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 The Center for Ocean Energy Technology at Florida Atlantic University is developing an 

ocean energy turbine system to investigate the feasibility of harnessing Florida’s Gulf Stream 

current kinetic energy and transforming it into a usable form. The turbine system has components 

which are prone to marine corrosion given the materials they are made of and to the harsh 

environment they will be exposed to. This study assumes a two-part system composed of a 

coating system acting as a barrier and sacrificial anode cathodic protection which polarizes the 

metal structures to a potential value where corrosion is significantly reduced. Several 

configurations (varying in anode quantity, size and location) were considered in order to 

cathodically protect the structures with various coating qualities (poor, good and excellent). These 

cases were modeled and simulated via Boundary Element Method software and analyzed so as 

to assess the most appropriate design.   
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NOMENCLATURE 

 

BEM: Boundary Element Methods. 

COET: Center for Ocean Energy Technology. 

FDM: Finite Difference Method. 

FEM: Finite Element Method. 

MTB: Mooring and Telemetry Buoy. 

OCDP: Observation and Control Deck Platform. 

I: Current (mA). 

i: Current Density (mA/m2). 

SACP: Sacrificial Anode Cathodic Protection. 

SS: Stainless Steel. 

V: Voltage. 

W.R.: Wire Rope. 

Φ: Potential. 

Γ: Infinite Electrolyte. 

Ω: Confined structure in electrolyte. 

∂Ω: Confined structure surface are.  
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1. INTRODUCTION  

Corrosion has been an ever-present phenomenon throughout the passage of time. With 

the advancement of technology in such an exponential fashion over the last century, engineers 

and scientists have sought the knowledge and tools necessary to reduce the impact of this 

natural phenomenon. Furthermore, it is of paramount concern for those involved in the 

development of new, clean and renewable energy technology systems. At the present moment, 

this is a concern for the engineers in charge of the Ocean Energy Turbine project at the Center 

for Ocean Energy Technology (COET) at Florida Atlantic University.   

In recent years a growing interest in ocean energy harnessing has been observed, as a 

means to obtain clean and renewable energies. One of the possible ways to do this is by 

harnessing the kinetic energy inherent in ocean currents.  A scale turbine is being built and when 

deployed it will be held and monitored by a buoy system. The buoy system consists of a hull buoy 

along with an anchor mooring arrangement from where an observation and control deck will be 

set up. These structures were made in carbon steel and however coated with an anti-corrosion 

paint, must in addition be electrochemically protected in order to reduce the risk of corrosion. A 

proven method to achieve a reduction in corrosion rate is by having both coating and cathodic 

protection systems in place on a structure.  

The purpose of this thesis project is to design the cathodic protection system by sacrificial 

anodes (also known as galvanic cathodic protection) by means of computational Boundary 

Element Methods (BEM) software.  
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1.1. Ocean Energy Project  

The COET at Florida Atlantic University is developing a 20kW Ocean Current Turbine to 

investigate the feasibility of harnessing the Florida’s Gulfstream Current kinetic energy and 

transforming it into a usable form.  The turbine harnessing kinetic energy from the ocean is 

inspired after a wind turbine technology which has been developed in recent past years. 

Currently, many wind turbine farms have been built and are being employed around the world 

with excellent results, harnessing up to 5MW in Germany, and are serving local electric grids (1). 

The total kinetic power flux (𝑃) that can be generated by turbines is described by the following 

relationship: 

𝑃 =
1
2
𝜌𝐴𝑉3 ∙ 𝐶𝑃 

Where ρ is the density of the fluid, A is the area of the circle swept by the rotor blades, 

and V is the velocity of the fluid. There is however a power coefficient CP, for both wind and water 

which is typically around 0.3-0.4 maximum power extraction. Thus we can agree that for the case 

of air, the primordial factor is wind speed, and is the reason why in some offshore wind turbines a 

power extraction of up to 5MW has been achieved. The principle for the ocean energy turbine is 

the same as that for the wind turbines; with the main difference being that although water moves 

at much lower speeds than wind in air, water is 835 times denser than the air, making it a 

potentially significant reservoir of energy (1).    
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Figure 1 - Ocean Energy Turbine system schematics. Courtesy of COET - FAU 

 

1.2. Purpose Statement 

Corrosion is a natural occurrence (in the sense that we will encounter corrosion for this 

project; engineered or manipulated corrosion can also occur) which can originate due to the 

coalescence of several factors determined by the nature of the structure and the environmental 

parameters present at a given time.  Because of these factors, it might be possible that if only one 

type of protection is utilized, it might not reach uniformly critical parts of a surface. One of the 

most common geometries in which this lack of protection tends to happen is in round or pipe-like 

geometries (2), where if only one type of protection is employed (say a coating), holidays may be 

present precisely at the bends and joints of the pipe work. Using only this type of protection is not 

recommended given that the coating may be thinner in some areas than in others – especially 

around edges – the paint coating may be chipped off mechanically during handling and 

installment, or because of potential biofouling. Therefore a more conservative approach is usually 

followed for corrosion control; the common practice is to use a combination of both coatings and 

cathodic protection systems. 

Twin Pontoon 
Deck  

Dyneema 
double-braid 
tether line  

3 Meter diameter, 
20kW blade 
turbine.   

Lead front steel 
hull buoy. 

Two point 
anchor.   

2” GSL Chain 

5/8” W.R. 
Cable 2” Thick 

Flounder 
 ½” W.R. 

Cable 

¾” SS  Stud Link 
Chain 
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 The pilot project consists of the structural elements shown in Figure 1. As it can be 

observed, there is a two point anchor to be placed at the sea bed as the basis for the mooring 

system. The anchor is then connected to a 2” thick flounder plate via a two-part connection cable 

which consists of a 2” GSL (Galvanized Stud Link) chain and a 5/8” cable. From the flounder 

plate two more connections are made: one to the lead hull buoy with a ¾” stainless steel chain 

(stainless steel is the planned material as per communication with the COET) although a 

galvanized stud link chain is more typical, and one to the turbine via a ½” W.R. cable. The 

connection between the turbine  and the lead hull buoy would be a combination of bridle, chain 

and braid bridle. The structures that require cathodic protection are the lead hull buoy and the 

observation platform, as well as the frame (named herein as the A-Frame) that holds the 

buoyancy compensation modules to the main body of the turbine. These structures will be 

addressed with more detail in subsequent sections. 

For the structures of interest, impressed cathodic protection is not the recommended path 

due to cost. Additionally the size of the structures does not warrant this type of protection. Thus, it 

can be stated that Sacrificial Anode cathodic protection is recommended along with a coating 

system. The benefit of this type of protection is that there is no need for continuous monitoring; 

anodes are easily installed, and relatively economi.      

   The most efficient distribution, quantity and location of the anodes can be modeled via 

boundary element method (BEM) applying the correct boundary conditions for various scenarios. 

BEM software was used in order to achieve an efficient design for the sacrificial anode cathodic 

protection (SACP) for the lead hull buoy, the observation and control deck and the turbine A-

Frame of the Ocean Energy Turbine project.  

1.3. Structure Characteristics 

In this section the structure characteristics will be described including the coating system.  

This information is key to the proposed purpose of this project as will be understood later on. 
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1.3.1. Base Material 

The base material used in the fabrication of both the lead hull buoy and the pontoon deck 

was Plain Carbon Steel. Plain carbon steel contains only small amounts of alloying elements, 

and thus the iron that conforms the steel will corrode hastily. This is because iron by itself has a 

low position in the electrochemical series, being this a standard potential E0 of -0.447V in the 

hydrogen electrode scale. The oxygen reduction reaction is, on the other hand, very noble in 

comparison. It has a standard potential of +1.229V; thus, the iron will have a high tendency for 

corrosion. How fast or slow it will corrode depends on other factors. Protection has to be provided 

to the structures in order for them to have at least an average working life expectancy (around 3 

years). Foreseeing this, the Center for Ocean Energy Technology implemented a plan to provide 

these structures with protection against corrosion of two types: paint coating and cathodic 

protection.  

1.3.2. Coatings 

Corrosion control by means of paint coatings is one of the oldest form of corrosion 

control. Although initially thought just to provide insulation from the environment, a deeper 

understanding of the utility of paints as corrosion control coatings was developed in the late 

1940’s. Today there are three types of techniques with which a structure may be coated, all with 

different purposes as described in reference (3).  

1. Barrier Coating: the paint may work as an ionic filter which ensures that if any 

moisture accesses the metal through the coating it will find high electrical 

resistance thus mitigating current transfer between cathodic and anodic sites in 

the structure. Or it may simply exclude enough oxygen from reaching the hull or 

metal structure thus reducing the O2 cathodic reaction. 
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2. Cathodic Protection: the paint film will protect the substrate metal by preventing 

an anodic reaction with the environment given that the paint has more active 

metals like zinc as part of its pigmentation. The paint per se will be a sacrificial 

coating; section 2.2.3. will clarify the idea behind the sacrificial concept.  

3. Inhibitive Primers: corrosion may be controlled by facilitating passivation in the 

metal-primer interface. 

 In the case of the present project an epoxy anticorrosive primer and an acrylic 

polyurethane paint finish have been selected. This makes the coating the Barrier type; 

specifications are shown in the following tables.1

 

  

• Primer: 

Primer - Intertuf 262  

  Pack A: MIL-PRF-24647D Pack B: MIL-PRF-23236C 

Mix Ratio 4 Volumes 1 Volume 
Type II V 
Class 1 7 & 8 
Grade A B 
Application 2 & 3 N/A 
Flash Point  44°C 40°C 

Table 1 – Primer Composition. 

 As can be seen, the primer is a two-part component with its constituents being military 

grade epoxies designated in the table. For Pack A, Type II implies that if this primer is used the 

biocide topcoat (if antifouling will be used) must exceed 3% by weight of copper-bearing 

compounds. Class 1 means it is for use on rigid fiberglass, wood or metallic substrates other than 

aluminum. Grade A indicates that the volatile organic content of antifouling topcoats shall not 

exceed 400g/L.  Applications 2 and 3 specify that the system will have a service life of between 7 

and 12 years. The flash point where the compound may vaporize and generate an ignitable 

volatile compound with the air is 44 degrees Celsius, implying the primer is to be prepared and 

stored in temperatures below that.   
                                                             
1 Both the primer and the paint coating are products by International Marine Coatings. 
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 For Pack B, Type V implies that the maximum volatile organic content (VOC) for all the 

system must not exceed 340g/L, as well as hazardous air pollutants, and hazardous pigments for 

workers must not exceed trace levels. Classes 7 and 8 specify the coating is for seawater use 

only, and its use for fresh water, potable water, and fuels is not permitted. Grade B indicates that 

the curing temperature for this primer pack must be above 0 and below 10 degrees Celsius.  

 As an additional note, the manufacturer indicates that this primer is optimal for use on 

underwater hulls, above water areas and is suitable for use with controlled cathodic protection. 

This indication complies with what is expected to be accomplished in the cathodic protection for 

the Ocean Energy project. 

• Paint Coating: 

Paint - Interthane 990  

  Pack A: MIL-PRF-24667B Pack B: MIL-PRF-24667B 

Mix Ratio 6 Volumes 1 Volume 
Type I, II, III, VIII I, V, VII, VIII 
Composition G L 
Flash Point 34°C 49°C 

Table 2 – Paint Composition. 

  

As in the previous case, this too is a two-part component. For pack A we see a series of 

types that are inherent to this paint. Type I indicates a high durability and that it is a rollable deck 

coating, Types II and III are standard durability and rollable resilient deck coatings respectively. 

This means it is appropriate for use when simple surfaces are being painted, as well as where 

flexibility is required in order to paint certain areas. And Type VIII specifies that it is a low 

temperature cure. Composition G denominates general use abrasive deck coating, which implies 

all types. 

 
 For pack B the main difference is that instead of Types II and III, the paint comes as Type 

V and VII, and the composition is L instead of G. Type V specifies extended durability, and Type 

VII is for fast cure and temporary repair. Composition L specifies limited use for aircraft carrier 



8 
 

landings and run out area decks, which is not the case for this project, but the paint manufacturer 

specifies it is only for color marking purposes.  

 
  International Marine Coatings indicate that this product’s intended use is for cosmetic 

finishes above water areas: topsides, external superstructures, decks and bootops.   As a quick 

reminder, coatings provide galvanic protection. 

 

1.4.  Concept of Operation  

The whole system, including the turbine, lead hull buoy and the observation deck will be 

deployed 15 miles off the coast from the SeaTech Research Center, at 1000 feet of water. The 

Center intends for there to be incremental deployment times. Initially, these will be short-term 

deployments of a day, eventually moving towards longer deployments (e.g. week and even 

month-long). The hull buoy will remain always in place for about 1-3 years (assuming permit 

allows for this), while the other components will be towed back and forth for testing.  In the short 

term, corrosion will not be a high concern for the turbine and observation deck; assuming that the 

structures will be properly rinsed once brought to dry dock and given the short deployment time. 

In the long run, this process will affect and compromise the structures if there is insufficient 

corrosion prevention mechanisms placed.  Although it will be an initial experiment that will test 

and give information about the turbine’s capabilities and the in situ operating environment, the 

experiment intends to assess the performance not only of the turbine per se but of many other 

key parameters that encompass the Ocean Energy system.  

 

1.4.1. Environment and Location 

While deployed, the buoys will be in the ocean and in the presence of a high velocity flow 

of sea water known as the Florida Current or the Gulf Stream. As will be seen with more detail in 

subsequent sections, this is a factor that affects corrosion tendency. While not deployed they will 
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either be in the SeaTech marina which has brackish waters or dry docked. These different 

environmental exposures will also affect the material and its coating.  

 

Figure 2 - Deployment Location 

 

1.5. Preliminary Suggestions  

The following were the initial suggestions for the cathodic protection system to be 

installed on the plain carbon structures of the ocean energy turbine. 

• The current characteristics that envelop the buoy system demand that a 

sacrificial anode cathodic protection (SACP) system be set in place for both the 

Lead Hull buoy, the Observation and Control Deck and the turbine’s A-Frame to 

ensure an optimum deployment of the experimental Current Energy Turbine. 

• By means of the Boundary Element Method (BEM) software BEASY, we will 

simulate and optimize via analysis of several scenarios and configurations the 

SACP system that most accurately provides protection to the aforementioned 

structures.  

 

SeaTech 
Research 
Center 

 

15 mile 
off-shore 
location 
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2. BACKGROUND  

In this chapter key aspects and concepts will be introduced so as to provide basic 

introduction to those not familiar with corrosion. The reader will then better understand the 

problem approach, results and analyses presented in subsequent chapters. In this chapter  

general corrosion concepts, corrosion theory, corrosion prevention and control, and 

environmental aspects related to the ocean energy turbine future deployment are introduced and 

explained, without entering into extensive detail, the reader is referred to textbooks and 

handbooks for a more in depth review of the topics presented herein.  

 

2.1. Corrosion 

In the broadest of definitions, corrosion is the attack of a material by chemical or 

electrochemical reactions which result from the exposure and interaction with its environment (4). 

Although corrosion also takes into account nonmetallic reactions such as plastics and wood 

(these are more commonly known as degradations of material), the word corrosion is usually 

utilized for metals.  

  Corrosion control is an extremely important endeavor needed to address not only 

operational but safety, economical and environmental reasons. Shutdowns, loss of product, loss 

of efficiency, contamination, and overdesign are features affected seriously by corrosion. Safety 

and environmental aspects of corrosion are difficult to quantify in terms of costs but are known to 

have put people’s lives at risk. For example, corrosion of pipes in previous years caused lead 

poisoning to the water in them. Corrosion of nuts and bolts have made critical parts of structures 

fail as well as shutting down key components, e.g., the corrosion of electrical connectors which 
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shut down operating valves that feed fuel to an engine. Many other cases can be cited that have 

placed people’s lives in danger. Due to all the previously mentioned, economical corrosion 

concerns do lend themselves for cost estimates. In the United States alone, it accounts for a 

significant portion of the Gross National Product having reached values of up to 5-8% (5).  

 As mentioned before, corrosion involves the interaction of a material with its environment, 

and it can be stated that it is a synergistic event that involves the change of the chemical, 

physical and mechanical properties of a material, given the specific environment in which it finds 

itself (6).    

 In corrosion science it is known that oxide layers can make a metal passive, but after 

certain conditions are met and the passive layer removed, the underlying metal becomes active 

and dissolves via the electrochemical reactions with its environment, preferentially if there is an 

electrolyte present. The latter is mentioned because in the case of atmospheric corrosion, a 

continuous electrolyte like water or soil is not present, and just a thin layer of water due to dew 

(apart from many other factors) will constitute the ‘electrolyte’. Thus the rates in this type of 

corrosion are generally lower (7).  Ultimately, the following statement can be said regarding 

electrochemical corrosion: The electrochemical mechanism of corrosion is a destructive attack of 

a metal by means of an electrochemical reaction with its environment and could lead to 

deterioration of physical and mechanical properties. All metallic elements, although with different 

magnitudes, have a tendency to either give or take electrons from their valence or external shells 

thus leading to reduction or oxidation with respect to another element with which they are 

reacting. These reactions are influenced by environmental and/or structural and operational 

conditions like: temperature, pressure, and humidity, if present in a high-velocity stream or if they 

are in contact with other metals, or if stresses and vibrations are present in the system. Those 

metals that end up giving away their electrons are oxidizing, and are the ones who ultimately 

corrode.  
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The corrosion product sometimes occupies more volume than the original material and 

since it is a deteriorated form of the previous, the physical and mechanical properties of the whole 

part become compromised.   Corrosion is usually measured in net weight or mass loss per year 

or net loss of thickness per year in several formats as millimeter penetration per year (mm/y), 

grams per meter squared per day (gmd), inches penetration per year (ipy), mils (1/1000 of an 

inch) per year (mpy), and milligrams per square decimeter per day (mdd), (4). By net means it 

excludes any type of corrosion product left on the surface, i.e. after removal or cleaning of 

corrosion products.  

2.1.1. Corrosion Theory 

The theoretical bases for corrosion are the electrochemical reactions that occur between 

anode and cathode, each being an electrode where either oxidation or reduction processes take 

place. The basic principle of corrosion is that an electrochemical or galvanic cell is formed by the 

combination of two or more of these electrodes which are in electrical contact and immersed in an 

electrolyte, with this providing both electrical and ionic connection. Ultimately, what happens is 

that the redox reactions (the chemical reactions of oxidation and reduction) transform this 

chemical energy into electrical energy. In this galvanic cell, the two or more metals present must 

have different values for their standard potentials and thus have a different position in the 

electrochemical series to react.  Now the flow of electrons mentioned is known as a current, and 

in corrosion is assumed to be positive, flowing from the positive electrode to the negative 

electrode which is in actuality the opposite of the flow of electrons, thus making the former an 

“imaginary” convention which has existed since before electricity had been used, (4).  

