


together is between -1.0 Volts and -1.3 Volts versus the standard hydrogen electrode. The
effect of the different overpotentials as well as copper concentrations in solution can be
seen in Figure 7. The different baths from which the coating was deposited had different
concentrations ranging from 5 (7a), 10 (7b), and 20 (7¢) molar percent. At low
overpotentials, where it is mostly copper deposited, the deposit is much more clustered.
As the overpotential is increased and more nickel is deposited, the surface becomes

smoother.

BRI a - b c
Figure 7: Scanning electron micrographs of the copper-nickel alloy plated in: a) Cu-5, b) Cu-10, and
c) Cu-20[19]
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3.2.3.2 Other Application Methods

There are other methods by which the alloy can be deposited on the surface. The
first method is a copper-nickel foil. This is a thin sheet of the alloy that can be pressed
onto the surface, through the use of an adhesive. Flame spray is another possibility.
Flame spray melts the two metals of the alloy and projects them to the surface in the form
of a spray where they harden into the desired alloy. Because these metals would be
molten hot, a coating would need to be placed over the carbon composite surface to better
dissipate the heat. The idea of explosive bonding was also brought up. This uses an
explosion to bond the two materials into one. It was a very popular method of bonding
the copper to nickel before the TBT polishing paints became popular in the 1970’s [9].
Because these paints seemed to be the solution to all problems of biofouling, the
explosion bonding method was not thoroughly researched and soon forgotten. This
application method may be difficult for the curved surfaces encountered in this

application.
3.3 Coating Considerations

When choosing a coating system for this or any project there are many things to
consider. The first consideration is the type of coating to be chosen. To correctly choose
the type of coating one must consider the system parameters. Some of the parameters
include but are not limited to temperature, depth, velocity over the surface, and even

serviceability.
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3.3.1 General

When assessing the quality of the coating there are many parameters that should
be considered including biocide release rate, self-polishing capacity, biofouling adhesion
strength, flexibility, toughness and surface roughness. It has been documented that the
minimum effective leaching rate for copper is 10 pg cm™ day™ [2]. Obviously rates
greater than this are wasteful and will deplete the effectiveness of the paint while rates
lower than this will be ineffective. The self-polishing capacity of a coating system is
important because if the paint is removed too quickly it will diminish the lifetime of the
coating. Although, if the coating is removed too slowly it will allow for organisms to
grow on the surface adding extra hydrodynamic penalty. ASTM standard D5618 [22],
describes a standard for barnacle adhesion measurement. The adhesion strength is
specifically important for foul release or contact leaching type coatings. This ASTM
standard is not really a fair assessment of a SPC or an ablative type coating because it is
often the paint sublayer that is removed rather than simply the fouling organism. Swain
has developed a biofilm adhesion measurement using a water jet [3]. It is claimed that
biofilms are responsible for a much larger hydrodynamic penalty than some are willing to
accept [9]. The flexibility and toughness are important for longevity of the coating, if
there are vibrations present or abrasion, it could cause the coating to crack, peal, or wear

away leaving areas of vulnerability.
3.3.2 Surface Roughness

Surface roughness was a quality that was initially considered specifically for the

marine industry for hydrodynamic purposes. It also is an important characteristic for
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organism settlement; the rougher the surface the easier it is for an organism to attach.

The quality of surface roughness varies with different application types and is a very
important quality with fouling release type coatings, though it is relevant for other types
of coatings as well. Paint application types include but are not limited to spray mist,
electrochemical deposition, powder coating followed by baking or simply brush or roller.
Each of these application types will leave different surface roughness qualities, the airless
spray being the best and brush being the worst. Application by brush can cause added
frictional resistance up to 2.5% [13].

Obviously the smoother the micro-profile of the surface, the better off the coating
will be for drag as well as fouling attachment. For a fouling release coating it is of the
utmost importance that the surface roughness be as low as possible. The surface
roughness along with the surface energy seems to dictate the performance of the coating.
The surface can be considered hydrodynamically smooth in the unfouled condition.
Surface roughness is an important characteristic for a biocidal coating as well, because as
it increases so too can the porosity, and there by the likelihood of biocide dissolution
[13]. Despite the large amount of research done on the surface roughness and drag on
coating systems, little has been done on comparing the traditional biocide based paint
systems with the fouling-release type over the entire coating life cycle [14]. It has been
shown though that initially a foul release type coating will have a lower surface
roughness and thereby better hydrodynamic properties than a traditional biocidal coating.
In a biocidal coating, the pigment particle size distribution indirectly influences the

surface roughness. As the coating dries the solvent evaporates and the coating thickness
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reduces, therefore forcing the cuprous oxide to influence the surface profile. Figure 8

shows a SPC coating as it evolves with time once applied.

IE£ES
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Wet Film thick- Dy film, Immersion  Copper oxide  Constant leach
film ness reduces  surface rough  inosemwater:  in leach layer  laver, polished
o with copper leach layer released surface and
E oxide develops lower release
g particles Copper oxide rate
< particle 5-13 pm
o » dinmeter

Time
Figure 8: Diagrammatic representation of an AF coating drying after application [13]

3.3.3 Surface Roughness Measurement

There are two main ways to measure surface roughness, by stylus or optically.
The stylus method doesn’t quite have the resolution that optical methods have. The most
common stylus used is the BMT HRA (British maritime technology hull roughness
analyzer), though the resolution is lower than some of the standards for measuring
surface roughness. The optical methods include laser profilometry or scanning electron
microscope and can measure to a higher resolution than stylus methods. They can
measure three dimensional profiles rather than indirectly by way of a mechanical stylus
[13]. Figure 9 and 10 below compares the aluminum substrate surfaces coated with a

fouling release coating and a SPC coating.
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Figure9: Laser profileogram of aluminum coated with fouling release coating [ 23]
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Figure 10: Laser profileogram of aluminum coated with SPC coating [23]

The viscous drag occurs in the region known as the boundary layer immediately
next to the surface. When the Reynolds number is high, it is desirable to keep this
boundary layer in the laminar region because it will impart less frictional drag to the
surface [13]. As the fluid flows along the surface it becomes more turbulent, thereby
imparting more drag, though there remains a laminar sublayer below. If the height of the
surface roughness profile is small, by comparison to the laminar sublayer, then surface
will behave as if it were hydrodynamically smooth [13]. This basically states that there is
a specific roughness height below which, there will be no increase in drag.

