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SUMMARY

The condition of coatings on the metallic surface of the hull of avessel changes over
its lifetime due to the action of the sea, deterioration of the paint itself and damage
caused by impacts, etc. Although increased current demand from an ICCP system
can indicate the presence of damage, the location and extent is unknown. The
position, size and the seriousness of the damage are important issues from mainly
two points of view.

- Corrosion. If the hull of the structure is corroded, the ship works inefficiently
and can become dangerous from the crack initiation viewpoint.

- Noisiness of the vessal. As the damage proliferates along the hull structure,
the current flux from the anode to the cathode also increases. This increases
the noise of the vessel and makes it more detectable to an enemy if it is
defence vessdl.

The goal of this work is to find a reliable method to discover the state of a

vessels coating and location of damage by using the commonly available data from
the vessels ICCP (Impress Current Cathodic Protection System).

KEY WORDS: boundary element method; cathodic protection; optimisation; inverse

problem; ships hulls



1 INTRODUCTION

Damage appears on a hull of avessel during its lifetime. In many cases, the location
of damage is totally unknown. Its knowledge is important from mainly two points of
view.
- Cathodic protection of the vessel.
A corroded hull would be economically inefficient (current and fuel
consumption) apart from being potentially dangerous since it is a hot point
for crack corrosion[ 1].
- Noisiness of the vessel.
A vessel can be detected from its surrounding magnetic fields [ 2 ][ 3 ].
There are two main sources of the surrounding electric/magnetic field:
1. The magnetic field associated with the permanent/induced magnetism,
present because of the material employed in the construction of a vessel
and the earth’s magnetic field.
2. The electrical currents driven by the ship into the sea. The principal
source of these currents is related with ship corrosion or the ICCP
system. These magnetic fields are named Corrosion Related Magnetic
Fields, CRM. The CRM can be a significant proportion of a ship’s
magnetic signature for vessels constructed using nonmagnetic materials

[4].



Modelling techniques normally start from an assumed condition of the vessel.
Given some assumed condition, the level of protection provided by the cathodic
protection system can be predicted as well as the corrosion related electric and
magnetic fields. Therefore, designers when assessing the signature and the
effectiveness of the CP system will perform tests based on a number of possible
conditions of the hull expected over the life cycle of the ship.

In typical CP systems, the designer knows the source of current (the anodes) but
does not have a clear knowledge of where the current goes (the cathode) as this
depends upon the condition of the metallic surfaces, etc. In this work, a method is
presented to determine where the current goes from the anodes and hence predict the
general condition of the vessel and possible areas of damage. Once this information
is known the associated el ectric and magnetic signatures can be predicted.

In addition, the identification of areas of the vessel, which are acting as sinks of
current, is of vital important in order to know which part of the structure is disclosing
the vessel. Their detection is a difficult matter that generally has to be solved in dry-
docks by measuring the thickness of the coating with ultrasonic devices. However, to
pull the ship out into the dry-dock to study the coating state is extremely costly.
Moreover, in some occasions the area of the vessel that is taking current is concealed
and cannot be easily detected even with the method indicated before.

In this work, the coating state of a structure, the location and current demand of
damaged areas, is analysed by using the information obtained from sensors placed on
the surface of the vessel. The minimum amount of information necessary to carry out

the prediction is identified. Data will be presented showing the sensitivity of the
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predictions to the accuracy of the data and the number of reference cells, for example.
Extra information of the Under Electric Potential (UEP) of the vessel could also be

included.

2 STATE OF THE ART

In 1996, Aoki, Amaya and Gouka [ 5] applied the boundary element method to
detect a paint defect on the hull of a ship. A painted hull with cathodic protection
applied from some impressed anodes was studied. The paint was damaged during
navigation. The procedure required that damaged was applied to each elements on
the hull of the ship until the correct location of the damage was found. The
magnitude of the damage has no influence in the process since only the parallelism
of the vectorsis considered.

The damaged area could be accurately predicted with this method when the
damage was located only on one element of the hull. A larger area could aso be
predicted, however the effectiveness of the prediction was reduced with the larger
damage size. All the possible combinations of damaged elements must be computed
to predict where the damaged is, which implies a huge amount of computational time.
In addition, as the damaged size is unknown, the number of elements to use in the
search is aso unknown. More complex cases will be found in which the damaged has
different coating thickness. In that situation, apart from not knowing the damaged
size, the coating thickness relative to each one of the damage is not known either.

