirmedby a Marine biologist identifying the species within the
academia.These species are Mussels suchMpdilus edulis (Linnaeu$, Mytilus
galloprovincialis and Barnacles such Balanusamphitrite, Oysters such aSstrea

edulis, Bryozoans andShipworms.
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Figure 3-19: Pictures of a barnacle before and afteradhesion strength measurement test

Figure 319 illustrates the surface area of a barnacle, which isabriee common
species observed on the shipbds under wat el
measurment test. Areferencecoin was used with the aim of standard measurement.
Thecoims di amet er TEhgmeationed specids toblld resanaximum

7.18 kg force applied othem and so the adhesion strengthscalculated as 0.485

MPa.

Figure 3-20: Pictures of a barnacle before and afteradhesion strength measurement test

Figure 320 illustrates the surface area of a mussel which is the second common
species o0bser v ewateohall béfdreeandsatter tbetadhesiom strength
measurement test. keferencecoin was used with the aim of standard measurement.
Thecoidms di amet er TEhgneatibned sgecids toblld resanaximum

2.06 kg force applied on the mentionedaes. However, due to the complexity of the
fouling structure, mentioned speghencesdé at

adhesion strength could not be calculated.
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3.3.2 Data for Fishing Vessel UW2

Fishing VesselUW2i s a s hi p0s the8ladkl 8ea. Theevesseat |
inspectedl5 hoursafter thedry-docking. Hence, slime measurements could not be
measured geto thedry surface. Howevetheadhesion strengths of some of the most
common species were measurtable 34 illustrates adhesion strengths values of the

species on Fishing VesddW2.

Table 3-4. Adhesion strengths Values of the speciefishing VesseUW2

No. Species Peak Applied. Species Adhesion Adhesion strengths
Force on Species| Surface Area values (MPa)
1 Balanusamphitrite 3.39kg ba:l%zc(r:nm 0.353
2 N/A 1.04 kg a;:ollscﬁqm 0.162
3 Balanusamphitrite 1.87 kg 2: (;ic:;q 0.265
4 | Balanusamphitrite 4.32 kg abzzll.zccr:nm 0.450
5 | Balanusamphitrite 6.42 kg z: 1‘1" 22 0.521
6 | Balanusamphitrite 6.74 kg 2: ig 22 0.501
7 Balanusamphitrite 2.35kg at):zll.SCfnm 0.226
8 | Balanusamphitrite 2.82 kg E: ii Em 0.180
o gallol\sy;i\ll?:cialis 0-51kg 2: ;: 22 0.018
10 | Balanusamphitrite 7.39 kg 2: ig 22 0.444
11 | Balanusamphitrite 7.68 kg E: 12 Em 0.428

3.3.3 Data for Fishing Vessel UW3

Fishing Vessel UW3s an active fishing vessel fishing in the Black Sea that did not
undergo drydocking for 3 years. Hence, the accumulation on this vesseltagher
levels compared to the rest of the vessglminedThe vessel wadry-docked in the
fishing port and the researcher had the opportunity to examine the vessel
approximately 12 hours later than eifgcking. Several adhesion strengths were taken

due to the biofouling abundance on underwater hull using a force gauge.
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Figure 3-21: Species used for measuring the adhesion strengHishimg Vessel UW3

Figure 321 showsthe numbering of the related species that the adhesion strengths
were measured drishing Vessel UW3Due to the incomplete digocking process,

most of the measurements were taken from the Port Bow and Starboard Bow sections
of theunderwater hull. Most of the common fouling species Bal@nusamphitrite,

Mytilus galloprovincialis andOstreaedulis.
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Table 3-5: Adhesion strength values of measured speci€ssining Vessel UW3

No. Species Peak Applied Species Adhesion Adhesion strengths
Force on Species| Surface Area values (MPa)

1 Balanusamphitrite 4.10kg 2r=1.16 cm 0.381

2 Balanusamphitrite 12.32 kg 2r=1.61 cm 0.594

3 Balanusamphitrite 4.39 kg 2r=1.19 cm 0.387

4 Balanusamphitrite 3.48 kg 2r=1.32 cm 0.249

5 Mytilus 2.30 kg N/A N/A
galloprovincialis

6 Ostreaedulis 8.84 kg a=2.37.cm 0.079

r=1.84 cm

7 Mytilus 2.73 kg N/A N/A
galloprovincialis

8 Mytilus 1.47 kg N/A N/A
galloprovincialis

Table 35 illustrates the adhesion strengths values of measured speckshamy
Vessel UW3 After closerexaminationit can be noticed that although barnacles and
oyster adhesion strengths are shown clearly; dudaga@omplex accumulation of
mu s c |
values could be calculated. Additionally, slimeasurements were taken using a wet

film thickness gaugelable 36 illustrates the data gathered with wet film thickness

es o

adhesi on

gauge from slime measurements.

s ur f a;chenceaadhesaion strengthsd

Table 3-6: Slime measurements taken from various sestafithe underwater hull

Port Bow
Starboard Bow

Port

Starboard

600 pm
450 pm
275 pm
500 pm

3.4 Chapter Summary and Conclusions

In this chapter, survey results and underwater hull inspections of industrial fishing
vessels are presented. Furthermore, 41 industrial fishing vessels from 14 m to 50 m

LOA were taken into consideration. Firstly, LOA (m) and the industrial fishing véssels

no-t

total engine powers (HP) were correlated, and the results showed a good agreement.

In addition, the total main engine power ranged from 135 HP to 4400 HP. Secondly,

the number of the main engines that the fishing vessels have was presented. It was

learntthat there might be up to three main engines installed in the industrial fishing
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vessels. Furthermore, when the engine ages were investigated, it was learnt that more

than half of the fishing vessel's engingsreover ten years old.