The surface roughness is an important characteristic with the use of the copper-
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nickel alloy. If the surface is allowed to be kept rough it gives the larvae a better chance
to mechanically attach themselves to the surface. The smoother a surface is, the more
difficult it will be for the organisms to attach. The surface roughness is also a good way

to judge the quality of application for the electrodeposition process.
3.4 Comments on Paint

When the traditional coatings were being considered, the most promising
candidate seemed to be the fouling release type coating for many reasons. The first
reason is that it is a longer term solution and does not seem as though it would loose
effectiveness, the way the others would. Long term studies of foul release coatings have
not been encountered. These paints are expected to last 5 years in good shape and
possibly up to 15 years, though without guarantee. The idea of a ‘green’ or
environmentally responsible option is also appealing. But the fact remains that until this
type of coating is further developed to work at a lower velocity, it will remain
inapplicable to this project. The other coating options seem mediocre at best. The
ablatives and SPC type coatings have questionable performance in the velocity field as
encountered by the hydroturbine blade. They could wear away quickly or just not be
effective. In discussions with one company, it was recommended using a hard coating
type because the velocity wouldn’t affect the performance. Appendix IV lists the major
antifouling paint companies and comments about them along with their applicable
coatings. These types of coatings are still options, though the copper-nickel
electrodeposited alloy seems to be the most promising option. As long as it can be

fabricated, it could possibly solve all of the issues faced in this design. It could have the
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longest design life well beyond that of traditional coatings while also keeping the

lightweight design of the system.
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4. PROPOSED TEST APPARATUS — ROTATING CYLINDER METHOD

The experiment was designed in order to gauge biofouling as a function of
velocity for the hydroturbine project. The system can test multiple specimens
simultaneously. It involves rotating coated cylinders in an exposure tank. The cylinders
rotate at different velocities in order to simulate service conditions. Appendix V lists the
important considerations for testing and coatings planned to be tested. Test methods are

described in Appendices VI — X.
4.1 ASTM D4939-89: Rotating Drum

There are a few dynamic test systems in use today, but none as used and well
accepted as the rotating drum standard. It has been a workhorse for the industry for many
years [24]. ASTM standard D4939-89: Standard Test Method for Subjecting Marine
Antifouling Coating to Biofouling and Fluid Shear Forces in Natural Seawater [25]
describes this test method. The scope for this standard is listed in Appendix X. In this
standard, curved test panels are placed on a drum at least 18 inches in diameter. The
drum is then rotated at a specific revolution rate to simulate a relative velocity and shear
stress across the surface. The hydrodynamics of a rotating cylinder are well documented
[26]. Because the shear stress decreases from the leading edge of a flat plate (and a ship)

an average value should be selected to test sample specimens [25]. This drum can hold
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only hold a limited number of specimens making it difficult to test multiple samples at

multiple velocities. Figure 11 below shows a diagram of the apparatus.

Gear Assembly

Figure 11: ASTM Rotating drum standard

There are many standards that are applicable for the testing of marine paints. A few of

the most prominent standards are described in the Appendices VI —X and are listed in

Table 2 below.
ASTM # Standard Name Appendix
Number

G52-00 Standard Practice for Exposing and Evaluating Metals and Alloys in VI
Surface Seawater

D3623 - 72a Standard Test Method for Testing Antifouling Panels in Shallow VII
Submergence

D5618 - 94 Standard Test Method for Measurement of Barnacle Adhesion Strength VII
in Shear

D6990-05 Standard Practice for EvaluaFing Biofouling Resistance and Physical IX
Performance of Marine Coating Systems

D4939 Standard Test Method for Subjecting Marine Antifouling Coating to X
Biofouling and Fluid Shear Forces in Natural Seawater

Table 2: Applicable ASTM Standards and SummariesListed
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4.2 Design Explanation

The rotating cylinder method is designed to test biofouling as a function of
velocity. The system utilizes a rotating cylinder for specimen testing and is based on the
rotating drum standard. The rotating cylinder method is capable of evaluating
electrodeposited coatings as well as paint coatings, as long as applied directly to the

cylinder surface.
4.3 Cylinder Assembly

The rotating cylinder method uses a 3 inch diameter aluminum cylinder for coated
specimens to conserve space. The specimen will be 12 inches long with %4 inch bevels at
the top and bottom to facilitate the coating application. Each cylinder will test one
coating. At each end of the specimen, there is a screw hole tapped into the specimen
cylinder. These screw holes are occupied with bolts or threaded handles during the
application process for ease of handling by the coating applicators. Once the specimens
are coated the bolts are replaced with longer threaded rods. These rods are used to
connect the drive system via attached pulley. Figure 12 shows an exploded view of the

cylinder assembly.
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Figure 12: Exploded view of test cylinder assembly