In areal case the unknown are the following:



- Thesize of the damaged areas.
- The number of damaged areas.
- The position of the damaged areas.

- The coating thickness of the damaged aress.

This method could not cope with this amount of unknown without carrying out a
huge number of combinations.

In the approach proposed, an optimisation based search is performed to match
the coating state of the surface.

In the proposed approach the predicted coating state is achieved by matching
some potential reference data on the hull of the structure. Extra information such as
the Under Electric Potential (UEP) of the vessel can also be included in the search.
The quantity of information required, in particular the potentia reference data, to

obtain areasonable solution is a so studied.

3 THE BOUNDARY ELEMENT METHOD (BEM)

The model of the corrosion processes is based on the boundary element method. The
technique consists of the transformation of the partial differential equation describing
the behaviour of the unknown inside and on the boundary of the domain into an
integral equation relating only boundary values, and then evaluating the numerical

solution for thisequation [ 6 ].



For a uniform, isotropic medium, the flow of current can be shown to obey the

L aplace equation.
kN’E=0 (1)
Where:
E= potential
k= conductivity,
Together with
19E (2)
% TRk
Where:

|, = current density flowing in the x; direction.

Therefore, the Laplace equation can be used to represent the el ectrol yte.

3.1 Numerical Solution

The numerical formulation of the BEM is well known and is summarised in [ 6 ].
The resulting system of equations in matrix form is normally expressed as shown in
( 3). These equations represent the resistance drop through the electrol yte.

HE=GI (3)

3.2 Electrode Kinetics

The polarisation on the metal surface can be considered to introduce an impedance or

resistance between the el ectrolyte and the metal. This can written as



ia=fa(Ed) (4)
= fe(Ec)
Where:
ia and i¢ = current density on the anodic surface and cathodic surface respectively.
Es and E= electropotential on the anodic surface and cathodic surface
respectively.
fa and f;= a function which represents the electrode kinetics and polarisation on
the anodic surface and cathodic surface respectively.
The electrode kinetics can be included in the boundary element model. The
boundary element equation ( 3) relates to the flow of current between the anode and

the cathode and models the potential drop in the medium due to itsresistivity.

hahe Ei _ 9uOax ia (5)
ca hCC EC - gca gCC iC

Where the subscript a refers to the anode surface and c refers to cathode surface.

Substituting equation ( 4 ) into equation (5)

habhae Ei  9a0ax fa(El) (6)
hahe Ec  GaOe ic(Ec)

The resulting equation is solved by iteration to obtain the current density i and

electropotential E at all nodes on the anode and cathode.

3.3 Influence of the polarisation in the mathematical process

In the derivation of the governing equation the electrode kinetics on the anode and

cathode have been assumed to be represented by an equation of the following form:



i=f(E) (7)
The function f is known as the polarisation curve which describes the
relationship between the current density i and electropotential E for the electrode

reaction (Figure 1).

4 OPTIMISATION METHOD

Global search optimisation methods such as Evolutionary Programming, Clustering,
Simulated Annealing have been applied to the cathodic protection problems, see[ 7].
However, local search optimisation were used in this case as they require fewer
solutions and they normally provide an improved solution even though this may not
be the global optimum. Also for this type of application, heuristic knowledge can be
used to specify constraints to lead the software towards a reasonabl e solution.

A number of optimisation methods were investigated. It was concluded that the
Sequential Linear Programming (SLP) provided the best solution. The SLP is a
Multivariable search method [ 8 ]. This procedure uses agorithms which are based
on geometric or logical concepts to move rapidly from a starting point away from the
optimum to a point near the optimum. In addition, they attempt to satisfy the
constraints associated with the problem and the Kuhn-Tucker conditions[ 9] as they
generate improved values of the model.

The basic concept of the SLP is the following. First, a Taylor Series
approximation to the objective and constraint functions is created. Then, this

approximation is used for optimisation instead of the origina nonlinear functions.



