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The subject of rudder cavitation damage is

Welcome to the
third issue of the
quarterly Journal of
Ship Hull
Performance

really an unexpected victory. Rudder cavitation
damage has been a great problem, much
researched but with no solution until now. As
you will read in the White Paper on the subject,
the problem can be considered solved as of this
date with 110 rudders permanently protected
with no cavitation damage over an extended
period of time.

his issue contains our two latest White

T

Also in this issue we are pleased to publish

Papers: N°5, Underwater Ship Hull

some of the recent work of Dr. Dan Rittschof,

Cleaning: Cost-effective, Non-toxic Fouling

Director of Undergraduate Studies at Duke

Control; N°6 Rudder Cavitation Damage

Marine Lab, Duke University in North Carolina,

Solved. The titles speak for themselves.

USA. Dr. Rittschof is something of a living

I hope you will find the information useful

legend in the field of marine ecology, a

in terms of reduced fuel costs and emissions,

respected professor, researcher and author. His

a longer service life for your ships, and

current research has been in the area of fouling

cleaner ports, harbors and oceans. That’s

release coatings and their effects on marine life.

what these White Papers are for.

He has been testing hull coatings for decades
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and has developed a vast body of information on

very early stages and keep the ship free of

the subject. He constantly seeks the right

fouling with an ongoing in-water maintenance

solution which will work for business,

regimen. End of problem. And while there is

government, science and the environment. We

some back off on the subject of hull cleaning,

have published in full a recent paper on the

this is addressed clearly from all angles in White

effects of silicone on the enzymes in barnacle

Paper N°5 in this issue. The economics militate

glue, along with viewpoints shared in a recent

heavily towards this approach.

interview. His work has immediate and
important implications for the shipping industry

I hope this issue of the Journal will prove

and the hull coatings industry.

valuable and would like to hear from you once

In working on the White Papers, with all the

you have read it.

research and literature review involved, it
strikes me again how simple the real solution to

Successful sailing!

the problem of ship hull protection and fouling
control really is. You put an impenetrable,
permanent, non-toxic underwater shield on the

Boud Van Rompay

ship’s hull and then remove the fouling in its

CEO, Hydrex Group
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HYDREX WHITE PAPER N°5

Underwater Ship Hull
Cleaning: Cost-effective,
Non-toxic Fouling Control
A practical guide to industrial underwater ship
hull cleaning, its value and limitations, and how
to institute a workable program for optimizing
ship hull performance and saving fuel, with
due concern for the environment.
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Part I. Introduction
Historical note
Cleaning ship hulls of marine fouling has been a fact of
maritime life since humankind first took to the sea in
boats and ships. The Greek priest and author Plutarch
(45–125 AD) discusses the cleaning of ship hulls in his
Symposiacs.
...for the ship continuing dry, not yet made heavy by
the moisture soaking into the wood, it is probable that
it lightly glides, and as long as it is clean, easily cuts
the waves; but when it is thoroughly soaked, when
weeds, ooze, and filth stick upon its sides, the stroke
of the ship is more obtuse and weak; and the water,
coming upon this clammy matter, doth not so easily
part from it; and this is the reason why they usually
calk their ships.1
The British Royal Navy was well aware of the
importance of removing fouling from the hulls of their
men-of-war in the 18th and 19th centuries when
“Britannia ruled the waves.” Captain James Cook landed
his ship Endeavour at a small harbor he found at the
mouth of what he named the Endeavour River in
Australia on his way around the world so that it could be
careened (laid over on its side) and the hull repaired and
scraped free of barnacles.2 Captain Cook notes elsewhere
in his journal that he was looking for a suitable location
to careen the ship with the sole purpose of cleaning the
bottom.
It has long been known that fouling on a ship’s hull
greatly increases hull friction and slows the vessel down,
making it more sluggish and less maneuverable.
Technology advanced to the point where ship hulls
could be cleaned with the ship still in the water by divers
using a variety of hand and mechanical tools and
scrapers. Cleaning the hull with the ship in the water
avoided beaching and careening or the more modern
equivalent, drydocking, thus saving time and expense
while still getting the job done.

Engraving of Endeavour beached at Endeavour River
during Cook's first voyage of exploration. First published
in "A new, authentic, and complete collection of voyages
round the world: undertaken and performed by royal
authority: containing a new, authentic, entertaining, instructive, full, and complete historical account of Captain Cook’s
first, second, third, and last voyages, undertaken by order of
His present Majesty" page 117, edited by William Anderson,
published by Alexander Hogg, 6 Paternoster Rd London
(1786)

gave the illusion that ship hull cleaning was an
unnecessary thing of the past. The idea was that all the
hard work required to keep a ship hull clean could be
avoided, substituting chemicals for manpower. This was
one of those unfortunate “if it seems too good to be true
it probably is” scenarios. It was soon discovered that TBT
was a two-edged sword and the damage the poisonous
substance caused to the marine environment was extensive, severe and unsustainable.3 4 Nevertheless, during the
“TBT era” the subject and practice of underwater ship
hull cleaning went into decline in terms of repute,
technology, skill and general availability.
The TBT deception also resulted in the current
attitude towards underwater cleaning held by many
shipowners/operators who consider it a hassle and a
logistical nightmare. The tendency is to avoid underwater
hull cleaning.

Vicious circle

“...during the “TBT era” the subject and
practice of underwater ship hull cleaning
went into decline in terms of repute, technology, skill and general availability.”

However, the antifouling technology which replaced
TBT-laden hull paint was relatively ineffective. All ship
hulls develop a biofilm or slime layer at the very least,
regardless of the bottom paint used, and this, combined
with rough hull coatings, carries with it a fuel penalty of
as much as 20% or more.5 6 And there is an additional
liability to the antifouling technology which replaced the

For a brief time towards the end of the 20th century,
the introduction of the highly toxic TBT into hull paints
1
2
3
4
5
6

Plutarch Symposiacs Book II Question VII
Blainey, Geoffrey (2008). Sea of Dangers: Captain Cook and his rivals Penguin Group (Australia) 252-257.
Janice Limson, “Tributyltin - the most toxic chemical ever deliberately released into the seas” Science in Africa
EU-Life Organotins http://www.ukmarinesac.org.uk/activities/water-quality/wq8_26_1.htm accessed June 2011.
“The Slime Factor” (Hydrex White Paper No. 2, section “No hull or coating immune” (2010) 6-7
M. P. Schultz and G. W Swain, “The Effect of Biofilms on Turbulent Boundary Layers,” Journal of Fluids Engineering, Vol. 121 / 51, (March, 1999).
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TBT paints: the coatings could not be cleaned without
damage to the paint and to the marine environment.
Rising costs of bunker fuel mean that a 20% fuel
penalty is intolerable.

by shipowners and operators on an immediate basis using
today’s technology to save 20% or more on fuel costs and
GHG emissions, reduce the need for drydocking, prevent
the spread of non-indigenous invasive species and all
without polluting the marine environment. Knowledgeable experts on and practitioners of underwater ship hull
cleaning have been consulted with a view to describing
real situations, issues and solutions.

“...underwater ship hull cleaning, thoroughly
and efficiently done on an industrial basis
and on a suitable hull coating, is the
answer to reducing fuel costs, cutting
GHG emissions, preventing the spread of
non-indigenous species and avoiding marine
chemical pollution.”

Part II. Vectors of
change

The underwater hull paint industry has created a
“damned if you do, damned if you don’t” situation for
shipowners/operators which includes frequent drydocking and paint replacement, a built-in fuel penalty,
and coatings which are ineffective in preventing fouling
yet are not suitable for underwater cleaning (the only
practical means of avoiding the fuel penalty incurred).
Today underwater ship hull cleaning thoroughly and
efficiently done on an industrial basis and on a suitable
hull coating is the answer to reducing fuel costs, cutting
GHG emissions, preventing the spread of non-indigenous
species and avoiding marine chemical pollution.

I

n the second decade of the 21st century, a number
of vectors are converging, driving the shipping
industry towards a more efficient and environmentally safe approach to hull coating and fouling control.
The vectors involved are
1. rising cost of fuel,
2. pressure to safeguard the marine environment from
the harmful effects of chemical biocides contained in
conventional anti-fouling paints,
3. the problem of accumulating pollution and contamination of ports and harbors and their immediate
surroundings, along with the great difficulty of
dredging or trying to clean up those areas,
4. rising concern about harmful atmospheric emissions
such as nitrous oxides (NOx), sulfur oxides (SOx), socalled green house gases (GHG),
5. efforts to limit the spread of invasive non-indigenous
species (NIS) via ship hull fouling
6. the economic need to extend the interval between
drydockings.

Practical approach
Much of the literature reviewed on the subject of
underwater ship hull cleaning takes a theoretical
approach to the subject or is produced by people who are
remote from the slime, weed, barnacles and other fouling
on the typical ship hull, have not looked at fouled hulls
underwater or cleaned ship hulls or talked to those who
have. Often they try to compare underwater cleaning to
apparently similar activities carried out on land, demonstrating an unfamiliarity with hydrodynamics and the
differences between operations carried out on land and in
the water. The real issues are not necessarily identified.
Potentialities are missed. Restrictions are also missed.
The result is that the view of underwater cleaning
currently in circulation in the maritime industry and in
academic writings tends to be rather impractical and
divorced from reality, leaving shipowners and operators
ill-informed on the subject.
This paper is a realistic survey of the subject of
underwater ship hull cleaning, examining benefits as well
as difficulties and limitations, with a view to providing an
accurate and useful summary which can be put into use

Fast, effective, widely available industrial grade underwater hull cleaning plays a key role in each of 1 - 6 above.
Let’s see how.

1. Rising cost of fuel
This has been well documented in a previous White Paper
in this series, Hydrex White Paper No. 3, Clean Ships
Hulls and Ports– Without Compromise. The price of
bunker fuel has been rising and all indications are that it
will continue to do so. This is a major concern for all
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Data taken from Schultz, Michael P., Department of Naval Architecture and Ocean Engineering, United States Naval Academy,
Annapolis, Maryland, USA(2007) ‘Effects of coating roughness and biofouling on ship resistance and powering’, Biofouling, 23:5,
331 - 341, and Naval Ships’ Technical Manual Chapter 081 Waterborne Underwater Hull Cleaning of Navy Ships.
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copper concentrations in marinas and found the
primary source of copper to be from the anti-fouling
paints found on boat hulls. Research has shown
copper to be highly toxic to aquatic life.
Summary: Recreational water vessels are defined
as a vessel that is less than 65 feet in length, and
used primarily for pleasure or leased, rented, or
chartered to a person for the pleasure of that person.
It does not include a vessel that is subject to United
States Coast Guard inspection and is engaged in
commercial use or carries paying passengers.
After January 1, 2018, new recreational water
vessels with antifouling paint containing copper may
not be sold in the state. Beginning January 1, 2020,
the sale of copper antifouling paint intended for use
on recreational water vessels is prohibited. 7

ship-owners/operators who are looking for ways to
reduce this cost so that they can maintain a profit margin
without having to raise their prices excessively.
Hull fouling increases fuel consumption dramatically,
as the chart on page 7 shows.
Therefore keeping a ship’s hull in smooth condition
and free even of slime can add up to savings as high as
20% or more. Currently available antifouling (AF) coating systems are not particularly effective in preventing a
build-up of slime. Fouling release (FR) coating systems
also accumulate slime. Surface treated composite (STC)
systems also build-up slime. In fact all available coatings
tend to accumulate biofouling in the form of slime or
biofilm quite rapidly, depending on the ship’s disposition
and the waters in which it sails. Thus a fuel penalty of as
much as 20% or more is usual with any ship, no matter
what hull coating system is in use, unless the fouling is
removed.

At time of writing, a similar bill has been introduced in
California, SB 623, which is in final stages of approval in
the California Senate.
This is a valid concern. The trend here is towards a
complete ban on biocides in hull coatings where there is
any doubt about the environmental safety of these
biocides. So far no biocide has been developed which is
completely safe environmentally, which targets only the
fouling which actually settles or attempts to settle on the
hull, and which loses its toxicity within a very short time
or distance from the hull so that no non-target organisms
are affected, the surrounding water is not polluted and the
poisons do not settle in sediment in port areas.
Until such a biocide is developed and tested, the
regulation against all biocides which do not meet these
specifications and which continue to pollute the oceans,
ports and waterways will increase. In Chapter 25 of the
2009 book Advances in marine antifouling coatings and
technologies, A. J. Scarding includes the following:

2. Avoiding chemical pollution of
the oceans and waterways
This factor has been a major concern since TBT was
found to be so damaging. Even though TBT has been
banned and is no longer in use as an antifouling biocide,
the biocides currently in use including copper and a
number of so-called booster biocides or co-biocides are
under scrutiny and are being increasingly regulated
against (the latest development is the Washington State
ban on the use of copper in antifouling paint for
recreational craft, the first US state to restrict the use of
copper for this purpose). Part of the Synopsis of the bill
as Enacted, C 2248 L 11, is quoted here:
Background: Aquatic antifouling paints are used on
water vessel hulls to prevent the growth of aquatic
organisms such as barnacles and algae. Most of these
anti-fouling paints use copper to reduce the growth.

25.1.1 The need for non-toxic alternatives
The control of biofouling has finally reached an
important crossroad. No longer is it acceptable to use

“According to a 2007 study, the Department of Ecology (DOE) has conducted
research measuring copper concentrations
in marinas and found the primary source of
copper to be from the antifouling paints
found on boat hulls. Research has shown
copper to be highly toxic to aquatic life.”

“It is extremely difficult to predict the
impact biocides and heavy metals will
have on marine life in the future. The
precautionary principle suggests that nontoxic strategies are the safest approach
to adopt.”

According to a 2007 study, the Department of
Ecology (DOE) has conducted research measuring
7

Final Bill Report SSB 5436 2011-12, Washington State Legislature
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TBT or indeed any other toxins which will harm nontarget marine organisms. It is extremely difficult to
predict the impact biocides and heavy metals will
have on marine life in the future. The precautionary
principle suggests that non-toxic strategies are the
safest approach to adopt.8

other biofouling in a timely manner and this will automatically reduce the emissions of atmospheric pollutants.

5. Invasive, non-indigenous species (NIS)
Greater and greater pressure is being exerted to prevent or
limit the spread of invasive non-indigenous species (NIS)
via shipping, both from ship hull fouling and from ballast
tanks.11 Trying to prevent this spread by applying highly
toxic AF coatings is a self-defeating activity from an
environmental point of view. Like robbing Peter to pay
Paul, the gains that might be made in limiting the NIS
spread are outweighed by the damage done by the
chemicals. The AF coatings currently in general use are
not very effective in preventing the spread of NIS. In fact
there is evidence that they contribute to the creation of a
sort of super-NIS which are resistant to biocides and
better armed to take over a new marine environment than
the local species they displace.12 Neither are the FR
coatings effective since some NIS are translocated even if
others do not adhere or are washed off. If some NIS are
transported, the damage is done. In order to really prevent
the spread of NIS, ships must sail with a completely clean
hull. They will not usually pick up fouling while en route
and therefore if they sail with a clean hull from Port A
they will arrive at Port B with a clean hull: no NIS. But
this would require thorough cleaning before the ship sails,
not a 20%, 40%, 75% job.

Already many ports in the world understandably ban
the underwater cleaning of hulls coated with biocidal
AF paint in order to protect their waters and environment.

