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Note on the title

This thesis borrows part of its title from a novel by British Royal Navy officer
Denys A. Rayner, The Enemy Below 1 [1956], adapted to cinema by Dick Powell
in 1957. In the current context, it is meant to symbolize the struggle against
marine ship fouling, which has accompanied mankind ever since the first ship set
sail to sea.

1

According to worldwide trademark databases, the expression “The Enemy Below” is
not currently protected:
 USA Trademark Database:
https://tmsearch.uspto.gov [Last accessed: 07/06/2017].
 UK Trademark Database:
https://trademarks.ipo.gov.uk/ipo-tmtext [Last accessed: 07/06/2017].
 Swedish Trademark Database (worldwide search):
https://was.prv.se/VarumarkesDb [Last accessed: 07/06/2017].
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Abstract

Below the waterline, commercial ships are good targets for marine organisms to
attach and proliferate, a problem commonly known as biofouling. A fouled hull
means higher hydrodynamic resistance, which can result in significant fuel
penalties. In a fossil-fuel thirsty maritime sector, this means disadvantages in
economic, societal and environmental terms. This thesis presents tools for
improving current practices related to hull performance management, focusing
on the adhesion strength of marine organisms on different coatings (Paper I) and
estimation of fouled-hull penalties (Paper II). In Paper I, knowledge gaps that
hinder better matching of cleaning forces to adhesion strength of marine
organisms are identified, and conclusions are derived from published adhesion
strength data. From this adhesion-strength perspective, it is arguably better to
invest in combating early stages of fouling, e.g. during idle periods, than using
aggressive methods against advanced stages of fouling after an idle period.
Regarding estimation of benefits of hull cleaning from a fuel-saving perspective,
Paper II demonstrates that the hull form might be an important parameter to
consider at low speeds and for less slender vessels. This thesis further applies a
rapid calculation method (Granville method) in estimating the hull condition from
vessel monitored data (noon reports). The estimated roughness height can be
used as an indicator of the hull condition, with the advantage of being
independent from vessel speed, which is not the case for other indicators, such
as percentage speed loss.
Keywords: biofouling; adhesion strength; in-water hull cleaning; hull grooming;
turbulent boundary layer; frictional resistance; roughness; ship resistance; hull
form factor.
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1. Introduction
He immediately observed the bottom of the boat to
be covered with a species of small clam, which,
upon being tasted, proved a most delicious and
agreeable food.
Owen Chase

Since early ages, it has been recognized that marine life growing on ships’ wetted
surfaces makes it more difficult to gain speed. Already in the first century A.D.,
Plutarch identified marine growth as a deleterious factor for performance, and
clarified the need for protecting the ship (Plutarch n.d.). Owen Chase, in the
above quote from an 1820’s shipwreck survival account2, only partially
recognizes the importance of a clean hull; otherwise, he might also have praised
a temporary improvement in hull hydrodynamic performance as a possible factor
in his survival.
Today, in spite of a significant advance in technical solutions and knowledge
on biofouling mechanisms, hull fouling remains a chronic malady for the shipping
industry. This is certainly aggravated by the current fleet overcapacity, which has
led to increased idle periods (BRS 2017) that favour the proliferation of marine
growth on the hull. In order to avoid idling and also lower the fuel consumption,
some shipping segments have also turned to slow steaming (UNCTAD 2016),
which however increases the percentage of energy dedicated to overcoming the
fouling penalty (Woods Hole Oceanografic Institute 1952). Still, in the current
context of low energy prices3, noisy voyage performance data, schedule
constraints, uncertainties in fuel consumption measurements and misplaced
incentives for improving energy efficiency (Johnson & Andersson 2014), the
investment in improving biofouling management might not be at the top of many
ship owners’ priorities. Nevertheless, the situation will hopefully be improved by
recent developments in terms of increased transparency and clearer
responsibilities, namely through standard hull performance monitoring methods
2

The whale-ship Essex sank in 1820 and later provided inspiration for Melville’s novel
Moby-Dick, Or the Whale [1851].
3
In the last decade, crude price reached an absolute low in early 2016, which was more
than 4 times lower than the peak value in 2008 (Nasdaq 2017).
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(ISO 2016) and special clauses dedicated to hull cleaning in chartering contracts
(BIMCO 2013). Additionally, in the wake of the International Convention for the
Control and Management of Ships' Ballast Water and Sediments, aiming at
preventing the spread of Non-native Invasive Species (NIS), the International
Maritime Organization (IMO) has released guidelines for management of
biofouling (IMO 2011a). Although such guidelines are currently voluntary, ship
owners should be prepared for eventual future developments in similarity to
ballast water management.
The “true” cost of hull fouling involves more than direct costs related to speed,
fuel and hull maintenance. By increasing required propulsive power, biofouling
has an impact on emissions to air from shipping, including greenhouse gas
emissions (GHG: CO2) and air pollutants (NOX, SOX and particulate matter). It is
estimated that 9-12% of emissions from shipping are due to hull and propeller
under-performance (IMO 2011b). In the period 2007-2012, shipping emitted
roughly 1 billion tonnes of CO2 per year (IMO 2014). Although shipping emissions
correspond to only ~3% of global emissions, it is argued that shipping should be
part of the effort to curb global warming (Anderson & Bows 2012). Additionally,
other environmental and societal consequences of a fouled hull must also be
assessed, including risks associated with measures against fouling, such as
chemical contamination through release of toxic substances from hull paints
(Thomas & Brooks 2010) and biological contamination through the spread of NIS
(Drake & Lodge 2007). All such consequences are ultimately bound to affect
future conditions for life on Earth.

1.1.

Background

As soon as a solid surface is exposed at sea, it provides a substrate for some
marine species to adhere to and develop during their sedentary life stages. This
occurs on both natural and manmade structures, which can be stationary – e.g.
buoys and offshore structures – or moving – e.g. ships and recreational boats.
Most of the fouling occurs under stationary/static conditions (Dürr & Thomason
2009a).
The submerged area available for biofouling settlement on a single vessel
varies widely within the world’s commercial fleet, ranging from a couple hundreds
of square meters for small-sized vessels, to a few hectares for large-sized vessels
(Moser et al. 2016). The development of biofouling communities on ship hulls is
determined by a large number of variables (Woods Hole Oceanografic Institute
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1952; Dürr & Thomason 2009a). Operational parameters that determine the
amount and distribution of fouling on a ship hull include vessel speed, total idle
time, dry-dock interval, trade route, port calls (“clean ports” versus “foul ports”),
geographical location, distance from shore, temporary permanence in freshwater
courses, adequacy of fouling-control system to operational profile of the vessel,
integrity of fouling-control system and, finally, the frequency of in-water
maintenance (Woods Hole Oceanografic Institute 1952; Brock et al. 1999; IMO
2011a). Numerous environmental variables further complicate the prediction of
biofouling development on a ship: local- and season-dependent biofouling
pressure (i.e. concentration of propagules in seawater), weather conditions,
seawater temperature, salinity, currents, etc. (Wood et al. 2000; Briand et al.
2017). Finally, the design of a ship hull determines the percentage of wetted
surface that is sheltered from high hydrodynamic stress (IMO 2011a). These
sheltered areas, together with dry-docking support strips (areas not protected by
recently applied anti-fouling paint), represent niche areas, which usually host a
higher degree of fouling and higher diversity of fouling species (Davidson et al.
2009).
Ever since seafarers became aware of issues associated with biofouling, the
struggle for an intact and smooth underwater hull has resulted in an
overwhelming amount of solutions throughout the history of shipping, most of
them with doubtful results in terms of deterring growth (Woods Hole Oceanografic
Institute 1952). On wooden hulls, the main target were shipworms, organisms
that carve into wood and affect structural integrity. Protection could be achieved
by wood treatment or sheathing with various possible materials. Centuries after
early usage of copper by Phoenicians, copper was rediscovered around the 17th18th centuries for its antifouling properties, which were only proven in the 19th
century. Meanwhile, with the introduction of iron/steel hulls, copper sheathing
was found to be unsuitable, due to accelerated corrosion, so the focus shifted to
paint systems, which today still largely rely on controlled release of biocides to
seawater (Woods Hole Oceanografic Institute 1952; Yebra et al. 2004). Recent
developments in fouling control will be further explored in Section 2.2.
Today, commercial ships usually undergo compulsory dry-docking and hull
surveys for safety and structural integrity, as required by Classification Societies,
in intervals of roughly 5 years (Takata et al. 2006). Due to associated high costs,
dry-dockings are also the only chances for removing damaged paint and
repainting the hull, where quick touch-up of damaged areas is normally preferred
to an entire hull blasting. Within dry-docking intervals, in-water hull cleaning is a
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common practice, especially for vessels operating in tropical zones. Such
cleaning events are typically triggered by performance monitoring from voyage
data (Munk et al. 2009) or underwater surveys (NSTM 2006; BIMCO 2013). Inwater cleaning should be performed in such way as to not damage the existing
fouling control paint (IMO 2011a; BIMCO 2013), otherwise risking penalties from
increased mechanical roughness (paint roughness and corrosion), as well as a
higher biofouling growth rate in the subsequent time period (Malone 1980; Munk
et al. 2009).

1.2.

Aim and research questions

Hull maintenance comes with a dilemma: on the one hand, economic and
environmental reasons call for lowering the amount of fouling on ship hulls (hull
performance, fuel consumption, emissions to air and transport of non-indigenous
species); on the other hand, control of biofouling comes with other consequences,
such as emission of toxic compounds to water (Thomas & Brooks 2010) and
release of NIS (Morrisey et al. 2013). The aim of the current on-going project is
to explore tools for a compromise between these two sets of impacts.
Main research questions addressed in this thesis are presented in Figure 1
and deal with minimizing underwater hull cleaning forces (appended Paper I) and
better estimating performance gains from hull cleaning (appended Paper II).
Specific questions dealing with hull cleaning (Paper I) include: discuss the
representativeness of laboratory measurements of adhesion strength relative to
naturally occurring communities on today’s ships; identify the knowledge gaps for
optimizing hull cleaning technology. Regarding the fouled hull penalty (Paper II),

Figure 1 – Overview of main research questions.
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cost-effective methods for estimating hull roughness penalties are discussed,
revisited and extended.

1.3.

Delimitations

This thesis is part of an on-going project that will culminate in guidelines for hull
cleaning in the North Sea region. Firstly, the regional focus should be highlighted,
since biofouling communities and fouling pressure vary widely across the globe.
Nevertheless, conclusions for cosmopolitan species, such as the macroalga Ulva
sp., should be more widely applicable, although local variations should be
acknowledged, such as seasonality, temperature, salinity, etc. Secondly, the
present work focuses on forces necessary to remove different degrees of fouling
from hull coatings, whereas the design of specific hull cleaning devices is not
considered, except in what deals with actual forces applied at surface level, i.e.
pressure and wall shear stress.
In terms of hull performance estimation, the propeller roughness condition is
not addressed directly. Finally, a full techno-economic assessment of hull
maintenance practices, as attempted by Malone (1980), is out of the scope of the
current study: even though it is considered as an ultimate goal, such type of
assessment must be made on a case-by-case basis and will be dependent on
volatile conditions of global trade and shipping economics (Stopford 2009).

1.4.