Although wood and steel are the two most common types of hull materials used in
fishing vessels, results confirmed that the most common hull material is steel with
90%. Moreover, fishing vessels with wooden hulls were only seen in lower LOA
groups. Next, iEhing vessel age groups were determined. Results showed that only
22% of the fishing vessels were younger than ten years old, whilst 78% of the industrial
fishing vessels were between 10 and 34 years old. These results should be considered
asan indicatiom of the need for the new fishing vessels as the new fishing vessels are
built under more energgfficient regulations set by IMO. Another key finding to state

as a result of the survey is that more than half of the fishermen have experience of 30
years offishing activities. Within this manner, a comment can be made that industrial
fisheries are under experienced fishermen control; thus, industrial fishing activities are

traditionally conducted.

One of the other findings obtained from the survey resulssrelated to the time spent

on fishing activities. Industrial fishing vessels conduct their fishing activities from 75
to 225 days. As the official fishing season lasts seven and a half months, it indicates
that the industrial fishing activities are contke within the legal limits, and
authorities keep controlling the fishing activities. After that, industrial fishing vessels'
daily fuel consumption was considered, and results showed that LOA (m) and the daily
fuel consumption (Litres) correlate and shamwexponential agreement. In addition to
that daily fuel consumption of the industrial fishing vessels varies from 100 to 5500
litres per day. Following that, the fishing activity profile of the industrial fishing

vessels was determined.

Another finding dtained from the survey results was related to the fishermen's
knowledge of the penalties caused by the biofouling. What is surprising is that
although 95% of the fishermen stated that they are aware of the penalties caused by
biofouling, there are 5% whare not aware of the penalties caused by the biofouling
phenomenon. After that, a further question was asked to the fishermen whether they
are trained to minimise the biofouling accumulation. Although the importance and the
penalties caused by marine biolimg are significant problemfor the ships, 88% of
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the fishermen stated that they did not get any training, circular, or information

regarding minimising biofouling accumulation.

Although each industrial fishing has its own fishing activity profile,\aerage fishing

activity profile was presented in terms ofvigation to the fishing zonenultiple

hauling and back to the next limggvigation back to the port armischarging caught

fish in port/ to tender ship. The time spent on each activity ancel&eant speed of

each activity was also determined. Results showed that the time spent on the relevant
activities varies from a minimum of 0.2 hours to a maximum of 26 hours. Moreover,

the average speed for each activity starts from 0 to 16 knots maximum.

Next, it wasrevealedthat industrial fishing vessels' hull cleaning operation for the
biofouling is conductedunder three categories: by a diver, in a shipyard by
professional workmen or in a fishing boatyard by the fishermen themselves. In
addition to hat, most of the fishermen (76%) stated that their industrial fishing vessel's
hull cleaning operation is conducted in a shipyard by professional workmen. In
addition to that, asking divers' help might mean that the hull cleaning process of the

fishing vesel in the topic is conducted professionally.

After that, two questions were asked to the fishermen as "how often do you drydock
your vessel?" and "How often do you conduct the hull cleaning for the biofouling”.
The majority of the fisherman stated thagyH63% of the fishermen) drydock their
vessel biyearly, and they (93%) conduct the hull cleaning annually. However, the
fishermen'sesponseto these two questions indicate that there are fishing vessels that
do not have the hull cleaning conducted eifeihe vessel is drydocked. A further
question was posed to the fishermen regarding the reason behind drydocking.
Interestingly, besides the most common answer being maintenance and repair, only
37% of the fishermen stated that one of the main reasonsdoité drydocking is

legal obligations, although every fishing vesselstbe drydocked and investigated

by the authorities biyearly in the Mediterranean and the Black Sea.
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When the time spent on the hull cleaning process for biofouling was on the topic,
fishermen stated that it varies between 1 and 20 days. Theim@estingthing is

that when a correlation between hull cleaning time for biofouling and LOA, vessel's
age o total main engine powas studial, results showed no link among them. In
addition, when it comes to how the fishermen chose the hull cleaning method for the
biofouling, 68% of the fishermen stated that "their personal observations" and
"copying from theother fishermen" play an essential role.

After that, a question was posed to the fishermen regarding antifouling coating brands.
Results indicated that almost half of the fishermen do not tentgsd@ specific
antifouling coating brand. Another critichhding from this question was related to

the availability of antifouling coatings on a local or international scale. Results showed
that the two most common antifouling brands (that of 54% and 51% of the fishermen
use), respectively) are the coatings klde internationally, whilst the most popular
locally available coating was selected only by 37% of the fishermen. Another question
was posed related to where the fishermen buy the antifouling coatings tfrem
majority (78%) stated that they get the thags from the dealer, 15% of them from the
hardware store and 7% of them from the supplier. When it comes to how the fishermen
choose the coating applied on the hull, most of the fishermen stated that they have
multiple criteria when choosing the coatitgirthermore, the fishermen stated seven
different reasons, and the most common reason was given as the "trial and error
method" with 39%.

Another question that was posed to fishermen was related to who conducts the
coatings. Nearly half of the fishermemted that labarers conduct the coatings, whilst

29% of them conducts themselves, and 22% stated that painters coat their vessels' hull.
Another key finding is that although a significant proportion of the fishing vessel hulls
are coated with paint gunsjany fishermen stated that roller brush is still used in

practice.

When the time spent in antifouling coating application is considered, results showed
that this process would take up to 30 days. What is surprising is that when LOA and
the days spent inutl coating correlated, there is no good match. Although there might
be many reasons behind this “nwsh" situation in the days spent in hull coating, four
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and a half months lasting e$kason for the fishing activities can be given as one of
the possiblaeasons. Survey results also showed that the amount of the antifouling
coating varies from 10 to 1500 litres depending on the LOA(m) size due to a

correlation made between LOA and the antifouling coating used in litres.

When it comes to the propeller atide antifouling coating relation, 39% of the
fishermen stated that they do not coat their propeller. Interestingly, nearly half of the

fishermen stated that coating propellers would not make any difference in their beliefs.

