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Abstract

Most ocean-going ships are fitted with an impressed current cathodic protection (ICCP) sys-
tem. The currents impressed by this system onto the seawater find their way to corroding
parts of the ship’s hull, and prevent the hull from corroding. The electric field resulting from
the currents around the ship is called the electric signature. This signature is a threat in
seas with mines, as mines explode when they detect this signature. Therefore controlling
the signature is important, especially to naval ships. In order to be able to control the signa-
ture the location and size of corrosion damage needs to be known. Today no method exists
for corrosion damage estimation on a sailing ship. This study aims to develop a method for
corrosion damage estimation using only measurements of an IcCP system. The research
question is: To what accuracy and with what measurements can the damage distribution
on a ship’s hull be reconstructed? The quality of the damage reconstruction is evaluated by
how well the signature is estimated.

First an analytical model is used to explore the theoretical limits of damage reconstruc-
tion. This shows damage reconstruction is limited by the number of measurement elec-
trodes. Then damage reconstruction by numeric model inversion is attempted, but is shown
to be unattainable. The proposed solution is damage reconstruction by repeatedly calculat-
ing for different damage configurations, comparing the calculated measurements to the true
ones, and iterating until an optimum is found. This method works well on a ship geometry
if 140 measurement sensors are used.

In order to verify the damage reconstruction algorithm a scale model facility is developed.
The produced field sensors show shifting offsets that are not explained, but good linearity
with the electric field. Simulations and measurements with a calibration source show good
similarity, but a factor of 1.6 difference that is not explained. Test with sacrificial anodes
show large variations over time and a large dependency on the sailing speed.

The results show that corrosion damage reconstruction using only on-ship measure-
ments can be achieved. The resolution of damage reconstruction is limited by the number
of measurement electrodes, at least one hundred are needed for the signature to be re-
solved. Current ships have between one and eight measurement electrodes; it is recom-
mended future ships will have at least one hundred. These results furthermore indicate that
time-dependent effects should be included in the physical model used for the simulations.
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Introduction

Ocean-going ships made of steel corrode rapidly below the waterline, therefore they are
coated. Some parts of a ship, such as the propellers and the shafts, cannot be coated
because they are moving. A coating would just not stick, and thereby make the corrosion
worse. Also coatings degrade over time and they get damaged.

Exposed parts of the ship made of different metal alloys will form a galvanic cell in the
seawater. For instance the bronze of a propeller might become the cathode, the steel of
the hull the anode, the seawater the electrolyte, and an internal connection the return path.
On a larger ship the bow and the stern might be at a different electrochemical potential, and
either of them could become cathode or anode in this corrosion galvanic cell, without the
need for other materials. When these corrosion reactions take place an electric current is
present in the seawater.

An old and common way to protect steel structures against corrosion is the placement of
sacrificial anodes. These consist of a metal alloy with a more negative reduction potential
than the steel of the ship. This sacrificial anode is then corroded instead of the ship, hence
it's name. These sacrificial anodes are usually made of zinc or aluminium. The disadvant-
age of sacrificial anodes is that they can only protect a limited surface area, a few times
their own. For large ships sacrificial anodes are usually placed near unprotected parts, but
they cannot protect the entire hull. An example of a sacrificial anode placed near a propeller
can be seen in fig. 1.1

To enhance protection on large ships, impressed current cathodic protection (ICCP) sys-
tems are used, usually in combination with sacrificial anodes. This ICCP system forces a
current into the water through one or more anodes. These currents find their way to unpro-
tected parts of the hull and there reverse the corrosion reaction. Reference electrodes are
used to measure potentials on the hull. The magnitude of the anode currents is controlled
so the potentials on the hull are within a range of potentials for which it is known the hull
does not corrode. An overview of an ICCP system can be seen in fig. 1.2. Figure 1.2 shows
the components of the cathodic protection system that are placed on the hull of a ship. Both
the impressed current anodes and the sacrificial anodes come in different shapes like bar,
elliptical, and round, see fig. 1.3. When an ICCP anode is installed, a large shield is placed

Figure 1.1: Sacrificial anode near a propeller, obtained from [6].
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around it as can be seen in fig. 1.4. This is to protect the hull near the anode from extreme
potentials.

Inside of the ship

Controller Controlled DC
Voltage current source Hull

set by user AC from \
Anode - A
insulator,
Reference Protective
Electrode currents

Seawater

Figure 1.2: Schematic overview of an ICCP system.