Research ethics, sustainable development and end use of
results

This sub-section is dedicated to identifying and analysing important ethical
questions concerning this work and, also, potential consequences of the project
in terms sustainable development.
The first question regarding research ethics deals with sources of funding. In
the current study, funding is provided by the Swedish Energy Agency, which is a
state-owned agency, funded by taxpayers. This ensures that no commercial
interests are involved. All publications will be made available to the public via
Open Access (free downloading from publisher or from an open repository).
In this project, vessel details and performance data are shared between
researcher and collaborating shipping companies. This entails that confidentiality
must be kept regarding commercially sensitive information, such as routes and
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historical data of vessels (location, speed and other details). However, for the
current research aim, results can be made publicly available and discussed
without referring to an absolute time frame or location of the vessel. Still, any
information disclosure is subject to approval from the shipping company, with no
damage to the relevant findings of the study.
The project is further analysed in terms of potential benefits and drawbacks
of the outcome for several stakeholders (shipping companies, etc.), as well as for
the five capitals defined by Stacey & Stacey (2012).
Shipping companies collaborating in the study (ship owners and operators)
might gain a better insight on the performance of their vessels, or check their own
performance indicators. Also, increased knowledge on hull cleaning forces and
consequences of hull cleaning would be a clear advantage. Some sampling
procedures might cause temporary, localized damage to the top coating of the
hull, which should have minor consequences in vessel performance and will not
affect integrity (e.g. deployment of magnetic panels as in Coutts et al. 2007).
The shipping industry, as a whole, might benefit from the outcome, firstly via
transparency regarding experimental and numerical methods used in this study
(all details are publicly available) and, secondly, via possible implementation of
improved practices in the industry: reduced fuel consumption and reduced drydocking costs related to the underwater hull paint system. Other means of
transportation (air- and land-based) might suffer in terms of competitiveness, but
this also comes with environmental advantages, as detailed below in this section.
Hull cleaning companies, namely technology developers and users (diving
companies), might benefit from clearer standards in terms of forces applied
during in-water hull cleaning. Shipyards would also benefit, in the long run, from
lower costs concerning environmental protection, assuming reduced need for
dry-dock maintenance of the underwater hull. The later would also result in a
lower turnaround time for docking vessels, which would increase business
opportunities for shipyards, as current issues with availability of dry docks are
well known to the industry (Takata et al. 2006). Paint manufacturers would also
benefit, by increasing the success rate of their products and demonstrating
performance gains with higher transparency, an aim also preconized by the
developers of the ISO 19030 hull performance standard (ISO 2016). However, a
hazard exists here for paint companies, in that volume sales could drop as hull
cleaning practices and technology improve. However, a likely increase in global
seaborne trade (UNCTAD 2016) might more than compensate for this.
6

CHAPTER 1 – INTRODUCTION

The five capitals defined by Stacey & Stacey (2012) correspond to Natural,
Human, Social, Manufactured and Financial capitals.
The Natural capital would benefit from reduced GHG emissions, as the
shipping industry would reduce its share of emissions through better hull
performance. An hazard must be highlighted here, which relates to misuse of the
outcome and occurrence of rebound effects (Freire-González & Puig-Ventosa
2015): an improvement in terms of efficient use of a resource ultimately results in
increased exploitation of that resource (Jevon’s paradox). Although it is likely that,
in the case of seaborne trade, an increase in global trade will probably more than
compensate for any increase in hull performance, there is no relation of causality
here. The rebound effect would instead reside in the individual operational choice,
once a clean hull is provided, between keeping a constant power while steaming
at a higher speed with a clean hull (as-fouled power), or steaming at lower power
while keeping a constant speed (as-fouled speed). However, it is more likely that
the second option be chosen (as-fouled speed), at least in the current paradigm
of slow steaming (UNCTAD 2016), although a future increase in global trade
could also change this. Finally, misuse of the outcome might lead to the spread
of NIS, with possible consequences to local ecosystems. Again, guidelines for inwater hull cleaning should aim at minimizing the risk of spread of NIS.
The Human capital would benefit from increased air quality (lower emissions
to air), resulting in a positive impact on human health, as ~60,000 deaths per
annum are estimated worldwide due to particle emissions from shipping (Corbett
et al. 2007). Still, the above remarks concerning rebound effects apply here too.
Additionally, care should be taken concerning NIS, as well as diseases and
parasites potentially transferred via ship hull fouling (Champ 2000; Swain &
Shinjo 2014), which can be released during in-water hull maintenance.
The Social capital should be safeguarded in terms of working conditions for
divers, which still perform a large part of the hull cleaning work. Use of remotelyoperated vehicles (ROV) for commercial in-water hull cleaning is expanding, as
reviewed recently by Morrisey & Woods (2015), which means an increase in both
Manufactured capital and Social capital, leading to increased occupational safety
in diving companies.
Benefits for Financial capital should be apparent by now to the reader, as
cargo and passengers can be transported at a lower cost. Also, the project
ultimately provides tools that, in principle, enable setting clearer responsibilities
between involved stakeholders (BIMCO 2013; Rehmatulla & Smith 2015). These
7
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tools can potentially be used for improving overall financial performance. Finally,
in order to safeguard local economies that strongly depend on the Natural capital,
such as tourism, aquaculture, fisheries etc., issues related to the spread of NIS
should be safeguarded against, through clear guidelines for hull cleaning.

1.5.

Thesis outline

This thesis addresses the main findings of two appended papers, as well as the
methodology leading to these findings. Paper I is a review article on adhesion
strength of marine organisms, based on a collection of values of adhesion
strength published in peer-reviewed literature. Paper II puts forward a hypothesis
for improving existing methods used in estimation of the penalty associated with
a fouled hull.
Chapter 2 introduces Paper I, giving a description of marine fouling and
adhesion mechanisms, together with control methods currently in use.
Chapter 3 introduces Paper II, discussing the theory behind drag penalties
due to a rough hull.
In Chapter 4, main findings from each of the appended papers are discussed,
together with methodology and an outlook on future research.
Chapter 5 summarizes main achievements.
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2. Marine fouling and hull maintenance
What is the composition of ship hull fouling? What are its most common
recruitment and adhesion mechanisms? Which methods are available for
controlling ship fouling? These are some of the questions addressed in this
chapter, as an introduction to Paper I.

2.1.

Marine fouling diversity, recruitment and adhesion

Marine organisms found on ship hulls can be grouped into microfouling and
macrofouling, depending on the size of individual organisms or colonies, and also
taking into account their stage of development (Dürr & Thomason 2009b).
Biofouling can also be differentiated between soft and hard fouling, according to
the absence or presence of a calcareous structure, respectively (NSTM 2006).
Examples of most common biofoulers on ship hulls are shown in Figure 2, ranging
from micro- to macrofoulers, and from soft to hard fouling.
Biofilms, also referred to as marine slimes, are composed of marine bacteria
and microalgae (Figure 2a,b). These slimes may also include developing stages
of algae and animal larvae, which still classify as microfouling, due to their submillimetre scale, even though such forms eventually grow into macrofouling
(Figure 2c-f). Individual cells reach a surface mostly through action of currents
and gravity, but also, in the case of motile bacteria and spores/larvae, through
actively selecting a location for attachment (Railkin 2004). Biofilms are composed
of cells, which adhere to the substrate by producing Extracellular Polymeric
Substances (EPS) mostly composed of carbohydrates and proteins (Chiovitti et
al. 2006; Pettitt et al. 2004). Slimes can also capture a variable amount of silt, i.e.
inorganic debris (ASTM D4939–89 2003). Slimes are typically removable by
touch, as shown in Figure 2a, but tenacious biofilms have also been reported on
ship coatings, against which some of the current more-gentle cleaning methods
are ineffective and can even inadvertently select for (Hearin et al. 2016).
Propagules of macrofoulers consist in sub-millimetre spores and larvae that
exist in planktonic form, i.e. suspended in seawater. Spores of the macroalga
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SOFT FOULING

HARD FOULING
–– 15 mm

a)

–– 25 mm

d)
–– 10 mm

b)

–– 10 mm

e)
–– 50 mm

c)

–– 30 mm

f)

Figure 2 – Most common types of hull fouling on merchant vessels: a) continuous
slime layer (micro); b) interspersed slime (micro); c) filamentous algae (macro);
d) encrusting bryozoans (macro); e) tubeworms (macro); f) barnacles (macro).
Image sources: a-b) author’s own archive; c-f) courtesy of Marinvest Shipping AB
(Gothenburg, Sweden; reproduced with permission). Approximate scales apply
to the top right corner of each image.
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Ulva sp. (adult form in Figure 2c) are initially motile, using their flagella to actively
select a substrate according to environmental and surface cues. Once the right
conditions are met, algal spores adhere irreversibly by secreting an adhesive glue
(Callow & Callow 2006).
Barnacle larvae, which later develop into hard macrofoulers (Figure 2f), are
capable of exploring the surface to which they eventually attach (Larsson et al.
2016). A chemically different adhesive from that used for settlement mediates
temporary adhesion, as the barnacle “walks” over the substrate. Finally, the
barnacle metamorphoses into its adult stage, producing a stronger cement for
permanent adhesion to the substrate (Crisp et al. 1985; Kamino 2006).
Other types of macrofoulers rely on substantially different recruitment and
adhesion mechanisms. Encrusting bryozoans (Figure 2d) can propagate from a
single attached individual, growing into a colony (Woods Hole Oceanografic
Institute 1952, pp.77–78). Tubeworms (Figure 2e) adhere to the substrate by
secreting a simple adhesive that holds together a tube wall, which contains the
fully mobile individual (Sagert et al. 2006).
On extremely fouled vessels, mussels will also recruit at some point (not
shown in Figure 2). These bivalves attach to the substrate using a specialized
holdfast, the mussel byssus, which consists in a group of threads, each equipped
with an adhesive plaque. The individual mussel can then control the tension of
the threads, and even move to a new location by breaking threads and growing
new ones (Crisp et al. 1985; Sagert et al. 2006).

2.2.

Overview of control methods

Prevention of fouling has been a topic for at least 2,000 years4. Today, fouling
control requires two types of intervention: dry-docking of vessels, and in-service
maintenance.
During dry-docking, the underwater paint system is repaired. In the worst case
this means complete blasting of the hull for removal of old layers of paint and
corrosion, followed by application of a complete paint system, including anticorrosive primers and layers of fouling-control paint (Townsin et al. 1980). In-

4

For a thorough historical perspective on prevention of fouling, please refer to
Woods Hole Oceanografic Institute (1952) and Yebra et al. (2004).
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service maintenance includes occasional in-water cleaning for removal of growth,
usually performed together with propeller polishing (Malone 1980).
2.2.1. Coating systems
The paint system for the underwater part of the hull serves two purposes:
minimize corrosion through an epoxy barrier coat applied directly onto the steel
plating, and minimize drag through top coatings that prevent biofouling and result
in a surface as smooth as technical/economically possible (Townsin et al. 1980).
Commercial topcoats for fouling control fall into two broader categories: AntiFouling paints (AF) and Foul-Release (FR) coatings. AF paints rely on the
controlled release of compounds that inhibit growth, i.e. biocides or other
substances that interfere with settlement or growth, whereas FR coatings rely on
non-toxic mechanisms that allow for easy removal of fouling, with easy-to-clean
or self-cleaning properties. Hybrid paints that combine both toxic and non-toxic
mechanisms have also been proposed (Rittschof et al. 2008), but AF and FR
paints still represent the bulk of commercial paints today (Lindholdt, DamJohansen, Olsen, et al. 2015).
AF paints are usually classified according to the mechanism used for biocide
release, as well as the type of binder (Lindholdt, Dam-Johansen, Olsen, et al.
2015). A particularly effective type of paint, organotin-based Tributyltin SelfPolishing Copolymer (TBT-SPC), was introduced in the 1970s (Champ 2000;
Yebra et al. 2004). Its success was not only due to the anti-fouling activity of the
organotin compounds (e.g. tributyltin) combined with copper and other booster
biocides, but it is also attributed to the unique chemical properties of the matrix,
which undergo alkaline hydrolysis in contact with seawater. This reaction leads
to a slow and formulation-controlled self-polishing, with preferential erosion on
rough spots (self-smoothing) and biocide release even under idle conditions, i.e.
zero vessel speed. Additionally, a constant and relatively thin leached layer, i.e.
the uppermost layer of paint that has become practically depleted of any biocide,
used to result in a practically constant biocide release rate throughout the lifetime
of the paint (Yebra et al. 2004). However, TBT was later found to affect non-target
marine species (Champ 2000), leading to a complete ban by the IMO. This ban
is effective from beginning of 2003, for paint application in dry-dock, and 2008,
for paint direct exposure to seawater on operating commercial vessels (IMO
2001). The ban on harmful antifouling coatings led to an urgent need for effective
organotin-free paints, following either AF or FR principles.
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Regarding organotin-free AF paints, it is useful to refer to the following main
groups, even though the actual biocide-release mechanism on a given
commercial product is not always clear (Yebra et al. 2004):