When the optimiser requires the values of the objective and constraint functions,
these are easily and inexpensively calculated from the linear approximation. In
addition, since the approximate problem is linear, the gradients of the objective and

constraints are available directly from a Taylor Series expansion.

5 INTERPOLATION METHOD

In order to identify the damaged areas, the vessel coating will be automatically
modified by the optimisation method [ 10 ]. Thiswill imply that several polarisation
curves or at least two polarisation curves should be considered, one with ailmost fully
coated surface and the other with almost fully uncoated surface, representing the
material underlying the coating. When the value of the coating is found amongst the
curves, asimply interpolation will give the correct value of the current and potential.
An accurate polarisation curve of the underlying material is not needed. A curve
which generally emulates the behaviour of the coating will be sufficient to carry out
the optimisation ( 6).

The term coating sensors will be employed, from now on, as point positions on
the surface of the hull in which the coating will be modified (Figure 5) by the
optimisation surface (variables). The coating of the rest of the surface will be
interpolated amongst these coating sensors. Two methods of interpolation were

investigated, the Radial Basis function and the three closest coating sensors.



5.1 Radial Basis function interpolation

Radial basis functions (RBFs) are a class of functions that exhibit radial symmetry,

that is, they may be seen to depend only, apart from some known parameters, on the

distance r= |x - x| between the centre of the function and a generic point x. These

functions can be generically represented in the form f (r). This means that there exist
infinite radial basisfunctions[ 11].

These functions may be classed into: globally supported and compactly
supported ones depending on their supports, this is to say, whether they are defined
on the whole domain or only on part of it.

Those most employed within the globally supported RBFs are:

Multiquadratic(MQ) W,Cj >0 (8)

Reciprocal ((X_ Xj)2+Cjz)_%Cj >0 (9)
Multiquadratic (RMQ)

Gaussians (G) exp(_ Crz)cj >0 (10)
Thin-plate splines (TPS) r®Inr.bl N (11)
Where:

cisacoefficient.
Within the compactly supported RBFs are:
Wu and Wendland,
(1-1)"+ p(r) (12)
Where:

P(r) isapolynomial and (1-r)" is O for r greater than the support.
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Buhmann,

L (13)

L %r3 +2r2Inr
The previous RBFs were attempted for the problem of predicting the coating using
coating sensors points. The best predictions were achieved by the equation shown
below:
(1-n° (14)
Briefly, an interpolation with RBFs may take the form:

o= affpo-p)) (13)

j=1
In this case:

(16)

Where:
N isthe number of generic points.
p is the generic point.
The values of s(p) are known, coating values, and therefore the set of equations of
the form:
17
0= afi- - of 0

N 2 (18)
S(P2)= aj(l' sz - pj”)
j=1



N 2 (19)
S(pn)= aj(l' HpN - pj”)
j=1

The a; parameters are obtained by solving the above system of equations.

Once the a; are found, the equation ( 16 ) can be applied to al the points of the
surface.
When the prediction of the coating is executed, the generic points are the coating

sensors points, variables the optimisation will use to modify the coating.

5.2  Three closest coating sensors

The three closest coating sensors can be employed to compute the coating of the
current point by using alinear interpolation.
The process is based on the next steps:
- Thethree closest coating sensors to the point considered, i, are searched for;
their coating values, s(p1), s(p2), S(ps), and their distances to the considered
point, di;, diz, di3, are taken.

- Theequivalent distance (d;) is computed.

1 1 1 1 (20)
— =+ + =
deq dil di2 d|3
- And, the value of the coating at the point considered is computed:
(21)

1= de deg deg
S(p)= d, s(py) + d, s(p,) + d, s(ps)

12



The equations ( 16 ) and ( 21 ) were tested to predict the coating of the surface.
The Radial Basis Functions were found to behave dlightly better than the three
closest coating sensors method, therefore this method of interpolation was selected to

implement the experiments below.

6 PREDICTION OF THE COATING FROM REFERENCE CELLS

MEASUREMENTS, OBJECTIVE FUNCTION

The optimisation process requires that the problem is posed in the form of an
objective function, design variables and constraints. In order to match the measured
reference cell potentials the objective function was defined as the least squares of the
difference between the target potentials at the reference cells and the potentials

predicted by the model ( 22).

i=n 22
Obj= (v, -V, (22)
i=1
Subject to the following constraints on the surface of the cathode:
V.-V, .. _ (23)
o= ‘—'E Oon& i=1,....m
(24)

Vminj'Vj .
g=—G——F£00onG& j=1,....m

‘ min,

Where:
n isthe number of references cells potential.
V. isthetarget potential at the reference cell.