3. Problem of accumulation of pollution
and contamination in ports and harbors
This is the same general situation as covered in point
number 2 above but with local consequences of grave
concern to ports and harbors. It extends to inland
waterways. Due to the activity in ports, the fact that
ships can remain there for some time and the work
carried out in drydocks and ship repair yards, the
pollution and contamination of these waters and the
local seabed is intensified many times compared to
the effects of biocides in deep water. Port authorities
are rightfully protective of their immediate environment, concerned for the health and safety of those using
the port and the general cleanliness of the water and
seabed.9

4. GHG, CO2, NOx, SOx
6. Fewer, shorter drydockings

Harmful emissions go hand in hand with fuel consumption. Responsible governments, environmental agencies
and a number of NGOs are working hard to reduce the
worldwide emission of greenhouse gases, carbon dioxide
(CO2) nitrous oxides (NOx), sulfur oxides (SOx),
particulate matter (PM) and other atmospheric pollutants.
International shipping is not the main culprit when it
comes to these emissions but nevertheless plays a
significant role. Thus part of the worldwide endeavor
to reduce these emissions from all sources are the
efforts by the IMO and others to reduce that component
of the overall emissions which can be attributed to
shipping.10
These emissions tend to be in direct proportion to the
amount of fuel burned by ships. Propulsive fuel consumption can be reduced in a number of ways. A major
factor is avoiding the extra fuel required to overcome the
hull friction increase caused by fouling. This brings us
back to the points covered above under “Rising cost of
fuel.” Reduce fuel consumption by removing slime and

As a further means of maintaining or increasing profit
margins by keeping ships in service as much of the time
as possible, trends are towards longer intervals between
drydocking and less time spent in drydock. Many
operations to the underwater hull and other parts of the
ship below the water line can be accomplished more
quickly and economically in the water, without pulling
the vessel out of the water in drydock. This includes
underwater hull cleaning and propeller polishing, both
designed to reduce fuel consumption, as well as minor
and major repairs which, if not done, would prevent a
ship from operating at all.

“Many operations to the underwater hull
and other parts of the ship below the water
line can be accomplished more quickly and
economically in the water, without pulling
the vessel out of the water in drydock.”

A. J Scarding, Chapter 25, “Surface modification approaches to control marine biofouling,” Advances in marine antifouling coatings and technologies, Edited by Claire Hellio and Diego Yebra,
Woodhead Publishing Limited, 2009: 664
9 Hydrex White Paper No 3 around "Clean Ship Hulls and Ports – Without Compromise"
10 Second IMO GHG Study 2009
11 MEPC 55, (Marine Environment Protection Committee 55th Session), MPEC 56
12 Jamie Gonzalez & Leigh Taylor Johnson, “Copper-Tolerant Hull-Borne Invasive Species: Further Analysis, Sea Grant, 2008
8
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Many of these cleaning, maintenance and repair
activities can also be done in drydock just as well or in
some cases better, but the expense of frequent drydocking
is prohibitive in terms of the drydocking fees and labor
costs themselves and the financial loss resulting from
having a vessel out of service frequently and/or for extended periods of time. Others of these operations, such as hull
cleaning on a surface treated composite (STC) coated hull,
are better performed in the water due to the ease of access
and the lubricant effect of the water when using mechanical tools. In fact an STC coated hull improves in smoothness and hydrodynamic properties when cleaned in the
water, a combined effect of the tools and the water.
The pressure to drydock vessels less frequently and for
shorter periods of time so as to keep costs down is increasing, as seen in the push towards a 7.5 or even 10 year
drydocking interval. The main obstacles to this extended
interval are hull corrosion and fouling. The main incentive, if these factors are handled, is a great reduction in
costs.
The following article published by the Baltic and
International Maritime Council (BIMCO) states the
situation and trend very clearly:
Drydocking a ship periodically has been regarded as
important, and an adequate network of drydocks and
graving docks has been regarded as essential for
both efficiency and safety. At the regular docking, the
fouling over the ship’s submerged body can be
scrubbed off, new coatings applied while the important underwater elements, such as the stern tube
and its seals which prevent water getting into the
ship (and any oil getting out) can be inspected. The
propeller can be polished, and the various intakes
such as the sea water suction, or the bow thrusters
and its tunnel, can be inspected and overhauled.
It is fair to suggest that shipowners regard drydocking as a necessary evil, with the ship out of
service for this periodic inspection. Drydocks are
expensive to hire, and with so many very large ships
at sea, it is sometimes difficult to find one available,
especially for an emergency. It is usually necessary to
book many months, or even years, ahead of the drydocking date, while big owners of big ships often
contract their dockings on a block booking system
that they hope will give them preferential treatment
for their vessels.
Owners have tried to convince classification societies that the interval between dockings could be ex-

tended, on the grounds of more reliable and high
performance hull coatings that keep growth at bay
for longer, along with maintenance programmes
that help to demonstrate the vessel’s ongoing quality.
But what is a real breakthrough is underwater maintenance and repair equipment and technology that
will virtually do everything a drydock can do, but
without needing that drydock.
There are now underwater repair specialists that
will undertake quite extensive repairs using “cofferdams” – chambers that can fit tightly to the underwater body of a ship and provide a dry refuge to the
repair team. It is possible to scrub growth off the
underwater shape, even to recoat with certain coatings, while propeller polishing is a job that can be
done by divers as well as can be undertaken by
people working in drydocks. It then becomes possible
to extend the intervals between dockings, with
savings in time and money, and without having to
take the ship out of service.
Much of this technology has emerged from the
offshore industry, where maintenance regimes and
specialist coatings have been developed that will
enable floating platforms and storage vessels to stay
on station for 20 years or more. Ships will still need
drydocking, but not so often, and the huge expense of
building docks capable of taking today’s huge vessels
might be mitigated.13
These six vectors of change are all driving the industry in
the same direction: use of a hard, inert, non-toxic coating
and routine in-water cleaning. There are many advantages
to this approach.

Part III. A workable
approach to
underwater ship
hull cleaning
To clean or not to clean
Any level of fouling, including biofilm or slime, carries
with it a considerable fuel penalty. With current fuel
prices, this is too much to ignore.14

13 BIMCO http://editor.bimco.org/en/Corporate/Education/Seascapes/Sea_View/Doing_without_drydocks.aspx (2010) accessed June 2011.
14 For a full description and explanation of the problem and solution, see Hydrex White Paper No. 2 “The Slime Factor” available for download at www.shiphullperfornance.org
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There is currently no hull coating available which will
not foul. Some coatings are more resistive to heavy
fouling than others; some coatings make it harder for
heavy fouling to adhere; some are easier to clean than
others; some shed some of the fouling when the vessel is
traveling, particularly when it travels at speed. But all
currently available hull coatings will foul, even if the
fouling is limited to slime and weed.
The only way to remove this fouling is by cleaning it
off. This can be done in drydock using pressure washing
with widely varying results depending on the type of
coating and the degree of fouling. Or it can be
done underwater using a variety of methods, some more
effective than others, some too impractical for general use
(e.g. high pressure underwater washing for soft coatings
such as fouling release coatings, which is too slow and
expensive to be of any real value).

“Like it or not, ship hull cleaning is an
essential part of operating a vessel or a
fleet efficiently and economically.”
Like it or not, ship hull cleaning is an essential part of
operating a vessel or a fleet efficiently and economically.
Having decided that hull cleaning is essential, it is
worth looking at how to get it done in a cost-effective and
environmentally safe manner.

How to clean
There are two main choices:
1. clean in drydock
2. clean underwater.
Cleaning in drydock using pressure washing is
possible on all coatings unless the fouling has become too
heavy to wash off. In theory, even biocidal coatings can
be cleaned in drydock where adequate provision is made
for collecting the debris and any waste water and disposing of the biocides safely. Fouling release coatings,
providing the fouling is limited to slime, can also be
cleaned in drydock by low pressure water jet.
The main problem with cleaning in drydock is that it
is much too expensive to drydock a vessel with the
frequency required to keep the hull free of fouling. It
could mean drydocking a ship every month or two.
Any shipowner or operator knows that this is much too
costly and also much too disruptive to a ship’s operating
schedule and it simply will not happen.
While there are a number of techniques and methods

of underwater cleaning under research and development,
the currently available best practice for removing the
fouling from below the water line on a vessel consists of
the following elements:
1. Divers specially trained and experienced in underwater ship hull cleaning
2. Self-propelled mechanical underwater cleaning
machines with rotating tools (or scrapers in the case
of heavy fouling) which are kept in contact with the
hull by suction and steered by a diver (these are used
to clean the fouling off the larger areas of the hull such
as the vertical sides or the flat bottom)
3. Smaller mechanical tools to clean areas where the
larger machines cannot reach or clean
4. Hand scrapers and tools to clean niche areas
5. The above are best accomplished with the vessel at
anchor rather than quayside, allowing easy access to
all parts of the hull including the flat bottom. When
the ship is against the quay, diving to clean the vertical
side next to the quay is made difficult by fenders,
and the flat bottom is often too close to the harbor
bottom to allow the diver easy access and freedom of
movement. An alternative, if the ship is to be cleaned
while moored rather than at anchor, is just to clean
the outer side of the hull. When the ship reaches its
destination it can be moored facing the opposite
direction and the side of the hull which was not
cleaned before can now be accessed easily for
cleaning. It is not ideal since the ship sails with half
the hull fouled to some degree at least. It is preferable
to clean a ship at anchor and this can be done while
bunkering or other normal operations are in progress
so as not to disrupt operations.
6. Cleaning is best done by well trained and equipped
divers operating from dedicated workboats set up for
rapid and efficient dive support, using fast, powerful
hydraulic rotating tool cleaning machines. Done this
way, using two or more workboats with several diver
teams on each, the largest VLCCs can be cleaned
100% in 6 - 12 hours. The cost of effective, rapid
cleaning is dwarfed by the savings that will be gained
as an immediate result. Usually the payback will be
achieved before the next crossing is complete.
7. Independent verification of the cleaning where there
is any doubt about the performance of the company
employed.
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Any real limitation to underwater cleaning centers on the
type of hull coating in use.

“Any real limitation to underwater cleaning
centers on the type of hull coating in use.”
AF coatings cannot be cleaned underwater without
hazard to the environment. It is also invariably destructive
to the coating which becomes depleted more rapidly.15
(As a note, while this accelerated depletion may appear
beneficial from the point of view of repeat business
for the manufacturer and those who benefit financially
from repainting, it is hazardous to the environment and
expensive to the shipowner/operator.) Methods of collecting the debris from cleaning and of filtering the water
to remove harmful elements have been tried but the
damaging substances (the heavy metals and biocides)
cannot be prevented from spreading in the water. Any
system which truly filtered out all the biocides released
during underwater cleaning would be so expensive and
time-consuming that it would be cheaper and quicker to
drydock the vessel and clean the hull there where such
collection and filtering, although still expensive and
difficult, would be more easily accomplished. This has
already been ruled out as an economic impossibility,
except for occasional cleaning when the ship is already
in drydock for other reasons. However, that frequency
of cleaning is inadequate when it comes to achieving
the benefits attainable from keeping the hull free of
fouling.
FR coatings are easily damaged and must be cleaned
very gently which is only useful if the fouling is no more
than a biofilm. Great care must be taken to make sure that
only the mildest of tools are used and the integrity of
the coating is not compromised through careless or
aggressive cleaning. Research and development are in
progress on small, remotely controlled cleaning machines
for “hull grooming,” by which is meant very frequent
light cleaning of the fouling-release coated hull to remove
slime in its early stages, but so far no such system has
emerged into commercial use.
Hard, inert coatings can be cleaned underwater
without any risk of chemical pollution to the environment
or of damage to the coating, and a specially-formulated
glass-flake vinylester resin coating can be cleaned
aggressively and rapidly and will only improve in
smoothness with each cleaning.

How clean is clean?
If underwater hull cleaning is going to produce all the
expected results, provide maximum reduction in fuel
costs and prevent the spread of NIS, then it has to be fully
done. This means that all the fouling is removed from
below the water line, including niche areas, sea chests,
rudders, intakes and all the underwater equipment.
Considerable fuel savings can be achieved by cleaning
the vertical sides and the large areas of the hull. This takes
less time than a complete cleaning, but will not in itself
fully deal with the threat of ships spreading NIS, since
these invasive species often populate the less accessible
parts of the vessel.
From a practical point of view, there are degrees of
hull cleaning and fouling removal. Without taking into
consideration the threat of spreading NIS, a ship’s hull
could be partially cleaned without great attention to
small detail (i.e. about 95% clean) and this would result
in a considerable fuel savings. It would not, however,
prevent the spread of NIS in the form of stowaways in
niches, sea chests and less accessible areas of the ship.
If a ship is to sail clean then the cleaning must be
100%. It takes longer and therefore costs more. However,
this extra time and money is more than recovered since
the ship operates with a clean hull, thus benefiting from
the maximum fuel savings. If cleaned 100% before
sailing, then there is no risk of spreading NIS since these
species do not attach to the hull while the ship is in
motion, only when it is laid up at anchor or quayside.

“In most circumstances, the best and most
viable approach is to clean the ship 100%
and to do so regularly and always before
sailing if the ship has been stationary for a
long enough period to have become fouled.”
In most circumstances, the best and most viable
approach is to clean the ship 100% and to do so regularly
and always before sailing if the ship has been stationary
for a long enough period to have become fouled.
In order for this to occur, the infrastructure must be
in place to facilitate industrial level, high quality, fast
and affordable underwater cleaning, as described above
under “How to clean.” And ship hulls must be protected
with a system which lends itself to fast, effective underwater cleaning without risk of damage to the coating and
without posing any kind of hazard to the environment.
To facilitate 100% underwater hull cleaning, it is pre-

15 Hydrex White Paper No 4 “Ship hull coatings compared,” (2011)
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dicted that the design of sea chests and other niche areas
of the underwater ship will be improved for ease of cleaning, so that routine in-water cleaning can be performed
more rapidly and affordably as often as needed.

The benefits of routine,
industrial underwater cleaning
Assuming that a ship’s bottom is painted with an
appropriate hard coating which can safely be cleaned
routinely in the water, there are many benefits to be
obtained from such cleaning:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Dramatically reduced fuel consumption and GHG
Oceans safe and free from chemical pollution
Clean ports, harbors and shipyards
Spread of NIS curtailed or prevented
Increased drydock interval (no need to drydock just
for hull cleaning or painting)
Cost of repainting saved
Better protection for the hull
Prolonged service life of the ship
Higher secondhand values.

As can be seen, the above list shows a fairly equal mix of
economic and environmental benefits achievable from
underwater cleaning on a suitable coating, and there is no
compromise of one for the other. While the environment
benefits greatly from a combination of a hard, inert coating and routine underwater cleaning, the shipowner/operator
benefits financially. The costs which can be saved are
enormous when one takes into account all the factors:
A. Fuel savings of 25% or more constitute by far the
largest economic benefit
B. Savings on repainting, on drydocking including the
off-hire time saved, are significant
C. The reduced total ownership cost (TOC) of the ship,
the increased value when it comes time to sell the
vessel, the prolonged service life, all add up to major
economic benefits as well.
One might well ask: Where is the downside? What is the
compromise? If it can be considered a downside, there
will be some extra work involved in scheduling and
organizing the routine underwater hull cleaning required.
The ship will have to be coated with a hard coating at
newbuild or repainted in drydock (once) with a hard
coating. This requires grit blasting to prepare the surface.

Once grit blasted and coated, that will be the last time the
ship has to be repainted. However, the result will be a
considerably stronger and more corrosion resistant
coating which will never need to be replaced. There is no
other downside, and the benefits, both economic and
environmental, far outweigh the cost and effort involved.

Infrastructure
While industrial quality underwater cleaning is available
now, the infrastructure is far from mature. As the industry
changes to this non-toxic economically efficient system,
this infrastructure will build up so that hull monitoring and
high quality underwater cleaning become more and more
available around the world. When the gasoline engine
automobile was first invented there was no network of
gasoline stations around the world. But it did not take long
for such a network to be established. Nowadays one has to
work fairly hard to run out of gasoline and not have a
station nearby. As the need to clean these automobiles
became apparent, the car wash was invented and has now
become a regular feature in gasoline pumps and service
stations. As mobile phones become a part of life, so do
charging stations at airports, in airplanes, trains and cars.
As the internet becomes another utility, so wi-fi becomes
available on airplanes, cruise ships, at airports, restaurants
and coffee shops, let alone in every house and office
building. One can logically expect the same phenomena to
apply to underwater ship hull cleaning as more and more
shipowners realize that the solution to fuel saving and
environmental protection is a hard, inert, non-toxic coating
coupled with routine underwater cleaning.
It is worth mentioning here that the idea of a “car
wash” for ships has been considered but no workable
version has been devised because of the insurmountable
obstacle presented by the extreme variety of hull shapes
and sizes and by the differences between conditions
and physical laws which apply under the water and
those which apply on land. However, research on better,
faster and cheaper methods of hull cleaning will continue
and the field remains open. Meanwhile there is a Best
Available Technology here today as described in this
White Paper. It should be put into general and broad use
until a better technology is developed.