Due to the corrosion process and the ICCP system currents, electric fields exist around
the ship. These fields are called the electric signature. The signature is measured by naval
mines in order to detect ships. For naval ships the signature should therefore be minimised,
but preferably without compromising the corrosion protection. In order to do this optimisation
it is important to know the damage distribution of the underwater part of the hull, as current
finds its way to damaged parts. Preferably, this damage distribution is determined using
an on-board system. Future naval ships will have a system that assesses and manages
the fields around the ship and keeps the resulting threat within safe limits. Determination
of the damage to the hull will be one of the subsystems of such a system. Also from an
economic point of view it is interesting to be able to determine a damage distribution without
docking or divers. The main question is: To what accuracy and with what measurements
can the damage distribution on a ship’s hull be reconstructed? These measurements could
comprise measurements of fields at the ship’s hull and data from the iccp system. Up to
this day a system using on-ship measurements for determining damage distribution on the
underwater hull has not been developed.

Figure 1.3: A sacrifical anode, an ICCP anode, and a reference electrode, obtained from [6]. The width of the
sacrificial anode is 1 m.



Figure 1.4: ICCP anode and shield around it, obtained from [6].

This thesis develops a method for determining the underwater damage distribution of a
ship’s hull using only on-ship measurements, and verifies this method both with simulations
and using scale-model tests. In chapter 2 an introduction to the chemistry and the historical
research is given. After this the research questions are posed. In chapter 3 explores the
nature of the problem and gives a general outline for the solution. In chapter 4 analytic and
numeric methods are developed for determining the damage distribution using ICCP system
measurements, and simulation experiments with these methods are explained. In chapter 5
a brute force method for damage reconstruction is developed and simulations are conducted
on actual ship geometries. In chapter 6 the development of a scale model testing facility
and experiments with a scale model are explained, and the results shown. In chapter 7
the conclusions of the entire research are summarised. In chapter 8 recommendations are
given for further research.






Theoretical framework

This chapter gives an introduction to the chemistry used in this thesis, mainly for the no-
menclature. Also an overview of historical research is given.

2.1. Electro-Chemical basis

When an unprotected vessel is put in seawater, the most active parts of the hull will corrode.
If noble parts, like bronze propellers, are present, these will become cathodes in a galvanic
cell consisting of the hull, the noble metal and the sea as electrolyte. The corrosion reaction
consists of an oxidation reaction

Fe - Fe?t + 2e™, (2.1)
and a reduction reaction, either
0, + 2H,0 + 4e~ — 40H~ (2.2)
or
0, + 4H* + 4e~ - 2H,0, (2.3)

depending on the pH of the water. For the full reaction a change in Gibbs free energy AG
can be calculated, but this change in Gibbs free energy can also be measured as a potential
difference AU between the half reactions (2.1) and (2.2), because

AG = —n°FAU. (2.4)

Here n° is the number of electrons exchanged and F is the Faraday constant. The Gibbs
free energy of reduction for the half reactions can be influenced by an electric potential,
that is by injecting electrons. If the applied potential is low enough, the change in Gibbs
free energy becomes positive and the corrosion will not happen spontaneously any longer.
An ICCP system injects a current in the water that finds its way to corroding spots. This
system tries to keep the oxidation half-reaction (2.1) at a certain safe potential compared to
a reference. This reference is usually a Ag/AgCI reference cell, described by the reaction:

AgCl+e” - Ag+Cl™. (2.5)

This reaction has a very well known reduction potential. Several reference cells are usually
distributed on the vessel. One lead of a voltmeter is then welded to the hull and the other
to the reference cell. This way it can be measured if the ship, at the location of the meas-
urement, is safe from corrosion.

The actual rate of corrosion is not linearly dependent on the potential. Where the potential
is governed by thermodynamics, the corrosion rate is governed by kinetics. The resulting
relation is highly complex and dependent on the pH, the speed of the vessel, the oxygen

5



6 2. Theoretical framework

concentration in the water and the history of corrosion, to name the important ones. The
rate of corrosion can be measured as a normal current density /™. The potential difference
with reference to the Ag/AgCl reference cell is a voltage and is denoted with V. The curve
of the relation /™ = p(V) is called the polarisation curve. This polarisation curve is usually
experimentally obtained for bare materials. If a material is not fully exposed the damage
fraction 0 < § < 1 is defined to be linear with the current density: j* = 6 - p(V). The distri-
bution of the damage fraction over the entire hull is called the damage distribution[10, 15].