Anode: this is the electrode at which chemical oxidation takes place, or in other words 

the electrode from where electrons leave the metal through the electrical connection and metal 

ions go into the solution or electrolyte. Thus, this is the material that is deteriorating for it is losing 

parts of its atomic structure, i.e., the outer shell electrons. The following are some of the most 

typical examples: 
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• 𝑭𝒆𝟎 → 𝑭𝒆𝟐+ + 𝟐𝒆−                                                                                  Equation 1 

• 𝒁𝒏𝟎 → 𝒁𝒏𝟐+ + 𝟐𝒆−                                                                                 Equation 2 

Cathode

• 𝑯+ + 𝟐𝒆− → 𝑯𝟐                                                                                              Equation 3                          

: this is the electrode at which chemical reduction takes place, or in other words 

the electrode to which electrons enter from the electrical connection with the opposing electrode, 

and thus ions return to their standard oxidation state. This species gains electrons and manages 

to form elemental or molecular compounds thanks to the electrons ceded to it. Examples of this 

are the following:  

• 𝑨𝒈𝟐𝑶𝟐 + 𝟒𝑯+ + 𝒆 → 𝟐𝑨𝒈+ 𝟐𝑯𝟐𝑶                                                             Equation 4 

Electrolyte

Anodes and cathodes are not usually made of the same material, for there need to be a 

potential difference in their standard potentials in order for a current to flow between them, thus 

allowing the oxidation and reductions reactions to take place. Although inside one same metal 

there may be inclusions of other elements which create microcells, and oxygen concentration cell 

in a specific area could cause corrosion to occur. The electrodes are usually electrically 

connected via physical contact between the two, a conductive wire, or by welding.  This is the 

medium through which electrons are transported.  

: in the most general of chemical definitions, it is a substance that allows the 

free flow of charge through ions, thus being electrically conductive.  Although the conductivity 

may be low, it will nonetheless be conductive to some extent. The electrolyte can be in the 

gaseous, liquid or even solid phases. The most common and known are the liquid electrolytes, 

like a saline solution containing the most common which are sodium, potassium, carbonates, 

phosphates and calcium salts.  

2.1.1.1. Polarization  

Polarization is the shifting of a material’s standard potential towards a more positive or 

negative potential by means of an external source. It is represented graphically as the 
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relationship between the electrical potential and current for a specific material, i.e., metal, in our 

case. In the case of an anode and a cathode electrically connected, the lower standard potential 

of the anode serves as the external driving force which generates the shift, or polarization of the 

nobler cathode, towards a more negative potential.  

The more negative the Gibbs energy of a material the more pronounced is its tendency to 

corrode. This, however, does not mean it will corrode in a proportional manner. Aluminum is the 

perfect example; it has a standard potential (E0) of -1.662V, making it an extremely active metal, 

but the kinetics of the reaction, or more precisely its corrosion rate, is so low it is actually used in 

certain structural applications where no danger of fast corrosion is present. Evidently, it may be 

concluded as well that the opposite will happen: metals with a higher potential (E0) like copper 

(Cu) at +0.337V will corrode at much higher rates than aluminum in certain applications. Various 

factors affect this, such as the case of the pH of the solution, for some metals a more acidic 

electrolyte increases the corrosion rates.  

The thermodynamic equilibrium of the metal has to be disturbed or changed by some 

factor for corrosion to take place. The inherent rate that the system starts to undergo to restore 

this equilibrium is what is known as the rate of corrosion. To make it more clear, an electrode 

which has current coming into or leaving from it, is not at equilibrium, in the strictest of senses. In 

response the system (anode – cathode), at a controlled rate which depends on the material 

properties and environment, tries to restore equilibrium (8). The rate of corrosion may be constant 

or it can vary with time.  

Polarization is thus the observed behavior of such relationship between current and 

potential which depends on many variables and this relationship may or may not be linear. There 

can be either cathodic or anodic polarization, and it can be either concentration or activation 

controlled. 

1) Concentration Polarization is when the corrosion process is limited by whether a 

chemical reaction can occur or not, i.e. if there is enough concentration of the required 



15 
 

component for a specific reaction to undergo the process. Since concentration can change 

because the component is being consumed and the transport is not fast enough, this type of 

polarization is also known as Diffusion Overpotential. What happens is that the ion diffusion rate 

to the metal surface is limiting the reduction reaction rate, since the latter depends on the 

availability of the required ions (6).  The current from this limiting ion rate is known as the limiting 

current, iL, and Equation 5 typically describes this polarization response: 

                                         𝜼𝒄 = 𝟐.𝟑𝟎𝟑𝑹𝑻
𝒏𝑭
𝒍𝒐𝒈�𝟏 − 𝒊

𝒊𝑳
�                                              Equation 5 

Where ηc is the measured (polarized) potential, i is the current and iL is the limiting 

diffusion current. So in conclusion the availability of a necessary chemical component or species 

is the factor that governs concentration polarization.  

2) Activation Polarization takes place when the rate of a specific chemical reaction is the 

controlling process in the corrosion process. For the chemical reaction to occur a specific 

activation energy must be attained in order for it to go, and the activation polarization is 

expressed by Equation 6, where io is the initial electrical current and is constant for a given 

metal. 

                                               𝜼𝑨 = 𝜷 𝐥𝐨𝐠 𝒊
𝒊𝒐

                                                           Equation 6 

 
In both Equation 5 and 6 there is a term or terms beside the log that is/are constant for 

each metal, which, when graphically presented, reveal the slope of the curve. This has a 

particular name very well known in corrosion science, the Tafel slope (2.303RT/nF and β 

respectively). Polarization is thus represented in graphical form where the ordinate is the potential 

and the abscissa is either log current or log current density (log I or log i). They are most useful 

for determining corrosion behavior, and the way in which the data is attained for its conception is 

by polarization resistance, where the use of a potentiostat and a three-electrode system is 

employed.  
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How this basically works is that an initial reading of the potential is taken (this being the 

measured or corrosion potential), with no current being applied to the working electrode or metal 

of interest. Then the working electrode is polarized (by one of three ways: potentiostatically, 

potentiodynamically or galvanostatically) to either a more positive or more negative value and a 

current response is then measured, and then the diagram for a specific metal can be built for a 

given scan rate in a specific solution.  

Polarization also serves a purpose in corrosion monitoring for it helps in determining 

corrosion rate. A technique employed with its principle is called linear polarization resistance 

where a plot is generated with the potential applied to a freely corroding element and its current 

response. Polarization resistance is thus the ratio of the potential and the current response, thus 

being the slope of the curve. A way to see this is with Figure 3 and Figure 4 which show the 

resulting polarization resistance diagrams for a carbon-steel rebar before and after corrosion has 

occurred. Notice how the slope has changed harshly, the latter being severe corrosion; the 

complete curve is now almost a straight line.  

 

 

Figure 3 - Polarization Resistance Diagram for a Carbon Steel Rebar before corrosion. 
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What happens in Figure 4 is that the working electrode, in this case the rebar, is allowing 

ions to pass freely into the electrolyte in which it is immersed. Thus, a small applied potential by 

the potentiostat is sufficient to create a large current, thus identifying a low polarization 

resistance, which in turn, is an indicator of a high corrosion rate.  

 

Figure 4 - Polarization Resistance Diagram for a Carbon Steel Rebar after corrosion. 

 

As can be observed, there is a noticeable change in the electrodes rest (open circuit) 

potential, having passed from -78.0mV to -425.0mV. In the case of that specific rebar measured 

in that project, the corrosion rate rose from 5.393mpy (mils per year) in Figure 3, to 44.410mpy in 

Figure 4.  

Polarization can be either cathodic or anodic in nature, depending on the electrode 

investigated. The diagrams constructed from the measurements are plotted in a manner similar to 

the one shown in Figure 5, taken from Uhlig’s and Revie’s Corrosion and Corrosion Control book. 
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Figure 5 - Polarization Diagram. Taken from Corrosion and Corrosion Control (Revie & Uhlig, 2008). 

The theoretical and ideal behavior show straight lines for pure anodic and cathodic 

reactions. We can see that there are dashed lines that deviate from reaction lines for “𝑀 → 𝑀𝑧+ +

𝑧𝑒−” and “𝑅𝑛+ + 𝑛𝑒− → 𝑅” which represent an oxidation and a reduction respectively. The dark 

dashed lines are the sum of the anodic and cathodic reaction close to the corrosion potential.  

 

2.2. Cathodic Protection (CP) 

As was mentioned before, corrosion is a phenomenon that can by no means, in strict 

terms, ever be completely eliminated. But the tools engineers have at their disposal helps to 

significantly reduce the rate at which it happens, and by doing so, and by taking this rate to 

extremely low values, it may be said that a structure is being protected.  The way in which this 

can be accomplished depends on the corrosion/design engineer’s appropriate knowledge, 
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knowhow and on the design that he or she envisions or has been given for the specified 

structure. 

The initial knowledge an engineer must possess in this area is that of designing a 

structure, and several key elements must be taken into consideration. With these key factors in 

mind from the start, even before the need for protection is considered, the structure designer can 

save himself and others a future headache due to severe and premature corrosion damage. The 

following are the key factors described by E.D. Verink (9) in Uhlig’s handbook: 

• Dissimilar metals. 

• Improper design for drainages. 

• Crevices between connecting parts. 

• Joints of dissimilar materials (metal vs. non-metal). 

• Stray currents from nearby structures or systems. 

• Complex cell formation. 

• Relative motion between parts that might lead to vibration and consequent 

stresses or between a part and a liquid in its environment (fretting, impingement 

and crack corrosion). 

•  Selective loss of one or more species in an alloy (dealloying or parting 

corrosion). 

• A rough and imperfect surface due to improper cleaning or deficient 

manufacturing.  

By being mindful of all the previous mentioned factors a very important first step has 

been taken in order to reduce the future corrosion damage that the structure will suffer. The 

structural elements to be modeled and simulated have already been built and it is assumed that 

these parameters were taken into consideration when doing so.  

Once this stage is complete, the scope of our interest is the protection of the structures. 

Several ways to protect them from the environment exist in current practice, the most important 
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ones are: cathodic protection, paint coatings and inhibitors. As has been established, the two 

structures concerning this project will have primer and organic paint coating, and the 

recommended practice is to have at least two systems (the other one for this case being cathodic 

protection). This is because an absolutely waterproof and pore-free coating doesn’t exist (and 

usually degrades with time).  

Many factors like deterioration, stresses, environmental parameters, outside impact 

damage, initial surface preparation and roughness, to mention a few, may affect the protective 

coating, and eventually lead it to fail its purpose. Norsworthy (10) calls it a synergistic relationship 

which is well-proven and documented, and which must be applied and maintained adequately. 

But over-protection must be avoided so as to not cause blistering or cathodic disbondment of the 

coating (10).  

 

2.2.1. Graphical Representation of Cathodic Protection 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Cathodic Protection Graphic representation. 
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Cathodic protection can be one of two ways, impressed current or sacrificial anode. 

Figure 6 shows a polarization diagram that helps explain the concept behind cathodic protection, 

and in this case for a sacrificial anode system. The Fe line represents the original oxidation 

reaction for steel (for the purpose of the example let us assume it is a rebar), and the ORR line 

represents that of the oxygen reduction reaction occurring in the water. In the plot, at point a 

where the reduction and the steel reaction cross, one finds the corrosion current and voltage (Ecorr 

(I)).  

𝑶𝒙𝒚𝒈𝒆𝒏 𝑹𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏 𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏− 𝑶𝟐 + 𝟐𝑯𝟐𝑶 + 𝟒𝒆− ↔ 𝟒𝑶𝑯−                  𝝋 = +𝟏.𝟐𝟐𝟗𝑽         Equation 7 

𝑰𝒓𝒐𝒏 𝑶𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏− 𝑭𝒆 ↔ 𝑭𝒆𝟐+ + 𝟐𝒆−                                             𝝋 = −𝟎.𝟒𝟒𝟕𝑽         Equation 8 

𝒁𝒊𝒏𝒄 𝑶𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 𝑹𝒆𝒂𝒄𝒕𝒊𝒐𝒏− 𝒁𝒏 ↔ 𝒁𝒏𝟐+ + 𝟐𝒆−                                             𝝋 = −𝟎.𝟕𝟔𝟐𝑽         Equation 9 

Corrosion rates depend on the corrosion current and are turned into rate via the Faraday 

Law expressed in Equation 5.  What is intended in cathodic protection is to reduce the tendency 

of the steel to react, and give that tendency to a more active metal, for which zinc is a perfect 

candidate, and let it become the anode; thus the name sacrificial.  Once the Zn is in place it will 

occupy its position in the plot given its inherent characteristic as a more active metal. The ORR 

crosses now the zinc at point b, and if we go down we attain the corrosion current for the zinc.  

It is evident that the current in b is larger than the original current (a) of the steel, and so 

the zinc will preferably corrode. Because of this the actual corrosion current for the steel reduces 

and ends up displacing itself from point e to point c on the Fe line, and comes to a new corrosion 

current at point a. So not only did the corrosion current increase for the sacrificial anode and thus 

increased its corrosion rate, but we also reduced that of the steel body we want to protect; hence, 

it is a desired situation while the Zn anode lasts and before it has to be changed.  

A similar process is done in impressed current systems but for which Iappl may take 

several values, and in consequence Icorr will too, given that the applied current from the source 

can be modified. 
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2.2.2. Impressed Current 

The base idea is that DC current is supplied to the system from a power source. This 

current is channeled towards the anode made of some type of material which has a low or inert 

dissolution rate (11), so it doesn’t solvate in the electrolyte, but merely operates as an introducer 

of the protective current into the electrolyte. This system is composed by three basic parts which 

are the structure, the power source and the anode. The mostly utilized sources for this type of 

protection are the rectifiers, which takes in the AC voltage from a grid source and rectifies it into 

DC format. They may be either transformers or solid state. They are a perfect source given they 

provide continuous and constant voltage or current. In places where the power is not easily 

attainable, e.g., a ship, other types of generators coupled with storage battery systems are 

employed.  

          This protective system has its advantages and disadvantages. It is advantageous to have 

an adjustable output from the source, to have large currents available, and it is perfect for 

structures that don’t have or have poorly placed protective paint coatings. It also doesn’t involve 

the changing of anodes, and is the most efficient way to protect massive structures like cruise 

liners, naval gunboats, and offshore structures. But as with every system, it has its disadvantages 

like overprotection, continuous maintenance inspections, and possibly qualified personnel which 

have to be hired for its operation. And as mentioned before, this system will be of no concern 

since it is not the adequate one for this project.    

2.2.3. Sacrificial Anode (Galvanic) 

In opposition to impressed current anodes, the sacrificial anode is limited by the 

electrochemical property inherent to the anode material; it cannot be regulated or modified in 

such a direct manner as increasing or decreasing current flow from a source.  They are perfect 

for situations in which protective current requirements are fairly low, ranging from a few hundred 

milli-Amps to 4 or 5 Amps (11). So the rest or standard potential of the anode has to be 

significantly more negative than the potential of the material to be protected. It is imperative to 



23 
 

remember that temperature also has a part in the corrosion process, for if there is a rise in 

temperature, a rise toward more positive potential values may occur in the anode in aqueous 

media, like the case of zinc in which a retardation of the partial anodic reaction (passivation) is 

attributed to the rise in temperature (12). This would severely affect the protection and make the 

cathode more lenient to corrosion as its galvanic protection has been diminished.  

Theory and experience has taught corrosion engineers that the protection of plain carbon 

or low-alloy steels can easily be achieved by zinc, aluminum, or magnesium anodes. For 

materials that need more positive protection potentials, iron or activated lead anodes are utilized. 

Although the anodes may be pure, as those of pure zinc, many times alloys are employed in 

order to obtain any of the following three (and/or): 

• Fine-grained structures so as to achieve uniform loss from the anode. 

• Reduce possible self-corrosion of the anode.  

• Reduce passivation or film formation on the anode. 

These three factors are paramount when dealing with aluminum anodes (12). There is a 

complete design process that must be followed in order to implement the most efficient cathodic 

protection system possible. Usually the following steps are followed to achieve this: establish 

electrolyte resistivity, determine the protective current requirements, decide what the anode life 

expectancy is, study the possibility of stray current concerns, and study the configuration of both 

size and shape for the anodes.  

 As for the first matter, electrolyte values are available in tables, and are present in the 

data bases of most of the software available. The current requirement can be determined in the 

field by applying test currents and the changes in structure-to-electrolyte potential is measured 

and thus can be calculated, following specific steps to do so. Again, this is not the scope of this 

document. In conclusion, Fitzgerald determines the required current as the total area of the 

structure to be protected, times the percent of it that is bared (100%-Coating efficiency) times the 

current per square meter, as in Equation 10 (11). 
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                                       𝑰𝒓𝒆𝒒 = 𝑨 × %𝒃𝒂𝒓𝒆 × 𝒎𝑨
𝒎𝟐                                            Equation 10 

 Based on the current requirements, the next step, the anode life expectancy, is 

determined by a relationship described in Equation 11, where L is the life expectancy, Th is the 

theoretical current output in A*h/kg, W is the Anode weight in kg, E current efficiency, UF 

utilization factor, h is hours per year (a constant value ≈ 8760 hours), and finally I is the anode 

current output in Amps. The utilization factor (UF) is a reference to what had been mentioned at 

the beginning of this document, i.e., when the anode is up for change because 80-85% of its 

initial mass has been consumed. Hence a 0.8 or 0.85 is used as a constant value in this equation.  

                                               𝑳 = 𝑻𝒉×𝑾×𝑬×𝑼𝑭
𝒉×𝑰

                                                     Equation 11 

 As for stray current concerns, one must simply study the place where the structure is 

going to be and if other systems are going to be present in the nearby vicinity, e.g., a marina or 

dock. For our case, this is of no concern for there won’t be any foreign systems near the buoy, 

observation deck and turbine.  

 Before selecting the anodes, there are certain requirements that have to be met in order 

to pin point which type and which size to use. The anode output depends on both the anode 

circuit resistance (Rt) and the potential difference between the anode and the structure it will 

protect, which is colloquially known as the driving potential (ΔVg in Volts). This ΔVg is basically the 

difference between the anode’s open circuit potential and the desired structure cathodic polarized 

potential. Equation 12 shows a simple Ohm’s Law (solved for I) that defines the mentioned 

current.  

                                              𝑰𝒂𝒐 = 𝜟𝑽𝒈
𝑹𝒕

× 𝟏𝟎𝟎𝟎                                                 Equation 12 

 Consequently, the number of anodes required is simply the total current requirement 

divided by Equation 12, i.e. Ireq/Iao.  
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 The form or shape of the anodes is another factor to keep in mind. Many exist and are in 

use today; depending on the application in which it will be used. The following are the types in 

current use: 

• Rod and Chain of Rods anodes. 