4.4 Design Speed Considerations

The test design speeds for the current design are: a) 11.0 meters per second, the
maximum velocity for the hydroturbine application; b) 4.6 meters per second, a minimum
for the fouling release coating functionality; and ¢) 1.8 meters per second, the minimum
velocity for the hydroturbine application. Speed b is used to test the functionality of the
foul release coatings which only work above a certain velocity. Appendix XI provides

the detailed velocity calculations for the designed system.
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Speed | Designed Design Actual Rotation Actual Shear Stress
Set Speed Rotation (rpm) Speed (m/s) (Pa)
(m/s) (rpm)
High 10.9 2723 2760 11.01 164
Medium 4.6 1128 1112 4.43 34.9
Low 1.8 423 447 1.78 7.14

Table 3: Important Design Values

The designed system currently accommodates 16 specimens at the high and low
velocities and 2 specimens at the middle velocity. The high and middle velocity is
driven by a 5 horsepower electric motor. The lower velocity set is driven by a separate 4
horsepower electric motor, because it is more practical than gearing down the higher
rotational rate. The '% horsepower motor is directly connected to the drive pulley of the
low speed set while the 5 horsepower motor is geared down and split to drive the middle

and high speed sets. The two motors are supported by a platform.
4.5 Exposure Tank and Control

In one scenario, a 3 feet deep pool is filled with seawater from the SeaTech intake
system and piped to the pool. This water must contain the larvae of the fouling
organisms. It is presumed that with the warm water and closed container the tank should
fill with fouling organisms fairly quickly and provide heavy fouling pressure. The water
must be refreshed on a regular basis to keep the water from becoming stale and killing the
organisms rather than promoting their growth. In another scenario, the system can be
placed in a natural exposure environment. Figure 13 shows a general picture of what the
entire system set up will look like. The three different colors of the pulleys are to
designate the different velocity loops. The yellow and blue boxes are the 5 horsepower

and Y% horsepower motors respectively. An iron control cylinder specimen for each
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speed, as well as an iron flat plate specimen placed in the pool, should be included as

control standards. If the flat plate is not fouled, then the experiment cannot be considered

valid.

Figure 13: Proposed experiment - general system set up

4.6 Miscellaneous design

The test cylinder is shrouded by 8 inch diameter schedule 40 PVC sections. This
PVC shield acts to keep each specimen’s hydrodynamics from affecting the next. This
shield will inevitably become fouled during the testing process. To keep the fouling to a
minimum, these shields can be scraped on a regular basis and/or replaced, for a minimum
system cost, when the fouling reaches an unacceptable level. With the current design
multiple specimens can be tested in close proximity without interfering with the

hydrodynamics of the adjacent specimen.
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The Rulon® bushings are used as bearings; they are a polymeric substance that
provides lubrication without any balls or rollers involved. Because they are made from a
polymer instead of a metal, they will not corrode. The skeleton structure needs to support
all surfaces of the Rulon® bushing to keep the wear uniform. For this reason, solid 1-/2
inch aluminum square members were selected. The pulleys themselves are made from
aluminum, to avoid a galvanic cell that will cause corrosion. The belt system design was
done with the help of some software (DesignlQry and Design Flex Pro) and expertise
provided by the Gates Corporation and is a fairly complicated procedure. The small
diameter of the specimen increases the rotational velocity needed to achieve the desired
relative velocities. Consideration can be given to increase this diameter if space allows.
This would allow for a decrease in motor size, but would require a redesign of the belt

system.

4.7 Comments on Design

This type of experiment is useful because it can test different types of coatings
simultaneously in different flow velocities. If the test system is set up with incrementally
increasing speeds, the test specimens can be examined to show threshold speeds above
which specific species can not settle. The use of larger radius cylinders is an option.
With a smaller radius of curvature the adhesion strength of organisms decreases from
their adhesion strength on flat plates. The surfaces of the hydroturbine system are mostly
curved though they do have larger radii of curvature which would lead to higher adhesion
strength of the organisms. To make a proper assessment of the radius of curvatures a test

should be set up to compare organism adhesion to the radius of curvature established in
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the system. The test system is developed for hydroturbine studies, which will experience
multiple velocity profiles across the blades and pressure vessel. It will provide data for a

proper coating selection dependent on the speeds anticipated in actual service.
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5. DISCUSSION

Throughout the course of this research, many discussions were held with
companies, industry professionals, and researchers. The companies guard their test data
closely. They consider it proprietary information. Even if it was possible to obtain this
data from the companies, they all do testing in different geographic areas and do not use
the same test methods. These areas that the companies use all have different fouling
‘signatures’ (e.g. pressure, seasonal variances, etc.) Each of these organisms’ settlement
depends on depth, light, seasons, and even orientation. So to compare this data, if
obtained from different sources, would be futile. The fouling on one panel might vary
from year to year in the same conditions. There is no objective answer. This makes it
very difficult to compare different companies’ products. The only way to do this would
be through the use of an experiment to expose multiple coatings to the service conditions.

In speaking with the leading companies in the industry it is believed that the foul
release type is the best answer. When these companies were questioned about the inner
1/3 portion of the blade that rests below the threshold velocity, most simply state that
fouling will remain minimal. These coatings are expected to last for five to ten years in
excellent to good condition and have a possibility of lasting up to fifteen years at a

maximum.
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The most promising coating, overall, seems to be the copper-nickel alloy. The
alloy has a proven track record in the marine environment and long lifetime. The first
copper-nickel hull, named the Asperida, was built in 1967 and has been in operation for
over 30 years [27]. To date the hull still remains unfouled.