An IccP system causes currents to flow and charge to appear around the vessel. These
currents and charges are associated with an electric field distribution and an electric poten-
tial distribution, via the Poisson equation

—q(%)

VZV(%) = -V-E@®) = ER

(2.6)

and Ohm’s law ) )
J(@) = c(DE(X), (2.7)

which in the geometry of the vessel are subject to several kinds of boundary conditions.
The main question is whether from measurements of the currents, charges, potentials or
fields around the ship, the sources of the corrosion currents, that is the damage distribution,
can be reconstructed. For the description of this problem the system and the outcome are
known, but the boundary conditions are not. Therefore these type of problems are referred
to as inverse problems.

The Poisson equation (2.6) is a second order differential equation. For this equation
three different types of boundary conditions can be applied: Dirichlet (fixing V), Neumann
(fixing /™) and Robin (fixing the relation between V and j*, for example using a polarisation
curve). A specific inverse problem might often be defined in more than one way using
different combinations of boundary conditions.

2.2. Historical research

Tokyo Institute of Technology 1987-1993

The idea of using measurements of the IcCP system for estimating damage to the object
protected by the ICCP system appears for the first time in literature in an article from 1989
[16]. In this article it is explained how a boundary element method (BEM) can be used for the
inverse problem. This article was written by three researchers of the department of mech-
anical engineering of the Tokyo Institute of Technology: Kishimoto, Miyasaka, and Aoki.
Some years before these three had already come up with the idea of using BEM for making
models of corrosion. This research was published in Japanese and in English [4, 22].

In the proposed method measurements of the electrical potential are taken near every ele-
ment in the water, for the anode a Dirichlet boundary condition is taken and then the current
density at the hull can be reconstructed.

The results are then not quite good yet, but they can be improved by regularisation of the
matrix by singular value decomposition and the estimation of the effective rank of the matrix.
A slightly improved version of this model was presented in a book in 1993 [3].

Universidade Federal do Rio de Janeiro 1991-2016

About the same time as research was going on in Japan, in Brazil researchers of the faculty
of civil engineering of the Federal university of Rio de Janeiro were also researching the
application of BEM to the description of corrosion. They were civil engineers whose main
concern was prediction if a structure would last, developing methods for an analysis over
time[28, 29]. An important conclusion was that polarisation curves might change over time
and that they are a complex result of the electrochemical history.

In more recent years this department again started to do research on this subject, now
employing a method of fundamental solutions (MFS) in combination with a genetic algorithm
for optimisation [30-32]. For this method the polarisation curve is assumed to be known
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very precisely. This is used to construct a Robin boundary condition at the hull. The genetic
algorithm makes the process rather slow. In [31], published in 2014, it is mentioned work is
done on the inverse problem using MFS and that it will be published later, but they have as
of yet not done so.

Brunel University Uxbridge 2000-2004

Between 2000 and 2004 research into inverse corrosion problems using BEM has been done
at Brunel University in Uxbridge, UK. In [20] the authors give a method for determining the
polarisation curves of a structure protected by a cathodic protection system. This method
is a BEM-based genetic algorithm. The BEM problem is written down using Robin boundary
conditions and some shape of the polarisation curve is assumed. Some sensors are placed
on the cathode and anode, the genetic algorithm alters the parameters of the polarisation
curve until the outcome fits these constraints. The polarisation curve can then be converted
to a corrosion state. It has to be noted that here both the number of sensors (5) is low, and
the number of unknowns is low (4). In [19] the very same method is explained in more detail,
but this time applied to optimal anode positioning. In [21] this method is applied specifically
to the detection of coating defects in cathodically protected underground pipelines. Here
the sensors are located all on the same side of the pipe and some distance away from the
pipe. This way, a lot of sensors are needed. 15 sensors in order to detect a mere 4 defects
in their 2D model and 24 sensors to detect and localize damage in one of the 512 elements
in their 3D model. But in this process anode information is not taken into account. Some
important assumptions are however taken: The conductivity of the intact coating is taken to
be 0, it is assumed the number of defective elements does not exceed a certain threshold
and that an element is either fully defective or not. Still the results are rather sensitive to
noise. In [43] they repeat a part of the previous paper, elaborate on their method and also
show the application on a ship.