Underwater hull inspections weeiconducted to obtain fouling characteristics of the

fishing vessels fishing with different fishing activiti@he first fishing vessel that the
underwater hull was investigated was a trawler fishing in the Black Sea. Before
conducting underwater invessitions, a brief survey was conducted with the owner of

the fishing vessel. After obtaining the relevant information about the fishing vessel,
underwater inspections were conducted. Firstly slime thickness was measured from
different points aroundtheve$ssé s hul | using a film thick
that slime thickness varies from 650 to 800 um maximum. Next, a force gauge was

used to measure the peak applied force required for the calcareous fouler organism to
release itself from the adhered swé. The reason behind this measurement was to

calculate the adhesion strength (MPa) of each fouler organism.

Next, the second fishing veswedondidtd® 6 s un
Although the slime measurements could not be conducted, peakdafgmice to

release each fouler organism was measured with the help of a force gauge.
Furthermore, fouler organi smsdé adhesion s
the organism from the hull surface with the force gauge. As a result, adhesiothstreng

values of each fouler organism were calculated and then presented.
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For the underwater inspections of the fishing vessel UW3, the same measurement
process was repeated from the UW1. Slime measurements were conducted with a wet
thickness gauge. Followgnthat force gauge was used to determine the adhesion
strength values of each Iltxgnbéeseen Bomdhe huk r e d
inspections is that thgalanusamphitrite, Mytilusgalloprovincialis andOstreaedulis

are the three most commapecies of calcareous fouler organismesefound on the

ship hulls. In addition, slime thickness on a fishing vessel varies between 275 pm and

800 um afteonefishing season

113

(



4 Field and Ship Tests

4.1 Introduction

This Chapter presents the design, dateection, and analysis of field tests using the
static immersion test panels and coated patches on a fishing vessel with different types
of antifouling paints. Following this introductory section (5th} field and ship tests'
justification isdescribedn Section 42. Following that,the subjecfield test and ship

test preparations are describe®action 43. Firstly, SPC Immersion test panels, then

FR immersion test panels, and finally ship test preparations are detailed respectively
in this section. Following that, a rating system that is used to quantify the biofouling
growth is introduced iBection 4. Next, Fieldand ship test results are presented in
Section 45 in three subsections to give detailed results separately for each field test
and ship test. In addition, the ship test and SPC immersion test panel comparison is
presented in the same section. The fiekl tlata generation for the Mediterranean Sea

is explained in detail irBection 46. Al so, SPC i mmersion tes
results for the Black Sea and the Mediterranean Sea are given in terms of logistic
growth constants withiSection 46. Finally, a summary and the main conclusions of

the Chapter is presentedSection 47.

4.2 Justification of Field and Ship Tests

After obtaining the relevant statistics (such as fleet size, LOA, fishing activity, etc.)
officially released by the countries borderthg Black Sea, a pfgrepared survey was
conducted with the relevant people who are engaged with fishing vessels representing
industrial fisheries. Fisheries statistics are publisheglebrly by the Food and
Agriculture Organisation (FAO) of the Unitechbbons. Yet, the survey was prepared

with the help of experts within the academy. Survey results were used to characterise
industrial fisheries in the Black Sea. Furthermore, the most common antifouling
coatings were determined via survey results, ancetbeatings were applied in both
ship tests and f i el d-yetarly published statisticg woddiot i o n

mouth information was also taken into account after getting in contact with the
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officials of local authorities to determine local extteps regarding fishing vessels.

Word of mouth information and the official statistics confirmed the most typical

fishing vessel characteristics. As a result, a purse seiner fishing vessel with 30 m LOA

was selected to represent the most common fishingelgesand so préetermined

antifouling coatings were applied in the selected ship hull. Field and the ship tests
showed that the results are cohering with each other with negligible fouling conditions
when the idle ti me of eyebrdishisgeattiatgwastdkerf i s hi
into considerationin other words, ship tests ceaglidated the field tests conducted

in the same regiqras detailedh Section 45.3.

During the ship testbés antifouling coati
owner 6s help and the experience were cap:
the fishing vessel ds owner, antifouling
fishing vessels. The main reason behind this was to avoidjreeliiming from the

fishing net hauling during the fishing activity. The sgiboming was confirmed by

the time when the fishing vessel was drydocked after completing its fishing activities.

While the fishing vessel's starboard side was partially foul free due to the interaction

with the fishing nets, the port side of the fishing vessel was not affected by self

grooming by the fishing nets.

Moreover, coatings applied on the ship test area were extended toward the fishing
vessel's maximum degihthe reason behind thiswastoseethl i ght 6 s ef f ec
of fouling growth. Ship test results showed no difference between the shallow and the
deepest paint area on the ship hull. Results can be related to the insignificant depth
difference where the coatings applied so that the ammdnt | i ght t hat t h

deepest and the shallowest points exposed were similar.

Before the examination of the fouling conditions on the field test panels, the
underwater hull inspections were conducted. As a result, fouling organisms observed
within the assessments appeared to be the same species observed in the field and ship
tests. That should be stated that fouling organisms were examined and identified with

the help of a marine biologist.
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The most typical fishing vessel with the most common fishutiyity type was chosen

for the ship tests to comply with a realistic perspective. The experiment procedure to
test the antifouling coatings was followed within the guidance of NSTM and ASTM
standards. During the rating process, observations were codavitiiehe help of in

detail investigations. Following the definitions given in NSTM standards, hands were
used to identify the calcareous and soft fouling. Pictures of each fouling condition,
together with the descriptive notes, were also taken. The plaoid the notes were

used to get help from the marine biologist to confirm the fouling conditioning when
necessary. In the field test, panels were chosen to be painted with a roller brush as
suggested by the survey results proving that a substantialrpofttioe fishing vessels

uses the roller brush to conduct the antifouling coatings. Field test panels were
immersed in a safe place in a fishing port. Furthermore, panels were submerged 117
cm beneath the seawater surface to replicate the average drgftise seiner with a

similar LOA following the immersion dept limits given (ASTM, 2012)standard.