Insoluble matrix paints
Soluble matrix paints
Controlled-Depletion Polymers (CDP) paints
Self-Polishing Copolymers (SPC) paints (synonym: ablative paints)

Insoluble matrix paints correspond to a limited share of the market for large
merchant ships (Lindholdt, Dam-Johansen, Yebra, et al. 2015), due to issues
dealing with low mass transfer within a leached layer that grows over time,
resulting in a rapid decay in biocide release rate (Woods Hole Oceanografic
Institute 1952). Soluble-matrix paints correspond to conventional rosin-based
paints, which rely on the solubility of the paint matrix to keep a more stable
release rate. Upgraded CDP paints use a similar principle to that of soluble-matrix
paints, with added reinforcing resins. Finally, modern SPC paints are the
successors of banned TBT-SPC paints, relying on combination of Cu2O with
booster biocides for wide-spectrum action (Thomas & Brooks 2010). Still, it is
questionable whether physical-chemical properties of organotin-free SPC paints
can exactly mimic those of TBT-SPC paints and stand up to the same
performance standard (Yebra et al. 2004).
Parallel to AF paint developments, alternative non-toxic solutions have also
received significant attention from coating research and development (Swain
1999; Berntsson et al. 2000; AMBIO 2010). Non-toxic coatings rely on reduced
adhesion strength through mechanical and surface properties, corresponding to
most of commercially available FR coatings (Swain & Schultz 1996; Watermann
et al. 1997; Brady & Singer 2000), or else rely on a micro-textured surface that
inhibits settlement (Berntsson et al. 2000; Pu et al. 2016).
FR coatings usually have an initial roughness below that of AF paints, possibly
leading to lower friction in newly-applied condition (Candries et al. 2003), whereas
some micro-textured surfaces might even result in lower friction compared to a
hydraulically smooth surface (Berntsson et al. 2000; Pu et al. 2016). However,
other studies demonstrate little or no improvement in initial performance of asapplied FR coatings, thus comparable to AF coatings (Schultz 2004; Holm et al.
2004). Also, FR coatings might be unable to prevent growth on all vessels, as
their success is tied to the vessel’s activity and speed (Schultz et al. 2003).
Finally, FR coatings are easily damaged by impact, which has consequences in
13
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terms of lifetime and compatibility with in-water cleaning (Townsin & Anderson
2009).
FR coatings still represent a meagre share of the market, probably below
10%, with biocide-based AF coatings expected to continue dominating the market
in the short term (Yebra et al. 2004; Lindholdt, Dam-Johansen, Yebra, et al.
2015). Still, the FR market is expanding, with some companies reporting gains in
both economic and environmental terms (Nygren 2002).
2.2.2. In-service maintenance
Several factors may dictate an early failure of a given coating system before the
end of its designated lifetime. These factors are connected with operational profile
(maximum speed, speed profile and idle time), route, environmental conditions
(temperature, salinity and fouling pressure), surface preparation prior to paint
application, quality of paint application and history of the coating (Townsin et al.
1980; Lindner 1988; Candries 2000). Eventually, biofouling and corrosion will
take over parts of the hull, greatly increasing drag (Schultz 2007).
At a given moment, costs associated with increased fuel consumption due to
hull roughness justify performing in-water maintenance before dry-docking
(Malone 1980; Schultz et al. 2011). Such responsive maintenance usually
includes propeller cleaning and removal of fouling from selected areas of the hull,
usually giving priority to the fore body of the ship, where roughness is known to
cause the highest impact on ship resistance (Johansson 1984; NSTM 2006). Inwater hull cleaning is commercially provided by diving companies, using a variety
of technology and cleaning materials, which are selected according to the level
of fouling (Morrisey & Woods 2015). By far, the most common methods applicable
to large commercial vessels rely on diver-operated rotary brush carts and highpressure or cavitation water jets. However, it is of general understanding that inwater cleaning remains a temporary solution, since it can damage sound parts of
the protective coating, thus accelerating the build-up of hull roughness in the
subsequent time period (Malone 1980; Munk et al. 2009). Additionally, cleaning
has the potential to release biocides – chemical contamination – and viable
biofoulers to the marine environment, including NIS – biological contamination.
Containment techniques, e.g. filtering of debris, and chemical treatment of the
effluent are both available (Morrisey et al. 2013; Morrisey & Woods 2015).
Recognizing the drawbacks of responsive in-water cleaning, proactive
“grooming” has been suggested as a viable alternative, preventing the
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accumulation of high levels of fouling by performing frequent and gentle in-water
hull maintenance, especially after idle periods (Tribou & Swain 2010; Tribou &
Swain 2015). A minimum frequency corresponding to weekly grooming events
has been suggested, preventing fouling on both AF and FR coatings that were
tested under static conditions in a sub-tropical estuarine environment (Tribou &
Swain 2015). Cleaning frequencies higher than weekly have been suggested
when using hard, non-toxic Surface Treated Composite coatings (Rompay 2013).
Maintenance at such frequencies could be facilitated by remotely operated
vehicles (Molland 2008), or even by future developments on autonomous
underwater vehicles (Balashov et al. 2011). Still, long-term effects on specific
coating systems need to be considered (Hearin et al. 2015; Hunsucker et al.
2016), together with determination of potential emissions from grooming on
biocide-containing paints, which can contribute to chemical pollution (Schottle &
Brown 2007; Morrisey et al. 2013).
Paper I aims at discussing in-water maintenance (hull cleaning and grooming)
in light of available data on adhesion strength of marine organisms, as defined in
the next section.

2.3.

Adhesion strength

Adhesion strength is defined as the force per unit area (SI units: N/m2) required
for removing fouling from a substrate. It can be measured using different
techniques, which are selected according to the size of the fouling.
For microfouling, different experimental apparatuses have been developed,
which have in common the use of hydrodynamic shear stress in testing for
adhesion strength of the slime or adhered cells. These methods include the
turbulent channel flow apparatus (Schultz et al. 2000), calibrated water jet (Swain
& Schultz 1996; Finlay et al. 2002) and automated water jet, modified for rapid
screening of fouling-control coatings (Cassé et al. 2007). For such hydrodynamic
methods, the maximum wall shear stress, τw,m, can be determined from direct
measurements, or estimated using formulas available in the literature. The
accuracy in determining the wall shear stress can affect comparison between
methods, as pointed out in Paper I.
For macrofoulers, different measurement approaches are called for, due to
higher adhesion strength values and size of individuals. Early methods relied on
pulling forces (Crisp et al. 1985) and shear forces on rotating discs (Ackerman et
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al. 1992). Most measurements are currently based on the ASTM International
Standard D5618-94 (ASTM D5618 1994), which recommends the use of a
handheld force gauge to determine the critical shear force, i.e. the force acting
parallel to the adhesion plane required for complete removal of the individual,
together with determination of the adhesion area. Based on ASTM D5618-94,
variant methods have been proposed, which include the use of mesh cages for
protecting macrofoulers from biotic disturbances during their growth in the field,
i.e. protection from predation and grazing (Swain et al. 1998), and the laterdeveloped reattachment assay (Rittschof et al. 2008). The reattachment assay
circumvents environmental stresses, disturbances, predation and larval supply
issues associated with field testing (panel immersion). In reattachment assays,
barnacles are cultivated in the lab, grown on a standard surface, and then
dislodged and allowed to reattach onto the test substrate. The entire procedure
is thus faster and can be automated, while results compare well with field tests,
as long as a 2-4 week period is allowed for the reattachment phase (Rittschof et
al. 2008).
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3. The rough hull penalty
This chapter gives a background on power/speed penalties due to hull
roughness, with focus on biofouling roughness, as an introduction to Paper II.

3.1.

Turbulent boundary layer flow

Before delving into the effects of hull roughness on ship propulsive power, a brief
introduction on the viscous flow around the hull is required. For more detailed
descriptions, please refer to (Schlichting 1979) on boundary layer theory, and
Larsson & Raven (2010) on the viscous flow around ship hulls.
When the hull travels through water, a wall-bounded flow is created.
Considering a reference point moving with the hull (Figure 3), the no-slip condition
assumes that the first molecular layer of fluid has the same speed as the hull.
Thus, at a null distance from the hull (𝑦 = 0), fluid velocity is zero in every
direction (Larsson & Raven 2010b):
𝑦=0 ⇒ 𝑢=𝑣=𝑤=0

(1)

where 𝑢, 𝑣, and 𝑤 are velocity components in the 𝑥, 𝑦 and 𝑧 directions,
respectively (Figure 3). In this chapter, these directions correspond to longitudinal
tangent (𝑥), normal to the hull (𝑦) and girth-wise tangential direction (𝑧),

Figure 3 – Simplified representation of boundary layer flow around the fore body
of a ship hull (section at constant depth). Girth-wise direction z is normal to both x
and y. The bow is on the left. Only the starboard side of the hull represented.
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as represented in Figure 3. Due to viscosity of the fluid, the velocity magnitude
generally increases with increasing distance from the hull, giving rise to a
boundary layer flow. Within the boundary layer thickness, 𝛿, the velocity
magnitude changes from zero at 𝑦 = 0 to 𝑈𝛿 at 𝑦 = 𝛿. It should be noted here that
the speed at the boundary layer edge is not necessarily the same as the ship
speed 𝑈𝑆𝑇𝑊 , which is observed sufficiently far from the hull and also in the flow
approaching the ship (Figure 3). In fact, mass conservation requires that the
speed at the boundary layer edge is higher than 𝑈𝑆𝑇𝑊 , due to streamlines being
displaced by the hull (Larsson & Raven 2010a, p.15).
The flow around the hull is mostly turbulent (except close to the bow), meaning
that velocity components change in both space and time, due to flow instabilities
that arise at a high enough Reynolds number, 𝑅𝑒𝑥 = 𝐿𝑥 𝑈𝑆𝑇𝑊 /𝜈. Close to the bow,
the boundary layer changes from laminar to turbulent at a given critical value of
𝑅𝑒𝑥 . Downstream from that point, instantaneous turbulent fluid motions occur,
which are time-dependent, as represented in Figure 3 by grey eddies.
The forces on the travelling hull can be decomposed into a frictional
component, acting tangentially to the hull, and a pressure component, acting
normal to the hull (Larsson & Raven 2010a). Ever since the seminal work of
William Froude, friction is traditionally studied on large flat plates, whereas
pressure forces due to wave-making (i.e. the wave system produced by the
travelling hull) are studied on rigorously scaled models of a given hull shape. In
a towing tank, flat plates are towed at the same Reynolds number as the ship,
𝑅𝑒𝑆 = 𝐿𝑊𝐿 𝑈𝑆𝑇𝑊 /𝜈, where 𝐿𝑊𝐿 is the waterline length, and scaled models of the
hull are run at the same Froude number as the ship, 𝐹𝑟𝑆 = 𝑈𝑆𝑇𝑊 /√𝑔𝐿𝑊𝐿 .
However, this separation is artificial, since viscosity is known to affect wavemaking resistance (Reynolds-dependency of wave patterns), and wave patterns
can affect friction (Larsson & Raven 2010c). Still, provided that necessary
corrections are applied, full scale resistance, 𝑅𝑇 , can be predicted with sufficient
accuracy (ITTC 2011).
Flat plate frictional resistance is obtained from equivalent flat plate friction,
meaning that parameters such as wetted surface area 𝑆 and Reynolds number
𝑅𝑒𝑆 are kept constant between flat plate and hull. However, the flow around a flat
plate differs significantly from the hull, since there is practically no pressure
gradient along the flat plate and, also, displacement effects of the flat plate can
be neglected (Larsson & Raven 2010d). Thus, flat plate studies provide friction
values that are independent from the hull shape, i.e. flat plate frictional resistance.
Form effects must then be added to flat plate resistance, in order to estimate the
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viscous resistance on the hull. Viscous resistance includes both form effects on
friction, caused by a higher speed at boundary layer edge due to hull
displacement of streamlines at the bow, and form effects on pressure, caused by
reduced pressure on the aft body due to boundary layer displacement of
streamlines at the aft (Larsson & Raven 2010a). These form effects are
addressed in Paper II, using the so-called form factor, 𝐾.