BEASY Ltd, Southampton 2001-2005

In the UK there is a company called BEASY Ltd. that develops modelling software for cath-
odic protection and signature problems. In [23] the authors from this company develop a
method of optimising the performance of an Iccp system by optimising anode positions and
currents. In [26] and [24] a method is developed for determining the damage to the coating
of a ship. It also uses BEM and an iterative optimisation routine. An assumption of the coat-
ing damage is made, then the BEM equations are calculated. The outcome of the voltages
at reference cell positions is calculated and fed into the objective function. This objective
function is the error between the calculated potential at reference cells and the measured
potential. That outcome goes to the optimisation routine, Sequential Linear Programming.
This is a multivariable search method, and it uses Taylor series approximations of polarisa-
tion curves to construct Robin boundary conditions. This routine then changes the damage
distribution and the process repeats. What is important to this method is that not all ele-
ments on the surface of the ship are altered by the optimisation routine. Instead, only in
seven points the coating is altered, and in between the coating state is interpolated. This
way the number of design variables is reduced by a large amount. The results however
are still quite good, multiple defects of different sizes are still detected and localised. The
quality of the solution increases with the number of reference cells and with the number
of coating points, but optimal results are obtained when the ratio between them is about
1:2. The report [24] a somewhat more elaborate explanation of the method of article [26]
is given, with more examples and figures. In their next papers they continue their work,
showing how the signature is minimised given known damage [27], and how given known
damage the anodes of the ICCP system are placed in an optimal way [25].

French Military

At the end of the last decade research has been done into damage estimation of a ship’s hull
in France by the military in collaboration with a university. In 2009 an article was published
on corrosion diagnosis based on measurements of the electric field some distance away
from the ship [12]. An inverse BEM model is constructed, but the number of points where the
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field is measured (3-axes) is 1400. They use Tikhonov’s regularisation method to regularise
the system of equations. The results are overall very good and precise, except near the
propellers because of the complex geometry.

In [13] this method is explained in more detail and the method for test on scale models is
explained.

More details still as well as information on the research leading to this model can be found
in the Ph.D. thesis of Guibert [11].

Korean Military

The Korean Military, in collaboration with some universities, have done extensive research
into electric and magnetic signatures, and into ways to minimise them. Most of their public-
ations are on the magnetic signature, but they have one remarkable publication on inverse
electric modelling [9]. Remarkable because their method differs somewhat from the oth-
ers. Instead of using a BEM they use what they call a material sensitivity analysis which
is a cascade of the Augmented Lagrangian Method and the Adjoint Variable Method. The
underwater surface of the hull is divided into elements and some measurement line un-
der the ship is chosen. On this measurement line electric field vectors are measured. No
sensors on the ship are used. The hull is modelled as a Neumann boundary. The number
of observation points was 303 and the number of mesh elements on the hull was 1101.
The results of this method are quite detailed and very good. For off-ship measurements
this Korean method outperforms the French one. This Korean method was also applied to
inverse magnetic problems [8, 14, 45].

German Military

The German military in recent years also took interest in electric and magnetic signature
prediction and management. They outsourced research into this subject mainly to the Uni-
versity of Duisburg-Essen. The main focus of this work was on the prediction of signatures
in a changing environment [33]. However, last year in a presentation [37] they showed
an idea for an inverse model. It was not yet a full inverse method, but by adding current
sensors to the ICCP anodes they could predict the direction and distance of damages on the
hull. The fact that they used current sensors and not potential sensors was the main new
idea in this presentation.

Other Sources

Beside the sources mentioned several others have written on the subject of damage pre-
diction using measurement of the ICCP system and the inverse electric model of vessels.
These include an Iranian oil company [1], the Chinese Military [44], the Chinese Offshore Qil
Company [40], and some more Japanese and Brazilian researchers [2, 18]. They all have
in common that they use BEM and that their papers do not present actual new information.

2.2.1. Conclusions from the literature

Conclusions can be drawn from the literature.

Concerning the problem of the reconstruction of damage to the hull from measurements on
the Iccp system. This problem has been solved with different types of input data:

» With external sensors (French and Korean research);
* With sensors on the hull (Japanese, German, Brazilian, and Uxbridge Research);
» Without extra sensors (Southampton Research).
The problem has been solved in different fashions:
* Using a Boundary Element Method (Most common);
* Using a Method of Fundamental Solutions (Brazilian research);

» Using a Material Sensitivity Analysis (Korean research);
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» Using a Finite Element Method (No one as of yet, but it could probably be done).