As stated in the literature review chapter in this thesis, different antifouling strategies
perform with both advantages and disadvantages in their way. After completing the
field tests in the Black Sea, a comparison between two antifouling coatitepisa

(Self Polishing Copolymer and Foul Release coatings) was made. To elaborate,
following the fouling ratings of the field tests conducted between two different types
of antifouling strategies, foul release coatings showed a poor performance in
comparson with the setpolishing copolymer coatings under static conditions. Hence,
comparison results showed an excellent agreement with the performance
characteristics of the SPC and FR coatings when the static conditions are in concern.
However, it should beoted that ship tests might show different results due to the SPC

and FR antifouling coatings' working mechanisms, as discussed in Section 2.4.3.

As stated in many studies before, one of the primary triggers for fouling growth rate is
the seawater temperature. In other words, the higher the seawater temperature is, the
faster the fouling growth rate is. While the average Black Sea surface tengpaesur

been statistically considered as 16 degrees Celsius, the average SST for the
Mediterranean Sea has been regarded as 22 degrees Celsius for the last ten years.

Furthermore, this SST difference and its effect on the biofouling growth can be seen
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from the curves fitted in the logistic growth model of the field test data for the Black
Sea and the generated field test data for the Mediterranean Sea. That is to say, due to
higher seawater temperatures, the fouling organisms colonise quicker in the

Mediterramean Sea in comparison to the Black Sea.

Salinity also plays an essenti al role 1in
that many rivers are feeding the Black Sea, the average salinity of the Black Sea is
lower than the Mediterranean Sea salinityels. The impacts of salinity levels are

seen when the salinity | evels are around
forthe oceansisaround-306 8. Fur t her more, it i s essen
the salinity levels where the field tesiccur are within limits; the impacts of salinity

on fouling organisms are not seen in this study. The generalisation for the salinity is
similar to pH levels where the field and the ship tests are conducted as both the Black
Sea and Mediterranean Seaface water pH levels never reach the limits that would

affect the fouler organisms.

Field tests were immersed statically in seawater where the selected fishing operations
were conducted. One of the reasons behind this was to replicate the idle timegf fish
vessels during fishing activities. Sel e
conducted entirely in the Black Sea, which was confirmed with the automatic
Identification System (AIS). For that reason, the temperature, pH, and salinity values
were considered for the Black Sea. Furthermore, the effects of flow velocity on
biofouling were confirmed with the relevant field test and ship test results comparison.
During this analysis, the i diysaroparatom of t
profile was taken into account with the help of AIS data. Also, equivalent idle time

and the fouling condition from the field tests were taken and compared with the ship

test results. This indicated that the fouling condition rating according to NSTM
standard on the ship hull was lower than the field test data. Also, waves and currents

can groom the organisms adhered. These conditions can be confirmed within the field

test results.
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Finally, as the nutrient availability depends on the flow velocity aroundoihier
organisms and whether the area where the accumulation occurs is close to the shore,
the experiment location for the field test was selected as one of the most suitable and

natural environments for fouling organisms.

4.3 Field and Ship Test Preparations

In this section, immersed test panels and ship sestsitroduced, details of the test

preparatiorarepresented together with the results.

4.3.1 Immersion Test Panels

Immersion test panels were used to test the antifouling coating performance over time
immesed in the Black Sea in a fishing por
borders. Two different immersion test panels were set for two different antifouling

coating technologies to represent the SPC and FR type coatings.

4.3.1.1 SPC Immersion Test Panels

The suvey conducted irfChapter 3wvas the initial work done for the immersion test

panels. As a result of the survey, the most common antifouling technologies and
application processes were determined. As a result, five different antifouling coatings
were sele@d and applied on the test panels to immerse in the Black Sea with the help

of the local shipyards and the fishermen. The American Society for Testing and
Materi al (ASTM) 6s Standard Test Method f
Submergence was usad a guide when preparing and conducting the immersion test
panel(ASTM, 2012)

After investigatiols and discussions with the shipyards owners and the constructors,

steel was chosen as the panel materials. The selected panels were used from the same
steel material which the yards used when
led by the shipya owner/craftsman. The reason behind this selection was to replicate

the fishing vesselsd hull surface reali s
mm thick 350 mm x 150 mm steel panels with 525 surface area were prepared for

the immersiortest setup. In addition, 8 mm diameter holes were drilled and centred
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from 22.5 mm away from the top to stabilize the panels in the rack. Finally, the test
panels were sandblasted.

Furthermore, a rack was prepared to keep the panels firmly in a vertgiaibipo
against currents and the waves. For this reason, an iron frame with 50 cm width and
150 cm length was prepared, and four of 30 cm length iron legs were welded in the
frame corners. Frame legs were added to the tool to avoid any possible contact with
the concrete while pulling the immersion test apparatus out of the water andiagamin
the panels. In addition, panels were insulated to prevent metallic contact with the rack.
The panels in the rack were mounted side by side, leaving5® 30m distance
between the adjacent panels. To do that, 5 mm holes were drilled within the rack to
secure the drilled panels. Plastic delfking strap ties were used in order to keep the
panels firmly in the rack. Panels and the exposure rack pictures can be seen in
Figure 41.

Figure 4-1: Immersion test tool preetup

Next, the antifouling coatings were applied using the-sglected coatings as
aforementioned in this chapter. It should be noted that the coating application was
conducted by the shipyardébés painter, who
applicaton process of the largest shipyard for the fishing vessels in the region. The
professional painter was chosen to represent a realistic perspective and follow the
routines of antifouling coating applications. The coating was applied with roller
brushes as eesult of the survey results. A layer of epoxy coating was first applied as

a pretreatment coating before the final antifouling coating was applied on each side

of the panels. In addition to that, a panel was left blank intentionally as the reference
parel. After the coating application process was completed, all the test panels and the
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reference panel were labelled as: Paint 1, Paint 2, Paint 3 (Ref. Panel), Paint 4, Paint
5, and Paint 6. Paint 3 refers to the reference panel for the SPC immersion test
apparatus, and there was no coating applied on the reference. A general look for the

immersion test rack is presentedFigure 42.