What to look for in an underwater
cleaning provider
Not all underwater hull cleaning is equal. Very far from it.
It has been known for a shipowner to pay a substantial

- 13 -

Quarterly Journal August 2011.qxp

19-08-2011

10:13

Pagina 14

“Not all underwater hull cleaning is equal.”
sum to have the ship bottom thoroughly cleaned and to be
informed by the provider that the job was done, only to
find out when the ship had to be emergency drydocked
two weeks later that very little of the fouling had been
removed. The problem is that one cannot see what is
being done under the ship or what the result is unless one
has an independent inspection carried out immediately
after the cleaning is reported complete.
Following are some points which a shipowner or
operator should look for when choosing a provider (or
providers) of underwater hull cleaning.
1. Does the company being considered provide
industrial grade, high speed underwater cleaning?
(The largest vessels afloat can be cleaned to a 92-98%
clean standard in 6-12 hours by a well-established,
well-equipped and well-trained company and to a
100% clean standard in 12 hours with a large,
competent and well-equipped team.)
2. Is the underwater cleaning company large enough
to cope with underwater hull cleaning wherever and
whenever it is needed?
3. Will the company provide underwater hull cleaning
at short notice at any suitable location in the world?
(Water current and visibility are factors here).
4. Does the company have a documented track record
(with credible references) of successful underwater
hull cleaning?
5. Is the company committed to cleaning only those
hulls and coatings which will not be damaged by the
cleaning?
6. Is the provider committed to cleaning only those
coatings which will not be hazardous to the marine
environment when cleaned in the water? (Beware of
claims made for recovery or filter systems which
may be largely ineffective in recovering and filtering
the pulse discharge of contaminants and pollutants
associated with underwater cleaning of biocidal
antifouling paints.)
7. Does the company have and use powerful, fast equipment for cleaning large surface areas rapidly as well
as smaller, versatile equipment to clean more difficult
areas?
8. Are the divers well-trained and experienced in hull
cleaning specifically? (It takes 6 months to a year to
train a competent diver to be able to deliver fast, high

quality hull cleaning, including training on the equipment and enough experience to be fast and efficient.)
9. Is the provider sufficiently well-organized and
efficient to be able to mobilize fast to any location
where the underwater hull cleaning is needed so that
there are no delays in the ship’s schedule? (Properly
organized hull cleaning can be carried out with no
or minimal extra delays caused to the ship, which is
very important if the routine underwater hull cleaning
approach is to work efficiently and economically.)
10.Does the company offer hull monitoring and inspection services to help the ship-owner/operator
determine the optimum interval between underwater
hull cleanings in order to realize the maximum
savings?
11. Bear in mind that the best company is not necessarily
the cheapest company. Considering the savings to be
gained from a clean hull, it is worth paying a few
hundred or even a few thousand dollars more to get
the job done competently, fully and rapidly, thus
saving tens or hundreds of thousands of dollars in
fuel. High quality, reliability and speed may cost
more, but they also result in far greater savings.

“High quality, reliability and speed may cost
more, but they also result in far greater
savings.”
12.There is always a risk involved in taking on a new
supplier or provider in any industry or discipline and
underwater hull cleaning is no exception. Once one
has had successful experience with a particular
provider, trust builds up and expectancies tend to be
met routinely. Once a shipowner/ operator has found
a company that meets all of these criteria consistently,
it would be wise to stick with that company, with the
occasional spot check of the work to make sure it
remains at a high standard. Ideally this independent
inspection should become a standard part of in-water
hull cleaning.

Typical underwater cleaning jobs
Following are a few examples of how this system might
work in the real world.
Scenario 1
A large VLCC is at anchor bunkering. A full underwater
hull cleaning has been scheduled to be done concurrently.
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The underwater cleaning company sends two workboats/
dive platforms out to the ship, each with two teams of
divers and all the equipment needed aboard. One
workboat works on each side of the ship and the divers
begin cleaning, using large, powerful hydraulic underwater cleaning machines, covering the vertical sides
rapidly. The entire hull is quickly but thoroughly cleaned
in this way, the divers working in shifts so that four divers
are working on the vertical sides and flat bottom simultaneously. As the larger areas are completed, the divers
switch to using smaller machines or hand tools to clean
the niche areas, sea chests, rudder, and other smaller parts
of the underwater ship hull.
Within 12 hours and before the ship is scheduled to
sail, the cleaning is complete, the work inspected and the
workboats on their way.
The VLCC sails with a clean hull, saves tens or
hundreds of thousands of dollars in fuel on the next
crossing alone, is free from NIS when arriving at the next
port of call and thus qualifies for discounted port fees due
to reduced fuel consumption and emissions.
Scenario 2
A cruise ship schedules an underwater cleaning for the
end of one cruise, before the next cruise is due to begin.
As soon as the ship docks and while she is unloading and
loading, a dive team is mobilized with dive gear operating
from a workboat which ties up to the side of the ship
away from the dock. The dive team cleans that side of the
ship in four hours. At the end of her next cruise (perhaps
a week later) the ship is docked facing the opposite
direction so that the side of the hull not previously
cleaned is accessible from the water. The exposed side,
the flat bottom and the rest of the hull are cleaned.
The ship sails for a month and then the above
procedure is repeated. The cruise ship saves 25% of
propulsive fuel costs due to a clean hull, without ever
interrupting her schedule.
Scenario 3
A naval destroyer is tied up for six months, during which
time the hull is cleaned twice. Then orders come for
deployment in 48 hours. The contractor responsible for
keeping the hull clean is called in; the ship is taking on
stores and ammunition. The cleaning is done from
workboats with the ship at anchor in a total of four hours.
She then sails clean, saving tens or hundreds of thousands
of dollars in fuel on the operation which keeps her at sea

for several months. There is no risk of spreading NIS
since the hull is clean of fouling. Since the operation
involves being at sea and traveling at high speeds most
of the time with only a few short stops, no cleaning
is needed until the ship has once again been quayside
for some time. The Navy ship, with a responsibility
even higher than that of commercial vessels for not
contributing to marine or atmospheric pollution, behaves
as a “good citizen” by not leaching poisonous substances
into the oceans and by keeping fuel consumption as low
as possible within operational bounds.

Case Studies
As already discussed, the technology described herein is
already in use by a number of successful and respected
shipping companies. Having found a competitive advantage, some of these shipping companies are understandably reluctant to broadcast their methods and their
success. Nevertheless, the continued adoption of the
system for more and more vessels in their fleet tells the
story. Following are two case studies of fleets using
the approach of a hard coating combined with in-water
conditioning and cleaning.
Cruise line
A major, well-respected cruise line, known for its
environmentally-sound practices as well as its quality
of service and economic efficiency, switched from
conventional AF paint to a hard, inert, glassflake
vinylester resin combined with routine hull cleaning.
The first of their cruise ships was repainted with the
environmentally safe hard coating in 2006. The underwater hull was then conditioned and routinely cleaned in
the water. When in drydock in 2009, only dock block
application (to coat the areas of the hull which were
obstructed by the blocks in drydock when the ship was
originally sprayed in 2006) and very minor touch-ups of
slight mechanical damage were required.
As a result of the improved performance noted in the
first ship, the cruise line’s second ship was switched from
AF to hard coating in 2008, was also cleaned routinely,
and was drydocked in 2010 with similar results. A third
cruise ship was coated with the hard coating at newbuild
stage in 2010 and launched in early 2011. A fourth vessel
for the same cruise line is currently under construction
and is also being finished with the same hard coating.
It is the practice of this cruise line to have the hulls
cleaned underwater as frequently as once a month. These
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vessels tend to cruise in warm or tropical waters where
fouling can build up fairly rapidly. The cleaning is
scheduled in such a way that it does not interrupt the
cruise ships’ sailing schedules, a very important factor
since off-hire time for a cruise ship represents a huge loss
of revenue. In order to maintain the sailing schedule
without interruption, the underwater cleaning varies
between simply cleaning the vertical sides of the hull and
full underwater hull cleaning.
The cruise line has reported a very significant
improvement in fuel efficiency as a result of the hard
coating and routine underwater cleaning. Proof of the
success of the initial application to the first vessel is the
fact that the rest of the cruise line’s ships have switched
to a hard coating and cleaning and the new-builds have all
had the hard coating and cleaning system applied from
the beginning.
Cargo fleet
A Canadian cargo vessel company has switched to a hard,
specially formulated, non-toxic glassflake vinylester resin
underwater hull coating for an initial two ships, a 14,600
ton Ro/Ro and a 21,850 ton Ro/Ro, both in 2011.
The shipowners have included monitoring and
underwater cleaning in their budget to ensure that slime
and other fouling is removed to keep the ship hulls at
optimum performance. They thus benefit from reduced
fuel costs. The environment is important to this company
and by their strategy of a non-toxic coating combined
with routine underwater cleaning they protect the marine
environment and at the same time reduce emissions by
cutting fuel consumption. The successful system will be
incorporated into the company’s future expansion.
____________
As these successful applications show, there is virtually
no limit to how rapidly a ship can be cleaned in the water.
It is simply a matter of having enough competent teams
and suitable equipment. Even the largest hulls can be
cleaned in a relatively short time without interrupting
operations.

Part IV. An example
of an underwater hull
cleaning company
and system

W

hile there are a number of reputable
companies offering underwater hull cleaning
services, Hydrex is a good example of one that meets
the criteria delineated in this White Paper. It is also
one which we are particularly familiar with and can
use as an example of the approach under discussion.

Facilities around the globe
With headquarters in Antwerp, Belgium, Hydrex has
offices in Tampa Bay, Florida, the Bay of Algeciras,
Spain, Mumbai and Vishakhapatnam, India and Port
Gentil, Gabon. These offices are fully equipped, answer
calls 24/7 and have the personnel and equipment of
the entire Group at their disposal for extremely rapid
mobilization to jobs.

Personnel
The Hydrex Group has a large team of trained and
experienced divers on staff as well as an established
network of reliable, local diving companies with experienced divers trained on Hydrex underwater cleaning
equipment and procedures who can be called on to
deliver underwater cleaning locally.

Equipment
Hydrex uses its own, proprietary underwater cleaning
equipment. The company founder began development of
hydraulic tools for underwater hull cleaning in 1981 and
there has been continual research and development ever
since by Hydrex’s in-house engineers, based on experience with conditions and requirements. The result is
Hydrex’s current line-up of hydraulic underwater cleaning machines, tools and other underwater hull cleaning
equipment which is the most advanced in the industry
today.
In the Bay of Algeciras, Hydrex has two workboats
specially equipped as dive platforms and ready to mobilize at short notice so that ships can be inspected and
serviced while at anchor. Cleaning the underwater hull
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The easiest and most effective way to carry out underwater cleaning is from a work-boat/dive platform.

Large, powerful underwater cleaning equipment makes it possible to remove fouling rapidly and completely.

Different equipment and tools are used for different underwater cleaning jobs, different types of fouling and different
parts of the hull or structure being cleaned.
while the ship is away from the quayside is preferable as
this provides easier access to both vertical sides and the
flat bottom and the divers can work freely around the
ship, thus speeding the operation and permitting a higher
quality, faster result. The workboats at Algeciras have
been a successful pilot and the system will be expanded
to other Hydrex stations.

Coating system
Unique to Hydrex is the Ecospeed underwater hull
coating system. This includes a proprietary glassflake
vinylester resin coating which is completely non-toxic,
lasts the service life of the ship with no need for repainting, only requiring minor touch-ups; the coating is
combined with in-water conditioning and routine
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cleaning which improve the hydrodynamic performance
of the hull without damaging the coating in any way, no
matter how frequently it is cleaned.
The advantages of this coating system are that it does
not cause any chemical pollution of the marine environment when it is cleaned repeatedly (this has been
subjected to rigorous independent tests), and the routine
cleaning, no matter how frequent, does not damage the
coating in any way – on the contrary, the hydrodynamic
characteristics of the surface improve with routine cleaning.

The combination of a long-lasting, non-toxic underwater
hull coating which is maintained through underwater
conditioning and cleaning, and the provision of such
underwater cleaning on an industrial, worldwide basis,
makes Hydrex the leading provider of alternative, nonbiocidal hull protection and performance and renders the
need for poisoning the oceans to try to control hull
fouling an obsolete approach.
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HYDREX WHITE PAPER N°6

Rudder Cavitation
Damage Solved
How to put a permanent end
to costly, repeated rudder repair
and replacement
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Part I. Overview of
rudder cavitation
damage

A

s any shipowner knows, a ship’s rudder is particularly prone to damage caused by erosion and
corrosion. The problem features more prominently in
high speed container carriers and other fast ships,
which are more seriously affected than slower vessels.1
However, it is a potential problem and hazard for all
ships and boats.
This problem results in frequent, costly repairs to or
replacement of this vital part of the ship’s underwater
equipment.
So far, the bulk of efforts to relieve this problem have
not been fully effective.

Why the rudder?
A ship’s rudder, placed directly behind the propeller to
give the ship maximum maneuverability, is particularly
prone to erosion followed by corrosion. The erosion in
this case is caused by hydrodynamic cavitation.

“A ship’s rudder, placed directly behind
the propeller to give the ship maximum
maneuverability, is particularly prone to
erosion followed by corrosion. The erosion
in this case is caused by hydrodynamic
cavitation.”
Hydrodynamic cavitation is a phenomenon that accompanies turbulent fluids.2 The turbulence in the fluid,
in this case caused by the ship’s motion through the water
but more particularly by the action of the ship’s propeller,
results in areas of greatly reduced fluid pressure. (The
physical laws involved are clear and well documented,
but not relevant to this White Paper which is intended
for shipowners/operators, not scientists.) Due to the low
pressure, the water vaporizes. This causes small vaporfilled cavities or bubbles in the fluid up to about 3 mm in
diameter. The cavities travel through the water and the
pressure around them increases, causing them to collapse
suddenly. The implosion of the cavities is accompanied
by a complex set of physical processes. It is the collapse
1
2

of the cavities which is accompanied by very high
pressure pulses, speeds and temperatures in the water,
that cause the damage.
The forces involved are very large. It is as if the
surface affected has been subjected to repeated, heavy
blows from a hammer, as well as high temperatures. This
causes what is known as cavitation erosion as the surface
material, first paint and then steel, begins to flake away.
This process can be greatly magnified by the presence of
gravel or other hard particles in the water.
One need only examine a ship’s rudder that has been
subjected to cavitation damage to see that, whether one
understands or subscribes to the theory, in practice very
real damage is caused by this phenomenon. Rudders
become deeply pitted; paint coatings and hard steel
simply disappear; whole plates can fall off and the rudder
practically disintegrate altogether, all as a result of this
cavitation damage.
Cavitation is caused by the flows from the motion
of the propeller, the cavities imploding on the propeller
blades or being transported rapidly back to implode on
the rudder surface. But the cavitation can also be caused
by the turbulence around the rudder itself, and the
collapse of the cavities can occur almost immediately
after the cavity is created. So the rudder is subjected to
cavitation damage from two main sources: the turbulence
caused by the propeller and that caused by the water
flowing over the rudder itself.
Cavitation damage is not limited to the ship’s rudder.
The propeller is also subject to the phenomenon as
are stabilizers, the vessel’s hull and other parts of the
underwater vessel where the water flows are particularly swift or turbulent. But the rudder is particularly prone to this phenomenon due to its position and
form.
The process is gradual, but not necessarily slow. This
process can occur in a remarkably short period of time.
Sometimes six months is all it takes for serious rudder
damage to be present. The first step is that the cavitation
causes the paint coating on the steel to erode, eventually
exposing bare steel. The erosion of the steel is then accompanied by the electro-chemical process of corrosion
because the steel is no longer protected. The effect is
multiplied as the cavitation continues and the erosion it
causes is added to by the natural corrosion of bare steel
exposed to water – the electro-chemical process and the
oxidation which this brings about.