If it was possible to redesign the hydroturbine to minimize for antifouling
concerns the following would be recommended. Considering the power curve for a
turbine blade as one moves from the rotational axis out the radius of the blade the
estimated power drawn ramps up until around the first 1/3 of the blade and flattens out
near the second 1/3 of the blade, after which it tapers off. Most of the power is drawn
from the 1/3 to the 2/3 portion of the blade, which for our case is above the threshold
value for foul release coatings (~8 knots). If there was a way to eliminate the inner third
portion of the blade, this would be beneficial, because with this inner third portion fouled
it offers a hydrodynamic penalty with out providing that much power. One thought to
accomplish this idea of eliminating the inner portion is to simply extract the portion, and
replacing it with structural skeleton members attaching to the outer portion. This would
allow for water to pass through, creating less surface area exposed at the lower velocity
while still allowing for the significant energy-providing portion of the blade, the outer
portion, to still operate as designed, without the added penalty from the fouled inner

portion.
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6. CONCLUSION

This type of research is important to pursue. Hydroturbines offer a promising
solution to energy needs. When dealing with underwater components, biofouling can
lead to a significant increase in drag. This is especially detrimental for rotating
components because it can lead to a loss of efficiency that could render the project
nonfeasible. This thesis addressed the problems associated with biofouling, and a variety
of solutions to this issue:

e Researched the settlement process
o Boundary layer and shear stress effects
e Researched the types of paint systems available
o Contact Leaching
o Ablative
o Self Polishing Copolymer
o Fouling Release
= Threshold at 7-8 knots
e Researched and found the characteristics important to antifouling coatings
o Surface roughness
o Water temperature

e Researched the idea of a copper-nickel alloy
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o Found the importance of the oxide film layer
e Determined the electrochemical process needed to electroplate the alloy
e Researched applicable standards
o Rotating drum standard
o Static exposure standard
o Visual evaluation standard
e Designed a dynamic exposure system
The idea of an electroplated copper-nickel alloy coating is a very attractive
option for the application in the hydroturbine project. The superior protection from
biofouling and corrosion would offer a best fit long term solution that traditional paint
coatings just cannot offer. The alloy has a proven track record in the marine
environment. With electroplating all surfaces would be covered sufficiently, while
keeping the thickness to a manageable level. Even the best paint coatings cannot be
counted upon to last more than 5-10 years of guaranteed service. To further complete the
problem of biofouling in the application of a marine hydroturbine the following is
suggested:
e Expose a panel at service depth and evaluate species
e Perfect the electrodeposition process for CuNi alloy

e A comparative experiment must be undertaken.
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APPENDIX I: SURFACE VELOCITY CALCULATION

In considering whether the system would be able to use a foul release type coating for the
blade structure one must calculate the relative surface velocity, because fouling release
paints only work above a certain surface velocity. According to Smyth [28], Pence [29],
and Yebra [30] the surface velocity must be at least 8 knots for the most contemporary
coatings to be considered in the fouling release regime. With the help of Asseff [31], the
designer of the carbon composite blade structure, the following surface velocity
calculations were created.

The relative surface velocityV, :

Vr = VVOZ +Vr(2)t
The free stream velocity V, is simply the velocity of the current which ranges from 1.7

m/s to 2.5 m/s. The rotational velocity is calculated as follows: V,,, =27z *r *n where r

is the radius at which the velocity is to be calculated and n is the rotations per second
(must be in hertz). The blade will be rotating at 20 rpm when the current is at the 1.7 m/s
value and at 30 rpm when the current is at the upper bound, 2.5 m/s value. This gives us

values for n of 20/60 or 1/3 and 30/60 or %.

Using these values for V,

ot WE get:

V, = V2 + (251 %n)?
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The nub of the blade is 0.75 meter in diameter, yielding a value of 0.75/2 meter for r at
the beginning of the blade structure. To calculate the lower bound value we will use this

value for r. Calculating the lowest possible value forV, , which is at the base of the blade

and the lowest free stream current velocity (1.7 m/s).

2 2
Voo J[170) i 2s g BM200M 10y 09 M _ 3 64 krots
S 2 60 s S

To calculate the lower bound for the high current, simply exchange the values for n

andV, .

m ? 75m 30rpm ? m
Vo= 250 4] 25z 2 20PN 5 26 M2 5 37knots
S 2 60s S

To calculate the highest possible value for the relative velocity we use the above equation

and extend r to the tip of the blade.

m)’ 75m 30rpm \’ m
V= [250] 425z 20y 3m |« 22PT 210,89 M = 21 2knots
2 60s s

S

To solve for the critical point where on the blade the system enters into the foul
release regime, 8 knots or 4.1 m/s, the above equation was solved for an r value (at 2.5
m/s current):

2 2
S \/[4.1155mj —[2.5”‘}
V" -V, S S

r= = 30 =1.04m
2xEN 2 % rpm

60s

This is approximately 1 meter from the direct center which is only 0.665 m from the edge
of the hub. When this is calculated using the low current it is approximately 1.8 m from
the center of the blade, which is 1.4 m away from the edge of the hub.
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APPENDIX II: DESIGN LIFE CALCULATION

Corrosion rates given by International Nickel Company (INCO) in an experiment at
Wrightsville beach North Carolina circa 1970 with five year exposure time [32]:

CuNi 90-10: 0.1 mpy
CuNi 70-30: 0.1 mpy

Given design life 30 years this equates to a 3 mm to corrode.

Corrosion rates determined at the LaQue Center for Corrosion Technology over fourteen
years shows corrosion rate decreasing over the first 5-6 years stabilizing at 1.3 pm/yr,
though the rate seems higher in flowing water (0.6m/s) [33].

umdyr

14 = Bl 90/10 Copper—Nickel
12+ = 70730 Copper—Nickel
10

135714 135714 135 714
Quiet Flowing Tidal

Exposure, Years

Figure 14: Thechangein corrosion rate with timefor 90-10 and 70-30 copper-nickel in quiet, flowing
(0.6m/s) and tidal seawater. [33]

Powell et al. claim that it is commonly considered that 90-10 has a higher biofouling

resistance than the 70-30 alloy, due to the higher copper content, though it is not always
“bourne out of practice.” [20].