Figure 4-2: A General Look of the SPC Immersion Test Apparatus

Furthermore biocide contents of the SPC coatings were obtained fromo y d 6 s
Register (2018)Investigating in detail revealed that no information was available on

the bioci de cont e-uptcompdny produced thiS Coatiggid theye a st
could not share the contents duetteitt policy. Details of the coatings applied on the
immersion test panels can be seefable 41.

Table 4-1: Antifouling coatings applied on immersion test panels (where CO: Cuprous Oxide, Di: Diuron, CY:
N-cyclopropytN &1,1- dimethylethyl}6- (methylthio}1,3,5 Triazine2,4-diamine, ZP: Zinc Pyrithione)

Coating Locally / Internationally o o
o Antifouling Type  Biocide Contents
Labels Availability
Paint 1 Locally available Biocidal- SPC CO, Di, CY
Paint 2 Locally available Biocidal- SPC CO, Di, CY
Paint 3
N/A N/A N/A
(Ref. Panel)
Internationally o
Paint 4 _ Biocidal - SPC CoO, zP
available
Paint 5 Locally available Biocidal- SPC N/A
Internationally o
Paint 6 . Biocidal- SPC CO, CP
available
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After the coating application process, roughness measurements were taken for each
paint using the TQC Surface Roughness Gauge and the mean roughnesssérted
as shown imrable 42.

Table 4-2: Mean RoughnesRs) Me asur ement Results for Each Applied Coas

Paint 1 Paint 2 Paint 3 Paint4 Paint5 Paint6
(Ref. Panel)
Ra‘ 110 117 N/A 234 195 279

The immersion test panel apparatus was submerged at 117 cm depth from the surface
on 4th September 2018 in a determined location, and it was observed weekly for the
first month and then biweekly until the W2veek in one year period. The site where

the immersion took place can be seerFigure 43. The panels were left in the
seawater foa further period, and the accumulation was checked two more times in
week 74 and week 78. Fouling accumulation results are preserbedtion 45.1 of

this chapter.

Figure 4-3: Field test immersion St

4.3.1.2 Foul Release (FR) Immersion Test Panels

Survey results iChapter 3howed that the only type of antifouling coatings used was
biocide based SPC coatings among fishing vessels. However, as stated in the previous
chapters, with stricter regulations, anetowards the use of less toxic antifouling
technologies is inevitable. For that reason, foul release (FR) coatings were included in
the field tests to make a comparison between SPC and FR coatings performance. To
do that, one of the leading antifouling@t i ng compani esd help
di scussions with the relevant companyo6s

coatings were determined to be immersed in the Black Sea as part of seat tests. Due to
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the companyds pri vac gse @atihgibandssere labeleld asct e d
A, B, C by the company. Furthermore, because each coating was applied on two
different test panels, the author made the final labelling as; Paint A1, Paint A2, Paint

B1, Paint B2, Paint C1, and Paint C2.

Similar to theSPC coating immersion test tool, the American Society for Testing and
Materi al (ASTM) 6s Standard Test Method f
Submergence was used as a guide when preparing and conducting the FR immersion
test pane(ASTM, 2012) Therefore, to comply with the standards, 6 copies of 4 mm

thick 350 mm x 150 mm steel panelgth 525 cnt surface area each were prepared

for the FR immersion test setup in the Mechanical Engineering department of the
University of Strathclyde. In addition, 10 mm diameter holes were drilled and centred
from 22.5 mm away from the top in order talstize the panels in the rack. Panel

dimensions can be seenhkigure 44.
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Figure 4-4: Dimensions of the Panels prepared

After preparing, 6 steel panels were sent to the antifouling coating company to be
firstly blasted and then coated. At this point, it should be noted that although the SPC
coatings were applied by the shipyardos
coomanyb6s professional team due to the wo
panels with the labels can be seefkigure 45.
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| Paint A1 | Paint A2

Figure 4-5: Foul Release coatings to be immersed in Black Sea where A, B, Garfing the coating brands, 1

and 2 represents the same coatingbs replic

After the companyés professional team cor
roughness measurements were taken with the Taylor Hobson Surtronic 25 roughness
tester However, due to an unforeseen incident, the measurement for Paint C1 could

not be taken. Relevant roughness measurements for the mean roughnean (R

seen inTable 43.

Table 4-3: Mean RoughnesiRs) Me asur ement Results for Each Applied Co:

Paint A1 Paint A2 Paint B1 Paint B2 Paint C1 Paint C2

Ra  0.52 0.65 0.8 0.6 N/A 0.2

After panel preparation, coating application and the mean roughness measurements,
panels were sent to the Black Sea region, where the immersion tests took place. Next,
another rack was prepared similar to the rack used for the SPC immersion test tool by
the same shipyard craftsman. Tteek dimensions were kept tlsame as the SPC
immersion test apparatus. However, instead of drilling the rack frame, this time, an
iron chain was tangled into plastic skltking strap ties that were linked to the panels.
Moreover, panels in the rack were mounted side by side, and the distance between the
adjacent was left 3D 50 mm. Thus, panels were kept firmly in a vertical position
against currents and the waves and so that the metallic contact with the rack was

preventé. Panels and the exposure rack pictures can be sEeyune 46.
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Figure 4-6: A General Look for the FR Immersion Test Tool

Following the completion, the FR immersion test apparatus was immersedan 130
depth from the surface on 1 February 2019 in a determined location with limited
access to be observed weekly for the first month and then biweekly uhtilesk in
one year period. Fouling accumulation resaltspresented irSection 45.2 in this

chapter.