Jae-Moon Han et al., “Analysis of the cavitating flow around the horn-type rudder in the race of a propeller”, CAV2001:sessionB9.005
w.arisdyne.com/vp/cavitation.htm accessed July 2011
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Attempted solutions
Rudder cavitation damage is a well known and extensively documented phenomenon. There is a vast amount
of literature on the subject. High speed video has been
used to capture the process of cavitation in action so
that it can be studied. Computer programs have been
developed to model the effects of cavitation and predict
where the most damage will occur, depending on the
construction and shape of the rudder. Many scientists
have investigated the phenomenon and scientific papers
on the subject abound.

“There have been many attempts to devise
a better protection system for the hull.
Most of these have been ineffective. But
not all of them.”
There have been many attempts to prevent the damage
caused by cavitation. In the main these attempts fall into
the following categories:
1. Change the position of the rudder so that it is not
behind the propeller. This reduces cavitation on the
rudder, but is impractical since the ship loses its
maneuverability. The ideal placement of the rudder so
that it provides maximum control of the ship is
directly behind and in the wake of the propeller. The
more rapidly moving water makes the rudder more
effective. In other words, positioning the rudder so
that it carries out its function in the best possible way
renders it most liable to cavitation damage.
2. Redesign the rudder so that it is less affected by the
flows and turbulence. Some inventors have developed
a twisted rudder which is marketed and in use. The
twist is an attempt to reduce the turbulence caused by
the flow of the water from the rotation of the propeller
by changing its angle of attack on the rudder. This has
met with some success but has not eliminated the
problem.
3. Strengthen the surface of the rudder to increase
its resistance to cavitation erosion, often with some
other metal. This has only partially relieved the problem, and can in fact be counterproductive if the
combination of metals increases the electro-chemical/
corrosion factor. The difference in potential between
metals can cause very rapid corrosion to occur.
Historically, the most dramatic example of this was
perhaps the attempt to put copper sheathing on steel
hulls to protect them from fouling. The proximity of

the two metals resulted in very rapid corrosion of
the steel. There have been attempts to reinforce the
rudder with a stainless steel plate over the steel, only
to have the welds or fasteners holding the plates in
place corrode completely so that the plates simply
dropped off.
4. Use cathodic protection systems to reduce the electrochemical/corrosive effects. Since the corrosion only
sets in after the protective coating has been eroded by
cavitation, this is like putting a lock on the barn door
after the horse has been stolen. It may reduce the
corrosion, but it does not address the primary cause,
which is the erosion damage caused by the cavitation.
5. Develop better coatings and rudder protection. It is in
this area that the solution presented in this White
Paper lies. There have been many attempts to devise a
better protection system for the hull. Most of these
have been ineffective. But not all of them.

Current practices
The most common practice is to use a conventional type
of rudder, place it directly behind the propeller and coat
it with a typical epoxy coating or antifouling scheme
consisting of primer, epoxy coats, midcoat and biocidal
AF paint; the rudder area is often also surrounded by a
number of sacrificial anodes for cathodic protection.
Depending on the design of the rudder, the usual cruising
speed of the vessel and the presence or absence of
abrasive particles in the water, cavitation erosion sets in
rapidly or not so rapidly; the paint is eroded away leaving
bare steel; the steel is then subjected to the combined
damaging effects of cavitation erosion plus corrosion; the
rudder becomes pitted and damaged, usually in a specific
pattern; inspection reveals the damage, hopefully before
it is too late, and the rudder must be repaired or replaced
before it disappears completely.
The repair usually consists of welding to restore and
build up the surface where the metal has eroded or
corroded away, followed by repainting. Plates may need
to be entirely replaced. This usually takes the form of
lengthy and expensive hot work performed in drydock.
Alternatively, it can involve expensive, drawn out underwater repairs to the rudder to keep it functioning until the
next opportunity to drydock the ship. Repairs done under
water can only be considered a temporary measure since
the steel and the welds must of necessity be left bare.
The vessel sails and the repaired rudder is subjected
to further cavitation. Weaker now, the damage occurs
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Typical repairs to a rudder that has suffered cavitation damage.

more rapidly. Before too long the rudder must be replaced
entirely.
This all adds up to a continuing economic nightmare
for the shipowner/operator. Drydocking is expensive in
many ways, not the least of which is the off-hire time it
entails.

Successful approach
One particular coating, a specially formulated glassflake
vinylester surface treated composite (STC) has been found
to be extremely effective in completely preventing rudder
cavitation erosion from occurring in the first place, thus
breaking this vicious circle.
This was an entirely practical solution, stumbled upon
almost by accident by the manufacturer, since the coating
system was designed for protection of the underwater
ship hull and fouling control, not developed specifically
for rudder protection. Observation of the coating system
in action demonstrated that hull areas which are normally
prone to cavitation erosion were successfully protected
with this STC. There was no cavitation erosion where it
normally would be expected to occur. This then led to its
experimental application to rudders.
So far in the eight years that this system has been in
use on many different rudders not one has suffered any
cavitation erosion damage. The rudders so treated have
not even needed to be recoated with the STC, let alone
repaired or replaced.

The STC not only offers protection against rudder
cavitation damage, it has also been used to repair rudder
damage where it has occurred due to an ineffective paint
scheme. In cases where the steel was pitted but not
completely worn away, the STC was used to build up and
repair the pitting, before being applied to entire rudder to
protect it against future damage. This has also proved to
be 100% effective.
Due to its high glass content, this coating is extremely
tough and resilient and has the added advantage of being
an electrical insulator which successfully prevents
electro-chemical corrosion from taking place.
While the experiment with the STC has not yet been
attempted on every type of vessel’s rudder, and it remains
to be tried on some of the really high speed ships, results
to date show a potential final solution to all rudder
cavitation problems.
This White Paper covers the problem of rudder cavitation damage in detail, and discusses the results and
potential of using this type of coating system to
completely prevent such damage from occurring, thus
ending the recurring, expensive cycle of rudder cavitation
damage, repair and replacement.
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Part II. A short
history of rudder
cavitation damage
and attempted
solutions

Tank Conference), “Erosion on Propellers and Appendages on High Powered/High Speed Ships”:
Although much is known about the bubble dynamics
and material response, the problem of the prediction
of prototype cavitation damage remains unsolved.”5
(Let alone, one might add, the full solution to the problem
of rudder cavitation damage.)

Rudder design

R

udder cavitation damage is not new. Nor are
attempts to resolve the problem. Naval architects,
ship builders and scientists have been working on
the problem since the current propeller/rudder
combination came into use. There are references to
cavitation observation experiments being carried out
as early as 1895.3

The attempts to solve the problem since then have been
many. As covered in Part I, they come under the broad
classifications of
1. design changes to the ship and/or the rudder, or
2. efforts to contain erosion after the cavitation erosion
has set in, or
3. attempts to “cavitation-proof” the rudder.
Judging from the literature available on the subject,
much of the research in this area, however, has been an
attempt to analyze and predict the potential damage
to rudders which cavitation can cause. Methods of
studying cavitation, describing cavitation, analyzing
cavitation and observing cavitation abound. The problem
is approached from many angles, but most of these
angles seem to be different ways of describing the
problem, rather than workable approaches to dealing
with it effectively in the real world. In other words,
solutions are scarce. This is well summed up in the
following quote from a paper presented by J. Friesch at
the Sixth International Symposium on Cavitation in
Wageningen, The Netherlands, in 2006:

Many attempts to solve the problem of cavitation damage
have been by way of improved rudder design. While the
problem of rudder cavitation damage is universal, the
effects have been mitigated in varying degree through
rudder design improvements.

Types of rudder
A brief overview of some different types of rudder will
help clarify this section of the White Paper.

Rudder
horn
Rudder
blade
Semispade rudder

Rudder cavitation is a long recognized problem in
shipping industry. Nevertheless, we are still far away
from practical final solutions to improve the
situation.4
The following statement occurs in the Final Report and
Recommendations to the 24th ITCC (International Towing
3
4
5

Full spade rudder

MARIN, “Cavitation erosion,” http://www.marin.nl/web/show/id=102629 accessed July 2011
Friesch, J., “Rudder Erosion Damages Caused by Cavitation,” Proceedings from Sixth International Symposium on Cavitation, Wageningen, The Netherlands, 2006
ITTC 2005 UK, “The Specialist Committee on Cavitation Erosion on Propellers and Appendages on High Powered/High Speed Ships Final Report and Recommendations to the 24th ITTC.
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Rudder flap

Twisted rudder

Flap rudder (full spade rudder plus a flap)

Rudder design and cavitation corrosion
The following extract from a very competent article by
Mikael Grekula and Per Lindell, both project managers of
ship design for SSPA Sweden AB, entitled “Cavitation
Erosion Damage on Semispade Rudders” published in
The Swedish Club Letter 1-20076 describes some of the
ways in which rudder design affects the potential for
cavitation erosion:
Much of the cavitation problems related to the gap
between horn and blade (B and C in Figure 1) can be
avoided by the use of full spade instead of a semispade type of rudder. Furthermore, by twisting the
leading edge of the rudder it can be better adapted to
the rotational flow from the propeller and thereby
suppressing cavitation induced on the rudder (A in
Figure 1).
Twisted rudder
6

Mikael Grekula, Per Lindell, Project Managers, Ship Design, SSPA Sweden AB “Cavitation Erosion Damage on Semi-spade Rudders” The Swedish Club Letter 1-2007
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Figure 1 from the article “Cavitation Erosion Damage on
Semispade Rudders” in The Swedish Club Letter.

Cathodic protection
It is not unusual to see several sacrificial anodes placed
on various parts of the rudder.
As already discussed, however, the cathodic protection
system is aimed at preventing or slowing down corrosion
and has no bearing on cavitation erosion at all, thus it is
an attempt to deal with a symptom, not with a cause.

Sacrificial anodes on rudder blade and flap to help
prevent or reduce corrosion.

the cavitation – is not changed, the surface will still
be exposed to the same mechanical strain by the
cavitation.
The success of armouring measures depends on
the aggressiveness of the cavitation and how the
reinforcement is made. Since the mechanical strain
remains, this type of measures may only be partially
successful, still requiring continuous maintenance or
recurrent repairs although the repairs are expected to
be less extensive and less frequent.7

Cavitation proofing the rudder
The same article describes various attempts to make the
rudder surface more resistant to cavitation erosion:
The cavitation erosion resistance can be increased
by cladding with stainless steel or some other high
tensile material at strategic locations. High tensile
stainless steel is, compared to e.g. cast iron, considerably more resistant to cavitation and if the cavitation behaviour is unchanged by the implemented
cladding, the time to failure is increased.
Solving an erosion problem is most safely done by
changing the cavitation behaviour to avoid collapses
on the structures. However, this is for different
reasons not always possible at which the efforts often
are only focused on armouring the structure. Therefore, if the cause of the damage – i.e. the behaviour of
7

As mentioned above, at least one such attempt to use
stainless steel to counter the effects of cavitation was met
with singular failure as the underlying steel and welds
corroded and the stainless steel plates fell away, leaving
the rudder itself completely exposed.
To date, as far as is known, only one type of coating
has been able to withstand the forces of cavitation. All
other coatings used and tried have simply been eroded,
leaving the steel exposed, with all the consequences
described earlier in this paper.

Ibid.
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“Of the various attempts to deal with
cavitation erosion, only one has proved
successful in all cases where it was
applied. This approach falls under the
heading of “cavitation proofing” the rudder
by use of an appropriate coating which will
not erode under the forces of cavitation.”
Of the various attempts to deal with cavitation erosion,
only one has proved successful in all cases where it was
applied. This approach falls under the heading of “cavitation proofing” the rudder by use of an appropriate coating
which will not erode under the forces of cavitation. The
one coating that has stood up to these forces and protected the rudder from erosion is a specially formulated
glassflake vinylester which will be described in full in
Part III of this paper.

Part III. A tested
and proven
approach to
protecting a rudder
from cavitation
erosion

T

he ideal approach to cavitation erosion would be
a protection of the hull which prevented any such
damage from occurring. Add to this a rudder design
which is both efficient and which reduces cavitation as
much as practicably possible, and one would have the
solution.
To many who have researched in this field, this ideal
approach might sound too good to be true. If they were
told this already exists as a solution, they would be
amazed.
Yet this solution does exist.
It is beyond the scope of this paper to discuss rudder
design in detail. As has been shown above, advances in
rudder design have been made which reduce the turbu-

lence of flow caused by the rotation of the propeller
and the angle of attack of the flows against the rudder.
Different rudder forms suit different requirements. The
maneuverability of the ship and the efficiency of the
rudder form in terms of its ability to turn the ship without
causing excessive drag are two other factors, besides
reduction of potential cavitation damage, which must be
taken in to account in designing the rudder.
This paper concentrates not on the design of the
rudder but on its protection because it is potentially
the most effective approach. Given perfect protection,
concerns about rudder form diminish or disappear and
one can simply choose the best rudder form for a specific
type of ship and know that it will not be subject to
cavitation damage because it is protected.

Ideal rudder protection
As has been mentioned, there is a type of coating which
has been in use for eight years and which has proven to
be “cavitation damage proof” on the rudders to which it
has been applied over that time period. Aside from some
minor touch-ups, none of the rudders that were properly
prepared and coated have had to be recoated, even after
eight years. None of them have suffered from cavitation
damage since the coating was applied. For those shipowners and operators who have tried this coating for their
rudders, the cavitation damage problem ceased to exist.
The coating is a specially formulated glassflake
vinylester resin hull coating. It comes in two strengths,
regular and strong. The strong version has a greater
proportion of glass in it. This makes the coating slightly
less flexible while increasing its impact resistance. It is
this stronger version of the coating that is applied to
rudders in order to resist the forces of cavitation.
In terms of preparation and application requirements,
the coating is not particularly demanding. The surface
must be grit blasted to remove any previous coating and
create an adequate anchor profile. It is applied in two
coats unless it is also being used to repair pitting in a
damaged rudder. But normally at newbuild or when an
existing coating is being replaced, two coats each of
about 500 microns thickness are applied adding up to a
total of at least 1000 microns dry film thickness (DFT).
The second coat can be applied approximately three
hours after the first one, allowing very rapid completion
of the coating job. The curing time is minimal (the vessel
can leave drydock 24 hours after the final coat). The
coating has very low VOC content.
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This coating consists simply of two homogenous
coats. No primer, no epoxy, no tie-coat, no AF.

“Once applied and cured, the coating,
technically known as a Surface Treated
Composite or STC, forms an extremely
tough and durable surface which will
continue to protect the rudder for the full
service life of the ship without the need for
replacement.”

Once applied and cured, the coating, technically
known as a Surface Treated Composite or STC, forms an
extremely tough and durable surface which will continue
to protect the rudder for the full service life of the ship
without the need for replacement.

Using the glassflake vinylester resin
to repair cavitation damage
It was found experimentally that the same STC coating
which proved so effective in protecting rudders from

Some of the rudders coated with glassflake vinylester, STC.
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cavitation erosion, could also be used successfully to
repair a badly pitted rudder, as long as the damage has not
gone too deep. The technique used is as follows:
1. Grit blast the rudder as already described.
2. Apply a full coat of the STC and allow it to cure.
3. Spray the STC on the pitted, damaged parts as thickly
as possible.
4. Spread the STC, when it has thickened somewhat, into
the pitting and damaged area. Let that cure.
5. Spray on a final coat of the STC and permit it to cure.
If the pitting is very bad, then the sequence can be altered
so that the filling of the pitting is repeated. In any event,
the last step is a final full coat of the STC.
These steps result in the repair of a rudder which has
not suffered too extensive cavitation damage. It has been
carried out successfully on a large number of damaged
rudders, none of which has needed further repair or
repainting since the rudder was repaired and recoated. If
the damage is too extensive however, then welding
repairs will be needed to repair the steel before the STC
is applied.