• Plate and Compact anodes. 

• Half-round, rectangular or trapezoidal elongated (tear-drop shape) anodes, which are   

preferred for ship and boat protection. 

• Tank and pipe protection anodes. 

• Offshore anodes (similar in shape to tank anodes) but weigh up to half a ton.  

It is obvious that, depending upon the application, one can narrow it down, but fortunately 

with today’s software like BEASY, all of these things are taken into consideration when comparing 

with all the boundary conditions, and ultimately an engineer can recommend both the location 

and quantity of anodes required and their size.  

2.3. Coated vs. Uncoated Structures 

Structures can either have protective coatings and paintings, or they may find themselves 

completely exposed or bare with respect to their environment. A case of the latter is when a very 

efficient cathodic protection system like impressed current for an offshore oil rig is being 

employed with sufficiently good current distribution or when weathering steel is used in some 

application for which a passive oxide film will protect the iron from further corrosion as long as it 

permeates in the passive regime. But many structures do not fall into the two examples just 

described and given the environmental circumstances in which they find themselves must have 

some type of coating that will prevent corrosion from occurring. There are three basic types of 

coatings which are: 

• Metallic Coating: Nickel, Lead, Zinc, Cadmium, Tin, Chromium, Aluminum. 
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• Inorganic Coating: Vitreous, Concrete (various mixes of Portland cement are 

possible), Chemical Conversion.  

• Organic Coatings: Paints, Plastics, Bituminous material (oil sands, tar, asphalt). 

Metallic coatings can be applied with an array of different techniques like hot dipping, 

electroplating, thermal spraying, cementation, or ion implantation. At the same time, it can be said 

that all these techniques fall in either of two categories: noble coatings or sacrificial coatings. 

The former only provide barrier protection, they are a buffer which inhibit the reaction of the 

substrate with the environment, while the latter also provides cathodic protection. It is thus easily 

concluded that coatings are an excellent tool to have at hand for protecting small vessels and 

helps increase the working life of the structure. As was mentioned before, usually the most ideal 

and conservative approach is to use more than one type of cathodic protection simultaneously. In 

the case of the hull and pontoon buoys it is thus of great use and this is why they have already 

been painted.  

In the case of inorganic coatings and, more specifically, vitreous enamel, they do not only 

serve decorative purposes but actually protect metals from corrosion by many different types of 

environments. The “glasses” will bond with the substrate metal and protect it efficiently for many 

years. Concrete coatings are great for water pipe protection, and although are very sensitive to 

mechanical and thermal shocks which could destroy them, are easily repairable (13). And 

chemical conversion coatings are in situ-formed protective coatings originating from chemical 

reactions and offer themselves an array of protection benefits.  

For organic coatings, paints are oil or resin aqueous vehicles with suspension of 

insoluble pigment particles which are generally metallic oxides. When exposed to air they 

polymerize to solids and form the barrier. They are usually good corrosion resistant coatings 

given that, by their inherent nature, they tend to resist penetration of water and to alkalies. Similar 

benefits are obtained from the other organic coatings.  
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In conclusion, if a structure was not to have a coating and was just relying on sacrificial 

anode protection, the life expectancy of the anodes would be much shorter than in the opposite 

case. So, although initially it may consume more time and money to coat a structure apart from 

designing a sacrificial anode layout, in the long run, less maintenance and less anode physical 

exchanges will have to be done. Also, a 100% reliable paint or coating with 100% effectiveness 

can never be achieved, and so the two protection type system is the most effective one for 

elongating the working life expectancy of a smaller structure, or of the buoys in our case.  

2.4. Stationary vs. Moving Structures 

One factor that seriously affects corrosion per se and its rate is if the structure will be 

stationary or if it is moving. In this we can also include if the structure will be present in moving or 

quiescent water. Velocity of the fluid relative to the structure is then a primordial concern to have 

in mind. There is a type of corrosion called Impingement attack, where an erosion-type of 

corrosion occurs. However, in the case of relative fluid motion of a buoy in seawater, there will not 

only be an erosion-like process but at the same time more and more oxygen is being readily 

supplied to the surface and passivity would never be achieved in most alloys because of the high 

concentration of chloride ions, Cl- (14).  

  In Uhlig’s corrosion handbook, Figure 3 in Chapter 32 shows a study done with varying 

velocities and temperatures between 20 and 25°C (near ambient temperature). A directly 

proportional relationship was found that at higher velocities, higher corrosion rates are observed. 

This is due to the fact that greater oxygen availability increases the cathodic capacity. But this 

growth in corrosion rate is neither infinite nor ever-changing. There comes a point where a critical 

velocity is reached beyond which there is little, if at all, further increase in the corrosion rate.  This 

behavior can be observed in Figure 7 as a representation of experiments done by others.  
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Figure 7 - Velocity Effect on Corrosion Rate. 

Matsushima determined that although the critical velocity mentioned depends on the 

state of the flow, it is around 20m/s, and that corrosion may even start at lower velocities in areas 

of disturbed flow like bends and joints or sudden geometric changes of the structure (14), as well 

as depending on the material used for such structure. Fortunately the buoy and pontoon will be 

moored in place and will not be moving. The only movement will be that of the sea water 

(understood as the natural movement of the water plus the ocean current) in the area where they 

will be put in place, and depending on velocity it might or might not influence corrosion. 

2.5. Location – Corrosion by Seawater 

A structure in a marine environment it may find itself in one of five zones in which a given 

structure will have varying corrosion rates and consequently varying damage. These corrosive 

zones are the following: atmospheric, splash, tidal, submerged and seabed-embedded. Steel in 

fact has varying corrosion characteristics and thus behavior in each zone, as experience and 

studies have shown for decades.  

Corrosion varies significantly in the mentioned zones because of key factors like salinity, 

temperature, pH, dissolved oxygen concentration, organisms and others. This will not only vary in 

each zone for a specific structure in place, but will change for the place it is emplaced in. What 

Corrosion Rate  

Sea Water Velocity (m/s) 
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this means is that if we take two identical structures and place them in geographically different 

places, i.e., Gulf of Mexico vs. the North Sea, there will also be a variation. Why does this 

happen? It’s simple to understand. Previously, it was said that velocity had a great incidence in 

corrosion rates. With velocity come oxygen and its concentration and diffusion coefficients, all of 

which vary from place to place on Earth’s vast oceans. We know sea water composition is never 

the same in the Pacific and Atlantic, and not even the same within themselves either. Then this 

means as well that for that exact same structure the current density required to protect it 

cathodically will be more in one place than in the other.  

Now, in the case of this project we have two floating structures which will only be in 

contact with surface water. The surface water of oceans has very low salinity variations and will 

not affect much of the oxygen solubility. On the other hand, temperature is the most critical factor 

for geographical location and this parameter varies mainly due to latitude. But this doesn’t mean 

necessarily that in seawater the higher the temperature raises, the higher the corrosion rate. It will 

be so only if corrosion has already begun   

There is something that hasn’t been mentioned which occurs in the oceans and that is 

that there are always compensating effects. Regarding the previous section on velocity this 

previous statement is also true, not only because there is a rapid flow will there surely be an 

increment in corrosion. The pH around the structure is increasing generally. If we remember the 

oxygen reduction equation presented previously: 𝑂2 + 2𝐻2𝑂 + 4𝑒− ↔ 4𝑂𝐻− , the oxygen in the 

water is reducing to hydroxyls which affect directly pH values since 𝑝𝐻 = − log(𝐻+) =

−log (𝑂𝐻−).   And since the OH- activity is being increased, the pH ultimately increases as well 

(all the previously mentioned is assumed to be occurring while anode and cathode are 

connected). This increase in pH (together with some rise in temperature) permits the formation of 

calcareous deposits and bacterial slime which act as a barrier. There are many organic and 

inorganic components in sea water that make this happen, seawater contains high enough 

concentrations of Calcium, and Magnesium to be able to form calcareous deposits upon 
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polarization. The deposits, once a thick layer has formed, could act as an additional coating 

reducing the current demand from the sacrificial anodes.  

Because of this, a direct consequence is that the deposits lower the chances of 

impingement of the substrate due to rapid flow. Also although oxygen diffusion coefficient rises 

with temperature, the solubility decreases. This equilibrium is constantly found in the oceans, but 

extremes do occur and a balance may not be achieved which in hand may lead to extreme (either 

high or low) corrosion rates.  

General corrosion of structural steel in seawater is not really that aggressive with 

reported values of 2 to approximately 6mpy (14). The problem that occurs in seawater is localized 

corrosion, which is when there are differential aeration cells over the affected area due to 

improper surface preparation (leaving mill scales), protection, and or due to non-uniform 

corrosion product films and fouling organisms on the structure’s surface. These differential cells 

lead to pitting corrosion after galvanic action has taken place.  

In current practice, corrosion doesn’t happen because of random events, but rather from 

the coalescence or synergistic process of many factors happening simultaneously and leading to 

the devastating occurrence of corrosion damage.  

 

2.6. BEM to Model CP 

Boundary element methods along with finite element methods were two of the best 

developments that mathematicians came up with in the last century, for they have been used in 

computation with great success serving as an essential tool for the modern engineer. Their field 

of application is vast for both scientific and technological areas. They have been the most helpful 

instrument for design engineers for experimentation, observation and analysis has been reduced 

to hours or days at most of computational calculations, instead of weeks, months or even years.  
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Boundary element methods utilize boundary mathematics, which is actually boundary 

integral equation formulations, in order to solve boundary value problems. As its name implies, 

only the boundary which may be a surface or curve, is what requires discretization. Since there is 

one order of dimensionality less than in finite element methods which consider a volume, the 

analysis is simplified and the mathematic computation and solution is reduced. Because of this 

simplification the linear, quadratic and higher order elements in BEM are constant.  

2.6.1. BEM Mathematics 

The boundary element methods are in themselves an adequate combination of existing 

functions, equations, distributions, conditions and series. Within these the most relevant are the 

partial differential equations, the Dirac Delta function, Eigen-pairs, Fourier series, Laplace 

equation and Green’s functions among others (15). The complete knowledge and study of these 

is far beyond the scope of this document (and project), but there are available books dedicated 

completely to this subject.  

As per our interest, we want to know how BEM works for the case of electrochemical 

corrosion and it is this explanation that will be presented now. What BEM or the boundary method 

technique does is discretize the mathematical model and then solve it iteratively via the    

Newton-Raphson method (16). One of the most important benefits of BEM is its capability to 

handle infinite domains, which is the case of an ocean, i.e., our case.   

 Equation 13 shows a partial differential equation which describes a simple fact that 

happens during corrosion process, and that is that there is absolutely no loss or gain of electrical 

current in the system, simply a transfer of it. In this equation, i is the electrical current vector and 

its components are expressed. In electrical terms this is simply the conservation of charge. In its 

own right the electrical current is related also as a partial differential equation (Equation 14) with 

the electrical potential (φ), by being its gradient, and the electrolyte or medium conductivity (σ).  

                                       �𝝏𝒊𝒙
𝝏𝒙

+ 𝝏𝒊𝒚
𝝏𝒚

+ 𝝏𝒊𝒛
𝝏𝒛
� = 𝟎                                                                  Equation 13 
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                                      𝒊 = −𝝈�𝝏𝝋
𝝏𝒙

+ 𝝏𝝋
𝝏𝒚

+ 𝝏𝝋
𝝏𝒛
�                                                              Equation 14 

A combination of these two equations yields the Laplace equation if the conductivity of 

the electrolyte is assumed to be constant (although it may be a function as well). This equation is 

in essence the governing equation for electrochemical corrosion (6), and is known as one of the 

cases of the fundamental solution.  

                                    �𝝏
𝟐𝝋
𝝏𝒙𝟐

+ 𝝏𝟐𝝋
𝝏𝒚𝟐

+ 𝝏𝟐𝝋
𝝏𝒛𝟐

� = 𝛁𝟐𝝋 = 𝟎                                 Equation 15 

 For the model to be completed the boundary condition definitions must be established 

and the effects of electrical sources and sinks must be introduced in the solution. In boundary 

element theory, there are several types of boundary conditions: 

• Dirichlet or first type: the dependent variable has a specific value.  

𝜑 = 𝐶1  

• Neumann or second type: when the normal derivative of the dependent variable for 

which we want to solve is assigned a specific value.  

𝑖 =
𝜕𝜑
𝜕𝑛

= 𝐶2 

• Cauchy or mixed type: a curve or surface which gives a value to the normal derivative 

and the dependant variable a specific value. Since it is the superimposition of both the 

Dirichlet and Neumann, it receives the name of mixed condition.  

It can be seen thus that the model is in a nutshell a linear partial differential equation, 

subjected to nonlinear boundary conditions. As is the case for these types of systems, an iterative 

numerical method has to be employed, as was mentioned earlier.  Since both the potentials and 

the current fluxes at the beginning must be guessed for the iteration to commence, it is easily 

realized that most if not all of BEM is a Cauchy-type problem. Let us now take a closer look into 

how the BEM mathematical method is formulated. For the sake of understanding the following 
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formulations, we will assume a bounded structure Ω and its boundary being ∂Ω, which is being 

enclosed by a boundary Γ.  

Two more initial conditions must be clarified before we proceed. The first one is that the 

potential at infinity is, 

                                                             𝝋 = 𝑶 � 𝟏
𝒓𝟐
�+ 𝝋∞                                                Equation 16 

With this the boundary conditions are not the classical boundary conditions found in other 

mathematical models like the finite element or finite difference methods. This tells us that at 

infinity, the potential has a value φ∞ which is constant and unknown, and must be determined. To 

help in this task, BEM mathematicians derived Equation 17 which is a constraint equation which 

supplements Equation 16 and is a way of expressing the conservation of charge on the surface 

of the structure (∂Ω), 

                                                                    ∮ 𝝏𝝋
𝝏𝒏
𝒅𝒔 = 𝟎𝝏𝜴                                                                Equation 17 

With the previously mentioned we may now proceed. As was mentioned earlier, one of 

the many equations in BEM is the Green functions, of which the third identity is the starting point 

of BEM (16).  
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Equation 18 

Equation 18 represents the mentioned third identity.  Since the consideration here is a 

three-dimensional problem, the fraction 1/rPQ is called the Green’s free space function, where P 

and Q are the field and source points, and nQ is the normal to the boundary at point Q. Zamani, 

Zuang and Porter (16), in their paper show that when considering point P, approach it to the 

boundary (∂Ω) and isolating a singularity in it, Equation 18 turns into Equation 19, 
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Equation 19 

Which transforms into Equation 20 when we take into consideration the initial condition 

specified by Equation 16, 
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Equation 20 

The second term on the right side of the equation is equal to -4π, and the equation 

becomes s simple integral equation. With this, it can be said that the discretized version of 

Equation 21 is what is ultimately known as the Boundary Element Method. 
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Equation 21 

Much more detail on them for both finite and infinite domains can be studied with detail in 

boundary element literature.  What is later done is that with the knowledge of both φ and I at all 

points, the boundary is divided or discretized into elements which are non-overlapping and cover 

the whole boundary. These elements are usually triangular and/or quadrilateral, and are denoted 

as a constant, linear or quadratic, which is what ultimately denotes the variations that the 

functions are allowed to make over the divided elements (17). The discretization of the integral 

equation – which goes hand-in-hand with the “physical” discretization of the elements – for the 

case of triangular elements is the following, 
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Equation 2-15 

In this case, 𝜑𝑃
(𝑖) is the potential at the centroid of each triangular element j, 𝑞𝑃

(𝑗) is the 

current flux at the centroid of each element j as well, 𝑟𝑃𝑄
𝑖𝑗  is the distance between point Q in 
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element j to the centroid of element i, 𝜕𝛺𝑗 represents the triangular element j,  𝑛𝑄
(𝑗) is the normal 

out of point Q on element j, and N is the number of triangular elements in which the mesh is 

divided.   Then for each element this can be converted into matrix form, and thus a system of 

equations is created.  

If the boundary conditions are linear, meaning that there is linear polarization behavior, 

the solution is pretty straightforward. But generally this is not the case, and all the equations in 

the created matrix must be solved iteratively via Newton-Raphson as was mentioned at the 

beginning of this section, and it involves the calculation of a Jacobian matrix. The iteration is 

prolonged until a value for the potentials and current densities are converged. The length of 

iteration will depend on varying initial conditions and complexity of the geometry.  

To clarify some terms, and as was mentioned earlier, the division of the boundary is 

called a mesh and its points are what define the shape of the elements, while the node points are 

each and every point at which a solution will be established. If as mentioned the elements are 

constant, linear or quadratic the solutions will be constant, linearly varying along the elements, 

and quadratically varying along the elements respectively.  

The previous briefly-explained mathematical model is what has been embedded into 

specialized software, where other critical information like polarization data is also programmed 

into it. These programs partake in a three stage process which consists of: Model preparation by 

means of geometry and material property description, Simulation which is the computational 

process carried out to solve the equations, and the post-processing where the display of results 

and their evaluation and analysis can be done.  
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2.6.2. Beasy Software  

The Beasy software is a commercial program which was essentially designed and 

created for the purpose of carrying out the analysis, design and study of: galvanic corrosion, 

cathodic protection and electrodeposition.  

1) In the first stage mentioned before, model preparation, the type (line surface or tube) and 

amount of elements are chosen and the material, environmental and polarization data are 

chosen as well.  

2) In the second stage, simulation is carried out by means of a computational plan that 

couples the boundary element equations representing the electrolyte with the equations 

derived from the polarization data inherent in the software. Iteration is carried out by the 

program to get current density and potential values at the boundary nodes.  

3) In the final stage, post-processing, the results from the calculation are obtained in the 

form of potential and current (density) maps and which may be used to determine several 

aspects: 

• Predict the performance of cathodic protection systems. 

• Ensure optimum protection of vessels. 

• Optimise ICCP system characteristics. 

• Obtain quantitative data on anode requirements and life. 

• Determination of anode location. 

• Predict and quantify interference with nearby vessels, docks and other metallic 

structures. 

• Predict lifetime performance of systems. 

• Identify critical areas. 

• Predict the impact of environmental conditions. 

• Predict the impact of damaged paints/coatings. 

• Interpret ICCP system data and reference cell data to predict condition of the vessel. 
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 Beasy is essentially an optimization tool. It not only predicts actual condition of a 

structure but the effectiveness of the designed or proposed corrosion control measures. This is 

the primary tool to use in this project and with it, ensure a lasting working life expectancy of the 

Ocean Energy Project’s lead hull buoy and pontoon deck.  
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3. PREVIOUS WORK 

 

Preliminary work with simpler geometries presented in the proposal helped in learning to 

use the software (to understand how the software works), and determining exactly what was 

wanted and expected from the research. The following sections in this chapter show briefly what 

was done in this stage of the thesis work. 