4.3.2 Ship Tests

Ship tests are the most accurate method of testing an antifouling coating performance
against biofouling, as aforementioned in Chapter 2. After negotiations with several
fishing vessel stakeholders, one of the stakeholders agreembperate. For that
reason, the selected SPC coatings stat&kation 43 were applied on a purse seiner
fishing vessel of 30 m LOA in the Black Sea. After applying several coatings on the
selected ship hull, fouling accumulatioase analysed and compateavith the SPC
immersion Test Panel results. Results of the ship &estsresented irSection 45.3

of this chapter. I n order to apply coat.
person who conducted the SPC immersion test coatings, painteghiing fressel as

a first step. During coating application, a specified area was left empty to apply the
selected coatings by the painter. The coating application process can be seen in
Figure 47, where the picture labelled by 1 represents the coatingsapaated for

the coating application, and 6 shows the final condition of the coated area for the ship

test.
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Figure 4-7: Ship test coating application procedselected antifouling coatings on selectistiihg vessel

After applying coatings on the vessel, each coating was labelled. Labels were attached
right above the paintings to identify each coatiRgure 48 illustrates the coating
labels from left to right as Paint 1 (as PoR1), Paint 2 (as Por P2), Paint SH (as

Porti P3), Paint 4 (as PortP4), Paint 5 (as PortP5), and Paint 6 (as PartP6),
respectively.

Figure 4-8: Labelling of the coatings applied on the Ship Test Fishing Vessel

As is illustrated on the labels, coatings are applied only on the port side of the vessel.
The reason is |linked to the vessel ds ope
therelevans t akehol der , the vessel 6s operation
decide whether the coatings were applied on the starboard side or port side of the

vessel. As the fishing nets are hauled from the starboard side of the aasgsgét
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heavyweight othe net with the caught fish generate shear stress between the hull and
the net, resulting in the wiping of the biofouling on the hull. This also causes
deformation of the antifouling coating on the starboard side of the vessel. Therefore,

the port side Bbthe fishing vessel was chosen for antifouling coating applications.

During the coating application process, a couple of unexpected incidents occurred. The

first and the most important one was the width of the area, which was supposed to be
spared forship test coating application. Although the arrangements were made with

all of the stakeholders of the selected fishing vessel, the antifouling application was
conducted by foreign | abour. Due to | ack
invaded 40% othe area, which was supposed to be used for the ship test coating
application with the antifouling coating
hull. In other words, the area in which the coatings were applied were smaller than the
initially planned area. For that reason, the surface areas oteaithgsapplied are

not the same as each other.

Figure 4-9: Dimensions of the Coatings Applied on the Fishing Vessel
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Figure 49 illustrates the dimesions of the coatings applied on the underwater hull of
the fishing vessel. Based on the dimensionBigure 49, each surface area of the
applied coatings was calculated in regard to the trapezoid surface area fdiabida.
4-4 shows the surface areaseach applied coating on the vessahderwater hull

surface.

Table 4-4: Dimensions and Surface Areas of Each Applied Coating on the Ship Test Fishing Vessel

Height  Aboveline Belowline  Surface area ir Surface area in

incm  widthincm  width in cm cn? m?

Paints

Paint 1 150 20 25 3375 0.3375
Paint 2 150 26 21 3525 0.3525
Paint SH 150 26 27 3975 0.3975
Paint 4 150 26.5 37 4762.5 0.47625
Paint 5 150 25 34.5 4462.5 0.44625
Paint 6 150 30 35 4875 0.4875

After coating applications were conducted, mean roughness measurements were taken
from two different parts of the coated areas for each coating applied on the ship hull.

The first measurements were taken from the area that is closest &atherface of

the coated area, which is stated as fAADbC
from the area that is furthest to the se
purpose, the same roughness measurement device, TQC Surface Roughness Gaug

was used, and the measurement results are preseiaioléen45s.

Table 4-5: Mean RoughnesRa) Me asur ement Results for Each Applied C

Paint 1 Paint 2 Paint SH Paint4 Paint5 Paint 6
Ra (Above) 200 131 95 159 115 145
Ra(Below) 128 123 94 132 142 216
Ra (Total) 164 127 94.5 1455 1285 180.5
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On a final note, as stated previously in this section, the coatings applied on the SPC

I mmer sion test panels and the coatings a
same. Also, Paint SH was used for the ship test because the reference panel had no
coating applied. Paint SH was the coating that the shipowner used, and this coating

was not included in the SPC immersion Test panels due to an incident that occurred.

4.4 Rating System

Before presenting the results of the fouling accumulation or growthegdential to

detail the method used to quantify the biofouling on the immersed panels and the ship
coating tests. Naval Shipds Technical Ma
used to rate the fouling growth. NSTM rating is a fouling index thaeid as guidance

on hull cleaning by the US Navy. Hence, to determine the fouling condition of both

the ship and field tests conducted in this study in situ, the NSTM rating system was

used.

According to the NSMT rating system, there are three fouling cag=gdescribed as

soft, hard and compositBlISTM (2002) The soft fouling is assumed to be composed

of slime and grass type fouling. For the slime accumulation, the hull surface is
considered smooth and geaky follows the hull contours. On the other hand, the
grass accumulation for the soft fouling is described as the green formation, and as the
submergence depth increases, the colour changes from green to brown. Furthermore,
for hard fouling, there are ttwvdominant forms; barnacles and tubeworms. Whilst
barnacles have hard shells with jagged tops, tubeworms project out and lie on the hull.
In addition to the advanced forms of fully grown barnacles and tubeworms, other
calcareous organisms such as molluscdivalves like mussels, oysters or oyster
hydroids, anemones and tunicates as Shal organisms are considered as composite

fouling.
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Furthermore, the NSTM standards present a rating system starting from 0 to 100 with
increasing severitywhilst a rating of 0 symbolises a feftke surface, ratings up to

30 represent soft fouling. Moreover, a rating of 40 indicates the early stages of
calcareous fouling, and the fouling severity increases with increasing rating numbers.
Finally, a rating ofLO0 denotes more than one type of larger calcareous fowlmch

Is considered composite fouling. Within this point, a clarification has to be made
regarding the rating systems used. Due to the complex accumulation structure of the
fouler organisms anttansition phases from specific ratings to the following, fouling
ratings denoted could not be matched with the descriptions given in NSTM standards
on some occasions. For that reason, the author chose to usatsegsi to describe
these complex structes. Detailed NSTM rating system with the definitions of each

rating grade can be seenTiable 46.
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Table 4-6: Fouling Ratings (FR) with the increasing severity adapted M&hM (2002)

Fouling

Type Rating (FR) Description

A clean, foulfree; red and/or black AF paint or a bare me

Soft 0
surface.