100% success rate
Since this approach to rudder repair and protection was
first discovered and applied in 2004, a large number of
rudders have been successfully repaired and/or recoated
in this fashion, using the glassflake vinylester STC. Since
the original application, some 110 rudders have been
repaired and/or coated on a wide variety of ships:
cruise ships, cargo vessels, container carriers, ro-ro cargo
ships, a cable layer, a dredger, crude oil tankers, research
vessels, ice-going ships and ice-breakers, tugboats, a
reefer, passenger ferries, bulkers and others.
In all cases, the application was successful. None of the
rudders so protected have suffered from cavitation
damage at any point since application.

Part IV. Case study

F

ounded in 1893 Ernst Russ is a Hamburg based,
family owned shipping company. For close to 120
years, Ernst Russ has been offering customers the
highest standards in ship management. The ER Fleet
Manual, introduced by Ernst Russ long before inter-

national standards were developed, is continuously
updated and exceeds all standard requirements and
regulations. The company has a fleet of ten vessels
including five ro-ro cargo ships. Due to their higher
propeller revs, it was the rudders of the ro-ro cargo
vessels that suffered particularly from cavitation
damage.
Grzegorz Girjat is Superintendent of Ernst Russ,
responsible for the five ro-ro ships. Those ships were
built in 1999. The rudders were originally coated with a
standard epoxy coating. Grzegorz Giriat explains,
“During the first intermediate docking, between two and
three years from launch, we observed that we already had
extensive cavitation damage on the rudders.”
In an attempt to remedy the situation, a special
doubler plate was installed on the most affected parts of
the rudder. The ships sailed again.
“Then it was 2004 when we went to the drydock in
Antwerp,” says the Superintendent. “All the vessels were
in drydock. The doublers hadn’t helped. I would say the
situation worsened a bit because the gap between the hub
and the rudder was reduced by the doubler plates.
Cavitation is a well-known phenomenon. It’s known
there has to be a certain distance between the hub and the
rudder. If that distance is not sufficient then the cavitation
will be worse.” It was.
During that 2004 docking, Ecospeed [the glassflake
vinylester STC used to protect the rudders] was applied
experimentally on the Elisabeth Russ. The application
was close to the end of the docking. There was only time
to grit blast the rudder and apply two coats of Ecospeed.
The pitting and damage from the cavitation was not
repaired but the paint simply applied over it. This was the
test.
The trial was successful beyond all expectations.
When the ship next came out of the water in 2007 it could
be seen that, despite the last minute application, no
further cavitation damage had occurred.
As a result, the rudders of the remaining four ro-ro
ships were coated with Ecospeed, all with similar results.
Based on this the bulbous bows of all the ships were also
coated with Ecospeed since these vessels trade in the
ice and the traditional coating in use was not holding
up in these conditions. The ships have the highest
Finnish ice class. Ecospeed has also been used to protect
oneof the stabilizers. Only budgetary constraints have
prevented the company from blasting the hulls of all five
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ships and coating them all with Ecospeed.
None of the rudders have sustained any further
cavitation damage. They have been touched up where
the paint was chipped or scraped, but the cavitation
damage to the rudders ended with the first application
of Ecospeed.

“None of the rudders have sustained any
further cavitation damage. They have been
touched up where the paint was chipped or
scraped, but the cavitation damage to the
rudders ended with the first application of
Ecospeed.”
The most recent drydocking of the Elisabeth Russ, the
first vessel to be so coated, in 2011, confirms that the
original Ecospeed protection applied in 2004 is still
holding firm and the rudder is intact, free from cavitation
damage.

The Superintendent confirmed that not having to
carry out hot work on the rudders when the ships were in
drydock has saved the company a great deal of drydock
expense.
“In general everybody is looking to be in drydock as
short as possible and to get all the work done as quickly
as possible,” explains Grzegorz. “Additional hot work on
the rudder inevitably results in some collisions with other
jobs. I would say for me it is quite clear. Had we not
applied Ecospeed on the rudders, we would certainly
have extensive work to do in drydock. Even replacing the
doubler plates is a lot of work.”
The Elisabeth Russ played a particularly important role in
the development of Ecospeed for rudder cavitation
damage protection. She was the first ever in a long line
of successful applications of the coating. An experiment
that validated the use of the STC for protection against
cavitation.

The rudder of the Elisabeth Russ when first coated with Ecospeed in 2004 (left). In the 2011 drydocking Superintendent
Grzegorz Girjat points out the original cavitation damage which was simply coated over with Ecospeed in 2004 (right).
No further cavitation damage has occurred to the rudder since the original protection at that time.
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Part V. Conclusion

R

udder cavitation damage is a constant expense
and interruption to shipowners and operators.

Increasing numbers of high speed container carriers and
other vessels have magnified the problem since they
suffer from cavitation more than lower rev, slower ships.
Most attempts to solve the problem have proved unsuccessful, as evidenced by the continuing need for
frequent repair or replacement of rudders.
Rudder design has mitigated the problem somewhat
but far from solved it.
Most coatings generally fail to provide adequate
protection and usually erode.
The use of cathodic protection systems has no effect
on cavitation erosion even if it does reduce the subsequent corrosion damage.
The use of a specially formulated glassflake vinylester
resin surface treated composite, Ecospeed STC, has proved
100% effective in protecting rudders from cavitation. Of
the 110 rudders so protected to date, none has suffered

from further cavitation damage and none has needed to be
recoated. The first experiment with Ecospeed on rudders
was carried out in 2004 on the Elisabeth Russ as
described in the case study in Part IV above. Therefore
the protection has proved that it will last close to seven
years at least, although it is expected to last for the entire
service life of the vessel to which it is applied.
By protecting the steel of the rudder from erosion due
to cavitation, the expensive and interruptive cycle of
cavitation - erosion - corrosion - repair - replacement is
ended.
Experiments with the fastest military vessels are still
to be conducted, but all the evidence available to date
indicates that Ecospeed will be just as effective on these
vessels, even if a thicker application is required.
Shipowners and operators can consider the problem of
cavitation damage to rudders to be solved. The solution
simply remains to be implemented on all ships afloat to
make this vexing problem a thing of the past.
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Dan Rittschof - Marine Fouling
and the Environment
“

I

like nature. I like biology. I try to figure out how to
mesh biology and society somehow. We’re causing
really dramatic changes really fast and it just alters
our quality of life.” So says Dr. Dan Rittschof, Director
of Undergraduate Studies for Duke Marine Lab in
Beaufort, North Carolina, USA, an internationally
recognized leader in marine biology and ecology
research.

Dan Rittschof’s career began in Michigan; his adventure
to reach marine chemical ecology proceeded through
UCLA, UC Riverside, the University of Delaware, finally
arriving at Duke University in 1982 where he has been
since.
In addition to studies and research, Duke Marine Lab
cultivates barnacles and supplies them in the thousands to
other research facilities such as California State Polytechnic University in San Luis Obispo and North Dakota
State University among others. The barnacles are used at
Duke and other research centers for marine fouling
research.

Biocides in antifouling paint
On the subject of biocidal antifoulings, copper and zinc
and the so-called “booster biocides,” Dan Rittschof is
well aware of the drawbacks of many of the heavy metals
and biocides in use.
“I don't test them actively right now. I've tested all of
them. This concept of booster is bogus. It's not a booster
biocide. It's another biocide that fits the business model.
It's just as toxic as copper. They are alternative biocides.
One of the problems with the organic biocides is that
there are certain animals that handle them better than one
would like, such as barnacles. Or the tube worm. It's a
really tough animal that lives in really polluted places and
handles certain kinds of chemicals better than most
animals.”
“Let me give you my take on AF if you were really
going to do it effectively,” Dan Rittschof continues. “The
antifouling molecules that were effective would be protected in the coating, and then they’d be active for the
amount of time it takes for them to diffuse 500 microns,
half a millimeter, and then they’d break down. So they’re

active for that long. It doesn’t make any difference if selfpolishing or not, as long as you can continue to release
it.” According to Dan Rittschof, no such perfect AF
substance exists. On the contrary, some of the biocides in
use, such as Diuron and Irgarol have theoretical half lives
of half a year to a year, “and in a marine environment that
may be a very long time because they bind to particulates
and they don’t go away.”
To Dan Rittschof, it is particularly disturbing that little
is known about many of the biocides in use in antifouling
paint:
“The world knows how copper and zinc work. Copper
is required. It’s a bioelement. So is zinc. We know what
their toxicity levels are, we know when they’re bioavailable, we know it’s the ion that kills organisms. In the
case of many of the other biocides in use, we don’t know
what they turn into, we don’t know where they go, we
don’t know if their metabolites are more active or less
active, and we don’t know the consequences. And
because of the way our world is set up, those are all issues
that remain unknown until the product gains sufficient
market share for people to notice something, like all the
snails are boys, or all the oysters are boys or all the
mussels are boys. And then they ask, ‘How come they’re
boys?’ And then somebody figures it out because the
levels of tin (or some other biocide) are so high that all
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these organisms have switched sex. And then it’s years
and years and years before you can fix it. I think I’m
seeing the reversal of a lot of the effects of DDT now, in
the USA. The half life of DDT is 28 years.
“There’s no way that you can put a coating in the
water that you don’t have to clean or kill everything on.
Those are your only two options really. If you’re going to
kill everything, that’s fine, as long as what you’re going
to use to kill it doesn’t corrode your hull or last for any
length of time in the environment. Nobody has developed
such a substance. There are several good ones: Sea-Nine
has a short half life as do the pyrithiones.”

Fouling release coatings, silicone
Awareness of the potential dangers of copper and the
biocides currently in use is growing. Alternatives that the
industry are turning to are silicone and fluoropolymer
based fouling release coatings. Dan Rittschof and his
team have been conducting tests with these coatings for
some time. Although the work is not complete, Dan
Rittschof and other researchers recently published a paper
with their findings which show that compounds from
silicones alter enzyme activity in barnacle glue. The
paper, which was published by PLoS ONE in 2011, is
entitled Compounds from Silicones Alter Enzyme Activity
in Curing Barnacle Glue and Model Enzymes. The
authors are Daniel Rittschof, Beatriz Orihuela, Tilmann
Harder, Shane Stafslien, Bret Chisholm, Gary H.
Dickinson.
The paper is published in full in this Journal.
Dan Rittschof explains some of the background and
consequences of the research outlined in this paper and
discusses the possible toxicity of silicone as used in
fouling release hull coatings.
“I’ve been working with siliconized surfaces for 20
years because that’s how you modify surface energy if
you’re interested in surface energy in the ocean. And I
have found that all the surfaces lose molecules. That was
the first support for the hypothesis that maybe silicone
compounds actually come out of silicone coatings. And
what happens if the compounds interact with enzymes is
you can speed up or slow down the enzymes that are
involved in curing. It’s like a two-part epoxy. If you put
too much catalyst in it gets really hot and cracks or it gets
really sticky and doesn’t work right. That’s what you’re
doing to barnacle glue with molecules that are leaching
from the silicones. You’re just interfering with the rates of
a couple of different biochemical reactions and you don’t

get as good a glue. That’s not the only answer. That’s just
part of the answer. The foul release surfaces as far as I can
tell, and right now that’s my working assumption, is that
the really good ones release molecules and interfere with
glue curing.”
Will this have an effect on the rest of the marine
environment? “It depends on how long lasting it is and it
depends on how much comes out and we don’t know
enough to say one way or the other. We’re really not
going to know until it gains market share. If you think
about it, that’s what happens with every coating. You
really find out when you gain market share. And for some
reason that’s not a question that people ask: ‘What’s
going to happen when we gain market share?’”

The antifouling issue
For years Dan Rittschof has worked on reconciling the
different viewpoints of business, government and science
on the subject of marine fouling control and ecology as
well as the differences in approach of marine engineers
and biologists, always hoping for a solution that will
satisfy all sectors and be benign to the environment.
He explains, “There can be a huge disconnect between
engineers and biologists and between businessmen and
biologists, and businesses often find themselves in an
adversarial position with government, and government
can be reactive rather than proactive. So we have this
huge system that is not even vaguely set up for effective
ways to communicate and get things done. It is essential
that they learn to talk with each other. I have had the good
fortune to work with engineers, biologists, businessman
and government people who are talking to each other and
whose purposes are aligned and the combination of
talents can be very powerful. It probably took me 25
years to realize that one of the most important things to
understand if you’re going to make a change is what the
business model will tolerate. If you don’t know what the
business model is, how can you even think about it? But
businesses don’t share their business model. That’s the
secret to their business so that’s not something they share.
You have to divine what the business model is.
“We need to have engineers who understand the levels
of molecules that are important to biology and we don’t
really have that yet. I teach a course called Biology for
Engineers that I developed last fall that’s designed to do
exactly that. And we need to have businessmen who
understand that kind of subject too, and we need to have
risk models that take market share into account.”
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When it comes to the best solution for marine fouling
which takes into account the shipping industry, ports and
harbors and is benign towards the marine environment,
Dan Rittschof says, “I think there are lots of promising
things but I believe that actually honestly changing the
infrastructure would be the smartest thing to do. Something that actually costs a little bit of money. Everything
costs something and right now we’re just not paying
those costs. We’re doing lots of things and gaining the
benefits but they’ve got huge hidden costs. And those are
building up.”
A good summary of his view of the marine fouling
problem occurs in a chapter he contributed to the recently
released book Biofouling. The book was edited by
Simone Dürr and Jeremy C. Thomason and published by
Wiley-Blackwell in 2010. Dan Rittschof contributed to
many chapters in the book and wrote Chapter 27
“Research on Practical Environmentally Benign Antifouling Coatings” entirely. The following passages are
from this chapter.
Antifouling is just one of several very important
functions of hull coatings. Hull coatings are complex
multicomponent systems which include anticorrosive and antifouling components [31] (see
Chapter 13). Coatings have important physical
and anticorrosive properties. Hull coatings have
necessary physical properties that include maintaining coating integrity and that have physical
properties which maximise hull performance.
Existing commercial solutions to fouling are an
uncomfortable and increasingly unacceptable compromise between fouling management, corrosion
and environmental degradation. Oxidation control
measures cause corrosion and have unacceptable
environmental impacts. Similarly, broad-spectrum
biocides that must be released and diffuse into
organisms to kill them have extensive impacts on
non-target species and ecosystems. Pressure to find
alternative fouling control measures increases as
governments become aware of unacceptable environmental impacts [39,40].
...
27.4 The antifouling problem in a nutshell
As governments recognise and legislate against
uses of broad-spectrum biocide antifouling coatings,
the industry and antifouling researchers are actively
looking for alternatives. Because antifouling is just
one of several very important functions of hull coat-