3.2.

Flow over rough surfaces

So far, a smooth hull has been considered. However, since the flow around the
hull is mostly turbulent, wall roughness becomes an important parameter to
consider, as the protrusion of roughness elements will eventually result in
increased turbulent kinetic energy and increased wall shear stress (Lee 2015).
First of all, the presence of roughness elements renders impossible to
establish an unequivocal positioning of the 𝑦-origin, as Figure 4 represents. Thus,
the 𝑦-origin is arbitrarily set at the highest roughness peak and a wall origin error
𝜀 is added (fitted parameter), defining the distance from the wall as 𝑦 + 𝜀
(Lewthwaite et al. 1984; Perry & Li 1990; Cal et al. 2009).
The following discussion concerns a boundary layer over a flat plate, with zero
pressure gradient. On inner-scaled velocity profiles, where wall shear velocity
𝑢𝜏 = √𝜏𝑤 /𝜌 is used as velocity scale (𝑢+ = 𝑢/ 𝑢𝜏 ) and 𝜈 ⁄𝑢𝜏 as length scale
((𝑦 + 𝜀)+ = (𝑦 + 𝜀)𝑢𝜏 /𝜈)), several regions can be identified (Cal et al. 2009;
Larsson & Raven 2010d):


For (𝑦 + 𝜀)+ < 5, there is a viscous sub-layer (also called linear sublayer), where 𝑢+ varies linearly with (𝑦 + 𝜀)+ :
𝑢+ = (𝑦 + 𝜀)+




(2)

For 5 < (𝑦 + 𝜀)+ < 30, a buffer layer exists, where the profile gradually
changes from linear to logarithmic.
A logarithmic region follows, for (𝑦 + 𝜀)+ > 30:
1

𝑢+ = ln[(𝑦 + 𝜀)+ ] + 𝐶 − Δ𝑈 +
𝜅

(3)

where 𝜅 is the von Kármán constant, 𝐶 is the smooth intercept and Δ𝑈 +
is the roughness function, which varies from Δ𝑈 + = 0, for hydraulically
smooth flow, to Δ𝑈 + > 0, for hydraulically rough flow.
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For still higher values of (𝑦 + 𝜀)+ , an outer layer (or wake region) can
be found, where the wake parameter Π𝑖 is included:
1

Π

𝜋 𝑦+𝜀

𝑢+ = 𝜅 ln[(𝑦 + 𝜀)+ ] + 𝐶 − Δ𝑈 + + 𝜅 [sin ( 2

𝛿

)]

2

(4)

Having introduced the different regions of the turbulent boundary layer in innerscaled velocity profiles, roughness effects are usually noted in the logarithmic
region by a downward shift in velocity profiles, −Δ𝑈 + . Parameter Δ𝑈 + is a function
of Reynolds number based on roughness height, 𝑘𝑡+ = 𝑘𝑡 𝑢𝜏 /𝜈. For low 𝑘𝑡+ , the
flow is said to be hydraulically smooth and Δ𝑈 + = 0. In this regime, the flow
turbulence caused by roughness elements is completely dampened by viscosity
(Flack & Schultz 2014). For higher 𝑘𝑡+ values, different roughness geometries will
result in different curves Δ𝑈 + = Δ𝑈 + (𝑘𝑡+ ), since 𝑘𝑡 is only one of many roughness
parameters that characterize the surface (Grigson 1987; Candries & Atlar 2005;
Flack & Schultz 2014). This mismatch is exemplified in Figure 5, where the two
most commonly-used roughness functions are shown, namely Nikuradse’s
uniform sand roughness function (Nikuradse 1933) and the Colebrook-type
roughness function (Johansson 1984). The onset of roughness effects differs
between the two functions: a sharp onset for Nikuradse’s function at 𝑘𝑠+ = 5,
where 𝑘𝑠 refers to the roughness height of uniform sand grains used in Nikuradse
(1933), compared to an asymptotic behaviour Δ𝑈 + → 0 for decreasing 𝑘𝑠+ in the
Colebrook-type function (Figure 5). Accordingly, Nikuradse’s roughness function
is steeper in the transitionally rough regime, i.e. for 5 < 𝑘𝑠+ < 90 (Cebeci &
Bradshaw 1977).

Figure 4 – Arbitrary roughness profile, peak-to-valley roughness height
𝑘𝑡 , and the concept of virtual origin, where 𝜀 is the wall origin error.
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Figure 5 – Two examples of roughness functions: Nikuradse’s uniform sand
roughness function (Nikuradse 1933) and Colebrook-type roughness function
(Johansson 1984).

Regardless of surface topography, Δ𝑈 + shows the same asymptotic linear
behaviour for sufficiently high 𝑘𝑡 values (Figure 5, 𝑘𝑠+ > 90). This is associated
with fully rough behaviour and a Reynolds-independent local friction coefficient
𝐶𝑓 in Moody-type diagrams (Flack & Schultz 2014). Thus, in the fully-rough
regime, it is possible to define an equivalent roughness height for each surface,
effectively collapsing all roughness functions into one fully-rough asymptote,
usually reporting back to Nikuradse’s uniform sand roughness 𝑘𝑠 as a “common
currency” (Cebeci & Bradshaw 1977; Bradshaw 2000; Flack & Schultz 2010).
Thus, in the fully-rough regime, Δ𝑈 + is a linear function of ln 𝑘𝑠+ :
1

Δ𝑈 + = 𝐶 − 8.5 + 𝜅 ln 𝑘𝑠+

(5)

Using the above expression, the equivalent roughness height 𝑘𝑠 can be
obtained experimentally for any roughness type of interest. Subsequently,
correlations can be sought between 𝑘𝑠 and surface topography parameters, such
as percentage cover (Schultz 2004).
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3.3.

Previous drag research

Drag research on biofouling dates back to at least 1915, when McEntee studied
flat plates covered with “small barnacles” (Woods Hole Oceanografic Institute
1952). Since then, different methods have been used, including local boundary
layer measurements on the hull, towed flat plates, rotating equipment with torque
meters, pipe flow methods and channel flow facilities. Main conclusions from
more recent studies are summarized here, in a non-exhaustive way.
In the 1980s and 1990s, different studies looked at local effects of biofouling,
namely using a velocity probe directly projecting from a ship’s hull (Lewthwaite et
al. 1984), velocity measurements in water tunnels (Johansson 1984; Schultz &
Swain 1999) and friction measurements using rotating disks, together with sea
trials (Haslbeck & Bohlander 1992). It was found that slimes, ranging from a thin
layer of slime only detectable by touch to a dense 1-mm thick slime, were
responsible for increases of 25-80% in local skin friction coefficient Cf
(Lewthwaite et al. 1984). Later measurements on microfouling using a rotating
disk setup led to similar conclusions, with drag penalties in the range 9-29%
(Holm et al. 2004). Also, water tunnel measurements demonstrated a 33-187%
increase in Cf for marine biofilms compared to a smooth reference, depending on
biofilm thickness and morphology (Schultz & Swain 1999). It should be noted
here that each of these Cf values still tied to the Reynolds number of each
experiment.
Concerning more advanced stages of biofouling, a barnacle-covered surface
with 𝑘𝑡 = 5 mm caused an increase in Cf of almost 280%, compared to the same
surface after removal of the barnacles down to their basal plates, which still
exhibited a 𝑘𝑡 of 650 μm (Johansson 1984). Again, it should be noted that Cf is
still tied to the Reynolds number of the experiment. More recently, a useful
formula has been suggested for relating the equivalent sand roughness height
𝑘𝑠 , which is independent of Reynolds number, to two geometrical parameters,
namely the height of the largest barnacles (𝑘𝑡 ) and the percentage barnacle cover
(Schultz 2004):
𝑘𝑠 = 0.059 × 𝑘𝑡 × (% 𝑐𝑜𝑣𝑒𝑟)0.5

(6)

Filamentous-type roughness, corresponding to macroalgae such as Ulva sp.
(synonym: Enteromorpha), was first investigated using nylon tufts (Lewkowicz &
Das 1986) and later on with algae-covered panels (Schultz 2000; Gangadharan
et al. 2001; Subramanian et al. 2004). An increase in local Cf of 110-125% was
measured for filamentous algae compared to a smooth reference, exhibiting a
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mean algal layer thickness of 3.8–6.4 mm, as measured under flow conditions
(Schultz 2000). There is a difficulty in defining a characteristic length scale for
filamentous-type roughness, considering that the surface roughness is flowcompliant (pliable under flow) and therefore more complex to characterize than a
surface roughness that is not altered by the flow (Schultz 2000; Townsin 2003).
Recently, hydrodynamic tests have been conducted on dynamically immersed
surfaces, using rotors on an ocean-placed raft (Lindholdt, Dam-Johansen, Olsen,
et al. 2015), using large rotating disks in the field (Hunsucker et al. 2016), or using
cultivating facilities in the lab (Schultz et al. 2015; Yeginbayeva et al. 2016). The
frictional drag of microfouling samples was not significantly affected by the
hydrodynamic stress during cultivation (Hunsucker et al. 2016) or by the fact that
slimes were grown under natural or laboratory conditions (Yeginbayeva et al.
2016). Biofilms composed of diatoms were responsible for up to 70% increase in
Cf, but no relation could yet be found between hydraulic 𝑘𝑠 and physical
roughness parameters, such as roughness height and percentage cover (Schultz
et al. 2015).
Finally, considering that the experimental determination of hydrodynamic
parameters such as 𝑘𝑠 is costly, alternative procedures have been suggested,
such as manufacturing of solid roughness coupons based on a scan of fouled
surfaces, enabling to use more simple and widely available wind-tunnel facilities
(Monty et al. 2016).
Alternatively, in situ velocity profile measurements through a window on the
hull would enable studying the boundary layer flow around the ship using Laser
Doppler Anemometry (Hutchins et al. 2016), following the same basic idea as first
suggested in Lewthwaite et al. (1984). The main limitation of the later
measurements is that these only represent local effects of roughness, not to
mention practical constraints in implementing and maintaining the system,
namely the need for installing a system through the hull, and avoiding fouling of
the window for flow visualization.

3.4.