Because the blade surface will be placed in 50 meters of water and the fouling pressure
decreases with depth, the fouling is expected to be relatively low. It is expected, by the
researcher, that 70-30 have a lower general corrosion rate than the 90-10 due to the
higher concentration of nickel. In the interest of keeping the coating as thin as possible
for design life, it is believed that the 70-30 is the most promising candidate. Though, 90-
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10 offers better fouling protection and is less expensive this may end up being the best
candidate.
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APPENDIX II: COPPER-NICKEL DEPOSITION RATIO

Reduction Potentials
Oy =—0250V  Ni « Ni** +2e

b, = 0.342V Cu« Cu’ +2¢

Because Copper citrate has a valence of two Cu”" reduction potential will be used [11].
Using the Nernst Equation at equilibrium to solve for the ratio of Copper to Nickel
required to deposit evenly. This employs the following overall chemical reaction:

By setting the following Nernst equation to zero, at this potential the system is in
equilibrium. There is both oxidation as well as reduction of both elements equally
causing no overall imbalance or repercussive result. The system is in chemical harmony
and does not care to change it self. With an applied current these should theoretically
deposit evenly.

RT In [Cu][Ni**]

nF  [Cu*][Ni]
Here R is the gas constant, T is the absolute temperature, n is the number of electrons
transferred and F is Faraday’s constant. The terms in brackets refer to the concentrations
in solution. Because Cu and Ni are elements in their standard state, the values in brackets
become unity. By moving the third term to both sides, converting the natural log to log
base ten, and replacing with the values known:

0=Eg —Ey

§ 24
00592V [Ni*']

g1 =0.342V +0.250V
2 [Cu™]

Solving for the concentration ratio:

T L\
[Cu*]

It is because this ratio is so large that makes the electrodeposition of these materials so
difficult. Because this ratio is so large, the best way to approach this ratio is through the
use of a chelating agent. The chelating agent ties up the copper in solution so it is no
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longer active in solution. It holds the copper in equilibrium freeing it back into solution
when it is needed. This keeps the ratio of nickel to copper at a much more useful level.
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APPENDIX IV: COATING SUPPLIERS

Many companies supply antifouling coatings. The biggest companies are
International Paint LLC., Chugoku Marine Paints, Hempel, and Jotun.

International is a child company of AzkoNobel and is based out of Amsterdam.
Chugoku is based out of Japan. Hempel is based out of Denmark and Jotun is based out
of Norway. Sherwin-Williams is a company based here in the United States. All of these
companies have been contacted about potential coatings for our project. Most
companies have suggested the use of the foul release type coating for the blade.

There has been much contact with a few of these companies in hopes of acquiring
some of their own test data. Most consider their tests proprietary information and are not
open with it. This situation is why the testing is recommended. There is no way to
objectively compare these companies without the use of a direct comparison test. These
companies mostly recommend their fouling release coating and when questioned about
the inner portion of the blade that remains below the threshold velocity, they stated that

the fouling would remain minimal.

Paint Companies SPC Foul Release
Chugoku Sea GrandPrix BioClean*
International Intersmooth Intersleek 900
Jotun SeaQuantum Sealion
Hempel Globic NCT Hempesil X3
Sherwin Williams -—- Sher-Release

* not usually applicable to ships due to softness of coating
Table 4: Companies of Interest and Applicable Coatings

49



APPENDIX V: TESTING CONSIDERATIONS AND SPECIFIC COATINGS

Important Considerations for Testing

Consideration _ Evaluated Reason
SPC & Ablative wear away as a function of free stream velocity
Velocity 1 seen to cause effects with copper-nickel alloy
some species cannot settle above certain velocity
with depth changes coverage (light, temperature, and salinity)
Depth 2 ) )
too expensive to test at depth, try to replicate
Light 2 on surface fouling tends to grow in the shade over direct sun
Temperature N/A not considered because top 100m are similar (22-30 deg C)
Salinity N/A not believed to affect growth
o does not seem to affect growth, only corrosion (destruction of
xygen Content 3 : . i . X
protective oxide layer); could possibly be monitored
Proximity to shore 3 different species near shore versus open ocean
Larva 1 Samples need to be exposed to unfiltered water
KEY- 1 = Imperative to experiment 2= Should be accounted for 3 = would like to

consider if possible
Table5: Considerations When Developing Test Method

COATING SELECTION TEST

Candidate Product  Type Company Comment
1 Iron Control e Used as a control
2 Intersleek 970  Foul Release International recommended by navy
3 Sealion Foul Release Jotun
4 Hempesil X3 Foul Release Hempel
5 Intersmooth SPC International
6 SeaQuantum  SPC Jotun "works well in high fouling"
7 Global NCT SPC Hempel
8 CuNi 70-30 Flame Spray FlameSpray USA often times rough surface
9 CuNi 90-10 Flame Spray FlameSpray USA
10 CuNi 70-30 Foil Orbel don't know if composition can be designed
11 CuNi 90-10 Foil Orbel

12 CuNi 70-30 Electrodeposit ~ ------------

13 CuNi 90-10 Electrodeposit =~ -----------

14 Copper Pure - Used as a control
Table 6: Samplesto be Tested

Must be made in house but custom
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APPENDIX VI: ASTM G52-00(2006) STANDARD PRACTICE FOR EXPOSING
AND EVALUATING METALS AND ALLOYS IN SURFACE SEAWATER [34]

Significance and Use

The procedures described herein are recommended for evaluating the corrosion or marine
fouling behavior, or both, of materials exposed to quiescent or local tidal flow conditions,
or both.

4.1.1 This practice is not intended to cover the influence of high seawater velocity or the
behavior of materials in seawater which has been transported from its source.