And using a very diverse range of optimisation algorithms. Of these solutions only the BEM
based solution with external sensors has been prototyped.

More input data from measurements leads to better results. For this research however no
external sensors can be used, as the problem has to be solved out at sea, without interfering
with the mission of the ship. This has also been proven possible, but the amount of sensor
data needed for a certain accuracy remains unknown.

Another conclusion is that all inverse problems can be solved in the same way, because
they are in effect the same problem. All of the following problems have in common that the
system is known and the boundary conditions are not:

* localisation of damage to the hull;

* reconstruction of polarisation curves;

+ optimal positioning and setting of anodes.

It can also be concluded that some questions remain unanswered:

» What type of discrete model of the ship is best suited for inverse analysis?

* What sensors are needed for accurate damage reconstruction, how many of them,
and where should they be located?

» How can a damage reconstruction method be verified?

* How can a damage reconstruction method be implemented in the ICCP system or
signature management system?

2.3. Research questions

Given the conclusion from the literature the research question of this thesis is:
To what accuracy and with what measurements can the damage
distribution on a ship’s hull be reconstructed?

With subquestions:
* What type of mathematical model is best suited for inversion?
+ Can a damage reconstruction method be implemented on a scale model?
* How could a damage reconstruction method be implemented on a ship?

The research focuses on two major topics: the development of a mathematical model
and the development of a scale model facility. In the end these are connected so the scale
model experiments verifies the mathematics developed.






Inverse Problems and Methods

3.1. Introduction

Forward problems are problems were the system and the boundary conditions are known
and the outcome, the derived quantities, are not. Inverse problems are problems were some
part of the outcome is known, but either the system or its boundary conditions are not. For
the problem in this study the boundary conditions at the hull are unknown, and therefore
it is an inverse problem. This chapter explores the nature of the problem and develops a
general approach for solving it.

3.2. On ICCP systems

Several sources of data for construction of an inverse model are available. To see were they
originate a brief look into the ICCP system is needed. In order to illustrate the functioning of
an Iccp system a model of a one meter long ship is taken as illustrated in fig. 3.1. This ship

/Q
® =0

Figure 3.1: lllustration of ship model used in this section with along the hull from left to right: coating damage,
reference electrode, ICCP anode, propeller.

has an IccpP system with one anode and one reference electrode. The system controls the
anode current as to keep the voltage at the reference electrode in safe range (between -0.75
and -0.85 V to silver-silverchloride (ag/4gct)). In this safe range no corrosion on the hull will
occur; at higher voltages the hull corrodes, and at lower voltages hydrogen is produced,
which damages the coating. Initially all the current of the anode flows to the propeller of the
ship, the voltage distribution along the keel of this situation can be seen in fig. 3.2a. Then
a hole is made in the coating of the ship, and the voltage distribution changes (fig. 3.2b).
The voltage measured by the reference electrode is now -0.4 V which is much to high. The
ICCP system responds by increasing the current of the anode, so the voltage becomes safe
again (fig. 3.2c). At each step the signature changes. In general a higher amount of damage
results in a final situation with a higher signature.

When the damage distribution is unknown, some quantities are still known. These are:

« reference electrode voltages;
* anode currents;
* currents at reference electrodes, shields, and other non conductive parts. (0 A);

» uncoated metal polarisation curves.

11
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Figure 3.2: lllustration of how an ICCP system reacts to damage occurring Blue graph: voltage on the hull for positions
between 0 and 1 m. Bars on x-axis: red = coated part, green = anode location, none = damage, yellow = propeller.
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Especially the first two will have something to reveal about the damage distribution. More
data is obtained as the anode currents are varied and the reference electrode response is
measured.

3.3. lll-posed problems

The solution to the problem of reconstructing a damage distribution from measurements of
fields or potentials caused by the ICCP system is not a straightforward one. The forward
problem, given a damage distribution, polarisation curves, and ICCP system settings solving
the potentials and fields, as done for the ship in the previous section, has always a unique
solution. Furthermore this solution is continuous with the inputs in the mathematical sense.
If the damage distribution or the ICCP currents are changed a little, the fields and potentials
will only change a limited amount. Because of these two facts, that always a unique solution
exists and the continuousness of this solution, the problem is called well-posed in the sense
of Hamadard[38].