Full scale roughness effects

Local roughness effects only give us a hint on potential friction penalties caused
by biofouling and mechanical hull roughness. Thus, further methods are required
for estimating penalties at the ship scale.
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3.4.1. From lab to ship
As seen in Section 3.2, the equivalent roughness 𝑘𝑠 and function Δ𝑈 + = Δ𝑈 + (𝑘𝑠+ )
are hydraulic parameters that completely characterize roughness effects on wallbounded flows. However, 𝑘𝑠 and Δ𝑈 + = Δ𝑈 + (𝑘𝑠+ ) need to be determined
experimentally for the roughness topography exhibited on the hull, or using
correlations that take into account a number of roughness parameters, or surface
statistics (Ünal et al. 2012; K. a. Flack & Schultz 2014). Additionally, accurate and
detailed characterization of the hull surface on a floating vessel, or even on a drydocked vessel, faces severe practical constraints, not the least of which the
mammoth scale of most commercial vessels. In fact, only linear profilometers and
simple correlations for predicting power are routinely used today for painted hulls
in the dry dock (Townsin 1991; Carlton 2007). Admitting that practical constraints
can be overcome, 𝑘𝑠 and Δ𝑈 + = Δ𝑈 + (𝑘𝑠+ ) enable to calculate full-scale penalties,
using one of several available numerical methods.
The most simple and time-saving method for scaling-up consists in calculating
the frictional resistance of a rough flat plate equivalent to the ship in question,
using an extrapolation method based on Granville’s similarity law scaling (Schultz
2007). As mentioned above, such equivalent flat plate is defined as having the
same length and wetted surface area as the ship, and travelling at the ship’s
Reynolds number, 𝑅𝑒𝑆 . Each calculation currently takes about 0.1 seconds on a
laptop computer and, thus, a large number of cases can be evaluated. However,
this approach has its limitations: (i) the hull is assumed to be uniformly covered
with a certain roughness, which is rarely the case on a real ship; (ii) hull form
effects on the roughness component of resistance are not considered, as the
increased resistance on a flat plate can differ from that of the hull shape.
Advances in Computational Fluid Dynamics (CFD) enable full-scale
simulations of the flow around the ship (Leer-Andersen & Larsson 2003; Raven
et al. 2008; Castro et al. 2011; Demirel et al. 2017). In principle, such codes would
allow for an inhomogeneous roughness distribution on the hull, which would
better represent real ships (Demirel et al. 2017). However, the computational cost
of such simulations is much higher than the extrapolation method based on
Granville’s similarity law scaling (Schultz 2007). Also, practical challenges
associated with obtaining 𝑘𝑠 and Δ𝑈 + (𝑘𝑠+ ) for each region of the hull, as pointed
out before, do not currently justify a more detailed approach than more simple
extrapolation methods, such as Granville method (Schultz 2007).
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3.4.2. Monitoring approaches
The impact of a rough hull on energy efficiency is well recognized by ship
managers. However, early detection of a failed underwater hull coating is still a
challenge, due to numerous factors affecting the quality and quantity of in-service
vessel performance data (logged data) and the limited amount of information that
can be obtained from sporadic underwater surveys.
In-service performance data can be obtained from manual and/or automatic
reports from the ship’s bridge and engine room (Carlton 2007). Several relevant
parameters can then be analysed according to different methods, which range
from simple power-speed curves (Ricketts & Hundley 1997) to more advanced
algorithms that seek to isolate the effect of hull and propeller roughness
(Pedersen 2015; ISO 2016). However, the usefulness of the results will still be
dependent on sensor accuracy, measurement frequency and modelling errors
associated with corrections for draft, trim, waves, wind, sea currents, temperature
and salinity (Carlton 2007; Munk et al. 2009; ISO 2016). Regarding environmental
corrections, the spread in the results can be diminished by using high-frequency
data, and by filtering out data points according to certain criteria (ISO 2016) or
other type of outlier analysis (Meng et al. 2016).
Finally, underwater surveys are used by the U.S. Navy for determining the
Fouling Rating, ranging from FR-0 to FR-100 for increasing degree of fouling
(NSTM 2006). This Fouling Rating, complemented with simple performance
criteria concerning attained speed and required shaft revolutions, can be used as
a trigger for underwater maintenance. For instance, a vessel coated with SPC
paint and exhibiting a level of fouling of at least FR-40 (tubeworms < 6.4 mm in
diameter or height) on 20% of its hull area5 would be eligible for a full hull cleaning
(NSTM 2006). Such guidelines result from specific economic considerations and
probably do not apply to other types of vessel. Still, other operators might be able
to follow similar approaches, considering advances in both in situ measurement
technology and understanding of biofouling hydrodynamics (Schultz et al. 2015).

5

Excluding dry-docking support strips and appendages (NSTM 2006)
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4. Discussion
4.1.

Marine fouling adhesion

As presented before, fouling control coatings eventually lose their effectiveness,
resulting in a fouled hull, increased hull surface roughness and, consequently,
propulsive power penalties. This would hopefully occur only towards the end of
the dry-docking interval, not too long before the paint system can be repaired.
Otherwise, fuel economy calls for responsive in-water cleaning (Malone 1980). In
alternative, hull grooming has been suggested, in the form of proactive and gentle
cleaning procedures (Tribou & Swain 2010). This section discusses both types of
maintenance, in the light of adhesion strength values for different marine fouling
organisms, as reviewed in Paper I.
The aim of any in-water hull cleaning method is to remove growth without
damaging the underlying paint system, which might include sound layers of AF
coating still containing biocides that can protect the hull from further fouling in the
subsequent time period, or the FR coating, whose surface properties should be
kept in order to weaken the adhesion of subsequent potential settlers. Curiously,
this aim has been compared to that of toothbrushes, which should enable to clean
teeth without damaging the soft gums (Holm et al. 2003). Thus, aiming at
matching in-water cleaning forces with the minimum force necessary to remove
fouling, values of adhesion strength of both micro- and macrofoulers on ship hull
coatings have been collected in Paper I, from available literature.
For macrofouling, values of adhesion strength on epoxy primers, AF and FR
coatings corresponded to 0.3–2.2 MPa, 0.5 ± 0.2 MPa (only one AF coating) and
0.03–0.5 MPa, respectively. As expected, the epoxy used for corrosion protection
is generally associated with higher adhesion strength, followed by an AF coating
and, finally, FR coatings. Surprisingly, only one value could be found for adhesion
strength of barnacles on an AF coating, since the overwhelming majority of
adhesion strength tests actually aim at screening/comparing different FR
solutions, as discussed in Paper I. Besides the substrate, adhesion strength of
macrofoulers may depend on the species, geography, season and other
variables. Nevertheless, the above adhesion strength values are well above the
cleaning force exerted by a specific brush grooming tool on instrumented studs
representing barnacles, which corresponded to approximately 0.01 MPa (Holm
et al. 2003; Tribou & Swain 2015). Thus, more aggressive cleaning methods are
required, leading to two potential issues: (1) occurrence of cohesive failure, in
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which the organism’s shell is destroyed before reaching the force necessary for
complete removal of the shell, leading to a surface covered with shell residues
that can serve as cue for subsequent settlers; (2) damage to fouled, unfouled or
already cleaned areas of the paint. Thus, responsive cleaning is discouraged, in
favour of hull grooming performed at an earlier stage. However, responsive
cleaning can still be a good option when an AF coating is not yet completely
depleted, i.e. when it can be proven that sound layers of AF coating still exist
beneath the fouling and an eventual leached layer (layer depleted of biocide). In
that case, the cleaning would have the effect of increasing the biocide release
rate, i.e. the paint is reactivated, approaching its initial effectiveness. This is
however made at the cost of local discharge of biocides and paint residues
(Schottle & Brown 2007; Earley et al. 2014) and it can still affect sound layers of
AF paint (Morrisey et al. 2013). It should also be noted that FR are usually more
sensitive to aggressive cleaning methods than AF coatings, and the subsequent
effectiveness of FR might get compromised after such cleaning events (Townsin
& Anderson 2009).
For microfouling, collected values of adhesion strength on FR coatings were
in the range 8-275 Pa, for removal of at least 80% of the initial fouling. No values
could be found for adhesion strength of microfouling on AF coatings. It should be
noted that adhesion strength depends not only on the substrate and criterion for
percentage removal, but also on the species, stage of development (adhered
cells, biofilm, sporelings…) and exposure time to shear stress (cleaning time), as
well as numerous environmental variables. Nevertheless, these values already
give an indication of how low forces are required to remove microfouling. Thus,
more gentle cleaning methods, such as grooming tools, can be used for removing
such fouling (Tribou & Swain 2015), although tenacious biofilms have been
recorded, which could not be removed by a grooming brush tool (Hearin et al.
2016). Considering this tool exerts approximately 0.01 MPa on instrumented
studs (Holm et al. 2003; Tribou & Swain 2015), this failure to remove tenacious
biofilms suggests that the cleaning forces acting on low-profile roughness (coated
or microfouled surfaces) might be lower than those measured on instrumented
studs, or else the adhesion strength of tenacious biofilms is higher than the above
reported values for microfouling.
The methods used for measuring adhesion strength are also discussed in
Paper I. For testing macrofoulers, it is highlighted the need for reporting the
occurrence of cohesive failure, e.g. as a percentage of discarded measurements
due to shell breakage. This is important, since adhesion strength is probably
underestimated when cohesive failure becomes more frequent, as only the
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weakly attached individuals are pooled (assuming that the shell strength does not
vary widely between individuals). For hydrodynamic testing of microfouling,
differences in the method of estimation of wall shear stress may be responsible
for differences between studies, besides all other factors already mentioned
above.
Finally, it should be added to the discussion of Paper I that there is a risk
associated with underestimating the adhesion strength of biofouling: a too low
cleaning force could be selected, resulting in a need for re-cleaning the surface
after stepping up the cleaning force, thus wasting precious time available for the
job, already constrained by the vessel’s schedule. One solution for this would be
to select a representative area of the hull for conducting preliminary testing of
cleaning forces.

4.2.

Triggers and maintenance assessment

In the previous section, the aspect of adhesion strength has been discussed,
as well as its implications for in-water cleaning (Paper I). The question that follows
suit corresponds to when to perform in-water cleaning. The answer is not at all
trivial, as a number of aspects must be considered, not the least of them the route
and time constraints associated with a trading vessel. Besides route and time
constraints, important aspects correspond to the hydrodynamic performance of
the hull, cost of cleaning and potential shortening of subsequent lifetime of the
paint. This sub-section focuses on the first, hydrodynamic performance, as
directly related to the impact on fuel consumption (Paper II).
As introduced in Chapter 3, Paper II discusses prediction methods for the
fouled hull resistance penalty, ∆𝑅, using as input the roughness function and the
equivalent sand roughness height associated with a given hull surface condition.
In principle, such methods can be used in estimating power penalties, ∆𝑃, and
derive conclusions regarding cleaning in a fuel-economy perspective, as long as
the propulsive coefficient, 𝜂𝐷 , is known or estimated (Schultz 2007), since shaft
power 𝑃 is related to resistance 𝑅𝑇 and vessel speed 𝑈𝑆𝑇𝑊 by:
𝑃 = 𝑅𝑇 𝑈𝑆𝑇𝑊 /𝜂𝐷

(7)