4.1.2 Some aspects of this practice may be applicable to testing in tanks and troughs
which are continuously provided with fresh surface seawater. Additionally, some aspects
may also be applicable to deep ocean testing.

Note 1—Guide G 78 provides guidance for conducting crevice corrosion tests under
controlled seawater test conditions. While the duration of testing may be dictated by the
test objectives, exposures of more than six months or one year are commonly used to
minimize the effects of environmental variables associated with seasonal changes or
geographic location, or both.

The procedures described are applicable for the exposure of simple test panels, welded
test panels, or those configured to assess the effects of crevices, or both, such as those
described in Guide G 78. In addition, they are useful for testing of actual components and
fabricated assemblies. It is prudent to include control materials with known resistance to
seawater corrosion or fouling, or both, as described in Test Method D 3623.

Note 2—Materials which have been included in ASTM Worldwide Seawater

ASTM G52 -00(2006) Standard Practice for Exposing and Evaluating Metals and Alloys
in Surface Corrosivity Studies include UNS K01501 (carbon steel), UNS C70600 (90/10
CuNi) and UNS A95086 (5086-H116 Al).

Note 3—In the case of evaluations of aluminum alloys, care should be exercised in the
location of specimens near copper or high copper-containing alloys. In some instances, it
is not sufficient to simply electrically isolate specimens to prevent bi-metallic (galvanic)
corrosion; copper ions from nearby corroding copper or copper-base alloys can deposit
on aluminum and accelerate its corrosion.
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1. Scope

1.1 This practice covers conditions for the exposure of metals, alloys, and other materials
in natural surface seawater such as those typically found in bays, harbors, channels, and
so forth, as contrasted with deep ocean testing. This practice covers full immersion, tidal
zone and related splash, and spray zone exposures.

1.2 This practice sets forth general procedures that should be followed in conducting
seawater exposure tests so that meaningful comparisons may be made from one location
to another.

1.3 This practice identifies recommended procedures for evaluating the effects of natural
surface seawater on the materials exposed.

1.4 The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only. This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the responsibility of the user of this
standard to establish appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use.

2. Referenced Documents

D3623 Test Method for Testing Antifouling Panels in Shallow Submergence
G1 Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
G15 Terminology Relating to Corrosion and Corrosion Testing

G30 Practice for Making and Using U-Bend Stress-Corrosion Test Specimens
G38 Practice for Making and Using C-Ring Stress-Corrosion Test Specimens
G39 Practice for Preparation and Use of Bent-Beam Stress-Corrosion Test
Specimens

G46 Guide for Examination and Evaluation of Pitting Corrosion

(58 Practice for Preparation of Stress-Corrosion Test Specimens for Weldments
G78 Guide for Crevice Corrosion Testing of Iron-Base and Nickel-Base
Stainless Alloys in Seawater and Other Chloride-Containing Aqueous
Environments
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APPENDIX VII: ASTM D3623-78a(2004) STANDARD TEST METHOD FOR
TESTHING ANTIFOULING PANELS IN SHALLOW SUBMERGENCE [35]

Significance and Use

This method is designed as a screening test in evaluating antifouling coating systems.
Results of the standard system in a specific marine environment are included to assist in
interpreting results (see Annex A2).

Antifouling systems providing positive comparisons with the standard system should be
considered acceptable for use in protecting underwater marine structures.

The degree and type of fouling will vary depending on the environment. Hence,
differences in geographic location of test sites, in time of year when panels are exposed,
and in weather conditions from 1 year to the next can affect results. Therefore, a fouling
census on a nontoxic surface is taken. For the exposure to be valid the nontoxic surface
should show heavy fouling, and the standard system should show significantly less
fouling than the nontoxic surface (see Annex A3 and Annex A4).

1. Scope

1.1 This test method covers a procedure for testing antifouling compositions in shallow
marine environments and a standard antifouling panel of known performance to serve as
a control in antifouling studies. Subcommittee D01.45 has a revised rating procedure now
being evaluated by round robin.

1.2 The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only.

1.3 This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate
safety and health practices and determine the application of regulatory limitations prior to
use.

2. Referenced Documents
A569/A569M Specification for Steel, Carbon (0.15 Maximum Percent), Hot-Rolled,
Sheet and Strip, Commercial Steel
D2200 Pictorial Surface Preparation Standards for Painting Steel Surfaces
MIL-P-15328D Primer Pretreatment (Formula 117 for Metals)
MIL-P-15929C Primer Coating, Shipboard, Vinyl-Red Lead (Formula 119-For Hot
Spray)
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MIL-P-15931B Paint, Antifouling, Vinyl, Red (Formula 121/63)
MIL-S-22698A Steel Plate, Carbon, Structural
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APPENDIX VIII: ASTM D5618 -94(2005) STANDARD TEST METHOD FOR
MEASUREMENT OF BARNACLE ADHESION STRENGTH IN SHEAR [22]

Significance and Use

This test method is designed as a screening test in the evaluation of coating systems and
other materials designed to resist biofouling attachment. The degree and type of barnacle
fouling will vary according to the geographic location of test sites and the time of year
when tests are implemented. Surfaces with known barnacle adhesive shear strength
should be exposed to provide comparative data.

1. Scope

1.1 This test method covers the measurement of barnacle adhesion in shear to surfaces
exposed in the marine environment. It is used to establish the ability of a surface to
reduce biofouling adhesion. Surfaces with known barnacle adhesion strengths are
included to serve as controls.

1.2 The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only.

1.3 This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate
safety and health practices and determine the applicability of regulatory limitations prior
to use.