Light shades of red and green (incipient slime). Bare metal

Soft 10 painted surfaces are visitbeneath the fouling.

Slime as dark green patches with yellaw browncoloured areas
Soft 20 (advanced slime). Bare metal and painted surfaces ma
obscured by the fouling.

Grass as filaments up to 3 inches (76 mm) in lenmthjections up
to 1/4 inch (6.4 mm) in height; or a flat network of filaments, gre
yellow, or brown in colour; or soft necalcareous fouling such ¢

Soft 30 . L

sea cucumbers, sea grapes, or sea squirts projecting up to 1/

(6.4 mm) in height. The fouling camot be easily wiped off by

hand.

Calcareous fouling in the form of tubeworms less than % inch
Hard 40 S .

mm) in diameter or height.

Calcareous fouling in the form of barnacles less than % inch
Hard 50 e )

mm) in diameter or height.

Combination of tubeworms and barnacles, less than ¥ inch
Hard 60 I :

mm) in diameter or height.

Combination of tubeworms and barnacles, greater than % inct
Hard 70 A .

mm) in diameter or height.

Tubeworms are closely packed together and growmight away
Hard 80 from the surface. Barnacles are growing one on top of anoth

inch (6.4 mm) or less in height. Calcareous shells appear cle
white in colour.

Dense growth of tubeworms with barnacles, ¥ inch (6.4 mn
Hard 90 greater inheight; Calcareous shells brown in colour (oysters
mussels); or with slime or grass overlay.

All forms of fouling present, Soft and Hard, particularly s
Composite 100 sedentary animals without calcareous covering (tunicates) gro
over various foms of hard growth.

As stated inTable 46, fouling ratings change depending on the height, length,
diameter, species, formation, grouping, colour, and being able to rip off by hand. In
addition to that, picture examples of the defined foutngditions are illustrated in

the NSTM standardsvhich can be seen ifigure 410.
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FR 10

FR 40

FR 60

FR 80

FR 90 : FR 100

FR 100

Figure 4-10: Fouling Condition Examples for Each Fouling Rating (FR) adapted [R8fM (2002)
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The roughness function of any hydraulic surface is an important hydrodynamic
parameter representing the frictional drag charetics of a rough surface. This
includes a ship hull surface, including fouling growth on its coated surface. By using
the roughness function, one can estimate the increase in the frictional resistance of the
ship hull. In order to conduct such estimatmractically, Schultz (2007¢alculated the
roughness function data for some specified hull surface roughness conditions,
including certain fouling types, uginthe aforementioned NSTM rating system, as
shown inTable 47. In this table, Schultz represented the roughness function for each
surface condition represented by the corresponding NSTM rating by using the
equivalent sand roughness heidkf) and correspnding pealto-trough coating
roughnessR1s)

Table 4-7: A range of representative coating and fouling conditions. The values of equivalent sand roughness

heights k) and average coating roughneR&d) arebased on the measurement$Sohultz (2004pdapted from
Schultz (2007)

Description of condition NSTM Rating Q Aa Yo Ad
Hydraulically smooth surface 0 0 0
Typical as applied AF coating 0 30 150
Deteriorated coating or light slim 10-20 100 300
Heavy slime 30 300 600
Small calcareous fouling or wee 40-60 1000 1000
Medium calcareous fouling 70-80 3000 3000
Heavy calcareous fouling 90-100 10000 10000

Therefore, after determining the relevant fouling rating for each coating type immersed
and tested, the above data providedSwohultz (2007)was used to gendmthe
roughness function data of both test panels in the field and test coatings on the ship

hull over time.
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4.5 Field and Ship Test Resultdor the Black Sea

45.1 SPC Immersion Test Panels

After the preparation of the SPC coatings field test setup, panels Wwec&ed
regularly over a year. Each immersion test panel apparatus was taken out of the water
as a first step. Following that, panels were skimmed through quickly. Next, photos of
each panel were taken. After that, each panel was checked closely with both
observation and probing by hand to specify relevant species. Following that,
measurements were taken when necessary to take notes. Finally, panels were rated

according to the NSTM standards.

4.5.1.1 Fouling Rating Assessment of SPCoatings

For the SPC coating imension test panels, each panel was observed over a year
periodically. The first month was divided into four weeks. Following that, biweekly
inspections were conducted until an entire year was up. After completing the whole
year, the SPC Immersion field tgsanel was planned to be checked every three
months; however, due to an unforeseen global pandddueid-19, examinations

were interrupted.
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For that reason, the SPC field test had to be ended after 2 more inspections with 18
mont hs of I mmersion time in total. SPC |
in the first 4 weeks, and then 3 months, 6 months, 9 months, 12 months and 18 months
canbe seen irFigure 411, respectivelylt should be noted that, due to visual and
practical convenience, only 10 fouling conditions of each coating are presented in this
section. Pictures of each examination conducted for the SPC immersion test panels
over 18 months are presented in Appendix In addition to that, fouling rating
assessmerof the SPC Immersion Test Panels illustrateéigure 411 can be seen

for each SPC coatisgover time in Appendix D

4.5.1.2 Logistic Growth Model Fitting for SPC Test Panelsand Discussions

When it comes to modelling the accumulation or the growth characteristics of the
fouler organisms, the population dynamics of the relevant organisms play a significant
role. Furthermore, population dynamics take several factors into daetine rates

of reproduction, death, and mitigation, whilst considering a group of organisms.

Therefore, population modelling has to be carefully considered when the population
size and the structure over time are of concern. Two mathematical growtls oaxle

be considered to model the biofouling accumulation over time; exponential and

logistic growth models.

The exponential logistic growth model assumes that there is no resource limitation.
Therefore exponential growth model is supposed to mimicaadpul on s behayv
when there is no limitation. That is also important to state that individual growth rate

is accepted to be the same, or in other words, it is assumed that growth rate is not
affected by any factor for the exponential growth modelling sTexyponential growth

plots a dshaped curve. Although there might be times when the populations show
exponential growth, the exponential model is unrealistic because environments impose

certain limitations to the population and its growth rate.