    

3.1. The Structures and their Simpler Models 

MTB: 

The Lead hull buoy also known as Mooring and Telemetry Buoy (MTB) is the one shown 

in Figure 8. The 3-D representation is the original design of the buoy, but is now being modified 

to have four more feet in length, due to a change in design. The geometry was translated into a 

boundary layer structure on the software BEASY and simulations ran with varying parameters 

such as anode geometry, anode position and anode quantity.  
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Figure 8 - 3D Representation of the Lead Hull Buoy. Courtesy of the COET design team. 

 Once the appropriate geometry was attained it was submitted to BEASY’s solving and 

post-processing tools so as to view the results of all the proposed permutations. The following 

parameters were investigated: 

 

1. Two types of sacrificial anodes: hull and rudder. 

2. Quantity: 2 to 6 for this size hull, depending on size of the anodes. 

3. Position: varies from stem to stern but symmetrically placed along the keel. 

In the following figure we can observe the display that characterizes the number of 

anodes and its distribution, which is what ultimately will be modified for the different scenarios.   

 

 

 

 

 

 

 

 

(a) 

(b) 



40 
 

 

 

 

 

Figure 9 - Schematic of typical anode position arrangements. (a) Two, (b) Four, (c) Six anodes. 

The placing or positions displayed in the previous figure are not random. Warren in his 

book indicates that the anode positions are such in relation to the water-line length (WL) of the 

vessel, and is based mostly on experience on hulls; experience which suits the lead hull buoy 

accordingly. To be clear they aren’t fixed positions, but in fact can be adjusted to suit the different 

types of hulls, but it’s a recommendation worth following (18). For the two-anode case (a), the 

anodes are placed WL/3 from the stern of the hull. In the case of the four anodes (b) the aftmost 

anodes should be placed around WL/5 from the stern, and the next set should be placed WL/3 

from them. In the six anode system (c) the distances are recommended to be WL/6 for the first 

pair from the stern, WL/4 away from the first pair for the middle ones, and the foremost anodes 

should be placed WL/4 from the middle pair (18).  

Figure 10 shows the preliminary geometry created in BEASY with which simulations 

were run and allowed for a better understanding of the programs capabilities and tools before 

attempting to create the exact geometry depicted previously. For this figure, a meshed view of its 

boundary is presented.  

 

(c) 
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Figure 10 - Lead Hull Buoy Simpler Version Boundary Element Model. 

A hull with simpler geometry was constructed, similar to that of the pilot project’s 

geometry. Meshing is an essential part of the process and adequate steps must be taken to attain 

a problem-free solution.  By doing this the boundary surfaces are divided into structured 

(rectangular) or unstructured (triangular) elements. Once the mesh and boundary conditions are 

selected, the case is submitted to the BEM solver. In it, an iterative loop starts in which BEM 

mathematical equations are solved.  Upon convergence the BEM software creates a file with the 

solutions. These solutions are then utilized in the post-process phase so as to have visual 

representation of various key factors in corrosion as the following: 

• Electric field: averaged in all directions, or in specific axes.  

• Overpotential on the surfaces (Our Interest). 

• Voltage in the electrolyte. 

 

Turbine A-Frame: 

The other structural element from the turbine system that is being investigated is the 

aforementioned A-frame which holds together in place the turbine and the buoyancy tanks. This 

structure is shown in Figure 11.  



42 
 

 

 

 

 

 

 

Figure 11 - Turbine A-Frame. 

  

The frame is also made of plain carbon steel and will be painted with the appropriate 

coatings to prevent corrosion, but again it must be mentioned that only one corrosion protection 

system is usually not a recommended practice.  This structure is being designed with a cathodic 

protection system as well. The same parameter than those of the MTB will be investigated. 

Figure 12 shows a simplified geometry of the A-Frame, meshed and awaiting solution and post-

processing.   

 

Figure 12 - Meshed Simplified A-Frame. 

The actual geometries were created shortly after the proposal presentation and they will 

be described in further detail in the next chapter. The following table shows what type of 

scenarios are expected to be simulated for both the Lead Hull buoy and the A-Frame. 
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Scenarios for MTB Scenarios for A-Frame 
Bare Plain Carbon Steel: 2, 
4, 6 anodes 

Bare Plain Carbon Steel: 1, 2, 
3 anodes 

80% Effective Coating: 2, 4, 
6 anodes 

80% Effective Coating: 1, 2, 3 
anodes 

90% Effective Coating: 2, 4, 
6 anodes 

90% Effective Coating: 1, 2, 3 
anodes 

98% effective coating: 2, 4, 
6 anodes 

98% Effective Coating: 1, 2, 3 
anodes 

Table 3 – Simulation Configurations and Scenarios 

 

With this plan, we were trying to guarantee the simulation of different conditions for the 

coating since the exact surface preparation is not known, so this leaves a range in which we can 

study the potential distribution of the structures from the worst case scenario, passing through the 

assumption of poor coating and/or coating defects, to the best case scenario (98% efficient 

coating). 

OCDP: 

 The pontoon buoy also known as the OCDP will no longer be used, but was designed as 

the original Observation and Control Deck. Another type of structure in the form of a barge is 

thought to be implemented as the new OCDP. This structure was not modeled.  

 

Figure 13 - Former Observation and Control Deck with pontoon Buoys. 
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3.2. General Boundary Conditions 

The following were the conditions taken into account to run the simulations in the BEASY 

software for the preliminary computations presented in the proposal.  

• Working Electrodes: Plain Carbon Steel (Polarization Data from within the software) 

• Sacrificial Anodes: Mil spec Zinc (Polarization Data from within the software).  

• Electrolyte: 4 S/m Seawater. 

• Connection: Electrical between metal and anodic surfaces. 

• Geometries: Simplified versions of the real ones 

As of that time no condition was taken so far as to the presence of coatings on the 

structures since this function had not been used in the software, but was in fact employed for the 

actual and final modeling of the real structures. All preliminary computations in this stage were 

undertaken assuming only plain carbon steel in contact with the electrolyte. What the software 

does is that it takes the boundaries of the structures, understood as the electrolyte-structure 

interface, and creates a void in the (infinite) electrolyte with the characteristics of the desired 

material and geometry of the structure. Then a computation for boundary element solutions is 

launched, where the geometry, the boundary element number and conditions are taken into 

account as part of the calculation. After this a report indicating the currents in and out of the zone, 

percentage current error, iterations and convergence are shown. Subsequently the post-process 

tool is accessed and contours of the solution for electric field, overpotential and voltage in 

electrolyte can be seen for all or a certain structure at a time. This will be presented in chapter 5 

for the real and exact geometries.   

The difference in boundary conditions from the previous work to the work presented in 

this manuscript besides from having the actual geometries, is that the electrolyte was taken as 

having a conductivity of 5 S/m, and that the polarization data for the materials were taken from 

experimentally determined polarizations found in the literature and then added to the material’s 

data-base. 
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4. EXACT GEOMETRY CREATION 

After having acquired the knowledge of how to create geometries directly in the BEASY 

software by means of the GiD interface, the generation of the exact geometries was undertaken. 

In this chapter the detailed step by step generation will be showcased for the MTB, and the A-

Frame.  

 

4.1. Monitoring and Telemetry Buoy 

Following the detailed model dimensions given in the form of a SolidWorks CAD file by 

the COET, the creation of the hull began. Exact values extracted from the file were used when 

creating the model in the GiD interface. The following are the general dimensions of the hull: 

• Length: 6.4m (taking into account the 4 feet being added). 

• Breadth: 3m 

• Depth (Draft): 1.08m 

Figure 14 shows the model created. It has exactly 29 quadrilateral areas, and 4 

triangular areas, which shape the complete surface in contact with the electrolyte or medium. 
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Figure 14 - MTB model surface creation. 

 The normals from all of the surface centroids must be pointing inwards so as to be 

consistent with what was explained in the BEM mathematics section of chapter 2. This tells the 

software to create a void in the electrolyte continuum with the characteristics or boundary 

conditions of the hull; Figure 15 shows the normals to the different surfaces.  

 

 
Figure 15 - Swapping of Normals pointing Inward. 
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 The next step is to generate the mesh. After many trial-and-error procedures during the 

proposal stage, it was found that because of the size of the structures, a very refined mesh was 

not necessary, the number of iterations selected for the solution to reach convergence were more 

important. The mesh was created slightly finer than the one with the simpler geometry done in the 

proposal.  The MTB was discretized in 68 triangular elements (for the four triangular surfaces) 

and 1250 rectangular elements (for the 29 quadrilateral surfaces), giving a total of 1318 elements.  

 

Figure 16 - MTB Mesh Generation. 

And Figure 17 through Figure 19 show a rendering of the meshed hull. At this point the 

boundary of the MTB with the electrolyte is ready and awaiting simulation solution and post-

processing. Anodes must also be created and are subsequently placed in the configurations 

mentioned in chapter 3; the anode geometries will be shown later in this chapter, and the solution 

of the complete model interaction can be seen in chapter 5.  

 

Figure 17 - View 1 of the Rendered Meshed Boundary. 
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Figure 18 - View 2 of the Rendered Meshed Boundary. 

 

Figure 19 - View 3 of the Rendered Meshed Boundary. 

4.2. A-Frame 

 
Figure 20 - A-Frame Model Surface Creation. 
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The frame geometry was created using the dimensions from the SolidWorks files 

provided by the COET. The general dimensions for it are the following: 

• Height: 1.32m 

• Top Horizontal length: 0.86m 

• Bottom horizontal length: 0.16m 

This model has a couple of simplifications with respect to the SolidWorks model. Those 

differences being that there are no holes in the bottom plate or on the upper hook (which lies on 

the top horizontal length), but the area not considered is so small that it was assumed to be 

negligible to the solution outcome. 

 
Figure 21 - A-Frame Swapping of Normals Pointing Inwards. 

 

The centroid normals were also swapped in this model to look inwards, for the same 

reasons explained for the MTB. With the normals pointing in the right direction, the mesh of the 

model was then created.  



50 
 

 

Figure 22 - A-Frame Mesh Generation. 

The A-Frame was discretized in 82 triangular elements (for the triangular surface) and 

1720 rectangular elements (for the 92 quadrilateral surfaces), for a total of 1802 elements.  

 

Figure 23 - View 1 of Rendered Meshed Boundary. 
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Figure 24 - View 2 of Rendered Meshed Boundary. 

4.3. Anodes 

Three sizes of anodes were used in the simulations. The parameter varied was the 

anode weight. A rectangular prism was assumed in here for all cases.  The surface area is similar 

to other anode shapes of the same weight. The three anode weights where: 

• 0.6lb or 0.2724kg 

• 1lb or 0.454kg 

• 2lb or 0.908kg 

The simple creation of the geometry will be presented in this section for each of them. 

These anodes were placed 2.5cm apart from all the structures (in all their varieties and 

positioning patterns). When a smaller distance was used, singularities appeared and fatal errors 

eventually occurred. There is another way to place the anodes on the surface, but it is highly time 

consuming, and the difference in overall potential change was found not to be significant. It is 

important to mention that the anodes were in fact electrically connected to the structures, and the 

separation is mainly just a program limitation that has to be addressed. All anodes were based 
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from the Bolt-On section, although they may also be found from the Weld-On in some companies. 

Connections to coated carbon steel are usually performed via bolt-on procedure.  The ultimate 

decision on which type to use will depend on the COET. 

4.3.1. Sacrificial Anode: 0.6lb  

Practically all of the anode-producing companies produce this size of anode. All the 

anodes addressed in this project and their quadrilateral dimensions were taken from the company 

Boat Zinc (which can be found on the World Wide Web).  

Dimensions: 

• Length: 6.985cm. 

• Width: 5.08cm. 

• Thickness: 1.27cm 

Figure 25 shows a rendering of the anode already meshed. The total amount of 

elements in any 0.6lb anode is 112.  

 

Figure 25 - Zinc Sacrificial Anode of 0.6lb. 

   

4.3.2. Sacrificial Anode: 1lb 

Dimensions: 

• Length: 9.5cm 
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• Width: 3.8cm 

• Thickness: 2.5cm 

Figure 26 shows the pertinent rendering for this case. The amount of elements where the 

same as that of the previous case, i.e. 112 elements.  

 

Figure 26 - Zinc Sacrificial Anode of 1lb. 

4.3.3. Sacrificial Anode: 2lb 

Dimensions: 

• Length: 15.875cm  

• Width: 6.985cm 

• Thickness: 1.575cm 

Figure 27 shows the pertinent rendering. Given the larger size of this one, it was meshed 

in more elements. The total number of elements was 272 elements for each 2lb anode.  
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Figure 27 - Zinc Sacrificial Anode of 2lb. 
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5. POLARIZATION DATA 

With all geometries ready, the other fundamental step that had to be taken prior to 

beginning simulation was acquiring the polarization data which would be used as initial boundary 

conditions for all the structures involved. There are several sources from which to obtain the 

polarization curves.  

 

5.1. Carbon Steel 

Francis Laque in his Marine Corrosion book provides us with the elemental information of 

this thesis. This is the polarization behavior of plain carbon steel in seawater under flowing 

conditions. The velocity of flow is 7.8ft/s, which is very close to the experimental velocities used 

by the Carderock Division of the Naval Surface Warfare Center (8ft/s). Because of this it was 

ultimately selected as the appropriate polarization data to utilize and add to the software’s 

database. Figure 28 shows the diagram after it has been embedded into the database and will be 

used in the simulation calculations.  
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Figure 28 – Polarization Diagram for Carbon Steel in Flowing Seawater (7.8ft/s). 

This data is appropriate because the location of the system is on the Florida Gulf Stream, 

a flowing mass of water where stagnant or quiescent conditions will not present themselves.  

 

5.2. Stainless Steel 

The A-Frame structure will be directly connected with no insulation to a stainless steel 

cylinder which comprises part of the actual Turbine’s body (Electrical insulation between the the 

frame and the SS cylinder is desirable). The presence of a different material of course modifies 

the polarization of the frame and the presence of anodes near the cylinder will evidently polarize it 

as well, especially since the frame and the cylinder will be electrically connected. The SS to be 

employed is most likely to be a 316, and G. Salvago and L. Magagnin obtained polarization 

behavior for a 316 SS in flowing Seawater. Figure 29 is the representation of the polarization 

data for the stainless steel the polarization curve was derived from Figure 11 of the mentioned 

authors paper (19).  
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Figure 29 - Polarization Diagram for a 316 Stainless Steel in Flowing Seawater. 

 

5.3. Zinc  

The zinc to be used must be of Anode Grade of high purity of around 99.8% of pure zinc. 

The data for this was obtained from the Atlas of Polarization Diagrams for Naval Materials in 

Seawater (20), created by the previously mentioned Carderock Division. In the atlas there is a 

section on Anode Grade Zinc, in different conditions. There are two diagrams for flowing water at 

8ft/s, one for potentiodynamic and one for potentiostatic measurements. The potentiostatic was 

ultimately used since those types of measurements are done in longer periods of time with slower 

rates allowing for more accurate data to be obtained.  

Figure 30 displays the diagram. Not all of it was placed for it actually went to about           

-150,000mA/m2 but these values were not necessary since the Anode does not generate such 

current values with the coupling to the other metals. This was learned from the previous work 

done so far, where no current in an anode was lower than -28,000mA/m2.  
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Figure 30 - Polarization Diagram for Anode Grade Zinc in Flowing Seawater. 
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6. SIMULATION RESULTS 

As mentioned in a previous chapter, various scenarios were computed for the structures 

under simulation. The bare steel scenarios were done for a point of reference. A larger number of 

anodes would have been necessary for each case in order to polarize and ultimately protect the 

carbon or stainless steels if these were bare. For the hull buoy or MTB as well as for the A-

Frame, three different efficiencies of coatings were simulated: 80, 90, and 98% which represent 

poor, good, and excellent coating quality respectively.  

 At this point it must be introduced how these efficiencies are treated in the software. 

Beasy generated the guidelines to doing this based on DNV’s (DNV is a Maritime Classification 

Society) statements regarding the coating breakdown factor. The breakdown factor describes an 

anticipated reduction in the current density because of the application of an insulating (electrical) 

coating. When the factor is 0, the coating is 100% effective, thus becoming perfect insulation, and 

it reduces the cathodic current density to zero. If the factor is one, it means that there is no 

coating or that the coating (if present) has no current-reducing properties. Its effectiveness 

depends on the number of layers in the coating (for example two layers if there is an epoxy and 

then a polyurethane, which is our case), and on the quality of the coating job done. What the 

breakdown factor ultimately does is it scales down the current density, thus representing the 

insulation provided by the coating.  

 When creating a material file from the database, while filling in the information asked by 

the software, there is an option to precisely indicate the breakdown factor for that material. Figure 

31 shows this step. So according to what was explained in the previous paragraph, for an 80% 

efficient coating, the breakdown factor is 0.2, for 90% it is 0.1, and for a 98% efficient coating, it is 

0.02. Because of this, four different material files were created from the database, one with bare 
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steel, thus having the default value of the breakdown factor of 1, and three other files with the 

coating present.  

 The idea of showing these different scenarios is to gain insight on what would happen 

depending on the quality of the coating, and thus allowing choosing a specific design of number 

of anodes and position for the structural components addressed in this thesis. Once all of the 

models, polarization data, and material files describing the initial boundary conditions were 

inputted, simulation (BEM solver) was the next step in the project.  

 

Figure 31 - Breakdown Factor assignment during material file creation. 

 

6.1. MTB – Lead Hull Buoy  

The placing of anodes for the lead hull buoy was done following Warren’s recommended 

positioning across a hull. What will be presented in this section are the results for all the 

scenarios mentioned for two, four, and six anode configurations. Because of the size of the hull, 

in all cases the 2lb anodes were found to be large enough. Smaller anodes didn’t provide 

adequate protection. Bigger anodes could also do the job as well (depending on planned service 

Breakdown 
Factor 
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life), the idea was to have the most uniform protection possible, which was achieved by smaller 

and more numerous anodes.   

 

6.1.1. Two-Anode Configuration 

Figure 32 shows a view of the hull observed from underneath, with the positioning of the 

anode corresponding to the one-third waterline length from the stern recommended by Warren. In 

the following subsections all graphs describing these case results are presented. For the four and 

six anode configuration, some of the graphs are included in Appendix A. The total number of 

elements including the anodes was 1794 with 7168 nodes employed for calculations.  

 

Figure 32 - Two-anode positioning on MTB hull. 