ings, existing coating formulations and business
models tolerate only small changes. In fact, to date
the only solutions that fit formulation and business
models are those that substitute one broadspectrum biocide for another. The new coatings
contain several broad-spectrum biocides, usually
some form of copper that releases copper ion and
one or more organic biocides. Generally the new
co-biocide coatings are a response to requirements
to reduce the release of copper to conform to some
kind of environmental or clean water standard.
However, as coatings containing organic biocides
gain popularity and market share, unacceptable
environmental impacts due to the build-up of the
organic biocides and their metabolites will become
evident, the environment will be adversely affected,
legislation will be generated and the quest for
alternative biocides will begin anew.
The entire chapter is well worth reading but too long to
publish here.
Dan Rittschof and colleagues’ findings on silicone and
barnacle glue enzyme alteration are, however, published
in full here.
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Abstract
Background
Attachment strength of fouling organisms on silicone
coatings is low. We hypothesized that low attachment
strength on silicones is, in part, due to the interaction of
surface available components with natural glues.
Components could alter curing of glues through bulk
changes or specifically through altered enzyme activity.
Methodology/Principal Findings
GC-MS analysis of silicone coatings showed surfaceavailable siloxanes when the coatings were gently rubbed
with a cotton swab for 15 seconds or given a 30 second
rinse with methanol. Mixtures of compounds were found
on 2 commercial and 8 model silicone coatings. The
hypothesis that silicone components alter glue curing
enzymes was tested with curing barnacle glue and with
commercial enzymes. In our model, barnacle glue curing
involves trypsin-like serine protease(s), which activate
enzymes and structural proteins, and a transglutaminase
which cross-links glue proteins. Transglutaminase
activity was significantly altered upon exposure of curing
glue from individual barnacles to silicone eluates.
Activity of purified trypsin and, to a greater extent,
transglutaminase was significantly altered by relevant
concentrations of silicone polymer constituents.
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INTRODUCTION
For the management of biological fouling, foul-release
coatings are an alternative to broad spectrum biocides.
Weak attachment of organisms on foul-release surfaces
facilitates cleaning. For all but continuous use and high
speed ships, periodic grooming or cleaning is required to
maintain performance [1]. Existing commercial foul
release coatings are based upon silicone polymers.
Weak attachment on silicone foul-release coatings is
attributed to a combination of physical and chemical
properties of the polymer. Physical properties include
elastic modulus, coating thickness, and Baier's
“bioadhesive minimum” or “theta surface” (critical
surface tension, a property of surface energy, between
20–27 mN m-1)[2]–[6], while chemical properties may
include catalysts (e.g. organotins, organobismuths, etc.),
silicone oils, and free silicone components that migrate to
the surface of the polymer [7]–[9]. Surface-associated
components of silicone coatings have the potential to
interfere with cross-linking of biological glues [9].
Silicon is incorporated into the adhesive plaque of
barnacles grown on silicone coatings, suggesting release
and uptake of uncross-linked PDMS [7], [8]. Biochemical
mechanisms that might alter adhesive curing are the focus
of this report.
At the biochemical level, natural marine glues are
complex, multicomponent systems [10]. Marine glues
displace water, form bonds with the substrate, and are
stabilized by cross-linking [11]. Enzymes and/or specific
cofactors such as metal ions are essential to curing
[12]–[15]. Disruption of this complex assembly alters
glue properties [15]–[17].
Potential mechanisms for altering glue properties
include perturbation of: spatial and temporal activation of
components, presentation of adhesive motifs, assembly,
and enzymatic cross-linking of structural proteins.
Alteration of curing enzyme activity, specifically and
non-specifically, are potential mechanisms. Analogous to
synthetic adhesives, we hypothesize that natural glues are
sensitive to catalyst activity levels. Hence, we suspect
that compounds associated with silicones can alter
enzyme activity, glue curing and glue properties.
Barnacles are a major target of fouling management.
At the biochemical level, barnacle glue curing has
similarities to blood clotting [15]. Curing involves proteolytic activation of enzymes and structural precursors,
transglutaminase cross-linking, and assembly of fibrous
proteins. Proteolytic activation of structural proteins

maximizes the potential for bonding interactions with
other proteins and with the surface. Domains exhibiting
compatible adhesive motifs [18]–[20] become available
to present to surfaces following activation. Transglutaminase [15] and other kinds of cross-linking [12],
[21], [22] stabilize the glue. Thus, adhesion and curing
involve at least two enzymatic steps. Because the curing
involves rearrangement of structural proteins and crosslinking of the proteins for stability, alteration of enzyme
activities could change the properties of the glue.
We tested the hypothesis that compounds associated
with silicone polymer surfaces alter the activity of
enzymes that participate in glue curing. Three sets of
experiments were conducted. First, coupled gas chromatography- mass spectrometry was used to determine the
presence of compounds on silicone surfaces. Next, we
determined if surface-associated compounds altered
trypsin-like serine protease and transglutaminase activity
in curing barnacle glue. Finally, changes in the activities
of commercial trypsin and transglutaminase were
quantified in the presence of: A) 30 second methanol
rinses of silicone surfaces and compounds transferred to
cotton swabs during gentle rubbing of polymer surfaces;
and B) individual components of silicone polymers alone
and in combination. Results show that compounds
associated with silicone surfaces alter transglutaminase
activity in curing glue and trypsin and transglutaminase
activity in purified enzymes.

MATERIALS AND METHODS
Methanol rinses of commercial silicone films: GC-MS
Dow Corning Silastic T2® and International Veridian®
were analyzed using coupled gas chromatography-mass
spectrometry. These two silicones were chosen since they
are used experimentally and were readily available in a
leached state. Silicones were prepared on 7.6x15.2x0.64
cm glass panels as described by Holm et al. [23]. After
preparation, T2® and Veridian® coated panels were conditioned in flowing seawater until barnacles would settle
on the surfaces in the laboratory. Soaking for 5 days (T2®)
and 35 days (Veridian®) respectively was required. After
this, the panels were used as barnacle growth substrates
for approximately 2 1/2 years. After this 2 1/2 year interval,
the panels were used in this study.
Chemical analyses were conducted at the Institute for
Chemistry and Biology of the Marine Environment
(ICBM; Oldenburg, Germany). A 30 second, 30 µl methanol rinse was used to obtain compounds from the silicone
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surfaces. Eluates were analyzed undiluted by coupled gas
chromatography-mass spectrometry. A WCOT VF-5ms
capillary column (Varian, USA) (30 mx0.25 mmx0.25
µm film thickness) was mounted on a Varian 3900 gas
chromatograph equipped with a Saturn 2100 T (Varian,
USA) ion trap mass selective detector. Samples were
injected in splitless mode with an inlet pressure of 72 kPa.
The injection port and the interface were held at 260°C.
The gas chromatograph was held at 70°C for 1 min and
ramped at 15°C min-1 to 150°C, 20°C min-1 to 250°C and
held at this temperature for 2 min. Finally, the column
was cleaned at 320°C for 1 min. Helium was used as the
carrier gas. The mass selective detector was operated in
scan mode (m/z 10–650). The electron impact ion-spectra
of silicone eluate components were compared with
entries in the NIST mass spectral library (NIST V. 2005).
To account for background organosiloxane contaminants,
blank samples of methanol were run after every 5 analyses to identify and subtract system specific siloxane
peaks.
Methanol rinses of commercial silicone films: enzyme
assays
In addition to T2® and Veridian® silicone we included
RTV-11®, a commercial silicone used experimentally, and
Intersleek 425®, a commercial foul-release coating, in our
enzyme analyses. Intersleek® and RTV-11® silicones were
prepared as draw downs on epoxy-primed 4x8 inch
(10.2x20.3 cm) marine grade aluminum panels (Q- panel,
USA), and conditioned in flowing seawater for 7 days
after preparation. Intersleek® and RTV® silicones were
then used intermittently as barnacle growth substrates and
for barnacle reattachment studies, and were immersed in
seawater for a period of approximately 11 months. After
this 11-month interval, panels were used in this study.
For enzyme assays, silicone substrates were rinsed
thoroughly with deionized water and dried in air prior to
methanol rinses. A 30 second, 60 µl methanol rinse was
used to obtain compounds from the silicone surfaces. Ten
60 µl rinses were recovered with a glass Pasteur pipette
for each silicone, combined in a glass test tube, and air
dried in a fume hood. The residual was resuspended in 10
µl 100% methanol for the assays described in this section.
Residues were agitated gently to aid redissolution. Two
controls were implemented to ensure that the 10 µl HPLC
grade methanol used to resuspend residuals did not
impact enzymatic activity. First, for all assays, 10 µl
methanol was incubated with enzyme substrate. Ab-

sorbance values from these samples served as the basis
for statistical comparisons. Second, a set of trypsin and
transglutaminase assays were carried out with curing
barnacle glue, with one set of samples containing 10 µl
100% methanol, and a second set with methanol replaced
by 10 µl deionized water. These assays were run as
described below, with the exception of 3 µl curing glue
used in trypsin assays. Assays were run in a paired
design, with glue from the same barnacle used for the
methanol and the deionized water sample.
Rearing of barnacles Amphibalanus ( =Balanus)
amphitrite [24] and collection of curing glue were conducted as described in Dickinson et al. [15]. Trypsin and
transglutaminase were assayed with enzyme specific
substrates. Enzyme assays were conducted with curing
barnacle glue, and with commercially available purified
enzymes. Assays with curing glue enabled determination
of variability among individual barnacles. Assays with
purified enzymes provided precise control of reaction
conditions, including concentration of the enzyme,
substrate, and cofactors.
Trypsin assays were conducted using a BAPNA
(Nα-benzoyl-DL-arginine 4-nitroanilide; Acros Organics
#227740010) substrate. BAPNA was prepared at 0.044%
(w/v) by first dissolving BAPNA in DMSO
(dimethylsulfoxide: 1% v/v) and then adding 50 mM Tris
buffer, pH 8.0. Reaction conditions (pH, incubation
temperature, buffer concentration) followed Dougherty
[25] who optimized reaction conditions for general
protease activity in curing glue from the barnacle
Chthamalus fragilis.
Trypsin assays with curing barnacle glue were conducted by first adding 800 µl BAPNA solution directly to
test tubes containing surface eluate resuspended in 10 µl
methanol, or 10 µl methanol only (control). 6 µl unpolymerized glue was added to each tube, vortexed, and
incubated at 37°C for 1 hr. Each silicone and the
methanol control was tested with glue from the same
barnacle. Following incubation, all samples were
centrifuged at 9000 rpm for 10 min in a Fisher Scientific
MicroD centrifuge and then placed on ice. Samples were
transferred to a quartz semi-micro cuvette (Starna Cells
#9-Q-10) and optical density at 405 nm (OD405), referenced to Tris buffer alone, was read on a Hewlett Packard
8451A diode array spectrophotometer. Samples were staggered in ~8 sample groups (each with controls) so that all
samples could be read within 10 min of centrifugation.
Assays with purified trypsin were conducted in the
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same manner as described above, however, 6 µl of a
purified trypsin solution was used in place of native glue.
Bovine pancreatic trypsin was used (Sigma #T1426) and
mixed to 44.68 BAEE units/ml for a total of 0.268 BAEE
units per assay. This trypsin activity level was chosen to
be measurable and within the range of values observed
previously for barnacle glue [17]. Maximum trypsin
activity reported was 38.25 BAEE units/ml with a mean
value of 14.74 BAEE units/ml.
Transglutaminase activity assays were conducted
using a transglutaminase assay kit (Sigma-Aldrich
#CS1070), and followed the manufacturer's directions
including those for use with an inhibitor. Assays were
based on the reaction of transglutaminase with a
cadaverine coated 96-well plate. For assays with native
barnacle glue and with purified transglutaminase, 45 µl
deionized water was added to test tubes containing
silicone eluate resuspended in 10 µl methanol or 10 µl
methanol only (control). The solutions were mixed
gently and then transferred to cadaverine coated plate
wells. For assays with native transglutaminase, 1 µl of
unpolymerized glue was added to each well, whereas
for assays with purified transglutaminase, 5 µl of a
20 milliunits ml-1 purified transglutaminase solution was
added for a total of 0.1 milliunits used (transglutaminase
from guinea pig liver, Sigma #T5398, was diluted from a
2 unit ml-1 stock solution which contained 10 mM DTT
and 1 mM EDTA). As in trypsin assays, this activity level
was chosen to be measurable and in the range of values
observed previously for barnacle glue [17]. A 0.1
milliunits transglutaminase solution yielded an average
OD450 value of 0.45, whereas the maximum OD450 for
barnacle glue was 0.52 and mean OD450 was 0.28. Wells
were mixed gently by tapping on the plate and incubated
at room temperature for 3–5 min before adding assay
buffer. At the completion of the assay, OD450 was read on
a SpectraMax M2 plate reading spectrophotometer
(Molecular Devices). For assays with curing glue, glue
from the same individual barnacle was used to test each
silicone and the methanol control.
Mechanical removal of compounds on silicone films:
GC-MS
After speaking with a scientist from the coatings industry
regarding detection of surface-available compounds on
silicone coatings, we changed techniques to eliminate exposure of the silicone film to methanol. A 2 cm2 silicone
surface was rubbed gently for 15 seconds with a cotton

swab and then the swab was eluted with methanol. We
used eight model polysiloxane formulations described
previously [26]. Each combination of the following
variables was prepared: low or high molecular weight
oligomers, low or high concentration of cross-linker and,
with or without added silicone oil. The model
polysiloxane coatings were prepared in 24 well
polystyrene plates modified with epoxy-primed marine
grade aluminum discs, as described previously [27].
These coatings were conditioned in deionized water for
14 days prior to their use in the assays described here.
Cotton swabs used to sorp compounds from model
polysiloxanes were first cleaned by dripping approximately 1 ml of 100% methanol over the entire surface of
the cotton swab until the methanol dripped off. Cotton
swabs were then placed on clean aluminum foil and air
dried overnight before use. Each silicone formulation was
swabbed in triplicate with: 1) a cleaned and dried cotton
swab; and 2) a cleaned cotton swab that had been prewetted with approximately 500 µl of 100% methanol. To
swab silicones, the dry or wetted cotton swab was rubbed
over the entire surface of the silicone-coated well by
pressing down lightly with a circular motion for 15
seconds. For GC/Mass spec analysis the tip of the cotton
swab was cut off and placed in a 1 ml borosilicate glass
autosampler vial (Wheaton #223682) and sealed with
parafilm. Before use, vials were cleaned with methanol
and then baked in a muffle furnace at 500°C for 1 hr.
Samples were sent overnight mail to the University of
New South Wales for analysis.
For GC-MS analysis, cotton swabs were eluted by
adding 1 ml of 100% methanol directly to the glass vials
containing the cotton swab tips. Cotton swabs were left in
methanol for 30 min. Elutions of dry swabs were
concentrated 3 times by drying the eluate completely on
a SpeedVac® and then resuspending the residual in 330 µl
methanol. Eluates of methanol wetted swabs were
analyzed without concentration. Swabs were analyzed by
coupled gas chromatography-mass spectrometry. A HP5MS capillary column (Hewlett Packard, USA; 30 mx0.25
mmx0.25 µm) was mounted on an Agilent 6890N gas
chromatograph interfaced to a HP5973N mass selective
detector operated in electron impact mode at 70 eV.
Samples were injected and run as described above.
Mechanical removal of compounds on silicone films:
enzyme assays
Enzyme assays were conducted on compounds from
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model polysiloxane coatings obtained by rubbing with
cleaned and dried cotton swabs as described above.
Wetted cotton swabs were not included in enzyme assays.
Compounds sorped to the cotton swabs were eluted by
placing it at the opening of a glass test tube and slowly
dripping 100% methanol onto the swab until 200 µl ran
off into the tube. The same procedure was used to
generate controls from cleaned and dried cotton swabs.
Enzyme assays with cotton swab eluates were conducted
with purified enzymes only. All eluates were dried
completely in a fume hood. Residues were resuspended
directly in enzyme assay buffer. This change was made
due to concern that addition of methanol might alter
enzyme activity.
For trypsin assays, BAPNA (N·-benzoyl-DL-arginine
4-nitroanilide) substrate was used and prepared at
0.044% (w/v) by first dissolving BAPNA in DMSO
(dimethylsulfoxide: 1% v/v) and then adding HPLC
water. A trypsin solution was made at 0.45 µg µl-1 in 1
mM HCl using bovine pancreatic trypsin (Sigma
#T1426). This solution was then diluted to 3.0 µg ml-1
(42.9 BAEE units/ml) in seawater for use in assays and
kept on ice at all times. Seawater served as the assay
buffer. For assays, 90 µl of the 3.0 µg ml-1 trypsin solution
(3.86 BAEE units total) was added directly to each test
tube containing dried cotton swab eluates. Note that the
trypsin activity level was higher than in previous assays
to enhance sensitivity. Tubes were mixed and 80 µl from
each tube was transferred to a multiwell plate. 170 µl
BAPNA solution was added to each well, the plate was
incubated at 37°C, and OD405 was read every 5 min for 15
min. Activity was calculated as µMoles substrate
hydrolyzed/ml/min.
Transglutaminase activity assays were conducted
using a transglutaminase assay kit (Sigma-Aldrich
#CS1070), and generally followed the manufacturer's
directions. In these assays, 50 µl of 2 milliunits ml-1
purified transglutaminase solution (0.1 milliunits total;
diluted from a 2 unit ml-1 stock solution which contained
10 mM DTT and 1 mM EDTA) was added directly to
each test tube containing dried cotton swab eluates. Tubes
were mixed and 50 µl from each tube was transferred to
cadaverine coated plate wells.
Effects of silicone components on enzyme activities
Enzyme assays were conducted with five components of
model polysiloxane coatings: silicone oil (viscosity 40–
50 cSt: Gelest DES-T15); low molecular weight PDMS