The inverse problem does not meet these criteria. For a given set of measurements of
potentials and fields, known polarisation curves, and IccP currents, multiple solutions for
the damage distribution exist. In fact, an infinite number of solutions exist, illustrated for
a simple configuration in fig. 3.3. In this figure three different one-dimensional damage
distributions are shown, all with an anode between x = 0.6 and x = 0.65 m supplying 10
mA and reference electrode measuring at x = 0.5 m.

Because the inverse problem does not meet the criteria for well-posedness it is called ill-
posed. In order to solve this problem the solution space has to be narrowed down or altered
in such a way that only one solution remains. This is called regqularisation.

3.4. Solutions

In this chapter three solutions to the inverse problem will be developed.

First will be the analytic model. This will be a model using simplified physics and a simpli-
fied geometry. It will serve the purpose of exploring the limits of inversion, answering the
research question for an ideal scenario.

Second is the numeric model. This model attempts to invert a numerical model of the full
physics and geometry. After the model is obtained, all research questions can be answered.
Third is the brute force model. This model is not truly an inverse method as it solves the in-
verse problem by repeatedly solving the forward one. The damage distribution is described
using a number of parameters, and the optimum of these parameters is found by solving
the forward problem repeatedly, until it reaches the optimum. It will have the disadvantage
that it is slow, but it is known from literature that it can work, and therefore it can be used
for answering several of the research subquestions.

3.4.1. Evaluation metric
Before a method is developed its objectives have to be defined as well as a metric for
quantification of the fulfilment of an implementation of the method. Because the damage
reconstruction is to aid the purpose of signature estimation the objective is formulated in
these terms. The objective of the method is:

To convert the quantities measured by the ICCP system of a ves-

sel, possibly augmented with additional reference cells, using a

description of the geometry of the vessel and a description of the

physics involved, into a damage distribution on the hull, such that

the electric signature at code depth is correctly predicted.

Here code depth is defined as the distance below the waterline that is equal to the width of
the ship.
This is to be evaluated using this metric:

The normalised root-mean-square error of the predicted signature

at code depth on a rectangle that is the projection of the vessel on
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Figure 3.3: Three damage distributions that give the same potential measurement ceteris paribus. Blue graph:
voltage on the hull for positions between 0 and 1 m. Bars on x-axis: red = coated part, green = anode location, none = 100%
damage, dotted red = 50% damage.
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the code-depth plane plus twice the width of the ship on all four

sides added, evaluated at evenly spaced points.
This RMS error will be named the signature error, denoted by the symbol E. Another met-
ric for the evaluation of signature is more commonly used when evaluating the threat of
detection. This second metric is:

The absolute error of the maximum of the norm of the predicted

signature at code depth.
Because when assessing the threat of detection caused by the signature mainly the max-
imum value of the signature is important. The second metric will be calculated, but for the
purposes of this thesis it will prove not to be very insightful because the maximum value of
the signature is without exception dominated by the anodes and the propellers, which do
not have to be reconstructed. If propellers in the future are coated, then this second metric
will be relevant.
It has to be noted that it is unknown how ship detection by electric signature works in actual
mines, and therefore simple general metrics are chosen for the scope of this research.

3.4.2. Structure of inverse methods

Inverse
solver

Physics Geometry Measurements
Inverse obj. f. r. obj. f.
Mathematical | transfer f. | problem V obj. f. |Regularisation| vr. obj. f.
model assem-
bler
Voltagesj
Currents

Reconstructed Damages

Estimated Signature

Figure 3.4: Block model of the method. transfer f. = transfer function, obj. f. = objective function, Vobj.
f. = gradient of objective function, r. obj. f. = regularised objective function, Vr. obj. f. = gradient of
regularised objective function.

The analytical and numeric methods will consist of four parts, these are pictured in
fig. 3.4. Input to the method will be a physical description and a geometric model of the
system and a set of measured quantities. The output of the model has to be a damage
distribution on the surface of the geometry.

First, a mathematical model has to be made that incorporates both the geometry of the
problem and the physics that have to be evaluated. This mathematical model has to pro-
duce a transfer function from damage fraction to measurements by reference electrodes at
the hull.

The second part is the inverse model assembler. Using the transfer function and measure-
ment data an error function can be defined. This error function is a measure of the difference
between the voltages at the reference electrodes due to the input of the model and the true
measured voltages at those electrodes.