 

 

6.1.1.1. Bare Carbon Steel  

Convergence: 

As mentioned in the math section, iterations are performed until full potential 

convergence is obtained and an exact solution for the model is achieved (as per the tolerance 

assigned).  During the solution loop, the software presents the user a plot of convergence of BEM 
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iterations versus maximum voltage change. There are cases in which convergence is achieved 

much faster than in others. The user is responsible for indicating the amount of iterations to be 

performed. The default value is always set to 40 iterations for each node. As is the case for this 

scenario, it was achieved significantly before 40 iterations. In some cases the current error is 

above 1%, and it is an example of when convergence to was not reached. In that case the user 

may rerun the solution indicating a higher amount of iterations. In this case as seen in Figure 33 

convergence was attained after 19 iterations.  

 

 
Figure 33- Two-Anode bare steel scenario convergence report. 
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E-i Plots: 

 
Figure 34 - Two-Anode bare steel scenario ANODE E-i plot. 

 
Figure 35 - Two-Anode bare steel scenario HULL E-i plot. 
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Figures 34 and 35 show E-i polarization plots for the anode and the hull. In blue are the 

polarization curves presented in the previous chapter and in red the chosen potentials (iterates) 

at either the anode or the hull. In both cases we can say there is almost a perfect match. Below in 

Figure 36 we see a contour potential map for the case of two anodes and a bare hull.  

Potential Contour Map: 

 

Figure 36 - Two-Anode bare steel Potential contour map. Voltage in mV. 

 

Report: 

After the solution is complete, the user may observe a report indicating various aspects of 

the simulation such as current density on each component, potential, and area. Table 4 

represents this report for this case. The report is generated from the data obtained during the 

simulation and represented in various forms which have been showed previously (plots and 

convergence report). Currents are in mA, areas in m2, and voltages in mV.  

Zone Results    
ID Current In (mV) Current Out (mA) Net I In (mA) % Current Error 
Zone 1 1460.6 -1460.1 0.48336 0.03309 
Group Results    
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ID Boundary Cond Surface Area 
(m2) 

Total Current 
(mA) 

Min i  
(mA/m2) 

Anodes Zinc 5.875E-02 -1.4601E+03 -3.493E+04 
Hull Steel 2.644E+01 1.4606E+03 1.825E+01 
 Max i  

(mA/m2) 
   

Anodes -1.852E+04    
Hull 6.581E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.988E+02 -8.904E+02 
Hull -7.299E+02 -6.029E+02 

Table 4 – Simulation Results Bare Scenario. 

 

6.1.1.2. Coating Efficiency: 80% 

 

Convergence: Figure 37 shows convergence achieved in 18 iterations. 

 

 

Figure 37 - Two-Anode 80% effective coating scenario convergence report. 
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E-i Plots: 

 
Figure 38 - Two-Anode 80% effective coating scenario ANODE E-i plot. 

 
Figure 39 - Two-Anode 80% coating efficiency scenario HULL E-i plot. 
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Figures 38 and 39 show the E-i polarization plots for the anode and the hull for this case. 

The red dots show that the hull is now polarized towards more negative values. Bear in mind that 

although not visible from these images, the current density axis is scaled down. Below, Figure 40 

shows the contour potential map for this case.  

Potential Contour Map: 

 

Figure 40 - Two-Anode 80% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results    
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1287.9 -1288 -0.13384 0.01039 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i  

(mA/m2) 
Anodes Zinc 5.875E-02 -1.288E+03 -3.093E+04 
Hull 80% Coated Steel 2.644E+01 1.2879E+03 3.558E+01 
 Max I  

(mA/m2) 
   

Anodes -1.605E+04    
Hull 1.585E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0037E+03 -9.1444E+02 
Hull -7.7396E+02 -6.2907E+02 

Table 5 – Simulation Results 80% Scenario. 



68 
 

6.1.1.3. Coating Efficiency: 90% 

Convergence: Figure 49 shows that convergence was achieved in 16 iterations. 

 
Figure 41 - Two-Anode 90% efficient coating scenario convergence report. 

E-i Plots:  

 
Figure 42 - Two-Anode 90% efficient coating scenario ANODE E-i plot. 
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Figure 43 - Two-Anode 90% efficient coating scenario HULL E-i plot. 

Figures 42 and 43 show the E-i plots for anodes and hull and the same effect as before 

is observed. The red dots show that that the hull is now polarized to more negative values than 

the 80% efficiency case. Below, Figure 44 shows the potential contour map for this case.  

Potential Contour Map: 

 

Figure 44 - Two-Anode 90% efficient coating contour map plot. Voltage in mV. 
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Report: 

Zone Results    
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1180.9 -1181.0 -0.04552 0.00385 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i  

(mA/m2) 
Anodes Zinc 5.875E-02 -1.181E+03 -2.8376E+04 
Hull 90% Coated Steel 2.644E+01 1.1809E+03 3.7991E+01 
 Max i  

(mA/m2) 
   

Anodes -1.4671E+04    
Hull 8.5508E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0119E+03 -9.2974E+02 
Hull -8.0118E+02 -6.6209E+02 

Table 6 – Simulation Results 90% Scenario.  

6.1.1.4. Coating Efficiency: 98% 

Convergence: Figure 49 shows that convergence was achieved in 9 iterations.  

 

Figure 45 - Two-Anode 98% efficient coating scenario convergence report. 
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E-i Plots: 

 
Figure 46 - Two-Anode 98% effective coating scenario ANODE E-i plot. 

 

Figure 47 - Two-Anode 98% efficient coating scenario HULL E-i plot. 

Figures 46 and 47 show the E-i plots for anodes and hull with the same effect mentioned 

before.  Below, Figure 48 shows the potential contour map for this case.  
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Potential Contour Map: 

 

Figure 48 - Two-Anode 98% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 502.16 -502.17 -0.01335 0.002655 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i  

(mA/m2) 
Anodes Zinc 5.875E-02 -5.0217E+03 -1.2071E+04 
Hull 98% Coated Steel 2.644E+01 5.0216E+03 1.8918E+01 
 Max i  

(mA/m2) 
   

Anodes -6.226E+03    
Hull 1.967E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0626E+03 -1.0275E+03 
Hull -9.7298E+02 -9.1138E+02 

Table 7 – Simulation Results 98% Scenario. 
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6.1.2. Four Anodes 

 

Figure 49 - Four-Anode positioning on MTB hull. 

For the four anode scenario, the anodes were positioned following Warren’s 

recommendations.  These positions are shown in Figure 49 above. Apart from the two extra 

anodes in this case, all other boundary conditions were the same as those for the two anode 

case. The total number of elements was 2338 with 9348 nodes employed for calculations. In the 

following subsections only the contour map and report tables will be shown, leaving all the 

convergence and E-i plots for Appendix A. A similar trend was observed in the cases described in 

this section as those observed for the two anode scenario. Thus these plots are found in 

Appendix A. 

6.1.2.1. Bare 

Convergence: The convergence was achieved in 20 iterations.  

E-i Plots: Appendix A. 

Potential Contour Map: Figure 50 shows the potential contour map for this case.  
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Figure 50 - Four-Anode bare steel contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 2865.4 -2864.9 0.49101 0.017316 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.1751E-01 -2.8649E+03 -3.5131E+04 
Hull Bare Steel 2.644E+01 2.8654E+03 4.0083E+01 
 Max i 

(mA/m2) 
   

Anodes -1.7728E+04    
Hull 7.1136E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.9363E+02 -8.8921E+02 
Hull -7.4854E+02 -6.0655E+02 

Table 8 – Simulation Results Bare Scenario. 

 

6.1.2.2. Coating Efficiency: 80% 

Convergence: The convergence was achieved in 16 iterations. 

E-i Plots: Appendix A. 

Potential Contour Map: Figure 51 shows the potential contour map for this case.  
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Figure 51 - Four-Anode 80% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 2393.0 -2392.9 0.06483 0.00271 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.1751E-01 -2.3929E+03 -2.9546E+04 
Hull 80% Coated Steel 2.644E+01 2.3930E+03 6.9878E+01 
 Max i 

(mA/m2) 
   

Anodes -1.4496E+04    
Hull 1.7273E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0130E+03 -9.2272E+02 
Hull -8.0771E+02 -6.5711E+02 

Table 9 – Simulation Results 80% Scenario. 

 
Something that can be pointed out, which also occurred in the two anode case, is that 

overall current (into the hull and demanded from the anode) reduces in magnitude as one 

increases the coating efficiency. Also, the scaling effect due to the different coating efficiencies is 

easily observed. The magnitudes of the minimum and the maximum current densities reduce 

significantly, when comparing the 98% coating efficiency versus the bare hull case. In addition the  
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on-potentials on the structures move toward more negative values. This shows the contribution 

from the coating which enables the metal to reach its protection potential.  

 

6.1.2.3. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 6 iterations. 

E-i Plots: Appendix A. 

Potential Contour Map: Figure 52 shows the potential contour map for this case. 

 

Figure 52 - Four-Anode 90% efficient coating contour map. Voltage in mV. 

 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 2028.8 -2028.8 -0.012 0.00059 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.1751E-01 -2.0288E+03 -2.5079E+04 
Hull 90% Coated Steel 2.644E+01 2.0289E+03 7.0772E+01 
 Max i 

(mA/m2) 
   

Anodes -1.2247E+04    
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Hull 9.1001E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0265E+03 -9.4952E+02 
Hull -8.5249E+02 -7.1777E+02 

Table 10 – Simulation Results 90% Scenario. 

 

6.1.2.4. Coating Efficiency: 98% 

Convergence: The convergence was achieved in 7 Iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figure 53 shows the potential contour map for this case. 

 

Figure 53 - Four-Anode 98% efficient coating contour map. Voltage in mV. 

 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 532.21 -532.21 -0.0068 0.00129 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.1751E-01 -5.3221E+02 -6.5089E+03 
Hull 98% Coated Steel 2.644E+01 5.3220E+03 1.9989E+01 
 Max i 

(mA/m2) 
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Anodes -3.2107E+03    
Hull 2.1308E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0807E+03 -1.0605E+03 
Hull -1.0351E+03 -9.9915E+02 

Table 11 – Simulation Results 98% Scenario. 

Two things can be pointed out right away. As mentioned earlier, the current densities 

reduce by a complete order of magnitude in this case. And we can see that with a high coating 

quality the current is reduced drastically, in the case of four anodes it reduces from around 2000-

2800mA which was the case of the first three scenarios (bare, 80 and 90%) to 532mA. This 

clearly shows the reduction capabilities of an excellent coating. 

6.1.3. Six Anodes  

 

Figure 54 – Six-Anode positioning on MTB hull. 

 

The above, Figure 54 shows the underneath view of the MTB hull with the six anodes 

positioned as recommended by Warren. The distances between every pair are those presented in 

Chapter 3. Once again only contour maps and reports will be displayed. All other results are left 

for the Appendix as consultation material. The total number of elements for this case including all 

anodes was 2882 with 11528 nodes employed for calculations.  
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6.1.3.1. Bare  

Convergence: The convergence was achieved in 19 iterations.  

E-i Plot: Appendix A. 

Potential Contour Map: Figure 55 shows the potential contour map for this case. 

 

Figure 55 - Six-Anode bare steel contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 4255.1 -4254.8 0.29387 0.00691 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -4.2548E+03 -3.4694E+04 
Hull Bare Steel 2.6444E+01 4.2551E+03 6.0314E+01 
 Max i 

(mA/m2) 
   

Anodes -1.7300E+04    
Hull 7.3531E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.9619E+02 -8.9183E+02 
Hull -7.5076E+02 -6.0985E+02 

 Table 12 – Simulation Results Bare Scenario.  
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6.1.3.2. Coating Efficiency: 80% 

Convergence: The convergence was achieved in 10 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figure 56 shows the potential contour map for this case. 

 

Figure 56 - Six-Anode 80% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 3354.0 -3354.1 -0.10207 0.003043 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -3.3541E+03 -2.7611E+04 
Hull 80% Coated Steel 2.6444E+01 3.3539E+03 9.9682E+01 
 Max i 

(mA/m2) 
   

Anodes -1.3353E+04    
Hull 1.7769E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0198E+03 -9.3433E+02 
Hull -8.2533E+02 -6.8146E+02 

Table 13 – Simulation Results 80% Scenario. 
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6.1.3.3. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 11 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figure 57 shows the potential contour map for this case. 

 

Figure 57 - Six-Anode 90% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 2357.1 -2357.1 0.0371 0.001573 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -2.3571E+03 -1.9435E+04 
Hull 90% Coated Steel 2.6444E+01 2.35713E+03 8.7778E+01 
 Max i 

(mA/m2) 
   

Anodes -9.3670E+03    
Hull 9.4319E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0438E+03 -9.8338E+02 
Hull -9.0694E+02 -7.9951E+02 

Table 14 – Simulation Results 90% Scenario. 
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6.1.3.4. Coating Efficiency: 98% 

Convergence: The convergence was achieved in 7 iterations. 

E-i Plots: Appendix A. 

Potential Contour Map: Figure 58 shows the potential contour map for this case. 

 

Figure 58 - Six-Anode 98% efficient coating contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 558.86 -558.87 -0.00135 0.000243 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -5.58865E+02 -4.6080E+03 
Hull 98% Coated Steel 2.6444E+01 5.58864E+02 2.0805E+01 
 Max i 

(mA/m2) 
   

Anodes -2.2212E+03    
Hull 2.2579E+01    
ID Min V (mV) Max V (mV) 
Anodes -1.0867E+03 -1.0723E+03 
Hull -1.0542E+03 -1.0287E+03 

Table 15 – Simulation Results 98% Scenario. 

 



83 
 

6.1.4. Six Anodes with Linking Chain 

After reviewing the results generated for this case, and seeing how this configuration 

could work as the final design, the chain which connects the MTB to the mooring system was 

taken into consideration for simulation. The effect of its presence is something that must be 

considered for a final decision regarding the anode layout design for the hull. Because of what 

was observed in the bare and 80% coating efficiency for the four anode configuration of the 

previous section, in this section only the 90 and 98% coating efficiency will be addressed.  As 

informed by the COET, the chain is to be of stainless steel. The software is not designed to model 

chains hence a 9m-long and 0.75” cylinder was used to represent the chain.  

 

6.1.4.1. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 29 iterations. 

E-i Plots: Appendix A. 

Potential Contour Map: Figure 59 shows the potential contour map for this case. 

 
Figure 59 - Six Anodes 90% efficient coating with chain contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 2604.1 -2604.3 -0.18851 0.00724 
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Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -2.6043E+03 -2.1542E+04 
Hull 90% Steel 2.6444E01 2.3070E+03 8.5028E+01 
Chain Stainless Steel 1.0791E00 2.9704E+02 2.7448E+02 
 Max i 

(mA/m2) 
   

Anodes -1.0334E+04    
Hull 9.3109E+02    
Chain 2.7978E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0379E+03 -9.7075E+02 
Hull -8.8713E+02 -7.6831E+02 
Chain -7.9324E+02 -7.7807E+02 

Table 16 – Simulation Results 90% Scenario. 

 

6.1.4.2. Coating Efficiency: 98% 

Convergence: At this breakdown factor (and thus coating quality) there was no convergence 

achieved. The 98% quality scenario was run in all configurations and the result was the same. 

The chain was moved along the hull and simulations were run, again no convergence was 

achieved. The conclusion is that there must be a limitation of the software given the way in which 

the cylinder (the chain) is placed with respect to the hull, since these situations are not originally 

what the software was designed to simulate, especially in when coupling two dissimilar materials.   

The convergence plot can be seen in figure F20 of Appendix A. 

E-i Plots: Appendix A. 
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Potential Contour Maps: Figure 60 shows the potential contour map for this case. 

 

Figure 60 - Six Anodes 98% efficient coating with chain contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1269.8 -1485.1 -215.31 14.498 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.7626E-01 -1.4851E+03 -1.2509E+04 
Hull 98% Steel 2.6444E01 5.0430E+02 1.8886E+01 
Chain Stainless Steel 1.0791E00 7.6545E+02 4.2916E+02 
 Max i 

(mA/m2) 
   

Anodes -5.6189E+04    
Hull 1.9756E+02    
Chain 3.6849E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0651E+03 -1.0249E+03 
Hull -9.7997E+02 -9.0879E+02 
Chain -9.0466E+02 -8.8865E+02 

Table 17 – Simulation Results 98% Scenario. 
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If one compares the decrease in the chain voltage from the 90% to the 98% quality with 

the ones that will be shown later for the A-Frame case (since the cylinder is also stainless steel 

but its direction is parallel and in the same symmetry plane as the frame), the decrease in this 

case makes no sense. Of course there are errors in the simulation calculations and we see an 

elevated value for this, being a current error of over 14% which is very high. The increase in the 

polarization of the hull is also quite elevated. This will be discussed further in chapter 7. 

Table 18 summarizes the cases simulated for the MTB hull buoy. An ‘x’ symbolizes the 

ones done, while the horizontal slashes those which weren’t. 

 

 Without  
Linking Cable 

With SS 
Linking Chain 

 Anodes Anodes 
ID 2 4 6 6 

Bare X X X -- 
80 X X X -- 
90 X X X X 
98 X X X X 

Table 18 – Simulation Summary. 

 

 

6.2. A-Frame and Cylinder 

Although not presented before in the geometry creation chapter, a stainless steel cylinder 

was created to be coupled with the A-Frame structure. In actuality the SS cylinder and the frame 

will be bolted together in direct electrical contact as informed by the COET. It is a simple cylinder 

created in the GiD interface, which is presented as having both a top and a bottom surface, thus 

being a closed surface. This is not the actual case in the turbine, it an open cylinder but 

connected at both ends with the turbine. But it was done this way for simplicity’s sake (otherwise 

the software would have taken it as a tube element as a pipe) and the important fact is that it 
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possesses the same surface area that is actually going to be exposed to seawater. The number 

of elements meshed in this cylinder in each case is 112. In the following section, in Figure 61 we 

can see a rendering of the components considered for simulation. And as was mentioned earlier, 

the anode placement was purely trial and error prior to doing the actual simulations for this thesis, 

in order to define the most efficient layout.  

6.2.1. One 0.6lb Anode 

From the size of the A-Frame, it was inferred before simulation, that a single 0.6lb anode 

was not capable of doing the job, especially since there was another component made of 

stainless steel that needed polarization as well. This thought proved to be correct. It will be 

presented here because of an odd behavior that was encountered regarding the polarization 

capability as the coating quality increased. Similar to what was presented in the hull section, all 

result plots will be presented only for this case, and all further cases of anode layout and sizes 

will only present plots of potential contour maps and simulation report, leaving all other plots as 

consultation material in the Appendix A at the end of this thesis.  

 
Figure 61 - Rendering of the A-Frame and cylinder with one 0.6lb anode. 
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6.2.1.1. Bare 

Convergence: Achieved at 38 iterations. 