V min IS the minimum potential required at areference cell.
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V max 1S the maximum potential required at areference cell.

V isthe computed potentia at areference cell.

G isthe surface of the cathode.

mis the number of elements on the surface.

The constraints were applied to limit the search space to that of practical

significance with the resulting benefit that the speed of the solution was improved.

7 THE PROCESS

In principle, the coating on the model can be varied over each element to find a
solution. However, in practice, this would create a huge computational problem as
the number of design variables would be the same as the number of elements. The
approach adopted was to define a number of locations (coating sensor positions) on
the surface of the vessel between which the coating was interpolated. Therefore the
coating values used for individual elements were derived from the values at the
coating sensor positions. These sensors are the variables of the optimization software.
The equations ( 16 ) or ( 21 ) are used to interpolate the coating over the whole
surface. The boundary elements equations are then solved, equation ( 6 ). The
objective function ( 22 ) and the constraints ( 23 ) and ( 24 ) are computed. The
optimisation method, SLP, evaluates the objective function and constraints and
decides whether this solution is the optimum or not. If not, a new search direction

and step size are computed and the process continues.
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8 EXAMPLE APPLICATIONS

Two models were used to check whether the prediction of the coating was accurate, a

cylinder model and a frigate model.

8.1  Cylinder model, description

A model of acylinder was considered to study the prediction of the coating state.
The dimensions of the cylinder are:
Length: 34.0 m.
Diameter: 10.0 m.
The model has the characteristics shown in Figure 2. The surface near one of the
edges of the cylinder was set of being made of Nickel-Aluminium-Bronze.
The €electrolyte considered was seawater with a resistivity of 20o0hmxms [ 12 ],
what implies a conductive of about 55/m.
To speed up the solution and since the model is symmetric only half of it was
modelled. The model has 619 elements, including the surrounding box which

simulates the electrolyte. The cylinder itself was modelled with 600 el ements.

8.2  Testing Methodology

A cylinder model with three damaged areas, bare steel, on the surface was created.
Figure 3 shows the position and size of the damaged areas.
Two impressed anodes were placed on the surface of the model (Figure 4). The

currents supplied by each one of the anodes are shown in Table 1.
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The model was solved under these conditions and then the results were used to
create a target model. The optimisation attempted to match the target model. An
exact match will not be obtained because the damage was defined over discrete
elements of the model whereas the coating sensors can only provide a genera idea

on the size and location of the damage.

8.3  First array of coating sensors, 7 coating sensors

An array of 7 coating sensors was placed on the predicting surface, distributed asit is
shown in Figure 5. A radia basis function was employed as the interpolation
function to emulate the real state of the surface.

In order to test the ability of the method to predict the behaviour and the
convergence characteristics, a series of models were prepared with varying numbers

of potential cells. The data points were increased from one data point up to seven.

8.3.1 Onereference cell.

The first reference cell potential is used as target value on the optimisation process
(Figure 6).

The Figure 7 shows that only one damaged area at the edge of the search surface
was found. There is not enough information to represent the real state of the surface.
This is demonstrated by the fact that the constraints are satisfied (despite being

tightly defined) and the objective function has a small value (Table 2).
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8.3.2 Tworeferencecdls

The second reference cell potential is added as atarget value (Figure 8).
The Figure 9 shows that two damaged areas were found. There is still not enough
information to represent the real state of the surface although the objective function

shows a higher value because of the difficult matching the cell potentias (Table 3).

8.3.3 Threereference Cells

The third reference cell potential is added as target value on the optimisation process

(Figure 10). The results are shown in Figure 11.

8.3.4 Four referencecells

The fourth reference cell potential is added. (Figure 12).

In this case, the Figure 13 shows that three damaged areas were found in an
approximate correct position (Figure 3). Although in this case the constraints are not
satisfied the final solution is the best solution which minimises the objective function

and approaches the constraints (Table 4).