The novelty introduced by Paper II corresponds to the accounting for form
effects on rough hull friction, as well as other viscous effects, i.e. viscous pressure
resistance, considered to be a function of friction (ITTC 2011). This means that
increased resistance due to roughness is expected to be higher on a hull than on
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its equivalent flat plate. The deviation in viscous resistance from a flat plate is
quantified by the form factor 𝐾, which is lower for more slender hulls.
In order to test the form factor hypothesis, it is necessary to obtain resistance
results for a given ship at both smooth and fouled hull conditions, together with
results for the equivalent flat plate. A very recent numerical study provides exactly
such results for a containership: Demirel et al. (2017) used CFD to simulate the
towing resistance of the KRISO container ship (KCS) in calm waters, for different
hull roughness conditions, and the same paper also provides CFD results for the
equivalent flat plate using the same numerical method. Change in total resistance
coefficient due to roughness, ∆𝐶𝑇 , was derived from those results and is here
plotted in Paper II – Fig. 2. It is observed that, for 19 knots, results for the hull
shape (KCS hull) are always 5-8% higher than for the equivalent flat plate (Paper
II – Fig. 2a). This agrees fairly well with a form factor of ~10% for the KCS hull,
i.e. K = 0.1 (Castro et al. 2011). Results for 19 kn thus support the hypothesis of
a form effect on roughness penalties. The same conclusions cannot be drawn
from simulations at a higher speed of 24 kn, with differences between KCS hull
and flat plate varying between -5% and +4% (Paper II – Fig. 2b). In Paper II, this
null form effect is shown to be due to cancelling effect of a decrease in wavemaking resistance with increasing hull roughness, as observed by the authors of
the original data (Demirel et al. 2017).
According to Paper II, the form factor hypothesis cannot be generalised for all
speeds, due to viscous effects on wave-making resistance. Still, form effects on
hull penalties might be significant at low speeds (wave-making resistance
corresponding to ≤12% of total resistance) and for vessels associated with a high
form factor K, e.g. tankers, which are typically less slender than containerships.
Different approaches were compared in Paper II, and the Granville method
(Schultz 2007), without any correction for form effects, provided reasonably
accurate results when compared with the CFD results for the KCS hull (Paper II
– Fig. 3).
The approach followed in Paper II assumes the hull as uniformly covered with
a constant value of equivalent sand roughness height. Since the hull is usually
not uniformly rough, this approach represents, at best, an average hull
roughness. Also, the approach is based on experimental measurements on
surfaces as similar as possible to those observed on the hull. This leads to a
methodological issue, as discussed below in Section 4.3, since the actual hull
condition can be only approximately matched with existing experimental studies,
as it is certainly impracticable to experimentally test every existing hull condition.
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Instead, an alternative application of the Granville method (Schultz 2007) is here
proposed, which combines the Granville method with vessel performance data,
similar to that used in ISO 19030 (ISO 2016).
By iteratively applying the Granville method, as shown schematically in Figure
6, the average equivalent sand roughness height of the hull can be estimated at
each point in time, i.e. 𝑘𝑠 (𝑡). The procedure includes three main parts: (1)
collection, validation and filtering of monitored data, together with external
information on the ship, i.e. vessel specifications, hydrostatic data and powerspeed relations for a clean hull, as in ISO 19030 (ISO 2016), (2) calculate power
increase due to hull roughness, i.e. the difference between measured and
expected power, and (3) finding the value of 𝑘𝑠 that yields the same ∆𝑃 within a
certain tolerance, using the Granville method to obtain ∆𝑅 iteratively, using some
method for estimating the propulsive coefficient or assuming a constant
propulsive coefficient. Finally, 𝑘𝑠 (𝑡) can be used in determining the power-speed
relation at different speed and loading conditions for assisting the decision of
when to perform in-water hull cleaning. This can be done by defining a trigger for
in-water hull cleaning, i.e. a maximum allowed value for 𝑘𝑠 , which would be
specific for a given vessel and operational profile; alternatively, potential gains
from hull grooming can be evaluated. Other economic aspects then come into
play, namely the cost of each maintenance event, as well as the expected
effectiveness of the paint after each maintenance event.
The main advantages of estimating equivalent roughness height from vessel
performance data consist in that, in principle, the obtained 𝑘𝑠 represents the
average roughness condition of the hull and 𝑘𝑠 is independent from vessel speed.
In fact, it has been noted before that reporting hull performance in terms of
percentage change in speed (or, alternatively, percentage change in power), is
still speed-dependent, as at higher speeds wave-making resistance increases
and roughness-dependent viscous resistance becomes less important (Bertram
2017). Additionally, 𝑘𝑠 results can be used in estimating the required power for
any given vessel speed. Disadvantages include uncertainties from the monitored
vessel data, external data, input errors and modelling errors. The later include
input and modelling errors in flat plate resistance and determination of propulsive
coefficient, 𝜂𝐷 . These and other aspects are further explored in section 4.3
Methodology.
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Figure 6 – Alternative iterative procedure for applying the Granville method,
where the Granville method calculates resistance penalties (∆𝑅), given a certain
hull roughness condition (𝑘𝑠 ), which can be translated into fuel penalties (∆𝑃)
after estimating the propulsive coefficient (𝜂𝐷 ).

As an example of application of this iterative procedure (Figure 6), noon
reports are used here, which were kindly provided by the shipping company
collaborating in the project. The data correspond to a tanker, whose main
specifications are given in Table 1. Raw data from noon reports, spanning a
period of more than 3 years, was imported to Matlab. The data starts ~8 months
after the last dry-docking of the vessel for periodic hull maintenance (exactly 254
days). Data points associate with high wind speeds (>7.9 m/s) and vessel speed
outside the sea trial power-speed curves were filtered out (ISO 2016). No other
filters or corrections were applied. Propulsive coefficient 𝜂𝐷 was kept constant
(Svensen 1983, pp.49–61), as derived from model test data. Results are
presented in Figure 7, for percentage speed loss and vessel speed. Vertical lines
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indicate cleaning events, including diver-operated brush carts and propeller
polishing. No dry-dockings occurred during the sampling period. In Figure 7, it is
observed that speed loss is generally lower after a cleaning event, but there is
still some dependency on speed: the lower the vessel speed, the higher the
speed loss. By using the iterative procedure outlined in Figure 6, 𝑘𝑠 results can
be obtained as shown in Figure 8, where 𝑘𝑠 is plotted as a function of time. It
should be noted that, in Figure 8, the scale for the 𝑘𝑠 axis is logarithmic, and that
significant amplitude in hull roughness of 2-3 orders of magnitude is observed in
the 3.5-year period.
Remarkably, 𝑘𝑠 results in Figure 8 are generally not far from those estimated
from divers’ inspection reports, as represented by coloured plus signs. As an
estimate for the hull condition after cleaning (green plus signs), a deteriorated AF
coating was assumed, corresponding to 𝑘𝑠 = 100 μm (Schultz 2007). The results
obtained using the iterative procedure from Figure 6 seem to agree well with
estimates from inspections, and the effect of cleaning events can be noted in
most of the cases. Two exceptions are noted for inspections carried out around
2.5 – 3 years, which were reported by two diving companies with different
inspection protocols from the rest. For obtaining 𝑘𝑠 based on diver inspections
before cleaning (red plus signs), maximum barnacle height and percentage cover
were used as inputs to Equation 6 (Chapter 3). Furthermore, it should be noted
that the low sampling frequency (noon reports) might not be compatible with a
prompt trigger for cleaning events, especially considering that part of the data
points is filtered out due to high winds (used as proxy for rough weather and
waves) or out-of-range vessel speed, dropping the frequency to less than daily.
Higher sampling frequency than noon reports would yield more data points, but
the spread in the results would still remain, as observed already in Figure 8, e.g.
around t = 0.5 years, where oscillations within ~1 order of magnitude are noted.
The procedure might yield better results if the quality of the data would be more
closely checked, more reference power-speed-draft-trim curves would be used
and corrections for relative wind introduced (ISO 2016).
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Table 1 – Main vessel specifications for a tanker.
Year Built

2008

Waterline length LWL

222.96 m

Displacement 

74,329 m3

Draft T

12.20 m

Breadth B

32.25 m

Block coefficient CB

0.847 –

Wetted surface area S

10,997 m2

Design speed USTW

14.00 kn

Shaft power P at design speed

7,164 kW

Propulsive coefficient ηD at design speed

0.600 –

Figure 7 – Speed loss and measured speed through water for a tanker in a period
of 3 years. Hull and propeller cleaning events are marked with vertical lines.
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Figure 8 – Evolution of equivalent sand roughness height for a tanker in a period
of 3 years. Hull and propeller cleaning events are marked with vertical lines.
Estimated equivalent roughness before cleaning (red plus signs) was calculated
from divers’ reports (Chapter 3, Equation 6), while equivalent roughness after
cleaning (green plus signs) were estimated as 100 μm, assuming a deteriorated
coating (Schultz 2007).
Finally, 𝑘𝑠 values from the above tanker can be converted to percentage
increase in resistance ∆𝑅 [%] for the same tanker travelling at constant speed
and draft, say 14 kn and 12.2 m, respectively (Figure 9). This quantity, ∆𝑅 [%] for
a specific speed and draft, is also independent from the actual vessel speed. The
slopes of linear regression within each period between cleaning events is seen
to generally increase with time, which is in agreement with possible damage to
the AF coating. On the same in Figure 9, the cumulative number of days idle is
shown by a green line, which might further help explaining some of the features
of ∆𝑅: (1) a slow increase in resistance before the first cleaning might be partially
due to short idle periods; (2) a long idle period of ~3 months between t = 540 and
730 days most probably contributed to exacerbate the growth; (3) an idle period
of ~1 month right after the 4th cleaning event probably lead to almost no apparent
effect of that cleaning event on hull performance; (4) before the last cleaning
event, the slope is again less steep, which coincides with comparatively shorter
idle periods. The importance of idle periods on biofouling penalties cannot be
overstated, since idle periods allow biofouling settlement, especially towards the
end of the dry-docking interval, when the AF coating starts to fail.
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Figure 9 – Increase in resistance ∆𝑅 [%] relative to a hydraulically smooth hull
(circles), and idle time (green line), for a tanker in a period of 3 years. Hull and
propeller cleaning events are marked with vertical lines. Reference speed and
draft correspond to 14 kn and 12.2 m, respectively.

4.3.

Methodology

In the on-going project, optimization of hull maintenance regarding both forces
and frequency is aimed at. The current section discusses the methodology used
towards this aim.
In Paper I, adhesion strength values obtained from literature are reviewed,
aiming at matching cleaning forces with required force for biofouling removal and
thus minimizing damage to the hull coating. First of all, it should be noted that,
although expressed in the same units of force per unit area, adhesion strength
values are not directly comparable between micro- and macrofouling, as forces
are estimated from hydrodynamic relations in the first case and directly measured
with force gauges in the second case. Also, actual forces imparted by cleaning
tools must be obtained using methods that enable useful comparisons: e.g. the
force exerted by a brush grooming tool on instrumented studs representing
barnacles (Holm et al. 2003; Tribou & Swain 2015) can be directly compared to
force gauge measurements on real barnacles, assuming that there are no
significant scale effects, i.e. the size of the real barnacles is comparable to that
of the instrumented studs. For microfouling and coated surfaces, other methods
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are required for determining cleaning forces exerted by any given cleaning tool.
Such methods should be adapted to the significantly lower roughness height of
such surfaces. For example, cleaning tools using water jets (or other
hydrodynamic methods) enable the user to estimate cleaning forces at the
surface level (pressure and wall shear stress) using simple hydrodynamic
relations or CFD simulations of the cleaning apparatus. Such methods should be
further investigated and validated. Only then can the currently discussed
adhesion strength values for microfouling become truly useful.
The methods discussed in Paper II for determining fuel penalties due to hull
roughness are intended to provide some basis for decisions on when to perform
in-water maintenance. However, as mentioned before, such methods require
experimental testing on a sample of the actual hull roughness. Also, some of
these fail to represent the non-homogeneous distribution of roughness on the
hull, contributing to uncertainties. Thus, a methodological issue arises, in which
the practical goal of estimating propulsive power penalties for a given ship is
hindered by the lack of information on the roughness function and average
roughness height associated with each particular case (hull condition).
The procedure suggested in the previous chapter for solving this
methodological issue consists in combining vessel performance data collected
from the ship with a scaling-up method such as the Granville method (Schultz
2007), used here iteratively to find 𝑘𝑠 for a given ∆𝑃 (Figure 6), i.e. estimating the
cause from the observed effect. Thus, 𝑘𝑠 represents the equivalent sand
roughness height, uniformly distributed on the hull, which would be responsible
for the actual penalty ∆𝑃, assuming a clean propeller. The fact that 𝑘𝑠 is obtained
assuming a clean propeller means that the effects of hull and propeller roughness
cannot be analysed separately. Still, there is significant advantage in the fact that
𝑘𝑠 can be used as a measure of hull performance that is independent from the
vessel speed, which is not the case with previously suggested indicators, such
as percentage speed loss (ISO 2016; Bertram 2017). The approach can be
applied to any vessel, as long as sufficient technical details and data are
available. Thus, the iterative procedure of Figure 6 avoids uncertainties related
to the estimation of hull condition from observations on the hull, and also the fact
that experimental testing of representative hull roughness geometries would
otherwise be required. However, the fact that vessel performance data is required
for estimating the hull roughness condition introduces other uncertainties, related
to the quality of the logged data (sensor accuracy, sampling, manual input errors,
etc.), accuracy of power-speed relations for obtaining the expected shaft power,
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and the validity of corrections for relative wind and sea state. At this point, such
uncertainties are not quantified, and only a crude comparison to values of hull
roughness estimated from divers’ reports has been attempted, yielding promising
results (Figure 8). Using either of the two procedures, i.e. the original Granville
method or the iterative procedure of Figure 6, modelling errors are always
introduced, as the hull resistance under smooth/rough conditions is represented
by a flat plate model, and shaft power penalties are dependent also on modelling
of propeller-hull interactions, i.e. the estimated propulsive coefficient 𝜂𝐷 .