 
Figure 62 - One 0.6lb anode bare steel scenario convergence report. 

E-i Plots: 

 
Figure 63 - One 0.6lb anode bare steel scenario ANODE E-i plot. 
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Figure 64 - One 0.6lb anode bare steel scenario HULL E-i plot. 

 

Figure 65 - One 0.6lb anode bare steel scenario CYLINDER E-i plot. 

Figures 62 through 65 show the same idea as that for the case of the hull.  
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Potential Contour Map: Figures 66 and 67 show the potential contour maps for this case. 

 

Figure 66 - One 0.6lb anode bare steel contour map. Voltages in mV. 

 

 

Figure 67 - One 0.6lb anode bare steel CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 523.86 -525.11 -1.2476 0.2376 

Group Results    
ID Boundary Cond Surface Area  

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.0161E-02 -3.5417E+02 -4.2801E+04 
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A-Frame Bare Steel 2.6554E00 -1.2422E+02 -1.7175E+02 
Cylinder Stainless Steel 2.1921E00 4.7715E+02 2.1568E+02 
 Max i 

(mA/m2) 
   

Anodes -2.5989E+04    
A-Frame 8.2790E+02    
Cylinder 2.2038E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.4406E+02 -8.4319E+02 
A-Frame -7.7985E+02 -5.7193E+02 
Cylinder -5.7146E+02 -5.5844E+02 

Table 19 – Simulation Results Bare Scenario. 

As a reminder areas are in m2, currents in mA, current densities are thus in mA/m2, and 

voltages in mV. We can see right away how the range of current densities in the stainless steel is 

extremely narrow, it doesn’t shift as much as that for the carbon steel, and this is simply an 

inherent characteristic of stainless steels. Likewise, the voltage range is also narrow. And as a 

final remark, since the frame area is almost 10 times smaller than that of the hull, we see that the 

total currents in and out of the system are significantly lower. 

 

 

6.2.1.2. Coating Efficiency: 80% 

Convergence: Achieved at 74 iterations. 

E-i Plots: Appendix. 
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Potential Contour Maps: Figures 68 and 69 show the potential contour maps for this case. 

 

Figure 68 - One 0.6lb anode 80% efficient coating contour map. Voltages in mV. 

 

Figure 69 - One 0.6lb anode 80% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 465.86 -467.1 -1.2424 0.2659 
Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 1.0161E-02 -3.6108E+02 -4.3751E+04 
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A-Frame 80% Coated Steel 2.6554E00 -9.9543E+01 -7.1199E+01 
Cylinder Stainless Steel 2.1921E00 4.5938E+02 2.0772E+02 
 Max i 

(mA/m2) 
   

Anodes -2.6155E+04    
A-Frame 1.6398E+02    
Cylinder 2.1208E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.4307E+02 -8.3749E+02 
A-Frame -7.7736E+02 -5.4181E+02 
Cylinder -5.4847E+02 -5.3641E+02 

Table 20 – Simulation Results 80% Scenario. 

Several things must be pointed out. First, although the total currents and the current 

density range for the frame and the cylinder present the same observed behavior as in the hull, 

the anodes do not follow this behavior and second neither do any of the voltages. If we compare 

the total current for this anode with the one in bare steel, the magnitude actually increased as well 

as the current density range. This behavior is also observed in the 90% and 98% coating 

efficiency. Because the current demanded by the frame and the cylinder requires the anode to 

shift to more noble values so as to be able to provide a larger current.  Thus we obtained the 

results we observe in Table 20. The possible reason for this is that some resistance is generated 

by the coating which cannot be surpassed by the small size of the one anode.   

 

6.2.2. Three 0.6lb Anodes 

The behavior presented in the previous case does not repeat itself in this anode 

configuration. Although still the same size as before, the presence of three anodes is enough to 

polarize correctly the frame and the cylinder.  Figure 70 shows this anode layout. It is important 

to point out that the lowest part of the frame will always be the most unprotected given to its 

proximity to the steel cylinder.  
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Figure 70 - Rendering of the A-Frame and cylinder with three 0.6lb anode. 

 

  

 

6.2.2.1. Bare 

Convergence: The convergence was achieved in 39 iterations. 

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 71 and 72 show the potential contour maps for this case. 

 

Figure 71 - Three 0.6lb anodes bare steel contour map. Voltages in mV. 

 

Figure 72 - Three 0.6lb anodes bare steel CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1004.0 -1005.3 -1.2929 0.1286 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 3.0483E-02 -1.0020E+03 -4.0506E+04 
A-Frame Bare Steel 2.6554E00 4.9745E+02 -6.4540E+01 
Cylinder Stainless Steel 2.1921E00 5.0325E+02 2.2815E+02 



96 
 

 Max i 
(mA/m2) 

   

Anodes -2.4512E+04    
A-Frame 8.6468E+02    
Cylinder 2.3144E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.5292E+02 -8.5697E+02 
A-Frame -7.9949E+02 -5.8945E+02 
Cylinder -6.0213E+02 -5.9301E+02 

Table 21 – Simulation Results Bare Scenario. 

 

 

6.2.2.2. Coating efficiency: 80% 

Convergence: The convergence was achieved in 60 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 73 and 74 show the potential contour maps for this case. 

 

Figure 73 - Three 0.6lb anodes 80% efficient coating contour map. Voltages in mV. 
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Figure 74 - Three 0.6lb anodes 80%efficient coating CYLINDER contour map. Voltages in mV. 

Reports: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 845.33 -847.83 -2.4965 0.2945 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 3.0483E-02 -8.4783E+02 -3.4526E+04 
A-Frame 80% Coated Steel 2.6554E00 2.9854E+02 4.7386E+01 
Cylinder Stainless Steel 2.1921E00 5.4678E+02 2.4687E+02 
 Max i 

(mA/m2) 
   

Anodes -2.0419E+04    
A-Frame 1.8163E+02    
Cylinder 2.5056E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.7748E+02 -8.9284E+02 
A-Frame -8.4945E+02 -6.3873E+02 
Cylinder -6.6197E+02 -6.46681E+02 

Table 22 – Simulation Results 80% Scenario. 

 

6.2.2.3. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 80 iterations.  

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 75 and 76 show the potential contour maps for this case. 

 

Figure 75 - Three 0.6lb anodes 90% coating efficiency contour map. Voltages in mV. 

 

Figure 76 - Three 0.6lb anodes 90% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 761.11 -763.76 -2.6501 0.3469 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 3.0483E-02 -7.6376E+02 -3.1181E+04 
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A-Frame 90% Coated Steel 2.6554E00 1.9905E+02 4.6960E+01 
Cylinder Stainless Steel 2.1921E00 5.6206E+02 2.5473E+02 
 Max i 

(mA/m2) 
   

Anodes -1.8336E+04    
A-Frame 9.2369E+01    
Cylinder 2.5749E+02    
ID Min V (mV) Max V (mV) 
Anodes -9.8998E+02 -9.1291E+02 
A-Frame -8.7501E+02 -6.7676E+02 
Cylinder -6.9987E+02 -6.8473E+02 

Table 23 – Simulation Results 90% Scenario. 

 

6.2.2.4. Coating Efficiency 98% 

Convergence: The convergence was achieved in 80 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 77 and 78 show the potential contour maps for this case. 

 

Figure 77 - Three 0.6lb anodes 98% efficient coating contour map. Voltage in mV. 
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Figure 78 - Three 0.6lb anodes 98% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 632.92 -637.76 -4.8402 0.7589 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 3.0483E-02 -6.4076E+02 -2.6251E+04 
A-Frame 98% Coated Steel 2.6554E00 4.6188E+01 1.5577E+01 
Cylinder Stainless Steel 2.1921E00 5.8674E+02 2.6618E+02 
 Max i 

(mA/m2) 
   

Anodes -1.5325E+04    
A-Frame 1.8924E+01    
Cylinder 2.6894E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0080E+03 -9.4249E+02 
A-Frame -9.1193E+02 -7.3661E+02 
Cylinder -7.5655E+02 -7.4348E+02 

Table 24 – Simulation Results 98% Scenario. 
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6.2.3. One 2lb Anode 

 

Figure 79 - Rendering of the A-Frame and cylinder with one 2lb anode. 

The Figure 79 above displays the rendering of this anode configuration for the frame 

components.  

 

6.2.3.1. Bare 

Convergence: The convergence was achieved in 39 iterations. 

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 80 and 81 show the potential contour maps for this case. 

 

Figure 80 - One 2lb anode bare steel contour map. Voltages in mV. 

 

Figure 81 - One 2lb anode bare steel CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 712.08 -713.36 -1.2748 0.1787 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 2.9377E-02 -7.0641E+02 -3.6868E+04 
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A-Frame Bare Steel 2.6554E00 2.1095E+02 8.8438E+01 
Cylinder Stainless Steel 2.1921E00 4.9419E+02 2.2336E+02 
 Max i 

(mA/m2) 
   

Anodes -1.3035E+04    
A-Frame 9.5138E+02    
Cylinder 2.2830E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0217E+03 -8.7879E+02 
A-Frame -9.2035E+02 -5.8554E+02 
Cylinder -5.9342E+02 -5.7971E+02 

Table 25 – Simulation Results Bare Scenario. 

 

6.2.3.2. Coating Efficiency: 80% 

Convergence: The convergence was achieved in 60 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 82 and 83 show the potential contour maps for this case. 

 

Figure 82 - One 2lb anode 80% efficient coating contour map. Voltage in mV. 
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Figure 83 - One 2lb anode 80% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 641.25 -643.55 -2.3034 0.3579 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 2.9377E-02 -6.4355E+02 -3.3999E+04 
A-Frame 80% Coated Steel 2.6554E00 1.2723E+02 5.1256E+00 
Cylinder Stainless Steel 2.1921E00 5.1402E+02 2.3238E+02 
 Max i 

(mA/m2) 
   

Anodes -1.1365E+04    
A-Frame 1.9297E+02    
Cylinder 2.3747E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0318E+03 -8.9601E+02 
A-Frame -9.4217E+02 -6.0419E+02 
Cylinder -6.1882E+02 -6.0472E+02 

Table 26 – Simulation Results 80% Scenario. 

 

6.2.3.3. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 60 iterations.  

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 84 and 85 show the potential contour maps for this case. 

 

Figure 84 - One 2lb anode 90% efficient coating contour map. Voltage sin mV. 

 

Figure 85 - One 2lb anode 90% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 612.88 -617.3 -4.4202 0.71602 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 2.9377E-02 -6.1929E+02 -3.2777E+04 
A-Frame 90% Coated Steel 2.6554E00 8.7699E+01 1.0976E+01 
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Cylinder Stainless Steel 2.1921E00 5.2518E+02 2.3742E+02 
 Max i 

(mA/m2) 
   

Anodes -1.0867E+04    
A-Frame 9.6988E+01    
Cylinder 2.4263E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0348E+03 -9.0334E+02 
A-Frame -9.4892E+02 -6.1794E+02 
Cylinder -6.3313E+02 -6.1870E+02 

Table 27 – Simulation Results 90% Scenario. 

 

6.2.3.4. Coating Efficiency: 98% 

Convergence: The convergence was achieved in 80 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 86 and 87 show the potential contour maps for this case. 

 

Figure 86 - One 2lb anode 98% efficient coating contour map. Voltage in mV. 
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Figure 87 - One 2lb anode 98% efficient coating CYLINDER contour map. Voltage in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 571.09 -576.28 -5.1910 0.9006 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 2.9377E-02 -5.7828E+02 -3.0656E+04 
A-Frame 98% Coated Steel 2.6554E00 2.6363E+01 5.4969E+00 
Cylinder Stainless Steel 2.1921E00 5.4472E+02 2.4694E+02 
 Max i 

(mA/m2) 
   

Anodes -1.0091E+04    
A-Frame 1.9554E+01    
Cylinder 2.5019E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0394E+03 -9.1606E+02 
A-Frame -9.5957E+02 -6.4492E+02 
Cylinder -6.5995E+02 -6.4505E+02 

Table 28 – Simulation Results 98% Scenario. 
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6.2.4. Three 2lb Anodes 

 
Figure 88 - Rendering of the A-Frame and cylinder with three 2lb anodes. 

 

6.2.4.1. Bare 

Convergence: The convergence was achieved in 39 iterations.  

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 89 and 90 show the potential contour maps for this case. 

 
Figure 89 - Three 2lb anode bare steel contour map. Voltages in mV. 
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Figure 90 - Three 2lb anode bare steel CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1873.2 -1874.6 -1.3749 0.0733 

Group 
Results 

    

ID Boundary Cond Surface Area 
(m2) 

Total Current 
(mA) 

Min i 
(mA/m2) 

Anodes Zinc 8.8132E-02 -1.8746E+03 -3.2716E+04 
A-Frame Bare Steel 2.6554E00 1.3298E+03 1.1551E+02 
Cylinder Stainless Steel 2.1921E00 5.4337E+02 2.4188E+02 
 Max i 

(mA/m2) 
   

Anodes -1.1676E+04    
A-Frame 9.6326E+02    
Cylinder 2.4938E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0299E+03 -9.0371E+02 
A-Frame -9.3982E+02 -6.1887E+02 
Cylinder -6.5553E+02 -6.3105E+02 

Table 29 – Simulation Results Bare Scenario. 

 

6.2.4.2. Coating Efficiency: 80% 

Convergence: The convergence was achieved in 77 iterations. 

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 91 and 92 show the potential contour maps for this case. 

 

Figure 91 - Three 2lb anodes 80% efficient coating contour map. Voltages in mV. 

Figure 91 shows the contour map for the case of three 2lb anodes with 80% coating 

efficiency. The contour map shows that practically all the frame is being homogeneously 

protected at around -830mV, the noblest voltage being around 770mV. All of these potentials are 

close or within the range of -800 to -850mV recommended by various authors as the appropriate 

protection potential. 

 

Figure 92 - Three 2lb anodes 80% efficient coating CYLINDER contour map. Voltages in mV. 
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 Figure 92 shows the potential contour map for the cylinder, we see that most of it is 

above -800mV, the recommended practice for polarizing stainless steel. Because of the extra 

elements present in this alloy, polarizing SS to a more negative potential will promote hydrogen 

evolution, which in turn could compromise the structural integrity (hydrogen embrittlement). This 

is something that must be avoided. Whether to select or not this configuration (and scenario), will 

be addressed in the analysis chapter.  

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 1104.4 -1106.0 -1.6089 0.1455 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 8.8132E-02 -1.1059E+03 -1.9857E+04 
A-Frame 80% Coated Steel 2.6554E00 4.8217E+02 1.7168E+02 
Cylinder Stainless Steel 2.1921E00 6.2221E+02 2.7792E+02 
 Max i 

(mA/m2) 
   

Anodes -6.5667E+03    
A-Frame 2.0493E+02    
Cylinder 2.8637E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0606E+03 -9.8085E+02 
A-Frame -1.0094E+03 -7.7436E+02 
Cylinder -8.1205E+02 -7.8767E+02 

Table 30 – Simulation Results 80% Scenario. 

 

6.2.4.3. Coating Efficiency: 90% 

Convergence: The convergence was achieved in 75 iterations. 

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 93 and 94 show the potential contour maps for this case. 

 

Figure 93 - Three 2lb anodes 90% efficient coating contour map. Voltage in mV. 

 

Figure 94 - Three 2lb anodes 90% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 905.98 -907.61 -1.6218 0.1787 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 8.8132E-02 -9.0761E+02 -1.6425E+04 
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A-Frame 90% Coated Steel 2.6554E00 2.4832E+02 8.9334E+01 
Cylinder Stainless Steel 2.1921E00 6.5766E+02 2.9462E+02 
 Max i 

(mA/m2) 
   

Anodes -5.3256E+03    
A-Frame 1.5033E+02    
Cylinder 3.1258E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0680E+03 -1.0014E+03 
A-Frame -1.0264E+03 -8.2525E+02 
Cylinder -8.5468E+02 -8.3563E+02 

Table 31 – Simulation Results 90% Scenario. 

After observing the potential values specifically for the cylinder which are well below the 

recommended values, it is most likely the cylinder will suffer from overprotection and hydrogen 

evolution will be inevitable. Due to this result, the 98% efficient coating for this configuration will 

not be presented here. A simulation was run for 98% coating efficiency and the potentials in the 

cylinder were around -900mV (far too negative).  

6.2.5. Extra configurations: Three 1lb and Two 2lb Anodes  

 
Figure 95 - Rendering of the 3-1lb and 2-2lb anode configuration. 
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Two more configurations (Figure 95) were considered so as to have more information 

available and to compare with the previously presented results in the analysis chapter. This will 

help for better decision making.   

 

6.2.5.1. Three 1lb Anodes Coating Efficiency: 90% 

Convergence: The convergence was achieved in 80 iterations.  

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 96 and 97 show the potential contour maps for this case. 

 

Figure 96 - Three 1lb anodes 90% efficient coating contour map. Voltages in mV. 
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Figure 97 - Three 1lb anodes 90% efficient coating CYLINDER contour map. Voltages in mV. 

For this configuration the bare steel scenario was not solved given the findings obtained 

with three 0.6lb and three 2lb configurations with the A-Frame bare. The 80% quality was also not 

computed.  

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 818.18 -821.47 -3.293 0.4009 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 4.161E-02 -8.2147E+02 -2.4301E+04 
A-Frame 90% Coated Steel 2.6554E00 2.3096E+02 7.6051E+01 
Cylinder Stainless Steel 2.1921E00 5.8722E+02 2.6554E+02 
 Max i 

(mA/m2) 
   

Anodes -1.4357E+04    
A-Frame 9.5579E+01    
Cylinder 2.6923E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0139E+03 -9.5419E+02 
A-Frame -9.2757E+02 -7.3113E+02 
Cylinder -7.5789E+02 -7.4045E+02 

Table 32 – Simulation Results 90% Scenario. 
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6.2.5.2. Three 1lb Anodes Coating Efficiency: 98% 

Convergence: The convergence was achieved in 80 iterations. 

E-i Plots: Appendix A. 

Potential Contour Maps: Figures 98 and 99 show the potential contour maps for this case. 

 

Figure 98 - Three 1lb anodes 98% efficient coating contour map. Voltages in mV. 

 

Figure 99 - Three 1lb anodes 98% efficient coating CYLINDER contour map. Voltages in mV. 
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Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 670.0 -674.01 -4.0099 0.5949 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 4.161E-02 -6.7401E+02 -2.0042E+04 
A-Frame 98% Coated Steel 2.6554E00 4.8140E+01 1.7438E+01 
Cylinder Stainless Steel 2.1921E00 6.2185E+02 2.8110E+02 
 Max i 

(mA/m2) 
   

Anodes -1.1717E+04    
A-Frame 1.9503E+01    
Cylinder 2.8591E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0297E+03 -9.7975E+02 
A-Frame -9.5928E+02 -7.8979E+02 
Cylinder -8.1076E+02 -7.9701E+02 

Table 33 – Simulation Results 98% Scenario. 