Moreover the logistic growth model modifies the exponential growth model by taking

the carrying capacity into account. Due to having limited resources in the environment,
the population growth rate is expected to become smaller until the population size
reaches a aximum where the available sources are limited so that the growth rate

becomes insignificant. This point at the maximum represents the carrying capacity for
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the population in nature. In other words, carrying capacity is an important parameter
representingpow environmental limitations affect population growth. Therefore-an S
shaped curve is produced with the logistic growth m@8atkar, 2005)The logistic
growth model, therefore, is assumed to model population change for fouling growth
over time whilst focusing on the carrying capacity of the population, which results in
S-curved growth(Babin et al.2008; Breur, 2001)

After determining the fouling growth ratings of all the test panels and hull surface
patches according to the NSTM rating system, a logistic growth model was used to fit
the fouling ratings of the SPC immersion test panels in logsirves. For this
purpose, a logistic growth model over time usedJayn et al. (2019vas modified

to fit the fouling ratings using Equan 3Q

. E "H
EN TR T ha

(30

Where FR is the fouling ratings according to NSTM standards, P, p, b, ¢, d, f, and g
are logistic growth model constangsd t is the sum of immersion time in days.

The NSTM ratings of each coating used in the SPC immersion test panel and logistic
growth models fitted can be seenFigure 412. Fouling ratings against immersion

time were plotted and fitted in the logistic growth model by u&ggation30, and
consant values for each coating is presented above the fitted curves. It should be noted
that the logistic growth model constants use#igure 412 represent approximately

18 months (546 days) lasting fouling conditions. Lookingrigure 412, although

there are some deviations between the data points and the curve, the model matches
with the trend from a general perspectiverther details of the fouling growth pattern

for each test case are discussed in the following

As it is observed ifrigure 412 thatthe longer time the panels are immersed, the more

the fouling ratings are, as expected. The reference panel (Paint 3) reaches the highest
fouling rating, which is 70 and i s desci
barnacles, greaterthan 2 ind4 m)i n di amet er or heighto.

the maximum soft fouling rating in 43 days; Paint 2 presents a better performance in
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maximum NSTM fouling rating for thesoft fouling condition in 112 days.

Further mor e,

al though

al
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panel 0s

level before the calcareous species appear in less than 100 days, the calcareous species

start to appear on the panels approximately &fi@rdays of immersion.
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Figure 4-12: Fouling ratings fitted in logistic growth model for SPC coatings for 18 months
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FromFigure 412, it can be seen that after 546 days of immersion in the Black Sea,

the maxi mum fouling rating that Paint 10:
According to the NSTM fouling rating i ni
tubewormslesstma 1+ i nch (6.4 mm) in diameter or

of 40. Furthermore, it can be seen that the fouling rating for Paint 1 reaches the fouling
rating of 30 after 150 days of immersion. Following that, fouling ratings seem to show

no growth(in terms of fouling ratings) until the 40@ay. After the 400 day, fouling

growth seems to further develops and reaches the fouling rating of 40 after 546 days

of i mmersion at the end. Due to the reas:
a particular time for the ongoing fouling growth process, there might be several reasons
behind this period with the fouling rating 30, such as the changes in environmental

conditions (waves, light, nutrient, and pH and temperature).

For Paint 2, it can beeen fromFigure 412 that the maximum fouling rating that the
biofouling reaches is 30 after 546 days of immersion in the Black Sea. According to
the NSTM fouling rating index, fAGrass as
projections up to 1/4 ifc (6.4 mm) in height; or a flat network of filaments, green,
yellow, or brown in colour; or soft necalcareous fouling such as sea cucumbers, sea
grapes, or sea squirts projecting up to 1/4 inch (6.4 mm) in height. The fouling can not
be easily wipedofby hando represents the fouling
be seen that fouling ratings for Paint 2 reach the fouling rating of 30 after 546 days of
immersion. However, looking &igure 412 in detail, the fouling rating over 546 days
shows fluctutions for Paint 2. To be more specific, whilst the data points show that

the fouling rating of 30 is reached only after approximately 125 days, there is a
decrease in fouling rating from 28@ay up until approximately 560day. Although

the reasons bet this fluctuation are uncertain, seasonal changes in environmental
conditions such as waves, light, nutrients, pH, temperature, and predators might

directly affect the biofouling conditions over time.
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Figure 4-13: A pipefish Syngnathus typhldound tangled in the field test mechanism

Within this perspective, an example can be given in one of the fouling rating
examinations from the field testBigure 413 shows that a pipefistByngnathus
typhlg was bund tangled in the field test mechanism during the field test inspections.
Furthermore, Pipefish are commonly known to have a diet consists mainly of small
crustaceans, and they are commonly associated with the grass beds (Oliveira et al.,
2007). Combinig all this information, one of the high possibilities of the fouling

rating decrease for Paint 2 might be attributed to these animals among the others.

The maximum fouling rating that the biofouling reaches for Paintf@rence panel)

is 70 after 546 day/of immersion irthe Black Sea. According to the NSTM fouling
rating index, fACombination of tubewor ms e
in diameter or height. o6 represents the f
less than two weeks, fouling rating of 40 is reached due to the unprotected surface
panel (reference panel). After reaching the fouling rating of 40, fouling growth stays

at the same fouling rating level until nearly tienfonth. Due to the reason that fouling

o r g a n settlemerd requires a particular time for the ongoing fouling growth
process, there might be several reasons behind this period with the fouling rating of

40, such as the changes in environmental conditions (waves, light, nutrient, and pH
and temperaturelrouling rating reaches the fouling rating of 50 for a month and then
reaches the fouling rating of 60. At the end of a year of immersion test, the biofouling
rating becomes 60. However, considering the 546 days of immersion time, biofouling

growth contines, and the fouling rating reaches 70.
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