8.3.5 Fivereferencecells

The fifth reference cell potential is added. (Figure 14).
In this case, the Figure 15 shows that three damaged areas were also found in
approximately the correct position (Figure 3). The model has aso correctly predicted

the current flow from the anodes to the surfaces of the vessal.
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In order to test the sensitivity of the solution to the number of sensors points, two

more sets of coating sensors (9 coating sensors and 20 coating sensors) were studied.

8.4 9 Coating sensors

The same procedure followed for the seven sensors was carried with nine sensors
Figure 16. Figure 17 shows the results when five reference cells were used. This can

be compare with those shown in Figure 15.

8.5 20 Coating sensors

An array of 20 coating sensors was placed on the vessdl surface (Figure 18). The

results are shown in Figure 19.

8.6  Summary, cylinder

The objective function increases its value with the number of reference cells, since
the distribution of the coating sensors and the RBFs do not sufficiently accurately
represent the real situation of the damaged areas. The best results, in the experiment
analysed, are obtained when the number of reference cells data is at least 4,
regardless of the number of coating sensors.

Table 5 shows how well the potentials match as the number of sensors increases.
The constraints are satisfied when the number of reference cells is three or less but
the solution does not completely predict all the damaged areas. However, when the
number of reference cellsis four or above the solution is clear but the constraints are

not satisfied. Increasing the number of coating sensors improves the predictions.
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9 FRIGATE MODEL

In order to test the methodology further a more realistic model based on a frigate

design was studied.

9.1 Frigate model, description

A model of afrigate model was also considered to study the prediction of the coating
state. The model has the characteristics shown in Figure 20. The propeller was set
made of nickel-aluminium-bronze (Figure 21).

The dimensions of the frigate are:

Waterline length: 34.0m.
Draft: 2.3m.
Waterline beam: 6.4m.

To speed up the solution and since the model is symmetric only half of it was
modelled.

The €electrolyte considered was seawater with a resistivity of 200hmxms [ 12 ],
which implies a conductive of about 55/m.

From the modelling perspective, the model has 1338 elements. A more refined
mesh was created at stern of the vessel since it is the most critical area of the frigate
due to the propeller and location of the main anodes.

Several sets of coating sensors were placed on the surface of the frigate model.
Reference cells are to be included one by one in the process, as target values, to

study their influence in the prediction of the coating.
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Three damaged were placed on the surface of the frigate, the model was solved

and the results are shown below.

9.2 Damaged areas

Three damaged areas, bare steel, were placed on the surface of the frigate. The

Figure 22 shows the position and size of the damaged areas.

9.3  Currents and positions of the anodes

As with the cylinder model, two impressed anodes were placed on the surface of the
model (Figure 23). The currents supplied by each one of the anodes are shown in the

Table 6.

9.4  Coating sensors arrays

Two arrays of coating sensors were utilised in the frigate model. An array of 7
coating sensors distributed as shown in Figure 24, and an array of 12 coating sensors
(Figure 25). A better prediction of the damaged area at the bow of the ship was
achieved by the 12 coating sensors.

A radia basis function was used to interpolate the data from the coating sensors

on the hull surface.

95 Reference cells
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The number of reference cells, target values, was increased to determine how much
data was required to detect the damage as was done with the cylinder model.

The Figure 26 shows the position of the reference cells on the hull surface.

Tight constraints were set around the target value to make the optimisation
software reach the target with more accuracy. The constraint values applied are

shownin Table7.

9.6 Frigate, results

The best results, in the experiment analysed, are obtained when the number of
reference cellsis at least 4. The final design clearly showed the damaged areas when
four reference cells were used. The fina design was still accurate but started to be
out of the range of constraints when the number of reference cells was above three.

The tables below (Table 8, Table 9, Table 10, Table 11 and Table 12) show how
far the potentia of each one of the surfaces studied are to the target one. The
constraints are satisfied when the number of reference cells, target values, is three,
two and one but the solution is not complete. Some damaged areas are shown on the
frigate hull, but other damaged areas are not shown yet since the information is
insufficient.