 

 

 

 

 

 

 

 

 

6.2.5.3. Two 2lb Anodes Coating Efficiency: 90% 

Convergence: The convergence was achieved in 80 iterations.  

E-i Plots: Appendix A. 
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Potential Contour Maps: Figures 100 and 101 show the potential contour maps for this case. 

 

Figure 100 - Two 2lb anodes 90% efficient coating contour map. Voltages in mV. 

The bare and 80% coating quality cases were not computed for this anode configuration 

either.  

 

Figure 101 - Two 2lb anodes 90% efficient coating CYLINDER contour map. Voltages in mV. 

Report: 

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 824.86 -828.05 -3.1936 0.3856 

Group Results    
ID Boundary Cond Surface Area Total Current Min i 
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(m2) (mA) (mA/m2) 
Anodes Zinc 5.8754E-02 -8.2805E+02 -2.1798E+04 
A-Frame 90% Coated Steel 2.6554E00 2.3313E+02 7.7883E+01 
Cylinder Stainless Steel 2.1921E00 5.9173E+02 2.6686E+02 
 Max i 

(mA/m2) 
   

Anodes -7.3507E+03    
A-Frame 1.0121E+01    
Cylinder 2.7111E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0559E+03 -9.6921E+02 
A-Frame -9.9819E+02 -7.3660E+02 
Cylinder -7.6679E+02 -7.4670E+02 

Table 34 – Simulation Results 90% Scenario. 

 

6.2.5.4. Two 2lb Anodes Coating Efficiency: 98% 

Convergence: The convergence was achieved in 80 iterations. 

E-i. Plots: Appendix A. 

Potential Contour Maps: Figures 102 and 103 show the potential contour maps for this case.  

 

Figure 102 - Two 2lb anodes 98% efficient coating contour map. Voltage in mV. 
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Figure 103 - Two 2lb anodes 98% efficient coating CYLINDER contour map. Voltages in mV. 

Report:  

Zone Results     
ID Current In (mA) Current Out (mA) Net Current In % Current Error 
Zone 1 675.89 -679.58 -3.6897 0.5429 

Group Results    
ID Boundary Cond Surface Area 

(m2) 
Total Current 

(mA) 
Min i 

(mA/m2) 
Anodes Zinc 5.8754E-02 -6.7958E+02 -1.7939E+04 
A-Frame 98% Coated Steel 2.6554E00 4.8469E+01 1.7485E+01 
Cylinder Stainless Steel 2.1921E00 6.2742E+02 2.8267E+02 
 Max i 

(mA/m2) 
   

Anodes -5.9828E+03    
A-Frame 2.0736E+01    
Cylinder 2.8822E+02    
ID Min V (mV) Max V (mV) 
Anodes -1.0641E+03 -9.9236E+02 
A-Frame -1.0170E+03 -7.9367E+02 
Cylinder -8.1735E+02 -8.0148E+02 

Table 35 – Simulation Results 98% Scenario. 

Table 36 summarizes the simulated cases for the A-Frame/Cylinder.   

 Anode Configuration 

ID 1 - 0.6lb 3 - 0.6lb 1 - 2lb 3 - 2lb 3 - 1lb 2 - 2lb 
Bare X X X X -- -- 

80 X X X X -- -- 
90 -- X X X X X 
98 -- X X -- X X 

Table 36 – Simulation Summary. 
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6.3. Cylinder Maximum and Minimum Voltage Points 

Given that a cathodic sacrificial protection installed on the A-Frame structure may 

polarize the the stainless steel cylinder to values in which hydrogen evolution rate can be 

considerable.  It was decided to identify where the maximum potential (more positive potential) 

occurs. In Figure 104, the case on the left represents the cases for one anode configurations and 

on the right represents the three and two anode configurations. The noblest (maximum) is in red,  

and the most negative potential value (minimum) is in blue.  

  

 

Figure 104 - Maximum (red) and Minimum (blue) potentials on the stainless steel cylinder. 

For the case of the one anode configurations (left above) the most active point is located 

at an edge where the frame and the cylinder meet. In the case of the two and three anode 

configurations, the most active point occurs near the edge of the cylinder, where it will meet the 

turbine main body.  
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7. ANALYSIS AND DISCUSSION 

For the tables presented in this chapter, the values shown are those of the potentials 

(mV). The maximum value is understood not as in magnitude, i.e., the more positive potential, 

and the minimum value is the most negative potential value. The bare scenarios will not be 

analyzed or discussed in this chapter.  

7.1. MTB Hull Buoy 

Table 37 presents a summary of all the potential values considered in chapter 6 

concerning the MTB hull buoy with a coating system present. As indicated briefly in the previous 

chapter the best choice is that of the 6-anode configuration, the discussion for all other 

configurations will be brief.  

 Anode Configuration – Hull Chain 
ID Value 2 4 6 6 WLC 6WLC 

Bare 
Potentials 

Max -602.9 -606.55 -609.85 -- -- 
Min -729.9 -748.54 -750.76 -- -- 

80% 
Potentials 

Max -629.07 -657.11 -681.46 -- -- 
Min -773.96 -807.71 -825.33 -- -- 

90% 
Potentials 

Max -662.09 -717.77 -799.51 -768.31 -778.07 
Min -801.18 -852.49 -906.94 -887.13 -793.24 

98% 
Potentials 

Max -911.39 -999.15 -1028.7 -908.79 -888.65 
Min -972.98 -1035.1 -1054.2 -979.97 -904.66 

Table 37 – Summary of Maximum and Minimum Potential Values on Hull and Chain. 

7.1.1. Two Anodes 

The presence of a coating system effects how much protection is achieved with different 

SACP configuration, when comparing the bare scenarios with > than 80% coating efficiency.  
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For the two anode configurations and 80% coating efficiency we can observe from Table 37 and 

in combination with Figure 40 the hull is quite under-protected, and the protection is far from 

uniform. Additional polarization is observed with 90% coating efficiency, but protection is not 

achieved. For the case with 98% quality the whole hull is polarized to values more negative than -

800 mV, and is considered to be adequately protected. 

7.1.2. Four Anodes 

Similar trends were observed for this configuration than for 80% coating efficiency. The 

80% quality is far from adequately protecting the hull; the 90%, although a better uniformity just a 

portion of the structure is polarized to values < -800 mV, most of the hull is still under-protected 

with a range of potential values from -720mV to -760mV. It is simply not quite negative enough to 

consider it a good protection.  For the case with 98% coating efficiency the whole hull is polarized 

to values close to that of the anode. This could be a mathematical artifact due in part to the fact 

that the cathodic reaction at the anodes was not included because it was assumed negligible. 

Also the hull is polarized to values just below the mass transport regime to attempt to balance the 

current provided by the anodes.  

7.1.3. Six Anodes 

For the 80% quality, most of the hull is almost in the potential range of protection, but not 

quite there. But when considering the 90% quality, a uniform potential distribution is achieved 

protecting the hull, since the bulk of the hull area is in the range of -800mV to -840mV. Recall that 

the protection potential range established for carbon steel is (-800mV to -850mV). For 98% 

coating efficiency  the whole hull is polarized to values close to that of the anode. The causes of 

this significant additional polarization are the same than those described in section 7.1.2.  

7.1.4. Six Anodes with Linking Chain 

As mentioned in section 6.1.4., the six anode configuration proved early on to be the 

most effective to protect the hull, if a good or better quality coating could be guaranteed. In this 
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section the effects of the linking chain to the mooring system is described. The bare and 80% 

coating efficiency scenarios were not considered for simulation. For the case with 90% coating 

efficiency, the presence of the chain actually shifted the potentials toward a nobler direction (as 

seen in Figure 59 and in the summarized results of Table 37). The bulk potential range for the 

hull in this case is from -780mV to -820mV, which is still good. Also, the range of the potentials for 

the chain is within acceptable limits (-778mV to -793mV) so as to not produce excessive 

hydrogen (due to HER). Finally, for the 98% quality scenario, although the potential values for the 

hull also moved toward somewhat nobler values. The potential values were still significantly more 

negative than for the 90% scenario. The special circumstance still persists, as described in 

section 7.1.2.  No convergence was achieved (as can be seen for this case in the Appendix A).  

7.1.5. Recommendation 

Based on the results and discussions made, it is recommended that a six-anode system 

as the one proposed as a possible configuration in this thesis project be the one implemented, as 

long as a good or better-than-good coating quality is guaranteed. The results from the excellent 

quality scenarios are thus assumed to be due to the assumed polarization curve with 98% coating 

efficiency. Convergence was not achieved, with the maximum potential change jumping from 30 

to 100mV as seen in Figure F20 in the Appendix. If the convergence was taken to a very small 

(fraction of a mV) potential change as in all other configurations and scenarios (except the 98% 

quality with linking chain) a better and more accurate result would have been displayed.  

7.2. Turbine A-Frame 

For the case of the frame, we can see the potential results of the simulations for each 

configuration and scenario in Tables 38 (the A-frame) and Table 39 (SS cylinder). The full reports 

have already been presented for each case in the previous chapter, but we consider only the 

potential here, given that it is actually the parameter which will allow us to determine whether the 

structures are sufficiently and uniformly protected.  The minimum value was usually found at the 
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site where the anode is placed; thus, this is a very small area. The bulk of the structures have an 

average range of potential values far more positive (nobler) than these values.  

 Anode Configuration – Frame 
ID Value 1 - 0.6lb 3 - 0.6lb 1 - 2lb 3 - 2lb 3 - 1lb 2 - 2lb 

Bare 
Potentials 

Max -571.93 -589.45 -585.54 -618.87 -- -- 
Min -779.85 -799.49 -920.35 -939.82 -- -- 

80% 
Potentials 

Max -541.81 -638.73 -604.19 -774.63 -- -- 
Min -777.36 -849.45 -942.17 -1009.4 -- -- 

90% 
Potentials 

Max -- -676.76 -617.94 -825.25 -731.13 -736.61 
Min -- -875.01 -948.92 -1026.4 -927.57 -998.19 

98% 
Potentials 

Max -- -736.61 -644.92 -- -789.79 -793.67 
Min -- -911.93 -959.57 -- -959.28 -1017.1 

Table 38 – Summary of Maximum and Minimum Potential Values on A-Frame. 

 Anode Configuration – Cylinder 
ID Value 1 - 0.6lb 3 - 0.6lb 1 - 2lb 3 - 2lb 3 - 1lb 2 - 2lb 

Bare 
Potentials 

Max -558.94 -593.01 -579.71 -631.05 -- -- 
Min -571.46 -602.13 -593.42 -655.53 -- -- 

80% 
Potentials 

Max -536.41 -646.68 -604.72 -787.67 -- -- 
Min -548.47 -661.97 -618.82 -812.05 -- -- 

90% 
Potentials 

Max -- -684.73 -618.71 -835.63 -740.45 -746.71 
Min -- -699.87 -633.13 -854.68 -757.89 -766.79 

98% 
Potentials 

Max -- -743.48 -645.05 -- -797.01 -801.14 
Min -- -756.55 -659.95 -- -810.76 -817.35 

Table 39 – Summary of Maximum and Minimum Potential Values on SS Cylinder. 

 

7.2.1. One 0.6lb Anode 

In the section about this configuration it was addressed, that for some undetermined 

reason, the behavior of the simulations were out of the ordinary. The potentials became nobler as 

the coating was increased. But at the end of all, the polarization potential of the frame and the 

cylinder were not enough and thus were underprotected. It is quite evident this configuration in its 

entirety is not suitable as an appropriate design.   
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7.2.2. Three 0.6lb Anodes 

In the 80% efficient coating scenario, although the minimum potential was near -850mV 

and would be considered safely in the protection range, most of the frame as seen in the contour 

map of Figure 73 was in the range of -640mV to -680mV, which is clearly under-protected. In 

addition, the cylinder was at around -650mV, with the desired range for protection potential being 

from -650mV to -800mV, so it is borderline protected. In the 90% quality, although the anodes 

were now more capable of polarizing the frame towards a more negative value, most of the frame 

structure is still under-protected at around -705mV to -730mV. Finally, for the 98% quality most of 

the frame continues to be under-protected. However, it became quite close to the -800mV mark 

(established for protection), with the range of values being from -770mV to -810mV. Also, for this 

case, the potential values of the cylinder are in a range of -732mV to -755mV which is still a good 

potential for the stainless steel and no need to fear hydrogen evolution. If this coating quality is 

obtained, it would be an appropriate anode configuration for the SACP design.  

7.2.3. One 2-lb Anode 

For the 80% quality, the maximum values for the frame and cylinder, as well as the 

contour map in Figure 82, show that in this scenario it simply isn’t enough to protect the structural 

elements. They are heavily underprotected, especially the frame whose bulk potential range goes 

from -610mV to -645mV approximately, which is far below the desired protection potential (-

800mV to -850mV). In the 90% quality case, the same behavior was observed for previous cases; 

the overall potentials became more negative, but didn’t come close to the protection potential, 

especially for the case of the frame.  Finally, the 98% quality case definitely showed that a one 

anode configuration is simply not enough, and evidently a uniform protection is practically not 

possible (inferred from the potential max and min and the contour map). The chosen 

configuration must be more than one anode.   
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7.2.4. Three 2-lb Anodes 

In the 80% quality, we see that practically the entire frame was protected, with just the 

lowest part (where it is connected to the cylinder) being slightly above -800mV (around -775mV). 

However, the cylinder was polarized almost in its entirety to a potential very close to -800mV.  

Thus hydrogen evolution could be become a possible concern. For the 90% quality scenario, we 

saw that it became an excess polarization of the structures. The bulk of the frame was around -

890mV (which is not ok), but the cylinder’s potential range was from -835mV to -855mV. This is 

too negative and hydrogen evolution would become an issue. Because of this, this configuration 

was discarded, and the 98% quality is not presented in this manuscript since the values for both 

potentials were evidently in the overprotection ranges, an undesired effect to the system.  

7.2.5. Three 1lb Anodes 

This was one of the two extra configurations considered after having observed the 

behavior of all the previous configurations, as mentioned in the previous chapter. In the 90% 

quality we see from the result tables in this section and Figure 96 that the bulk of the frame is in a 

range of -775mV to -815mV, which is pretty much on the protection potential range mentioned 

several times before. The cylinder’s range is from -740mV to -757mV, which is a good protection 

potential which doesn’t warrant the preoccupation of hydrogen evolution. In the 98% quality most 

of the frame has been polarized to a range between -815mV and -850mV (Figure 98), even with 

the lowest section of the frame being at a potential of around -795mV.  This is the most desired 

uniform protection so far. But a small problem may be identified for the stainless steel cylinder. 

The average value of the potential contour is around -805mV, which is slightly in overprotection 

territory, and hydrogen evolution could become a concern.  

7.2.6. Two 2-lb Anodes 

This was another of the extra configurations after observing all of the previous cases. 

Again, neither bare nor the 80% quality were simulated. In the 90% case, the two anodes show to 
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be not enough protection for the frame, especially in significant area of the lowest section were 

most of it is in the range of -740mV to -760 mV. It is evident this would be the case given that the 

two anodes are placed farther above and thus a completely uniform protection cannot be 

achieved. However, this could be a compromise as to not to over-polarize the cylinder. For the 

98% quality case, although the frame is safely protected, the cylinder has fallen to overprotection 

and hydrogen evolution is once more a concern, the cylinder having a polarized potential range of 

-800mV to -818mV.  

7.2.7. Recommendation 

After having analyzed all the configurations and scenarios, there are two viable 

recommendations for the sacrificial anode cathodic protection system design of the A-Frame 

structure.  

1) A three 1-lb anode configuration like the one presented in section 6.2.5. if at least a 

good coating quality may be guaranteed.  

2) If a better-than-good quality is achievable for the coating, a three anode configuration 

is recommended, with the two upper anodes being 1-lb in size, and the lower anode 

being a 0.6lb. With this, the polarization potential of the cylinder is increased to a 

slightly nobler value and the risk of overprotection potentials (as observed in Table 

39) in the cylinder reduced.  
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8. CONCLUSIONS 

There are several things to conclude from the work presented in this manuscript. Various 

things were learned from the several configurations and scenarios for both the lead hull buoy and 

the turbine frame that must be pointed out so as to leave a clear path for someone else to further 

this work with the COET. In this section these conclusions will be presented for each of the 

structures separately.   

There are of course conclusions in a general sense relating mostly with the use of the 

software, the main lesson learned being to be consistent with units between the polarization 

diagrams and the model creation in the GiD. Following instructions from the tutorials are 

paramount to not committing pre-simulation mistakes that may lead to fatal errors during the 

solution process, and lastly taking some time to learn how to use all the model tools is essential in 

hasting the model preparation process.  

 

8.1. Lead Hull Buoy (MTB) 

Several things can be pointed out for the hull buoy. For one it was determined that the 

most effective uniform potential distribution comes from the six-anode system, where the entire 

hull base (which is the area constantly submerged) is safely protected, even when introducing an 

extra body like the SS linking chain. There was a shift towards more noble potentials but still 

remained quite protected. 

It was also learned that there is a limitation from the software when simulating very low 

breakdown factors. For the 98% case scenarios a spiking towards more negative values was 

observed (even if convergence where achieved) and then when introducing the chain, the fact 

that the extra body (chain) is in a perpendicular fashion with respect to the hull’s selected
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 symmetry plane simply lead to non-convergence as was mentioned. Still, the solution for a 

higher breakdown factor like that of the 90% or good coating quality scenario is robust enough to 

have chosen it as the recommended configuration. 

So in conclusion, one must be very careful with the implementation of the polarization 

curves, and be completely certain a good enough number of points and an adequate curve are 

utilized for each material 

8.2. Turbine A-Frame 

From observing the simulation behavior from the 98% scenarios in the frame structure, is 

that it was concluded that there must be some type of limitation from the software that takes into 

account polarization data, model geometry and positioning of elements in the model space. This 

was concluded because there was full convergence in each and every configuration and 

scenario, there was no spiking down of potential values, and the ranges of potentials were as 

expected.  

For the second recommended configuration, this suggestion is concluded from having 

observed the 0.6lb and 1lb anode configurations, and it was assumed that if a smaller anode is 

used in the lower position on the horizontal surface, given its smaller current throwing power the 

cylinder won’t be polarized to dangerously low potentials, and thus an excellent quality won’t 

become a corrosion liability (due to hydrogen evolution which leads to hydrogen embrittlement, 

mechanical property deterioration and possible blistering). 