The next part of the model adds a regularisation term. As the inverse problem is ill-posed
extra equations or conditions may be enforced in order that certain solutions will be pre-
ferred over other ones.

The fourth part of the method is the solver of the inverse problem. This solver takes the
regularised problem and tries to find an optimum for the error function. The output of this
solver is a voltage, current and damage distribution.

The intention is to develop these parts or blocks of the method in an orthogonal way
with well-defined interfaces between them. This way each part can be optimised separately
without affecting the other parts [39]. Also different implementations of the same part can
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easily be interchanged. Especially for the mathematical model block this is important; the
mathematical model of a ship will be a big and slow numerical model and for the develop-
ment of the other blocks and rapid testing a dummy mathematical model will be used that
is representative but much simpler and faster.

In order to validate the entire method twin experiments will be conducted. This means
the same model will be used to generate “measurement data” and to solve the inverse
problem. A modified version of the block model of the method can be seen in fig. 3.5.

Physics Geometry Damage
_ | Forward meas.| |nverse | obj. r.obj.
Mathematical | trans. solver problem Vobj. | Regularisation | vr.obj. Inverse
model assem- solver
bler
Voltagesj J
Currents

Reconstructed Damages
Estimated Signature

Figure 3.5: Decomposition of the method. trans. = transfer function, meas. = measurements, obj. =
objective function, Vobj.. = gradient of objective function, r. obj. = regularised objective function, Vr.
obj. = gradient of regularised objective function.

The brute force method will be entirely different from the other methods as will not actu-
ally attempt inversion. A function will be constructed that describes the damage distribution
on the entire geometry by a limited number of parameters. By iteratively running the for-
ward(well posed) model with different parameters, these parameters can be optimised. The
optimum of the parameters will then be the reconstructed damage distribution. The structure
of the brute force method can be seen in fig. 3.6.

Measurements
. Calculated
Physics ———{Forward| Measurements |Parameter [ Reconstructed Damage
Geometry ——— solver fittng | Estimated Signature

Damage Distribution

Figure 3.6: Structure of the brute force method.
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4.1. Introduction

Inverse
solver

Physics Geometry Measurements
Inverse obj. f. r. obj. f.
Mathematical | transfer f. | problem V obj. f. |Regularisation| vr. obj. f.
model assem-
bler
VoltagesJ
Currents

Reconstructed Damages

Estimated Signature

Figure 4.1: Block model of the method. transfer f. = transfer function, obj. f. = objective function, Vobj.
f. = gradient of objective function, r. obj. f. = regularised objective function, Vr. obj. f. = gradient of
regularised objective function.

In this chapter two inverse methods are developed. The first is the analytical method
which is used for exploring the limits of these methods. Second is the the numerical method,
a full inverse method. Both methods have the structure of fig. 4.1. In this order they are
developed. After this both methods are used in simulations.

4.2. Mathematical model

The mathematical model integrates the physics involved in the problem with the geometrical
description of the system under evaluation. The output of this model will be a transfer
function. This transfer function takes a damage distribution as input and the corresponding
measurement values as an output. The block view of the mathematical model can be seen
in fig. 4.2. In this section the physics is explored and a numerical model derived, as well as
an analytical dummy model developed.

4.2.1. General physical description
This subsection gives the physical description of the system, and derives the equations that
have to be solved.

The system under review is an electrostatic one. It can be described by two of Maxwell’s
equations, Gauss’s Law for Electricity:

17
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Physics Geometry

Mathematical | Transfer function
model

Figure 4.2: Block view of the mathematical model

and Faraday’s law: L.
VXE =0. (4.2)
Here q is the volumetric charge density in Cm™3, D the electric flux density in Cm~2 and E

the electric field strength in Vm™".
In a linear medium the constitutive relation holds:

D = ¢E, (4.3)

where ¢ is the electric permittivity in Fm=".
The electric (scalar) potential is defined as:

vV = —E. (4.4)

This definition ensures that Faraday’s law (eq. (4.2)) is met as VxVV = 0 by the curl-gradient
identity.
Equations (4.1), (4.3) and (4.4) result in Poisson’s equation:
2 _ oo _q
V= -V-E=—. (4.5)
This is the partial differential equation that has to be solved numerically over the entire
domain. Furthermore, considering conducting media in electrostatics Ohm’s law holds:

] =of. (4.6)