oligomers (700–800 cSt: Gelest DMS-S27); medium
molecular weight PDMS oligomers (1000 cSt: Dow
Corning 200 Fluid, Sample #321275); and high
molecular weight PDMS oligomers (5000 cSt: Gelest
DMS-S35). Purified trypsin and transglutaminase activity
was tested with silicone components alone and in
combination. In order to determine the quantity of each
component to test in enzyme assays, the mass of silicone
eluted from a model polysiloxane coating was
empirically tested.
Silicone made from low molecular weight oligomers,
low cross-linker, with no oil, was swabbed with an
unmodified dry cotton swab, and compounds taken up by
the swab were eluted as described previously into a preweighed microfuge tube. After methanol had evaporated,
the tube was weighed again and the mass of silicone
calculated. This procedure was replicated 5 times.
Approximately 0.15 mg silicone was eluted (mean ±
SEM: 0.14±0.04), and this quantity was used for testing
of silicone components. To ensure that the measured mass
was not derived from the cotton swab itself, 10
unmodified cotton swabs were eluted directly into preweighed microfuge tubes and weighed after methanol had
evaporated. For each tube, initial mass was identical to
mass after methanol had evaporated, confirming that the
cotton swab did not contribute to measured silicone mass.
Silicone components were prepared for assays by
placing a droplet of each component into a pre-weighed
microfuge tube, calculating the mass of the component,
dissolving it in 500 µl 100% methanol, then transferring
a volume corresponding to 0.15 mg to a glass test tube.
For combinations of components, volume was divided
accordingly as to have a total of 0.15 mg silicone in the
test tube. Methanol containing silicone components was
dried completely within a fume hood, and the residual
was resuspended directly in assay buffer. Trypsin and
transglutaminase assays were conducted as described in
the mechanical removal section above.
Statistical analysis
Statistical analyses were conducted using GraphPad
Prism version 5.0, with calculations based on raw
absorbance values. For assays with native barnacle glue,
data were compared using paired t-tests (two-tailed),
because glue from the same barnacle was tested with
treatment and control. For assays with purified enzymes
statistical analyses were by one-way analysis of variance
(ANOVA). If assumptions of normality and equality of
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variance, tested using the Kolmogorov and Smirnov
method and Bartlett's test respectively, were met by log
transforming data, parametric ANOVA was used and
treatments groups were compared to the control group
using a Dunnet's method post-hoc test. If assumptions of
normality and equality of variance could not be met after
log transforming data, non-parametric Kruskal-Wallis
analysis was used and treatment groups were compared to
the control group using a Dunn's method post-hoc test.
Statistical analyses of enzyme activity with model
polysiloxane coating components were conducted
separately for components tested individually and when
components were tested in combination.

Thirty second, 30 µl methanol rinses of these silicones
contained organosiloxanes and probably cyclic siloxanes.
Tentative identifications of compounds are shown in
figures 1 and 2. In Silastic T2® rinses, 7 major GC peaks
were identified as siloxanes (Figure 1). As shown in
Figure 2, 4 major GC peaks were identified as siloxanes
for Veridian®. With the exception of dimethyl flouromethyl phenylsilane, which might be derived from the
catalyst, all compounds that could be identified from
Veridian® rinses were also present in T2® rinses. The
silicone conjugated Estra-1,3,5(10)-trien-17-one derivative, identified for both T2® and Veridian®, was not part
of the original coating formulations (Coatings Industry
representatives, personal communication).

RESULTS
Methanol rinses of commercial silicone films: GC-MS
We used coupled gas chromatography-mass spectrometry
to assess T2® and Veridian® silicones for surfaceassociated compounds. T2® and Veridian® had been conditioned in flowing seawater until they were not toxic to
barnacle larvae, and then immersed in seawater at two
month intervals as barnacle growth substrates. Each
substrate was exposed to seawater for a total time of
approximately 11/2 years prior to their use in this study.

Samples were obtained by 30 second, 30 µl methanol
rinses. Panels had been conditioned in flowing seawater
and then used as barnacle growth substrates, immersed in
seawater, for an approximate total of 11/2 years before use
in this analysis.
doi:10.1371/journal.pone.0016487.g001

Figure 1. Gas chromatogram and tentative peak assignment (NIST database) for compounds present on Dow Corning Silastic T2®
silicone.
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Figure 2. Gas chromatogram and tentative peak assignment (NIST database) for compounds present on International Paints Veridian®
silicone.

Samples were obtained by 30 second, 30 µl methanol
rinses. Panels had been conditioned in flowing seawater
and then used as barnacle growth substrate, immersed in
seawater for an approximate total of 11/2 years before use
in this analysis.
doi:10.1371/journal.pone.0016487.g002
Methanol rinses of commercial silicone films: enzyme
assays
The effect of the residue of silicone rinses on barnacle
glue trypsin and transglutaminase activity is shown in
Figures 3 and 4. The impact of residues was dependent on
the source of curing glue. HPLC grade methanol control
assays showed that neither trypsin nor transglutaminase
activity varied significantly in glue assays with methanol
versus glue assays with deionized water substituted for
methanol (paired t-tests: trypsin: p = 0.162, n = 7
barnacles; transglutaminase: p = 0.161, n = 8 barnacles).
30 second, 60 µl methanol rinses were conducted, 10
rinses were pooled, dried completely, and residual
was resuspended in 10 µl 100% methanol before adding
assay buffer. Each individual barnacle was tested with
all four silicones. Individual data, expressed as percent
change in OD405 from control, and group mean (± SEM)
are shown. The control is barnacle glue incubated with
10 µl 100% methanol and assay buffer only, without
silicone residual.
doi:10.1371/journal.pone.0016487.g003

Figure 3. Effect of silicone rinses on barnacle glue trypsin activity.
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residual. * Indicates a significant difference from control
(paired t-test: p<0.05).
doi: 10.1371/journal.pone.0016487.g004

Figure 4. Effect of silicone rinses on barnacle glue transglutaminase activity.

30 second, 60 µl methanol rinses were conducted, 10
rinses were pooled, dried completely, and residual was
resuspended in 10 µl 100% methanol before adding assay
buffer. Each individual barnacle was tested with all four
silicones. Individual data, expressed as percent change in
OD450 from control, and group mean (± SEM) are
shown. The control is barnacle glue incubated with 10 µl
100% methanol and assay buffer only, without silicone

When tested with curing barnacle glue, group mean
trypsin activity did not differ significantly from methanol
controls for any of the silicones tested (paired t-tests;
Figure 3). In contrast, barnacle glue transglutaminase
activity differed significantly from methanol controls for
T2® and Intersleek® (paired t-tests: p<0.05; Figure 4),
with activity dependent upon silicone source. Individuals
tested with residues from T2® showed only promotion of
activity and those tested with residues from Intersleek®
showed only inhibition. Transglutaminase activity was
dependent on the individual barnacle producing the glue
when tested with Veridian® and RTV-11® residues,
resulting in both promotion and inhibition of activity
observed.
The effect of silicone residues on purified trypsin and
transglutaminase is shown in Figure 5. Trypsin activity
varied significantly among silicone residue and methanol
control groups (Kruskal Wallis One-way ANOVA on
ranks: p = 0.0004). The activity of RTV-11® residues
differed significantly from the methanol control (Dunn's
method post-hoc analysis: p<0.05). Transglutaminase
activity varied significantly among silicone residue and
methanol controls (One-way ANOVA: p<0.0001).
Assumptions of normality and equality of variance were
met after log transforming OD450 values (normality
tested with Kolmogorov and Smirnov method, p>0.05 for
each group; equality of variance tested with Bartlett's test,
p = 0.4198). Post-hoc analysis showed that all silicone
residues inhibited enzymatic activity and each differed
significantly from the methanol control (Dunnet's method
post-hoc analysis: p<0.05).

Figure 5. Effect of silicone rinses on purified trypsin and transglutaminase activity (from porcine and guinea pig respectively).
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30 second, 60 µl methanol rinses were conducted, 10
rinses were pooled, dried completely, and residual was
resuspended in 10 µl 100% methanol before adding assay
buffer. Data are expressed as percent change in OD405
(trypsin) or OD450 (transglutaminase) from control.
Means and SEM are shown. The control is purified
enzyme incubated with 10 µl 100% methanol and assay
buffer only, without silicone residual. *Indicates a
significant difference from control (trypsin: Dunn's
method post-hoc analysis, p<0.05; transglutaminase:
Dunnet's method post-hoc analysis, p<0.05). n = 5
replicates for trypsin, 10 replicates for transglutaminase.
doi:10.1371/journal.pone.0016487.g005
Mechanical removal of compounds on silicone films:
GC-MS
The mechanical removal method involved gently rubbing
model polysiloxane films with a cotton swab. These
8 films had been conditioned in deionized water for
14 days prior to assays. As detailed in Table 1, multiple
poly (dimethylsiloxanes) with similar mass-to-charge
fragments were identified for all samples, including dry
and methanol wetted swabs. Amino-substituted poly-

silaxanes were identified only for wetted swab samples of
the four surfaces containing silicone oil.
doi:10.1371/journal.pone.0016487.t001
Mechanical removal of compounds on silicone films:
enzyme assays
Eight model polysiloxanes were rubbed with methanol
cleaned, dry cotton swabs. Sorped compounds were
eluted from swabs with methanol, dried and resuspended
in enzyme assay buffer. Controls were methanol cleaned
and dried cotton swabs eluted with methanol, dried, and
then resuspended in assay buffer. All model polysiloxane
coating residues inhibited trypsin activity as compared to
controls (Figure 6). In each case, the percent change from
control was greater in coatings with silicone oil.
Transglutaminase activity was inhibited as compared to
controls for each of the silicones that did not contain
silicone oil (Figure 6). Three of four model silicones with
silicone oil showed a 34 to 57% promotion of transglutaminase activity as compared to controls. Variation
between replicates was less than 27% for all enzyme
assays.

Table 1. Gas-chromatographic retention times of peaks with characteristic mass fragments belonging to poly(oligomethylsiloxanes)
and amino-substituted polysilaxanes in dry and wet surface swabs obtained from model polysiloxane coatings.
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Figure 6. Effect of silicone eluates on purified trypsin and transglutaminase activity (from porcine and guinea pig respectively).

Elution was conducted by swabbing model polysiloxane
coatings with a dry cotton swab. Compounds taken up
onto the cotton swab were eluted with methanol,
methanol was then dried completely, and residual was
resuspended directly in assay buffer with no additional
methanol added. Controls were clean cotton swabs that
had not been in contact with polysiloxane, which were
eluted, dried, and resuspended in assay buffer. Model
polysiloxane coatings were composed of low or high
molecular weight (MW) oligomers, and were prepared
with high or low concentration of cross-linker (XL), with
or without silicone oil. Data are expressed as percent
change in OD405 (trypsin) or OD450 (transglutaminase)
from control. Means and SEM are shown. n = 2
replicates.
doi:10.1371/journal.pone.0016487.g006

Effects of silicone components on enzyme activities
The components of model polysiloxane coatings that alter
enzyme activity were determined using commercial
trypsin and transglutaminase (Figure 7). Components
were tested individually and in combination, and
included silicone oil, and low, medium and high
molecular weight PDMS oligomers. The controls for
these assays were purified enzymes incubated without
silicone components. Non-parametric analyses were
employed for these comparisons, since data did not meet
assumptions of normality and equality.
Silicone oil (viscosity 40–50 cSt) and low, medium
and high molecular weight PDMS oligomers (viscosity
700–800, 1000, and 5000 cSt respectively) were tested
alone and in combination. Components were dissolved in
methanol, the methanol was then dried completely, and

Figure 7. Effect of silicone oil and PDMS oligomers on purified trypsin and transglutaminase activity from porcine and guinea pig,
respectively.
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residual was resuspended directly in assay buffer. Data
are expressed as percent change in OD405 (trypsin) or
OD450 (transglutaminase) from control. Means and SEM
are shown. The control is purified enzyme incubated
with assay buffer only, without silicone components.
*Indicates a significant difference from control (Dunn's
method post-hoc analysis: p<0.05). n = 10 replicates for
individual components, 5 replicates for combinations.
doi:10.1371/journal.pone.0016487.g007
When tested with individual silicone components,
trypsin activity was not significantly different than
controls (Kruskal Wallis One-way ANOVA on ranks).
When tested in combination, however, trypsin activity
varied significantly among test and control groups
(Kruskal Wallis One-way ANOVA on ranks: p = 0.0171).
Activity of the oil plus medium molecular weight PDMS
(1000 cSt) group differed significantly from that of the
control (Dunn's method post-hoc analysis: p<0.05).
Whether tested with individual components or with
combinations, transglutaminase activity differed between
test and control groups (Kruskal Wallis One-way
ANOVA on ranks: p = 0.0005 and p = 0.0018 respectively). Activity with all four components differed
significantly from the control when tested individually
(Dunn's method post-hoc analysis: p<0.05). The oil plus
low molecular weight PDMS and all components
combined groups differed significantly from the control
(Dunn's method post-hoc analysis: p<0.05).

DISCUSSION
Weak attachment on silicone foul-release coatings results
from a combination of physical and chemical properties
of the polymer. This report focused on chemical
interactions of silicone polymers with curing glue. We
tested the hypothesis that compounds associated with
silicone polymer surfaces alter the activity of enzymes
involved in barnacle glue curing. Three specific questions
were addressed: 1) are compounds available at the
surface of silicones; 2) if compounds are available, do
they alter barnacle glue enzyme activities, and; 3) which
components of silicone polymers alter enzymatic activity.
GC-MS identified surface-associated siloxanes on all
silicones, including those with long-term exposure to
seawater. Surface-associated compounds significantly
altered transglutaminase activity in curing barnacle glue.
Statistically significant changes in trypsin and, to a
greater extent, transglutaminase activity occurred when
specific polysiloxane components were tested alone and