When the number of reference cells is four or above the solution is clear. The
increment of number of coating sensors made the difference between the target and

the final design potential become closer.
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10 SUMMARY

Two models have been analysed, a cylinder model and a frigate model. Both had
three damaged areas on their surfaces. A compact radial basis function was used to
interpolate the coating condition among the “coating sensors’. Since it has the
property to become zero when the range is exceeded it was more effective in
detecting the damaged areas|[ 11].

The objective function increases its value with the number of reference cells,
since the distribution of the coating sensors and the interpolation does not exactly
represent the real geometry of the damaged areas. This also results in the constraints
not being satisfied when the number of reference cells increases. This would imply
that the potential tolerance on the constraints should be increased as the number of
reference cells increases. However the solution has been found to converge (i.e.
becomes accurate) as the number of reference cells increasesin al the tests. Thereis
a threshold above which the damage is effectively detected when enough reference
cells data are provided, despite the constraints could not be satisfied.

The number and position of reference cells, to determine where the damaged
areas are, is not known in advance. In addition, a ships ICCP system will be designed
to provide the best ICCP system performance not necessarily to identify areas of
damage. Consequently, if areference cell is near a damaged area, the damage will be
quickly predicted. However, reference cells placed away from the damaged areas
will not give significant information unless the cells can provide an overall pattern
sufficient to detect the damage. Therefore, in some cases the information provided is

enough to predict, with accuracy, what the condition of the hull is, but in other
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occasions more information is needed. To avoid the uncertainty of this lack of
information, several positions of the coating sensors should be studied. If the
damaged areas appear consistently in the same area, then the damaged areas have
been found.

The greater the number of coating sensors, the greater the capability of the
optimisation to achieve the conditions imposed (constraints). Consequently, the
increment of coating sensors makes the difference between the target and the final

design potential becomes closer.

11 THREE CLOSEST COATING SENSORS, 4 REFERENCE CELLS

Two interpolation methods were considered to analyse the coating problem state,
radia basis function and the three closest coating sensors (5). Up to now, the radial
basis function has been the interpolation method studied in this work. The three
closest coating sensors were also analysed in the cylinder model with 4 reference
cells (Figure 11).

An array of 14 coating sensors was placed on the vessel surface (Figure 27). A
triangular distribution of the coating sensors was considered to be the best location
since the three closest sensors will be employed to interpolate the coating in the in-
between spaces.

The Figure 28 shows that damaged areas are reasonably predicted. However this
interpolation method was not considered as effective as the radial basis function

since the solution depends on the correct distribution of the coating sensors. To
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obtain accurate results a fine triangular distribution of the coating sensors could

become necessary.

12 POLARISATION CURVE OF THE UNDERLYING MATERIAL

Three polarisation curves were employed to represent different coating states of the
surface. Proportional values to the bare steel surface, fully uncoated, were computed
to obtain the 90% bare stedl curve and the fully coated curve (Figure 29).

Since the optimisation will attempt to match the coating of the surface by using
an approximation method, there is no need for precise data of the underlying material.
Any curve that represents the coating state from fully coated to fully uncoated will be
adequate. In addition, this curve could be just a straight line, and therefore a simply
linear interpolation would be necessary. The Figure 30 shows the real polarisation
curve and an approximation with only two points, (-500mV, OmA/m?) and (-1000mV,
400mA/m?®) for bare steel in seawater.

The coating state was predicted by using approximate polarisation curves, aline
which emulates bare steel and another line with current near OmA, which emulates
the fully coated state. Four reference cells were used (Figure 12) and a set of seven
coating sensors shown in Figure 5.

The results obtained predicted the three damaged areas in approximate correct

position (Figure 31) as when real polarisation data were used (Figure 13).
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13 CONCLUSIONS

The prediction of the position of the damaged areas on the surface of two models has
been achieved by using the potential measurements at reference cells on the structure.
In spite of being an approximation to the real state of the coating, the RBFs or the
three closest sensors enable the location of the damage to be predicted.

A minimum number of potential measurements are necessary to predict the
position of the damaged areas otherwise the prediction will not be accurate enough
and only some of the damaged areas will be revealed. However, an increment in the
number of coating sensors can improve the prediction from the same data.

Data from the corrosion related electric and magnetic fields can aso be
employed to identify the condition of avessdl.

No precise polarisation data is necessary since a curve, which roughly represents
the behaviour of the underlying materias, can be used.