2. Referenced Documents

D3623 Test Method for Testing Antifouling Panels in Shallow Submergence
MIL-P-24441/1 Primer, Epoxy (Formula 150, Formula Sheet 24441/1)
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APPENDIX IX: ASTM D6990-05 STANDARD PRACTICE FOR EVALUATING
BIOFOULING RESTISTANCE AND PHYSICAL PERFORMANCE OF MARINE
COATING SYSTEMS [36]

Significance and Use

This practice is designed to provide guidance to a panel inspector for quantitative and
consistent evaluation of coating performance from test panels coated with marine
antifouling coating systems. The practice assesses performance of coating systems based
on both antifouling and physical properties.

The user is cautioned that the results are representative for the specific region and time of
year in which the specimens are immersed. It shall be noted that interpretation of results
will depend on the geographical location where the test is conducted, whether the coated
specimens are exposed either totally or partially immersed, under static or dynamic
conditions, and position and orientation.

Simultaneous testing of a proven standard antifouling coating system (known to
minimize fouling accumulation, for example, containing biocide or active agent (s) to
prevent fouling settlement/growth) in the specific marine environment shall be included
as a reference to assist in interpretation of results. In addition, a negative control (inert
surface susceptible to heavy fouling) shall be included on a regular basis. For the
exposure to be valid, the surface of the negative control should show heavy fouling
relative to the standard system(s).

Marine coating systems that produce positive results relevant to the standard system(s)
show potential for use in protecting underwater marine structures.

The format can be utilized independent of exposure protocol and coating type, and
provides the end user with a consistent practice and format for reporting of performance
rating.

1. Scope

1.1 This method establishes a practice for evaluating degree of biofouling settlement on
and physical performance of marine coating systems when panels coated with such
coating systems are subjected to immersion conditions in a marine environment.
Guidance for preparation or exposure and handling of test specimens can be found in
related ASTM standards as noted below (see Section ).
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1.2 This practice and related exposure methodologies are designed as tools for the
relative assessment of coating performance, and in no way are to be used as an absolute
indicator of long-term performance under all conditions and in all environments. There
can be high variability among and within exposure sites with respect to water quality and
population or species of fouling organisms, and coating performance may vary with these
and other properties.

1.3 The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only. This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the responsibility of the user of this
standard to establish appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use. A specific hazard statement is given in
Section.

2. Referenced Documents

D3623 Test Method for Testing Antifouling Panels in Shallow Submergence

D4938 Test Method for Erosion Testing of Antifouling Paints Using High Velocity
Water

D4939 Test Method for Subjecting Marine Antifouling Coatings to Biofouling and Fluid
Shear Forces in Natural Seawater

D5479 Practice for Testing Biofouling Resistance of Marine Coatings Partially Immersed
D5618 Test Method for Measurement of Barnacle Adhesion Strength in Shear

G141 Guide for Addressing Variability in Exposure Testing of Nonmetallic
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APPENDIX X: ASTM D4939 STANDARD TEST METHOD FOR SUBJECTING
MARINE ANTIFOULING COATING TO BIOFOULING AND FLUID SHEAR
FORCES IN NATURAL SEAWATER [25]

Significance and Use

This practice is designed to provide guidance to a panel inspector for quantitative and
consistent evaluation of coating performance from test panels coated with marine
antifouling coating systems. The practice assesses performance of coating systems based
on both antifouling and physical properties.

The user is cautioned that the results are representative for the specific region and time of
year in which the specimens are immersed. It shall be noted that interpretation of results
will depend on the geographical location where the test is conducted, whether the coated
specimens are exposed either totally or partially immersed, under static or dynamic
conditions, and position and orientation.

Simultaneous testing of a proven standard antifouling coating system (known to
minimize fouling accumulation, for example, containing biocide or active agent(s) to
prevent fouling settlement/growth) in the specific marine environment shall be included
as a reference to assist in interpretation of results. In addition, a negative control (inert
surface susceptible to heavy fouling) shall be included on a regular basis. For the
exposure to be valid, the surface of the negative control should show heavy fouling
relative to the standard system(s).

Marine coating systems that produce positive results relevant to the standard system(s)
show potential for use in protecting underwater marine structures.

The format can be utilized independent of exposure protocol and coating type, and
provides the end user with a consistent practice and format for reporting of performance
rating.

1. Scope

1.1 This method establishes a practice for evaluating degree of biofouling settlement on
and physical performance of marine coating systems when panels coated with such
coating systems are subjected to immersion conditions in a marine environment.
Guidance for preparation or exposure and handling of test specimens can be found in
related ASTM standards as noted below (see Section ).

1.2 This practice and related exposure methodologies are designed as tools for the

relative assessment of coating performance, and in no way are to be used as an absolute

indicator of long-term performance under all conditions and in all environments. There

can be high variability among and within exposure sites with respect to water quality and
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population or species of fouling organisms, and coating performance may vary with these
and other properties.

1.3 The values stated in SI units are to be regarded as the standard. The values given in
parentheses are for information only.

This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate
safety and health practices and determine the applicability of regulatory limitations prior
to use. A specific hazard statement is given in Section .