Finally, if possible, the COET should take into consideration an insulated connection 

between frame and cylinder if they require longer periods of cathodic protection life for the frame. 

This would allow for more freedom in anode size and quantity selection, and reduce the hydrogen 

evolution concern to a minimum.      
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8.3. Future Work 

Future work for this project is to model the observation and control barge that has been 

planned to replace the previous pontoon ODCP, and offer a SACP system for it as well. Also 

adequate simulation with a galvanized stud link chain instead of a stainless steel one for the MTB 

is recommended so as to observe the behavior in this case, given that the usual types of chains 

used here are of the latter type.  
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APPENDIX A 
 

1. MTB Hull Buoy Plots – 4 Anode Configuration: 

Bare Steel: 

 

 

F1. Anode E-i plot.
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F2. Hull E-i plot.  

 

Coating Efficiency: 80% 

 

F3. Anode E-i plot. 
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F4. Hull E-i plot.  

Coating Efficiency: 90% 

 

F5. Anode E-i plot. 
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F6. Hull E-i plot. 

 

Coating Efficiency: 98% 

 

F7. Anode E-i plot. 
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F8. Hull E-i plot. 

 
2. MTB Hull Buoy Plots – 6 Anode Configuration: 

Bare Steel: 

 

F9. Anode E-i plot. 
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F10. Hull E-i plot. 

 

Coating Efficiency: 80% 

 

F11. Anode E-i plot. 
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F12. Hull E-i plot. 

Coating Efficiency: 90% 

 

 

F13. Anode E-i plot. 
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F14. Hull E-i plot. 

 

Coating Efficiency: 98% 

 
F15. Anode E-i plot. 
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F16. Hull E-i plot. 

3. MTB Hull Buoy Plots – 6 Anode Configuration with Linking Chain: 

Coating Efficiency: 90% 

 

F17. Anode E-i plot.  
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F18. Hull E-i plot. 

 

 

F19. Chain E-i plot.  
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Coating Efficiency: 98% 

 

F20. Convergence 

 

F21. Anode E-i plot. 
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F22. Hull E-i plot. 

 

F23. Chain E-i plot.  
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4. A-Frame and Cylinder Plots – 1 0.6lb Anode Configuration: 

Coating Efficiency 80%: 

 
F24. Anode E-i plot. 

 
F25. Frame E-i plot. 
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F26. Cylinder E-i plot. 

5. A-Frame and Cylinder Plots – 3 0.6lb Anode Configuration: 

Bare Steel: 

 
F27. Anode E-i plot. 
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F28. Frame E-i plot. 

 

F29. Cylinder E-i plot. 
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Coating Efficiency: 80% 

 

F30. Anode E-i plot. 

 

F31. Frame E-i plot. 
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F32. Cylinder E-i plot. 

Coating Efficiency: 90% 

 

F33. Anode E-i plot. 
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F34. Frame E-i plot. 

 
F35. Cylinder E-i plot. 

Coating Efficiency: 98% 
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F36. Anode E-i plot. 

 

F37. Frame E-i plot. 
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F38. Cylinder E-i plot. 

6. A-Frame and Cylinder Plots – 1 2lb Anode Configuration: 

Bare Steel: 

 
F39. Anode E-i plot. 
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F40. Frame E-i plot. 

 
F41. Cylinder E-i plot. 
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Coating Efficiency: 80% 

 

F42. Anode E-i plot. 

 
F43. Frame E-i plot. 
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F44. Cylinder E-i plot. 

Coating Efficiency: 90% 

 

F45. Anode E-i plot. 
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F46. Frame E-i plot. 

 

F47. Cylinder E-i plot. 
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Coating Efficiency: 98% 

 

F48. Anode E-i plot. 

 

F49. Frame E-i plot. 
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F50. Cylinder E-i plot. 

7. A-Frame and Cylinder Plots – 3 2lb Anode Configuration: 

Bare Steel: 

 
F51. Anode E-i plot. 
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F52. Frame E-i plot. 

 

 
F53. Cylinder E-i plot. 
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Coating Efficiency: 80% 

 

F54. Anode E-i plot. 

 

F55. Frame E-i plot. 
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F56. Cylinder E-i plot. 

Coating Efficiency: 90% 

 

F57. Anode E-i plot. 



161 
 

 

F58. Frame E-i plot. 

 
F59. Cylinder E-i plot. 

 



162 
 

8. A-Frame and Cylinder Plots – 3 1lb Anode Configuration: 

Coating Efficiency: 90% 

 
F60. Anode E-i plot. 

 
F61. Frame E-i plot. 
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F62. Cylinder E-i plot. 

Coating Efficiency: 98% 

 

F63. Anode E-i plot. 
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F64. Frame E-i plot. 

 
F65. Cylinder E-i plot. 

9. A-Frame and Cylinder Convergence and Plots – 3 1lb Anode Configuration: 
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Coating Efficiency: 90% 

 
F66. Anode E-i plot. 

 

F67. Frame E-i plot. 
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F68. Cylinder E-i plot. 

Coating Efficiency: 98% 

 
F69. Anode E-i plot. 
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F70. Frame E-i plot. 

 

F71. Cylinder E-i plot.
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APPENDIX B 

 

 6 Anode Configuration on Hull 

ID (mA) Without Chain With chain 
Bare Current 4254.8 -- 
80% Current 3354.1 -- 
90% Current 2357.1 2604.3 
98% Current 558.56 1485.1 

 

Table B1 – Current Requirement from all Anodes for Recommended Hull Configuration 

 

 

 3 - 1lb Anodes 

ID (mA) All Anodes 
Bare Current -- 
80% Current -- 
90% Current 821.47 
98% Current 674.01 

 

Table B2 – Current Requirements from Anodes for Recommended A-Frame Configuration
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	Activation Polarization takes place when the rate of a specific chemical reaction is the controlling process in the corrosion process. For the chemical reaction to occur a specific activation energy must be attained in order for it to go, and the acti...
	/
	What happens in Figure 4 is that the working electrode, in this case the rebar, is allowing ions to pass freely into the electrolyte in which it is immersed. Thus, a small applied potential by the potentiostat is sufficient to create a large current, ...
	/
	As can be observed, there is a noticeable change in the electrodes rest (open circuit) potential, having passed from -78.0mV to -425.0mV. In the case of that specific rebar measured in that project, the corrosion rate rose from 5.393mpy (mils per year...
	Polarization can be either cathodic or anodic in nature, depending on the electrode investigated. The diagrams constructed from the measurements are plotted in a manner similar to the one shown in Figure 5, taken from Uhlig’s and Revie’s Corrosion and...
	/
	The theoretical and ideal behavior show straight lines for pure anodic and cathodic reactions. We can see that there are dashed lines that deviate from reaction lines for “𝑀→,𝑀-𝑧+.+𝑧,𝑒-−.” and “,𝑅-𝑛+.+𝑛,𝑒-−.→𝑅” which represent an oxidation a...
	Cathodic Protection (CP)
	As was mentioned before, corrosion is a phenomenon that can by no means, in strict terms, ever be completely eliminated. But the tools engineers have at their disposal helps to significantly reduce the rate at which it happens, and by doing so, and by...
	The initial knowledge an engineer must possess in this area is that of designing a structure, and several key elements must be taken into consideration. With these key factors in mind from the start, even before the need for protection is considered, ...
	Dissimilar metals.
	Improper design for drainages.
	Crevices between connecting parts.
	Joints of dissimilar materials (metal vs. non-metal).
	Stray currents from nearby structures or systems.
	Complex cell formation.
	Relative motion between parts that might lead to vibration and consequent stresses or between a part and a liquid in its environment (fretting, impingement and crack corrosion).
	Selective loss of one or more species in an alloy (dealloying or parting corrosion).
	A rough and imperfect surface due to improper cleaning or deficient manufacturing.
	By being mindful of all the previous mentioned factors a very important first step has been taken in order to reduce the future corrosion damage that the structure will suffer. The structural elements to be modeled and simulated have already been buil...
	Once this stage is complete, the scope of our interest is the protection of the structures. Several ways to protect them from the environment exist in current practice, the most important ones are: cathodic protection, paint coatings and inhibitors. A...
	Many factors like deterioration, stresses, environmental parameters, outside impact damage, initial surface preparation and roughness, to mention a few, may affect the protective coating, and eventually lead it to fail its purpose. Norsworthy (10) cal...
	Graphical Representation of Cathodic Protection
	Cathodic protection can be one of two ways, impressed current or sacrificial anode. Figure 6 shows a polarization diagram that helps explain the concept behind cathodic protection, and in this case for a sacrificial anode system. The Fe line represent...
	Corrosion rates depend on the corrosion current and are turned into rate via the Faraday Law expressed in Equation 5.  What is intended in cathodic protection is to reduce the tendency of the steel to react, and give that tendency to a more active met...
	It is evident that the current in b is larger than the original current (a) of the steel, and so the zinc will preferably corrode. Because of this the actual corrosion current for the steel reduces and ends up displacing itself from point e to point c...
	A similar process is done in impressed current systems but for which Iappl may take several values, and in consequence Icorr will too, given that the applied current from the source can be modified.
	Impressed Current
	The base idea is that DC current is supplied to the system from a power source. This current is channeled towards the anode made of some type of material which has a low or inert dissolution rate (11), so it doesn’t solvate in the electrolyte, but mer...
	This protective system has its advantages and disadvantages. It is advantageous to have an adjustable output from the source, to have large currents available, and it is perfect for structures that don’t have or have poorly placed protective...
	Sacrificial Anode (Galvanic)
	In opposition to impressed current anodes, the sacrificial anode is limited by the electrochemical property inherent to the anode material; it cannot be regulated or modified in such a direct manner as increasing or decreasing current flow from a sour...
	Theory and experience has taught corrosion engineers that the protection of plain carbon or low-alloy steels can easily be achieved by zinc, aluminum, or magnesium anodes. For materials that need more positive protection potentials, iron or activated ...
	Fine-grained structures so as to achieve uniform loss from the anode.
	Reduce possible self-corrosion of the anode.
	Reduce passivation or film formation on the anode.
	These three factors are paramount when dealing with aluminum anodes (12). There is a complete design process that must be followed in order to implement the most efficient cathodic protection system possible. Usually the following steps are followed t...
	As for the first matter, electrolyte values are available in tables, and are present in the data bases of most of the software available. The current requirement can be determined in the field by applying test currents and the changes in structure-to...
	Based on the current requirements, the next step, the anode life expectancy, is determined by a relationship described in Equation 11, where L is the life expectancy, Th is the theoretical current output in A*h/kg, W is the Anode weight in kg, E curr...
	As for stray current concerns, one must simply study the place where the structure is going to be and if other systems are going to be present in the nearby vicinity, e.g., a marina or dock. For our case, this is of no concern for there won’t be any ...
	Before selecting the anodes, there are certain requirements that have to be met in order to pin point which type and which size to use. The anode output depends on both the anode circuit resistance (Rt) and the potential difference between the anode ...
	Consequently, the number of anodes required is simply the total current requirement divided by Equation 12, i.e. Ireq/Iao.
	The form or shape of the anodes is another factor to keep in mind. Many exist and are in use today; depending on the application in which it will be used. The following are the types in current use:
	Rod and Chain of Rods anodes.
	Plate and Compact anodes.
	Half-round, rectangular or trapezoidal elongated (tear-drop shape) anodes, which are   preferred for ship and boat protection.
	Tank and pipe protection anodes.
	Offshore anodes (similar in shape to tank anodes) but weigh up to half a ton.
	It is obvious that, depending upon the application, one can narrow it down, but fortunately with today’s software like BEASY, all of these things are taken into consideration when comparing with all the boundary conditions, and ultimately an engineer ...
	Coated vs. Uncoated Structures
	Structures can either have protective coatings and paintings, or they may find themselves completely exposed or bare with respect to their environment. A case of the latter is when a very efficient cathodic protection system like impressed current for...
	Metallic Coating: Nickel, Lead, Zinc, Cadmium, Tin, Chromium, Aluminum.
	Inorganic Coating: Vitreous, Concrete (various mixes of Portland cement are possible), Chemical Conversion.
	Organic Coatings: Paints, Plastics, Bituminous material (oil sands, tar, asphalt).
	Metallic coatings can be applied with an array of different techniques like hot dipping, electroplating, thermal spraying, cementation, or ion implantation. At the same time, it can be said that all these techniques fall in either of two categories: n...
	In the case of inorganic coatings and, more specifically, vitreous enamel, they do not only serve decorative purposes but actually protect metals from corrosion by many different types of environments. The “glasses” will bond with the substrate metal ...
	For organic coatings, paints are oil or resin aqueous vehicles with suspension of insoluble pigment particles which are generally metallic oxides. When exposed to air they polymerize to solids and form the barrier. They are usually good corrosion resi...
	In conclusion, if a structure was not to have a coating and was just relying on sacrificial anode protection, the life expectancy of the anodes would be much shorter than in the opposite case. So, although initially it may consume more time and money ...
	Stationary vs. Moving Structures
	One factor that seriously affects corrosion per se and its rate is if the structure will be stationary or if it is moving. In this we can also include if the structure will be present in moving or quiescent water. Velocity of the fluid relative to the...
	In Uhlig’s corrosion handbook, Figure 3 in Chapter 32 shows a study done with varying velocities and temperatures between 20 and 25 C (near ambient temperature). A directly proportional relationship was found that at higher velocities, higher corros...
	Matsushima determined that although the critical velocity mentioned depends on the state of the flow, it is around 20m/s, and that corrosion may even start at lower velocities in areas of disturbed flow like bends and joints or sudden geometric change...
	Location – Corrosion by Seawater
	A structure in a marine environment it may find itself in one of five zones in which a given structure will have varying corrosion rates and consequently varying damage. These corrosive zones are the following: atmospheric, splash, tidal, submerged an...
	Corrosion varies significantly in the mentioned zones because of key factors like salinity, temperature, pH, dissolved oxygen concentration, organisms and others. This will not only vary in each zone for a specific structure in place, but will change ...
	Now, in the case of this project we have two floating structures which will only be in contact with surface water. The surface water of oceans has very low salinity variations and will not affect much of the oxygen solubility. On the other hand, tempe...
	There is something that hasn’t been mentioned which occurs in the oceans and that is that there are always compensating effects. Regarding the previous section on velocity this previous statement is also true, not only because there is a rapid flow wi...
	Because of this, a direct consequence is that the deposits lower the chances of impingement of the substrate due to rapid flow. Also although oxygen diffusion coefficient rises with temperature, the solubility decreases. This equilibrium is constantly...
	General corrosion of structural steel in seawater is not really that aggressive with reported values of 2 to approximately 6mpy (14). The problem that occurs in seawater is localized corrosion, which is when there are differential aeration cells over ...
	In current practice, corrosion doesn’t happen because of random events, but rather from the coalescence or synergistic process of many factors happening simultaneously and leading to the devastating occurrence of corrosion damage.
	BEM to Model CP
	Boundary element methods along with finite element methods were two of the best developments that mathematicians came up with in the last century, for they have been used in computation with great success serving as an essential tool for the modern en...
	Boundary element methods utilize boundary mathematics, which is actually boundary integral equation formulations, in order to solve boundary value problems. As its name implies, only the boundary which may be a surface or curve, is what requires discr...
	BEM Mathematics
	The boundary element methods are in themselves an adequate combination of existing functions, equations, distributions, conditions and series. Within these the most relevant are the partial differential equations, the Dirac Delta function, Eigen-pairs...
	As per our interest, we want to know how BEM works for the case of electrochemical corrosion and it is this explanation that will be presented now. What BEM or the boundary method technique does is discretize the mathematical model and then solve it i...
	Equation 13 shows a partial differential equation which describes a simple fact that happens during corrosion process, and that is that there is absolutely no loss or gain of electrical current in the system, simply a transfer of it. In this equation...
	Beasy Software
	The Beasy software is a commercial program which was essentially designed and created for the purpose of carrying out the analysis, design and study of: galvanic corrosion, cathodic protection and electrodeposition.
	In the first stage mentioned before, model preparation, the type (line surface or tube) and amount of elements are chosen and the material, environmental and polarization data are chosen as well.
	In the second stage, simulation is carried out by means of a computational plan that couples the boundary element equations representing the electrolyte with the equations derived from the polarization data inherent in the software. Iteration is carri...
	In the final stage, post-processing, the results from the calculation are obtained in the form of potential and current (density) maps and which may be used to determine several aspects:
	Predict the performance of cathodic protection systems.
	Ensure optimum protection of vessels.
	Optimise ICCP system characteristics.
	Obtain quantitative data on anode requirements and life.
	Determination of anode location.
	Predict and quantify interference with nearby vessels, docks and other metallic structures.
	Predict lifetime performance of systems.
	Identify critical areas.
	Predict the impact of environmental conditions.
	Predict the impact of damaged paints/coatings.
	Interpret ICCP system data and reference cell data to predict condition of the vessel.
	Beasy is essentially an optimization tool. It not only predicts actual condition of a structure but the effectiveness of the designed or proposed corrosion control measures. This is the primary tool to use in this project and with it, ensure a lastin...
	PREVIOUS WORK
	Preliminary work with simpler geometries presented in the proposal helped in learning to use the software (to understand how the software works), and determining exactly what was wanted and expected from the research. The following sections in this ch...
	The Structures and their Simpler Models
	General Boundary Conditions
	The following were the conditions taken into account to run the simulations in the BEASY software for the preliminary computations presented in the proposal.
	Working Electrodes: Plain Carbon Steel (Polarization Data from within the software)
	Sacrificial Anodes: Mil spec Zinc (Polarization Data from within the software).
	Electrolyte: 4 S/m Seawater.
	Connection: Electrical between metal and anodic surfaces.
	Geometries: Simplified versions of the real ones
	As of that time no condition was taken so far as to the presence of coatings on the structures since this function had not been used in the software, but was in fact employed for the actual and final modeling of the real structures. All preliminary co...
	The difference in boundary conditions from the previous work to the work presented in this manuscript besides from having the actual geometries, is that the electrolyte was taken as having a conductivity of 5 S/m, and that the polarization data for th...
	EXACT GEOMETRY CREATION
	After having acquired the knowledge of how to create geometries directly in the BEASY software by means of the GiD interface, the generation of the exact geometries was undertaken. In this chapter the detailed step by step generation will be showcased...
	Monitoring and Telemetry Buoy
	Following the detailed model dimensions given in the form of a SolidWorks CAD file by the COET, the creation of the hull began. Exact values extracted from the file were used when creating the model in the GiD interface. The following are the general ...
	Length: 6.4m (taking into account the 4 feet being added).
	Breadth: 3m
	Depth (Draft): 1.08m
	Figure 14 shows the model created. It has exactly 29 quadrilateral areas, and 4 triangular areas, which shape the complete surface in contact with the electrolyte or medium.
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