The methods presented could form the basis of a condition monitoring system or
improved control system for CP systems.

The electric field and the potential measurements on the vessel can provide with
reasonabl e accuracy the position and condition of the damaged areas.

Further testing is required on rea shipboard data to validate the techniques

further and draw up guidelines for the number of sensors and reference cells required.
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Figure 1 Steel Polarisation Curve.
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Aluminium-Bronze area.

Figure 2 Cylinder model with Nickel
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Figure 3 Damaged areas placed on the cylinder surface.
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Figure 4 Position of the anodes on the cylinder surface.
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Figure 5 Seven coating sensors distribution on the prediction surface.
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1 Reference Cell

-774mV

Figure 6 Position of thefirst reference cell on the cylinder surface.
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Figure 7 Prediction of the coating using only one reference cell and 7 coating sensors.



2™ Reference Cell

-770mV

1% Reference Cell
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Figure 8 Position of the two reference cells on the cylinder surface.
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Figure 9 Prediction of the coating using two reference cells and 7 coating sensors.
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Figure 10 Position of the three reference cells on the cylinder surface.
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Figure 11 Prediction of the coating using three reference cells and 7 coating sensors.
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Figure 12 Position of the four reference cells on the cylinder surface.
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Figure 13 Prediction of the coating using four reference cells and 7 coating sensors.
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Figure 14 Position of the five reference cells on the cylinder surface.
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Figure 15 Prediction of the coating using five reference cells and 7 coating sensors.

42



Figure 16 Nine coating sensors distribution on the prediction surface.



Figure 17 Prediction of the coating using five reference cells and 9 coating sensors.



Figure 18 Twenty coating sensors distribution on the prediction surface.



Figure 19 Prediction of the coating using five reference cells and 20 coating sensors.
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Figure 20 Frigate model.
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Figure 21 Cylinder model with Nickel-Aluminium-Bronze area



Figure 22 Damaged areas placed on the surface of the frigate.
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Anode 2

Anode 1

Figure 23 Anodes position on the frigate surface.
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Figure 24 Seven coating sensors distribution on the surface of the frigate.
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Figure 25 Twelve coating sensors distribution on the surface of the frigate
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Figure 26 Position of the five reference cells on the hull surface of the frigate.
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Figure 27 Coating sensors distribution on the prediction cylinder surface to study the three
closest interpolation method.
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Figure 28 Prediction of the coating using four reference cells, 12 coating sensors and the three
closest coating sensors as method of interpolation.
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Polarisation curvesfor different grades of coating
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Figure 29 Polarisation curves for different grades of coating and underlying steel.
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Comparison polarisation curvesfor different grades of coating,
with and without approximation
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Figure 30 Comparison between the line approximation to bare steel and the real polarisation
data.
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Figure 31 Prediction of the coating of the cylinder by using four reference cells, 7 coating
sensors and approximate polarisation data.
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Current Density(mA/m?) Current(mA)

Anode 1 -6903.0 -21687.4
Anode 2 -4455.0 -13995.8
Table 1 Current at the anodes.
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Target |Constraints|% out target

Iterations 10
Objective function 0.038
Number of referencesin the constraints,  1/1
SURFACE REF1: Potential -773.7| -773.9 -770,-777 -0.02

Table 2 Summary of results obtained when only one reference cell was used as target value
and 7 coating sensors to emul ate the coating.
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Target Constraints|% out target

Iterations 9
Objective function 4779
Number of referencesin the constraints 2/2
SURFACE REF1: Potential -773.6| -773.9 -770,-777 -0.04
SURFACE REF2: Potential -768.1| -770.3 -765, -775 -0.29

Table 3 Summary of results obtained when two reference cells were used astarget value and 7
coating sensors to emulate the coating.
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Target |Constraints|% out tar get

Iterations 4
Objective function 3171.2
Number of referencesin the constraints 0/4
SURFACE REF1: Potential -802.0| -773.9 -770,-777 3.63
SURFACE REF2: Potential -787.4| -770.3 -765, -775 222
SURFACE REF3: Potential -772.0| -758.0 -755,-762 1.85
SURFACE REF4: Potential -824.3| -867.8 -864,-870 -5.01