2. Referenced Documents

ASTM Standards

D3623 Test Method for Testing Antifouling Panels in Shallow Submergence

D4938 Test Method for Erosion Testing of Antifouling Paints Using High Velocity
Water

D4939 Test Method for Subjecting Marine Antifouling Coatings to Biofouling and Fluid
Shear Forces in Natural Seawater

D5479 Practice for Testing Biofouling Resistance of Marine Coatings Partially Immersed
D5618 Test Method for Measurement of Barnacle Adhesion Strength in Shear

G141 Guide for Addressing Variability in Exposure Testing of Nonmetallic Materials
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http://www.astm.org/DATABASE.CART/REDLINE_PAGES/D3623.htm
http://www.astm.org/DATABASE.CART/REDLINE_PAGES/D4938.htm
http://www.astm.org/DATABASE.CART/REDLINE_PAGES/D4939.htm
http://www.astm.org/DATABASE.CART/REDLINE_PAGES/D5479.htm
http://www.astm.org/DATABASE.CART/REDLINE_PAGES/D5618.htm
http://www.astm.org/DATABASE.CART/REDLINE_PAGES/G141.htm

APPENDIX XI: TEST SYSTEM DESIGN CALCULATION

The test design speeds for the current design are: a) 11.0 meters per second, the
maximum velocity for the hydroturbine application (denoted by the subscript H); b) 4.6
meters per second, a minimum for the fouling release coating functionality (denoted by
the subscript M); and c) 1.8 meters per second, the minimum velocity for the
hydroturbine application (denoted by the subscript L). Knowing these speeds allows for
determination of rotational rate by Equation (A.V.1) below. Where F is the frequency in
rotations per minute, Uy is the relative velocity across the surface and Dy is the
diameter of the cylinder.

Taking the values of Uy= 11.0 m/s, Uy=4.6 m/s, and U;=1.8 m/s.

_ 60U
7D,

F

(AV.1)

cyl
Where D.y= 3in = 0.0762 m.

Table 2 below shows the rotational rates and speeds of both the design and actual
after the entire design process. The discrepancy comes about after the design of the
pulley systems. It wasn’t possible to get the rotational rates exact with the pulleys
available.

Speed | Designed Speed | Design Rotation Actual Actual
Rotation Speed
High 10.9 m/s 2723 rpm 2760 rpm 11.01 m/s
Medium 4.6 m/s 1128 rpm 1112 rpm 4.43 m/s
Low 1.8 m/s 423 rpm 447 rpm 1.78 m/s

Table 7: Important Speeds

The equation for the Reynolds number is listed below in Equation (A.V.2) [37].
It’s a ratio of the viscous forces to the inertial forces. Here again p is the density of the
liquid, which is seawater in this case. V is the free stream velocity, Dy, and p is the
dynamic viscosity of the fluid. The kinematic viscosity is denoted by v, and is simply the
density divided by dynamic viscosity. Where v =0.98 x 10 m%s.

_pV-D, VD,
Y7 v

Re

(A.V.2)

60



This yields Reynolds numbers of: Rey = 8.56 x 10°, Rey=3.44 x 10°, Re. = 1.38 x 10°.

The Reynolds number is then used to come up with a coefficient of friction for
each cylinder. The coefficient of friction is below as Equation (A.V.3) [38].

0075
(L0910 Re— 2)2

(A.V.3)

F

This equation yields: Cpy=4.8x107; Cpy=6.0x 107; Cp =7.6 x 107,

This coefficient is used to calculate the force of drag that each cylinder
encounters. The force of drag equation is listed as Equation (A.V.4) below. Where A is
the surface area of the cylinder (tDh=0.0730 m?).

= :%p-vz-A-Cf (AV.4)

This yields: Fpy=21.8 N=4.9 Ibs; Fpm=4.43 N=1.01bs; Fpp, =0.90 N = 0.2 Ibs.

To calculate the torque required to turn one cylinder Equation (A.V.5) is used.
Here the change from metric to English units for ease of grasping the power needed. Here
T here is torque.

Dy
T= T X FD (AVS)

This yields: Ty = 3.675 inch-pounds; tv; = 0.75 inch-pounds; t1; = 0.15 inch-pounds.
Here the subscript 1 denotes a single cylinder. To get the total torque for the
entire loop, each one of these must be multiplied by the number of specimens within the

loop. Here the subscript T denotes total torque for the loop.

THT — 16 x TH] — 58.8 in-lb=4.9 ft-lb; TMT — 2 X ™1 — 1.51in-lb =0.125 ft-lb;
Tt = 16 x 111 = 2.40 in-1b = 0.2 ft-1b.

The power required for each loop is calculated by equation (A.V.6) below.

2.7, -rpm
33000

P=wr1 (A.V.6)

The second version yields power in horsepower with tr in ft-lb:
Py =2.57 hp; Py =0.0265 hp; PL=0.0170 hp.
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Summing these up gives a total power required to drive the system: 2.61 hp.
The power of the motor must be significant enough to drive the system with the
regular friction as well as the added friction of the fouled members so a 5 hp motor which

is a similar price to a 3 hp motor was chosen.

The wall shear stress (t) values on the cylinder surface are calculated in equation (A.V.7)
[32].

Ty =0.0791- p-Re™-U, (A.V.7)

This yields: Teyin = 164 Pa=23.8 x 107 psi; Teya = 34.9 Pa=5.06 x 107 psi;
Tey = 7.41 Pa=1.07 x 107;

These are the values of shear stress that can be expected with each speed. The shear
forces are an important value because this is what the settling organisms have to resist in
order to settle.
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APPENDIX XII: FIGURE PERMISSIONS
All figures in this document are used for non-profit educational purpose through the
doctrine of fair use by the US copyright office.
Figure 1l: Original figure
Figure 2: Permission not required by publisher
Figure 3: Permission granted by Elsevier
Figure4: Figure courtesy of symscape.com
Figure5: Permission not required by publisher
Figure 6: Permission not required by publisher
Figure 7: Permission granted by The Electrochemical Society
Figure 8. Permission not required by publisher
Figure 9: Used under the fair use clause
Figure 10: Used under the fair use clause
Figure 11: Original figure
Figure 12: Original figure
Figure 13: Original figure
Figure 14: Permission granted by NACE International
Table 1: Permission granted by Elsevier
Table 2: Original table
Table 3: Original table
Table4: Original table
Table5: Original table

Table6: Original table
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