4.4.

Future work and recommendations

In this section, future work on the above topics is suggested, with clear indication
of what will be included in the on-going project. Some final recommendations are
given for stakeholders in the field.
Regarding matching of cleaning forces on adhesion strength of marine
organisms, the following aspects can be highlighted for future work:


need for adhesion strength data of microfouling on biocide-containing
coatings (included in the project);



need for adhesion strength values of fouling communities, i.e. complex
communities instead of single-species communities (included);



need for accurate estimation of hydrodynamic forces on experimental
setups for testing adhesion strength of microfouling (included);



determination of medium/long-term effects of grooming tools on
biocide-containing coatings, where grooming tools are operated as to
remove fouling using minimal forces (included);



determination of forces imparted by commercial cleaning tools
actuating over low-profile roughness surfaces, such as coatings and
microfouled surfaces (outside the scope of the project).

Regarding the estimation of hull penalties due to hull roughness, the following
aspects can be highlighted for future work, however outside the scope of the
current project:
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following a hull-condition-to-penalty approach, further research would
be needed for relating roughness measurements on the hull (surface
statistics) to hydrodynamic parameters such as the roughness
function and equivalent sand roughness height, which would require
significant effort not only in terms of experimental testing of different
hull conditions, but also in terms of development of practical methods
for in-water hull roughness characterization;



alternatively, if vessel performance data is to be used, the quality and
quantity of logged data and external information on the vessel must be
further analysed in order to estimate and reduce uncertainties;



the validity of the form factor approach should be further tested,
especially on slow vessels with high form factor, i.e. less slender
vessels;



models for propeller-hull interaction with varying hull roughness should
be developed, using self-propulsion numerical studies or sea trial data;



finally, a full techno-economic analysis of hull biofouling management
is required on a case-by-case basis (commercial management),
together with global and local guidelines on in-water maintenance to
minimize chemical and biological contamination (IMO and national
level).

Recommendations for involved stakeholders working in the field of biofouling
and in-water hull maintenance are given below:


for researchers, standard-developers and other staff working with
adhesion strength of macrofouling, the occurrence of cohesive
failure during such tests should be reported, e.g. as a percentage of
failed measurements; thus, a high cohesive failure rate might indicate
underestimation of the base plate’s adhesive strength, as only the
loosely attached individuals are pooled (assuming fairly constant
mechanical properties for shells of the same sample);



for hull cleaning technology developers, there is a large incentive
to develop autonomous or remotely operated solutions, as research
indicates it is preferable to target initial stages of fouling using a hull
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grooming approach that demands highly frequent intervention; also, it
would be valuable to quantify the forces exerted by each cleaning tool,
in terms of surface pressure and shear stress, in order to select the
optimal settings for a particular cleaning job;
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for diving companies, ship owners and port/municipality decision
makers, in-water hull cleaning of established macrofouling should be
avoided as much as possible; for example, regular grooming during a
prolonged idle periods (e.g. during vessel lay-up) is encouraged, as
opposed to responsive, heavy-duty cleaning by the end of idle period.



for ship technical managers, speed-independent indicators of hull
performance should be preferred, e.g. the hydraulic roughness 𝑘𝑠
obtained using the iterative procedure of Figure 6, as opposed to
percentage speed loss or percentage power increase. Furthermore, a
form factor approach on hull roughness penalties cannot be
generalised for all speeds, particularly when more than 12% of the
total resistance corresponds to wave making resistance, as this
resistance component is also affected by hull roughness (Paper II).

5. Conclusions

Biofouling on underwater ship hulls can contribute to significant fuel penalties,
associated with economic, societal and environmental issues. This thesis
presents tools for improving current practices related to hull performance
management, focusing on the adhesion strength of marine organisms on different
coatings (Paper I) and estimation of fouled-hull penalties (Paper II).
In Paper I, knowledge gaps that hinder better matching of cleaning forces to
adhesion strength of marine organisms were identified, and conclusions were
derived from published adhesion strength data on different substrata. From this
adhesion-strength perspective, it is arguably better to invest in combating
microfouling rather than macrofouling. Furthermore, suggestions are given for
improving current methods of determining adhesion strength, namely the
reporting of cohesive failure, i.e. reporting the percentage of discarded
measurements due to shell breakage.
Regarding the benefits of hull cleaning from a fuel-saving perspective, Paper
II demonstrates that the hull form might be an important parameter at low speeds
(less than 12% wave-making resistance) and for less slender vessels, such as
tankers. However, the Granville method without form-factor corrections provides
fairly accurate results, when compared to CFD simulations. This thesis further
applied the Granville method in estimating the hull condition, i.e. the equivalent
sand roughness height, from vessel monitored data (noon reports). The
estimated sand roughness height can be used as an indicator of the hull
condition, with the advantage of being independent from vessel speed, which is
not the case for other indicators such as percentage speed loss.
Future research should work towards optimizing other aspects of underwater
hull cleaning, such as finding optimal cleaning intervals and forces that do not
significantly reduce the effectiveness and lifetime of the paint. Focus should be
given to AF coatings, which currently dominate the market and will probably
continue to dominate in the near future, especially for relatively slow vessels on
which FR coatings are not as effective. Also, it is noted that adhesion strength of
complex natural marine microfouling on AF coatings is practically absent from the
literature, and this information is required for better designing cleaning devices
aiming at minimal forces for microfouling removal.
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Abstract: Biofouling is detrimental to the hydrodynamic performance of ships. In spite of advances in
hull coating technology, a ship must usually undergo underwater hull cleaning to remove biofouling
during her in-service time. However, some cleaning practices may also lead to decreased lifetime of
the fouling-control coating. Therefore, cleaning forces should be minimized, according to the adhesion
strength of marine organisms present on the hull. In this article, values of adhesion strength found in
available literature are discussed in the light of current knowledge on hull cleaning technology. Finally,
the following knowledge gaps are identified: (1) data on adhesion strength of naturally-occurring
biofouling communities are practically absent; (2) shear forces imparted by current cleaning devices
on low-form fouling (microfouling) and corresponding effects on hull coatings are largely unknown.
This knowledge would be valuable for both developers and users of cleaning technology.
Keywords: biofouling; barnacle; adhesion strength; microfouling; macrofouling; ship hull cleaning;
ship hull grooming

1. Introduction
Biofouling, the colonization of a surface by living organisms (Figure 1), is detrimental to
the hydrodynamic performance of ships, through increased roughness of the hull and propeller,
meaning higher fuel consumption or lower maximum speed [1]. Furthermore, it is associated with
biosecurity concerns, as a mean of transport of non-native invasive species (NIS) [2]. Importantly,
coating systems used for reducing or preventing biofouling are associated with high application and
maintenance costs, and may cause water pollution through the release of toxic substances [1].
Increased roughness on the ship hull and propeller contributes to increased hull frictional
resistance and decreased propeller efficiency, respectively, both translating into increased power
consumption, or decreased speed [3]. It is estimated that a thin slime, “just detectable by touch”
(microfouling), can lead to an increase in local skin friction of 25% compared to a clean hull [4].
Schultz et al. further compared the condition of a heavily slimed hull to that of a newly-painted hull
and estimated an increase of ~9% in the fuel consumption for the US Navy’s Arleigh Burke-class
destroyer [5]. In broader terms, 9%–12% of global emissions of Greenhouse Gases (GHG) from shipping
can be attributed to deterioration of hull and propeller performance, due to both mechanical damage
and biofouling [6].
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Figure 1. Biofouling on a ship hull—in spite of fouling‐control coatings, underwater hull cleaning is
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Alternative methods that aim at preventing/killing biofouling without removing it are also in use,

As mentioned above, keeping a ship hull relatively clean between dry-dockings sometimes means
resorting to underwater cleaning, typically using aggressive methods such as abrasive pads and
brushes. As an alternative to cleaning, “hull grooming” has been suggested, defined as a proactive,
frequent and more gentle mechanical maintenance of the hull [5,17]. Except for special cases, in which
abrasive conditioning of the coating is desirable (e.g., the so-called “surface treated composites” [18]),
forces used during underwater cleaning event should remain as low as possible, in order to maximize
the lifetime of the coating [19].
Most common technologies for removing biofouling rely on brushes or water jets [20,21].
Alternative methods that aim at preventing/killing biofouling without removing it are also in