Table 4 Summary of results obtained when four reference cells were used as target value and
7 coating sensors to emulate the coating.
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% out target,|% out target, % out target,
7 coating 9 coating 20 coating

SeNnsors SeNnsors SeNnsors
SURFACE REF1: Potential 3.70 3.90 3.84
SURFACE REF2: Potential 2.36 7.94 114
SURFACE REF3: Potential 2.80 4.27 2.23
SURFACE REF4: Potential -4.53 -1.94 -4.15
SURFACE REF5: Potential 0.16 2.26 -0.07

Table 5 Potentials percentage differences between the target value and the final values
obtained when five reference cells were used.
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Current Density(mA/m?) Current(mA)

Anode 1 -33554.1 -1813.7
Anode 2 -18262.1 -1649.9
Table 6 Current at the anodes.
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Target(mV) Constraints

REF1 -843.4 -840, -850
REF2 -898.0 -895, -905
REF3 -830.9 -825,-835
REF4 -878.9 -873,-883
REF5 -882.5 -877,-887

Table 7 Target and congtraints for five reference cells.
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One reference cell

Iterations

Objective function

Number of referencesin the constraints
SURFACE REF1: Potential

% out target

Display

7 Coating sensors

13
0.127
11
-843.0
-0.05

12 Coating sensors

11

0.122

11
-843.7
0.04

Table 8 Results obtained using the 1% reference cell as target value and two different sets of

arrays.
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Two reference cells

Iterations

Objective function

Number of referencesin the constraints
SURFACE REF1: Potential
SURFACE REF2: Potential

% out target 1% Ref Cell

% out target 2" Ref Cell

Display

7 Coating sensors

2.368
2/2
-842.3
-897.1
-0.13
-0.10

12 Coating sensors

Table 9 Results obtained using the 1% and the 2™ reference cell as target values and two

different sets of arrays.

67

0.755
2/2
-843.1
-897.2
-0.04
-0.09



Threereference cdls

7 Coating sensors

Iterations

Objective function

Number of referencesin the constraints
SURFACE REF1: Potential
SURFACE REF2: Potential
SURFACE REF3: Potential

% out t
% out t
% out t

Display

arget 1% Ref Cell
arget 2" Ref Cell
arget 3" Ref Cell

40.255
33
-843.1
-901.1
-825.4
-0.04
0.35
-0.66

12 Coating sensors

Table 10 Results obtained using the 1%, the 2™ and the 3 references cell as target values and

two different sets of arrays.
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11
2.79
33
-844.5
-898.5
-829.8
0.13
0.06
-0.13



Four referencecdlls

Iterations

Objective function

Number of referencesin the constraints
SURFACE REF1: Potential
SURFACE REF2: Potential
SURFACE REF3: Potential
SURFACE REF4: Potential
% out target 1% Ref Cell

% out target 2" Ref Cell

% out target 3" Ref Cell

% out target 4" Ref Cell

Display

7 Coating sensors

530.41
0/4
-856.0
-911.8
-839.4
-868.4
1.49
1.54
1.02
-1.19

12 Coating sensors

Table 11 Results obtained using the 1%, the 2™, the 3 and the 4™ references cell as target
values and two different sets of arrays.
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242.42
0/4
-851.7
-907.0
-835.4
-870.5
0.98
1.00
0.54
-0.96



Fivereferencecdls

Iterations

Objective function

7 Coating sensors

Number of referencesin the constraints

SURFACE REF1:
SURFACE REF2:
SURFACE REF3:
SURFACE REF4:
SURFACE REF5:

Potential
Potential
Potential
Potential
Potential

% out target 1st Ref Cell
% out target 2nd Ref Cell
% out target 3rd Ref Cell
% out target 4th Ref Cell
% out target 5th Ref Cell

Display

542.50
0/5
-854.2
-911.1
-837.5
-866.8
-874.7
1.28
1.46
0.79
-1.38
-0.88

12 Coating sensors

Table 12 Results obtained using the 1%, the 2™, the 3", the 4™ and the 5" references cell as

target values and two different sets of arrays.
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297.23
0/5
-851.2
-907.1
-835.9
-869.8
-875.7
0.92
1.01
0.60
-1.04
-0.77