in combination.
In our glue curing model [15], trypsin activity
activates pro-forms of structural proteins, enabling them
to rearrange and present domains with compatible motifs
[18]–[20], [28] to the surface. Transglutaminase crosslinking locks the polymers in place [15]. Phenyloxidase
activity has also been observed and may be involved in
glue curing [12] although its function unclear [21]. In this
coordinated process, modification of enzymatic rates
occurring through specific or non-specific interactions
would alter the ability of glue to make adhesive bonds.
GC-MS showed compounds are available at the
silicone surface, enabling them to interact with the
structural proteins and enzymes in glues. Silicone
components are routinely found at the surface of PDMS
coatings, and interfere with contact angle measurements
[29]. Consistent with this, Meyer et al. [9] showed the
presence of surface-active eluates from silicone coatings
based on contact angle anomalies. Assays were
performed with 12 diagnostic fluids with chemistry
mimicking that of amino acids found in bioadhesive
proteins. Results of contact angle measurements suggest
residues have the potential to alter the curing of
biological glues [9]. Our 30- second methanol rinses of
commercial polymers exposed to seawater for over a
year, showed a variety of siloxanes available at the
surface. Similar results were obtained when model
polysiloxane coatings were rubbed briefly with a dry
cotton swab. GC peaks were assigned primarily to cyclic
siloxanes of different ring size. Surface-associated
siloxanes could either be unreacted reagents or
degradation products of high molecular weight siloxanes.
ways silicone oligomers and oils may alter enzyme
activity include: interaction with the enzyme active site;
encapsulation of the enzyme [30]; altering protein tertiary
or quaternary structure by bulk interactions; and by
binding of cofactors. When a combination of siloxanes is
surface available and exposed to a complex proteinaceous
glue, interactions are likely to be complex. Due to the
highly coordinated nature of the glue curing process,
slight alterations in enzyme activity could have major
impacts on curing.
In addition to cyclic siloxanes, GC-MS identified
other compounds that might interact with curing glues.
For example, GC-MS analysis of commercial polymers
revealed the presence of a siliconized estradione, as
shown in figures 1 and 2. The estradione-silicone hybrid
was not part of the original coating formulations
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(Coatings Industry representative, personal communication), and was likely derived through microbial metabolism. This result suggests that organisms can partially
metabolize surface-available siloxanes and generate
novel compounds with unknown bioactivity, stability,
fates, and effects. The open electrometric nature of
silicone coatings enables uptake of such compounds from
the surface or external seawater into the coating [31].
Lightly rubbing silicone surfaces with cotton swabs
was a mechanical method to test for compounds available
at the silicone surface. The amount of compound was
greater than what a barnacle would encounter
instantaneously, because the amount represents what
would be found in two square centimeters. Quantitative
genetics data on glue phenotypes, however, shows that
the glues are modified in a silicone polymer dependent
fashion that is not based upon physical aspects of the
silicones [23], suggesting the concentration of available
compounds is sufficient to interact with glue. The types
of compounds identified with the mechanical method
were similar to those identified from methanol rinses. The
actual concentration of compounds that would be
available to interact with curing glue under natural
conditions is currently unknown. Silicon has been found
incorporated into the adhesive plaque of barnacles
grown on silicone coatings [7], [8], however, indicating
that compounds can partition into and interact with biological glues under environmental conditions. Our transglutaminase assays with uncured glue showed clear
interaction with available components. For fouling
organisms such as barnacles, the relevant elution
solvent is a proteinaceous glue. GC-MS studies using
proteinaceous glue as a solvent will shed light on the
composition and concentrations of compounds available
to interact with curing glues.
The interaction of surface-available compounds with
enzymes in curing glue was demonstrated using curing
barnacle glue and purified, commercially available forms
of the enzymes. The effect of silicone residues on
enzymatic activity was less dramatic and consistent when
tested with limited quantities of native enzymes than
when purified enzymes were used. Trypsin and
transglutaminase activity was found in all barnacle glue
samples assayed. The lower activity, as compared to that
of purified enzymes, resulted in decreased sensitivity and
a decreased ability to discriminate between treatments.
Two additional factors contributed to decreased
analytical precision with curing barnacle glue. First,

mixing with reagents is difficult since curing begins
immediately upon release by the barnacle. Second, barnacle glue contains a large number of components [15],
[18], [19], [25], [28]. The ideal assay would measure the
interaction of glues with the surface as they are released.
Silicone compounds may interact with many glue
components including structural proteins, non-proteinaceous components, cofactors, and cells. This complex set
of interactions results in variable enzymatic responses. In
the presence of silicone residue barnacle glue enzymatic
activity varied depending on the individual barnacle,
particularly for transglutaminase. This response is
consistent with classic studies of barnacle isozymes [32]
and enzymatic response reflects individual variability in
the multicomponent mixture that becomes cured glue.
Although transglutaminase activity levels were low
and variable among individuals, silicone residues
significantly altered transglutaminase activity in curing
barnacle glue. It is noteworthy that for transglutaminase
activity, a statistically significant result was shown when
inhibiting activity (Intersleek®) and promoting activity
(T2®). We hypothesize this result reflects differences in
coating formulations, and the ability of coating components to interact with transglutaminase within a
complex proteinaceous environment. Our current model
for barnacle glue curing [15] depicts the curing
mechanism as a highly interdependent process akin to
blood clotting [34]–[37], in which enzymatic activity can
affect both up and down stream processes. Hence,
significant alteration of enzymatic activity, either
inhibition or promotion, has the potential to alter curing
and adversely effect adhesive properties, contributing to
variable but low adhesion strength of barnacle glue on
silicones.
To directly address if silicone coating components
alter trypsin and transglutaminase activity, purified
enzymes were tested with residues of silicones collected
by swabbing silicone surfaces, and with pure polysiloxane coating components. Trypsin activity was
inhibited, specifically by silicone oil plus medium
molecular weight PDMS and by residue on dry swabs
from model silicone polymers. Statistically significant
promotion of activity was observed with RTV-11®
residue. For transglutaminase, statistically significant
inhibition of activity was shown for compounds from all
commercial silicones, all polysiloxane components, and
specific component combinations. Residues from the
surfaces of model polysiloxane coatings containing oil
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repeatedly promoted transglutaminase activity in all but
one polymer tested. This result suggests that the amount
and type of surface available compounds differs when
they have been consolidated into a polymer versus when
they are introduced free into an assay. The chemistry of
polymerization produces compounds that are not found in
the starting material, which could alter enzyme activity.
Knowledge of the direction and magnitude of these
enzymatic alterations will enable investigation of their
effect on downstream biological processes. Throughout
this study, the effects of silicone compounds were shown
to be more dramatic and consistent for transglutaminase
than for trypsin. The difference in enzyme alteration may
be due to the nature of the enzyme itself and its
susceptibility to the specific compounds tested, or due to
the sensitivity of the enzymatic assays.
Conclusions
Barnacles exhibit low adhesive strength [38] and
frequently produce atypical soft, thick glue when grown
on silicone polymers [8], [39]. On silicone, barnacle glue
is a hydrated viscoelastic gel, varying with distance to the
substrate [40]. Data presented here showed that all four
silicone components tested were capable of altering the
activity of purified transglutaminase; purified trypsin
activity was altered only when medium molecular weight
PDMS was combined with silicone oil. Surface available
silicone compounds are capable of altering transglutaminase activity in curing glue, as shown for two of
four silicones polymers tested. Silicone compounds may
also interact with other proteins and non-proteinaceous
components of barnacle glue, altering curing. Adhesive
strength and glue morphology are complex phenotypes
[23], [33]. As for synthetic adhesives, changes in catalytic
activity can affect curing, adhesive strength, and
morphology of natural glues.
It is common knowledge that after extended exposure
to seawater, silicone substrates gradually loose their foulrelease properties. Adhesive strength increases and the
proportion of barnacles producing thick, gummy glue, a
heritable trait [23] is low as compared to newly
polymerized silicones (Orihuela, personal observation).
Within the context of physical and chemical changes that
occur as polymers age, diminished foul-release properties
could be partially due to a reduction in the levels and
types of silicone surface-associated compounds. This
reduction would in turn decrease interference with glue
curing. Foul-release properties may be lost as surface-

associated diffusible components fall below a threshold
level.
The interaction of compounds available at the surface
of silicone polymers with curing glues is one of many
mechanisms that make silicone foul-release coatings
effective. Compounds that comprise silicone polymers
and are surface-available alter two pervasive and biologically important enzymes: trypsin-like serine protease
and transglutaminase. Work is currently ongoing to
determine how broadly trypsin and transglutaminase are
employed in marine biological adhesion. The role of
exoproteases in the growth of bacterial biofilms is already
well established [41]–[43]. The mechanisms described
here can potentially be employed in fouling control
measures. It would be prudent to investigate the impacts
of silicone oligomers and oils on other biological [44] and
environmental [45] processes.
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Upcoming Events

I

n each edition of the Journal we will do our best to announce relevant upcoming events, conferences and
seminars. This is by no means intended to be a full list but rather those which we have chosen as particularly
relevant. We are open to suggestions for announcement of conferences, seminars and other events which are
relevant to the overall theme of ship hull performance.

14 - 15 September 2011

CONGRESS

Atlantic Kempinski Hotel • Hamburg, Germany

Advanced Techniques Seminar 2011
Naval Dockyard, Vizakhapatnam, India
Includes as one of the key presentations, a seminar by Hydrex on
advanced/innovative underwater repair techniques.

G

overnments and legislators
around the world view ports
and terminal as critical infrastructure assets. Their ability to
‘go green’ by reducing their
carbon footprint and by being
more sensitive to environmental
considerations is vital to future
success.
The GreenPort Congress will
provide decision makers with a
meeting place to both learn about
and discuss the latest in sustainable environmental practice that will enable them to effectively implement these changes.
The emphasis of the Congress will be on highlighting innovation in equipment and technology whilst
illustrating practical solutions through case studies.
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Wednesday 28th and Thursday 29th
September 2011
Intercontinental Hotel, Singapore

aking place in Singapore, one of the
world’s leading maritime centres, GST
Asia 2011 highlights innovative ship design,
energy efficiency and operations management for sustainable shipping, the latest
thinking on ballast water systems, hull and
biofouling management plus regional Asian
initiatives for greening the maritime industry
and key shipowner/operator case studies.

environmentally friendly shipping

T

At GST Asia:
• HEAR FROM leading regional shipping
industry speakers on their energy management strategies
• UNDERSTAND the latest environmental
regulations affecting shipping
• DISCUSS the shipowner/operator and
charterer perspectives on meeting the
regulatory and operational challenges
• DEBATE how shipowners and operators can
balance effectively the costs and benefits of

• LEARN how design options and energy
efficiency technology can help maintain
competitive edge
• UNDERSTAND how energy efficiency can be
a key to commercial success
• EXAMINE the potential of LNG as a ship’s
fuel in the region
• BENEFIT from an in-depth discussion of hull
management issues from all the stakeholders, including changes for control of hull
biofouling
• GAIN detailed knowledge of the impact of
environmental management in ports and
terminals
• ANALYSE the impact of ballast water
management regulations on owners and
operators

More information at:
http://www.informaglobalevents.com/event/gst-asia
Hydrex is one of the sponsors and will be attending Green Ship Technology Asia
Conference. We welcome visitors at the Hydrex booth.
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12 - 13 October 2011
Sheraton Hotel, St. John’s, Newfoundland, Canada

I

nforma Maritime Events is proud to announce
the leading industry event of the year highlighting the most crucial developments and
updates in the field of Arctic Shipping in North
America:
• Hear from leading shipping industry speakers on
their strategies for operating in ice-covered waters
including Fednav, Shell Exploration and Production Company, and Technip Canada

• Analyse the impact on shipping and commercial
developments of environmental and local community imperatives
• Discuss the shipowner/operator perspectives on
meeting the operational and regulatory challenges
• Learn from the latest ship design options and
technology for ice-going shipping and offshore
operations
• PLUS two half day seminars on crew training and
ice navigation and risk management for safe
voyages and operations in ice Join your fellow
Arctic professionals in knowledge-sharing, networking and analysis of the challenges and
solutions for shipping in ice and cold climates.
Hydrex is a sponsor and will be exhibiting at the
event. Come and visit us at the Hydrex booth.

More information available at:
http://www.informaglobalevents.com/event/arcticshippingnorthamerica

Dubrovnik
MTB Marine
12 - 15 October 2011
th

th

12 - 15 October 2011
Radisson Blu - Dubrovnik
Hydrex will be at MTB Marine in Dubrovnik and we look forward to meeting you there.
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All Aboard:
Collaboration for Change
011 marks the Sixth year of the
annual Sustainable Shipping Conference, which leads the way in debating the next big issues within the
industry, while focusing on the realities
and practicalities of shipping.

2

mance, the Sustainable Shipping Conference 2011 will look to allay the fears of
the industry by focusing on how
collaboration can provide an advantageous and positive experience in meeting
impending regulations.

Those involved in the industry have seen
the conference evolve as issues of climate
change have increasingly come to the
fore, placing increasing pressure on the
sector to reduce its carbon footprint.

Voted "Best City in the Americas" by Conde
Nast Traveller Magazine, Vancouver will
welcome over 25 leading industry experts, alongside cutting-edge technology
providers showcasing the latest costsaving and emission reducing products
to over 150 delegates, from 12th - 14th
October 2011 at the Pan Pacific
Vancouver Hotel.

Following on from the 2010 conference
held in Miami, which took the issue of
sustainability beyond just environmental
issues to encompass the wider implications of shipping's life cycle perfor-

For more information about speaking, attending or sponsoring
the Sustainable Shipping Conference, please contact:
Cara Davies, Event Manager
events@sustainableshipping.com
+44 1753 272253
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Sensible, comprehensive,
simple but vital information on:
• saving fuel costs by optimizing ship
• state-of-the-art, environmentallysafe fouling control

• reducing GHG emission from shipping
• containing invasive species
• reducing drydocking

Download PDF’s and/or request printed versions of Hydrex White Papers
and the quarterly Journal of Ship Hull Performance, all at no cost to you.

www.shiphullperformance.org
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Hydrex around

Headquarters Hydrex N.V. - Antwerp
Phone: + 32 3 213 5300 (24/7)
E-mail: h y d r e x @ h y d r e x . b e

Hydrex LLC - Tampa, U.S.A.
Phone: + 1 727 443 3900 (24/7)
E-mail: i n f o @ h y d r e x . u s

Hydrex India - Mumbai
Phone: + 91 222 2046 988 (24/7)
E-mail: m u m b a i @ h y d r e x . b e

Hydrex Spain - Algeciras
Phone: + 34 (956) 675 049 (24/7)
E-mail: i n f o @ h y d r e x . e s

Hydrex West Africa – Port Gentil, Gabon
Phone: + 241 04 16 49 48 (24/7)
E-mail: w e s t a f r i c a @ h y d r e x . b e

Hydrex India -Vishakhaptnam
Phone: + 91 891 2711 863 (24/7)
E-mail: vishakhapatnam@hydrex.be
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the world

www.hydrex.be
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Hydrex
H

URL and sign up. You will be added to the mailing list
and can specify your preferences there:

ydrex is an international group offering
advanced underwater ship hull solutions including hull protection, monitoring, maintenance and
repair. Hydrex has developed and provides Ecospeed,
an innovative Surface Treated Composite (STC) as
discussed in the white papers and interview in this
journal.

http:www.ShipHullPerformance.org
For comments, input, information about the content of
this white paper or any communication relating to it,
please send an email to the following email address
and we will respond:

Inquiries and information
We invite inquiries. We stand by to answer questions,
provide references, disseminate information and help
you with your specific vessel or fleet situations.

info@shiphullperformance.org

Vessel or fleet operational costs
assessment

Free initial consultation for
your vessel of fleet

Find out if your operational costs for your vessel(s) or
your fleet could be drastically reduced by changing
your approach to underwater hull protection and
maintenance.
To obtain a free initial consultation on ship hull
performance for your vessel(s) or fleet simply send
an email to the following email address with “Free
Consultancy” in the subject line and information about
your vessel or fleet and an expert will get back to you
promptly:

We offer a free initial consultation to any shipowner,
operator, charterer, navy representative, government
official or officer, academic institution and anyone
else who can benefit from the most advanced
approach we know to the problems of underwater ship
hull performance.

Future white papers and journal
We will be writing and distributing a series of white
papers, each of which will go into one or more aspects
of underwater ship hull performance in more depth
and detail. Much of the information has already been
researched and written up but this is often in highly
technical papers of specialized distribution not
necessarily easy for shipowners and operators to come
across or digest. We will also be publishing this Journal
of Ship Hull Performance on a quarterly basis. Some
of the white papers will also appear in the journal.
If you would like to receive these white papers
and/or future issues of this journal on an ongoing
basis, please sign up on line at http://eepurl.com/caJkv
or write to us, email us or phone us with your request.
Let us know if you prefer electronic or paper copies of
the white papers and journals. These are all provided
to you free of charge and without obligation.

performance@hydrex.be
To find out more about Ecospeed and Hydrex, visit the
following websites:

www.hydrex.be
www.hydrex.us
If you would like to be added to the mailing list for
future white papers on ship hull performance and
related subjects and/or copies of the quarterly journal
Ship Hull Performance please go to the following
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European Headquarters
Hydrex nv
Haven 29
2030 Antwerp
Belgium
Phone: +32 3 213 53 00 (24/7)
Fax:
+32 3 213 53 21
E-mail: hydrex@hydrex.be

www.hydrex.be
US Office
Hydrex LLC
604 Druid Rd E
Clearwater, FL 33756
USA
Phone: +1 727 443 3900 (24/7)
Fax:
+1 727 443 3990
E-mail: info@hydrex.us

www.hydrex.us

The material in this Journal is copyrighted by Hydrex nv, 2011, and may not be reprinted or used in any way without prior permission from Hydrex.
Any requests for use of the content should be directed to publications@hydrex.us with full particulars.