J. Mar. Sci. Eng. 2016, 4, 66

3 of 13

use, like for example heat treatment and encapsulation. However, while encapsulation is probably
more adequate for recreational vessels and still requires standardisation [22,23], the efficacy of heat
treatments on large areas of the hull is still lacking independent evaluation and no recent publications
could be found since the last available review from 2010 [20].
Forces imparted by brush systems have been studied for specific types of brushes and reported
shear forces are in order of 10 kPa [14,24]. However, these results correspond to specific barnacle
geometries (instrumented studs are used, representing barnacles), and no data are yet available
on actual forces imparted on other forms of fouling, i.e., macrofoulers other than barnacles,
and microfouling. Information on the latter is of particular relevance, considering that proposed
brush grooming tools are unable to remove tenacious biofilms (low-form, strongly adhered biofilms)
that form under frequent grooming [25]. These biofilms can still have a significant impact on hull
hydrodynamic performance, depending on intensity and coverage [26].
It is recognized that brush-systems can erode, or even damage, fouling-control coatings [20,24].
However, reporting on the effects of brushes on hull coatings (e.g., scratching and wear) is limited
to a few cleaning devices [14,15,25,27]. In addition, imparted forces are dependent on several factors,
such as the type of surface used for cleaning (i.e., carpet, scouring pad or brush), geometrical parameters
(for brushes: bristle density, angle and stiffness), standoff distance and wearing of the cleaning
surface, e.g., at the tip of bristles in cleaning brushes [24,28]. Comparatively easier to estimate,
forces imparted by water jets on the coating are dependent on impact pressure, nozzle diameter
and standoff distance [29]. However, the maximum shear force at the wall will still be dependent
on the actual roughness of the surface to be cleaned [30], thus varying with surface geometry of the
coating/biofouling. To the best of our knowledge, there are currently no studies on forces imparted by
water jets on fouled or coated surfaces.
Finally, the above comments apply to easily accessible and relatively flat surfaces of the hull.
However, variability in cleaning forces might arise across the hull surface, depending on the cleaning
method and the existence of “niche areas” (appendages and sheltered areas), where cleaning devices
need to be tailored.
3. Adhesion Strength of Marine Organisms
Adhesion strength can be defined as the force required for removing a marine organism from
a given surface, expressed as force per unit area (N/m2 = Pa). Knowledge of such values is valuable
not only for comparing the efficacy of different FR coatings, where low adhesion is targeted, but also
as a reference for selecting minimal forces for underwater hull cleaning/grooming [14].
In this section, which is divided into macro- and microfouling, adhesion strength values available
in the literature are reviewed, together with an overview of adhesion and failure mechanisms.
Emphasis is given here on macroscopic methods of measuring adhesive strength, since we aim
at directly translating these results into shear forces necessary for cleaning. Still, microscopic methods
are also available, such as Atomic Force Microscopy (AFM), enabling topographical and mechanical
characterization of cells and adhesives, for both macrofoulers [31] and microfoulers [32].
3.1. Macrofouling
Barnacles are the most comprehensively studied group of macrofoulers. However, several other
relevant groups of macrofoulers must be considered, such as mussels, oysters, tubeworms (polychaetes)
and macroalgae. Each group of organisms is associated with its particular adhesion mechanism. Thus,
for instance, whereas barnacles, oysters, tubeworms and macroalgae adhere permanently to a surface
in their adult stage, adult mussels are still able to move by breaking the byssus threads that keep them
anchored to a given location and by growing new threads [33].
Barnacles have different phases of adhesion: temporary adhesion occurs firstly, as the cypris larva
explores a surface; secondly, the larva produces a settlement cement; finally, the metamorphosed adult
barnacle produces a stronger cement, leading to permanent settlement [33,34]. Adhesion strength is
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normally tested on adult barnacles using ASTM International Standard D5618-94 [35], which measures
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For relatively high adhesion strength (e.g., for epoxy coatings), it is not uncommon for
cohesive failure to occur, which means that the shell of the organism is broken and measurements
do not represent adhesion strength: thus, the force necessary to produce adhesive failure,
i.e., complete removal of the shell, is larger than that required for breaking the shell. In the event of
cohesive failure, a fraction of the shell remains attached to the surface. Different criteria have been
used for dealing with such occurrence: in earlier studies, readings were corrected for the fraction
of base plate detached [50,51]; Berglin et al. suggested to quantitatively use the transition from
cohesive to adhesive failure as a performance indicator for FR coatings [36]; finally, as standard
procedure in ASTM Standard D5618-94, readings are usually considered void if more than 10% of
the organism’s adhered surface remains on the coating [35]. However, using the latter standard
procedure, even if readings with extensive cohesive failure are considered void, the occurrence of
cohesive failure may indicate that the actual adhesion strength for that population is underestimated,
since cohesive strength sets an upper bound to the measurable adhesion strength. However, very few
authors report the rejection percentage (e.g., [47,48]), important information that could indicate
underestimation of adhesion strength. Additionally, cohesive failure is a challenge for underwater
cleaning, since remaining baseplates contribute to hull/propeller roughness, while possibly decreasing
the long-term effectiveness of the fouling-control paint, as discussed below in Section 4.
Finally, values of adhesion strength for oysters and tubeworms on silicone FR coatings are also
given at the lower part of Figure 2. These do not seem to differ significantly from those of barnacles,
although more data would be needed for a fair comparison. While adhesion mechanisms of barnacles
and mussels are well studied, those of oysters and tubeworms have not received so much attention [52].
Again, the incidence of cohesive failure is unknown for available studies on the adhesion strength of
oysters and tubeworms.
3.2. Microfouling
The groups of microfoulers that receive most attention in terms of adhesion strength include
marine bacteria, benthic diatoms (microalgae) and spores/sporelings of macroalgae. Although the
latter spores (i.e., propagules) and sporelings (i.e., young plants) correspond to early development
stages of a macroalgae, they are usually considered as microfouling, due to size.
Bacteria and benthic diatoms rely on building up a layer of insoluble Extracellular Polymeric
Substances (EPS) in order to adhere to a surface, constituting a biofilm. EPS is mostly composed
of carbohydrates [53], but proteins might also play an important role in adhesion, and treatment
with proteases has been observed to reduce the adhesion strength of diatom Navicula perminuta [54].
After settlement, many benthic diatom species are reported to “glide” on the surface once adhesion
takes place, leaving behind a trail of adhesive [53].
Adhesion mechanisms of early stages of macroalgae differ markedly from those of bacterial and
diatom biofilms. Ulva is the most commonly occurring macroalgae on ship hulls [55]. It produces
motile spores (zoospores) that swim by means of flagella and are capable of selective settlement.
Thus, once the right environmental and surface cues are offered, a spore will permanently attach by
means of secreted adhesive [56].
Values of adhesion strength for different microfouling species and stages of development are
given in Figure 3 for more than 80% removal, and Figures 4 and 5 for more than 50% removal and for
diatoms and early stages of macroalgae, respectively. All the values correspond to silicone FR coatings.
Due to the reduced size of these organisms, hydrodynamic methods are routinely employed for
measuring adhesion strength, replacing the mechanical shear test presented above for macrofoulers [56].
These hydrodynamic methods include the turbulent flow apparatus [57], calibrated water jet
apparatus [29] and automated water jet apparatus [58]. The use of different methods may also
contribute to some of the variability in the presented data.
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From Figure 3, adhered diatom cells (Amphora coffeaeformis, Navicula incerta and Navicula perminuta),
in contact with the surface for 2 h, could be removed by applying shear stresses of ~20 to 275 Pa,
whereas a two-day-old biofilm of Navicula incerta would require an intermediate shear stress. Sporelings
of macroalgae (Figure 3: Ulva linza, Ectocarpus crouaniorum, Ectocarpus sp. and Hincksia secunda) are
usually tested after growing for six to 14 days, and their adhesion strength on silicone FR coatings
varies from ~8 Pa to ~140 Pa. Overall, Figure 3 provides reference values of adhesion strength valuable
for deciding on minimum cleaning forces for silicon FR coatings. However, it should be stressed that
variability is introduced by differences in surface properties of each FR coating tested within each
study (see Supplementary Materials).
Values of adhesion strength corresponding to >50% removal are presented in Figures 4 and 5,
for diatoms and early stages of macroalgae, respectively. Here, the minimum reported value
corresponds to 5 Pa, for both 18-h-old biofilm of Cellulophaga lytica and seven-day-old sporelings
of Ulva linza. For Navicula incerta (Figure 4), adhesion strength is apparently higher when a biofilm
is allowed to form, as compared to isolated adhered cells. For macroalgae (Figure 5), it is noted that
adhesion strength reaches its maximum values at around one week. As the algae grows, there is
usually an increase in reported removal from FR coatings [66]. This is probably due to an increase
in the length of the algae filaments (increased protrusion leads to increased drag) rather than lower
adhesive properties of older sporelings, at least on FR coatings. This might not be true for all surfaces,
since such positive relation between percentage removal and age could not be found on glass [66].
From the above results, at least two species stand out as having higher adhesion strength: these are
Navicula perminuta and Ulva linza. The later is a widely spread macroalgae [56]. Differences between
species can be partially attributed to the use of different hydrodynamic methods, for e.g.,
in Holland et al. [59], but at least one study (Evariste et al.) seems to indicate superior adhesion
strength of Ulva linza, compared to other macroalgae species [62]. Besides the already mentioned
variability in surface properties of different FR coatings, it is not entirely clear, from the literature,
to what extent large differences between species (up to one order of magnitude) can be attributed
to intrinsic properties of adhesives produced by different species [59] or to different exposure to
hydrodynamic stress due to different geometry of cells/sporelings [66].
As noted before for macrofoulers, values of adhesion strength on coatings other than FR are
largely missing in the literature. This is possibly due to the focus on the efficacy of FR coatings,
rather than forces necessary for cleaning coatings currently in use on the majority of ship hulls.
The number of species studied is also limited, whereas results obtained from single species are
likely to differ from those obtained using natural communities (multi-species samples). On the latter
aspect, a first step has been taken by Mieszkin et al., who studied variations in adhesion strength
of Ulva linza and Navicula incerta on differently pre-conditioned coated surfaces (natural biofilm and
Cobetia marina biofilm) [61]. Results from the latter study indicate complex relationships between algae
and marine biofilms, suggesting that over-generalization should be avoided.
4. Matching Cleaning/Grooming Forces with Adhesion Strength
Thus far, we have discussed how cleaning/grooming is performed and how its forces are
measured/estimated (Section 2). Furthermore, we reviewed published results of adhesion strength of
marine organisms (Section 3). The remaining question is how well these forces can be matched.
For macrofouling, adhesion strength values of Figure 2 can be directly compared to cleaning
forces measured on instrumented studs [14,24]. Thus, for example, the grooming tool suggested
by Tribou et al. imparts a shear stress of approx. 0.01 MPa [14], and it would thus be unable to
remove an average macrofouler from even a silicone FR coating, since the minimum value in Figure 2
corresponds to 0.03 MPa. However, it can still be effective against minimally adhered macrofoulers [14].
On the other hand, too high a cleaning shear stress means an increased risk of damaging the
AF/FR coating, whereas, as pointed out by Bohlander, the amount of paint removal depends also
on paint type and age [21]. For an ablative AF paint, Hearin et al. report an area extent of wear
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(or erosion) of 12% ± 10% of the topcoat after 12-month grooming on a weekly/bi-weekly basis
(shear stress ~0.01 MPa), whereas ungroomed control surfaces suffered significantly higher wear,
with a 31% ± 20% removal of the topcoat. This difference was attributed to higher forces used in
hand-cleaning the ungroomed control surfaces prior to the photographic visual inspection. For an FR
coating, Hearin et al. found no wear of the topcoat, but only localised damage, which was attributed to
causes other than the grooming itself [27]. In addition, the coating system adheres to the hull with finite
strength, which poses an upper limit to forces that can be used during cleaning. Although adhesion
of the coating to the hull varies significantly with application quality and exposure conditions [69],
the strength of ship hull coatings is normally 2.5–3 MPa [70], which is comparable to adhesion
strength values mentioned above for macrofouling on epoxy coatings. Besides wear/damage to the
AF/FR coating system, high cleaning shear stress will also increase the frequency of cohesive failure,
i.e., shell breakage (Section 3.1), which means an imperfect result from the cleaning, thus contributing
to the frictional drag of the vessel. Cohesive failure may also bring about negative consequences for the
subsequent long-term effectiveness of the paint, since shell remains could intensify later recruitment
by providing chemical cues for settlement [71]. All these factors support the use of hull grooming,
targeting early stages of fouling.
Unfortunately, it is not possible to compare adhesion strength values of microfouling (Figures 3–5)
to cleaning forces measured on instrumented studs, since imparted forces strongly depend on the
geometry of the surface to be cleaned. Although there are data on instrumented barnacles (e.g., [14]),
to the best of our knowledge, data are not yet available on shear forces imparted by any brush/pad
system on either microfouled surfaces or coated surfaces. Thus, in addition to estimations of shear
forces for water jet systems on rough surfaces [30], a collection of values of shear stress from different
types of brushes/pads as a function of fouling roughness would enable valid comparisons to be drawn.
In turn, this would enable matching cleaning/grooming forces with adhesion strength of microfouling,
which is considered the best target for a more coating-friendly underwater hull maintenance.
From the above, recommendations can be summarized as follows, for different stakeholders
working with underwater hull cleaning:

•

•

for developers of cleaning technology: (1) shear forces should target microfouling or early
stages of macrofouling; (2) forces should be easy to control by the user, with as few adjustable
parameters as possible; (3) variability in shear force for each level of cleaning strength should
be minimized; and (4) information should be compiled on effects on different types of coatings,
microfouled samples and surface roughness;
for users (e.g., diving companies), ship owners and as tool for various decision makers:
(1) underwater cleaning of hulls covered with macrofouling should be avoided, as a rule;
(2) the cleaning strength level should be adjusted by taking into account information available
from the manufacturer of the cleaning system, as to get a conservatively low first estimate of
strength needed for the task, taking into consideration the type and age of coating.

5. Conclusions
In this short review, we discussed the issue of matching forces used in hull cleaning/grooming
to the actual fouling condition of the hull, consisting of a multi-species combination of macro- and
microfouling. It is apparent that more data will be necessary in order to accomplish this objective.
On the one hand, data on adhesion strength of naturally occurring biofouling communities are
needed; particularly, data are lacking for adhesion strength of biofouling occurring on AF coatings
(biocide-containing coatings). On the other hand, better knowledge is needed on the shear forces
imparted by current cleaning devices on low-form fouling (i.e., microfouling), as well as their effects
on today’s fouling-control coatings. This information would be relevant in designing improved
cleaning tools, as practical guidance for divers and ship owners, and as support for decision makers at
environmental agencies.
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