Where ¢ is the electric conductivity in Sm~".
Using eq. (4.5) and eq. (4.6) current sources can be described:

q

V=0 4.7)

This now is a very misleading equation. The units are Am~3, a current emerging from a
volume. This means, if there is a domain Q and a volume w € Q that is consubstantial with
its surroundings, having parameters ¢ and o, and if the boundary of w is called y, we can

write eq. (4.7) as
///CL)V-fdw = ///wa- gda). (4.8)

#f-ﬁdy=a-% (4.9)
Y

Then by Gauss'’s theorem

This source, giving rise to currents on the boundary y of w, can be described to have a
charge Q as source inside w. Here on both sides of the equation the unitis A, o - % =1
If the volume w is made infinitesimally small, this means the current I originating in a material

-1
with parameters € and ¢ can be represented by a point charge of magnitude Q = ST. This

is actually how it is done in simulation software like comsol.
It is important to note that throughout this chapter a DC model is assumed. The charge
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Q has to be a constant in order for the current distribution to be constant. However this
means that the charge of which the current consists is created ex nihilo, which violates the
conservation of charge. In these points

V-] #0. (4.10)

In any physical system modelled currents can only appear out of nothing on the boundary
of the modelled system. Boundary current sources can be modelled as charges.

If there exists an interface between a material 1 with permittivity £; and conductivity
04, and mategial 2 with permittivity £, and conductivity g,. And if there is a known normal
electric field E; - 2 in material 1. What happens at the interface in normal direction can be
described as . .

glEl‘ﬁ_ngz‘fl:qA, (411)
and . . R
jl'fl—jz-ﬁ=01E1~ﬁ—02E2-ﬁ=0. (412)
For under static conditions, by definition, no charge is built up on the interface. For a known
= = [
E,, E, and g can be calculated. If V— = 0, g4 = 0, but otherwise under static conditions a

field dependent charge will exist on the interface. This induced charge will have to be taken
into account in the model.
The time constant of the process of the build-up of these charges can be approximated as

TR (4.13)
With the ¢ and ¢ of the material with the highest conductivity. If this material is seawater 7 =
10~%s. Therefore the time-dependency of charge build-up on boundaries can be ignored.
Different types of boundary conditions can be implemented

+DO:V=0
'D1V=V1
LoV 7oa
*No: =0 (-7 =0)
_aV_l"'A
’N1.a_n—o_1n

SV = wo_ly 4
+C1:V=V;and 6n_0']1 n

CRO:V-p (=22 =0

The first two being of the Dirichlet type, the next two of the Neumann type, C1 of the Cauchy
type, and the last one of the Robin type. The ICCP anodes are current sources, so of
type N1. The boundaries at the reference electrodes, the waterline, the infinite sea and
infinite seabed would be of type NO, for no current escapes the modelled system in those
places. The hull of the ship and the sacrificial anodes can be described by a Robin boundary
condition because for the corrosion process:

-

J-a=6p), (4.14)
oF - i = 5p(V), (4.15)
v
o= sp(V), (4.16)
LAY (4.17)
o on

Where the function p describes the (non-linear) polarisation curve of a fully uncoated sur-
face, and ¢ is the damage fraction. § = 0 denotes a fully coated surface, and § = 1 denotes
a fully uncoated surface.
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4.2.2. Numerical method classification and selection

There are many numerical methods for solving partial differential equations, especially when
they are of the Poisson kind. Wikipedia for instance lists 48 methods at the moment of this
writing [41], though ordered somewhat idiosyncratically. The same method also might have
very different names in different disciplines of engineering. Many of the methods are alike,
some are very different, and not all of them can be used. In order to choose the best one
they have to be categorised and criteria for selecting the best one have to be chosen.

The selection of the model will be done on the basis of these criteria:

1. Suitable for the problem’s geometry and physics;
. Usable for inverse problems;

. Fast computation times;

2
3
4. High precision;
5. Straightforward and fast implementation;
6

. Easy integration into other models.

Uniform or Nonuniform Node Distribution The easiest and fastest methods for solving
partial differential equations (PDEs) are a number of finite difference methods (FDMs). These
methods use a uniform discretisation of the domain. This however only works well if the
domain has a simple shape, so no curved or complex boundaries. Although the material of
the domain can be inhomogeneous or anisotropic when using FDM, uniform discretisation
is usually inappropriate when material parameters change by orders of magnitude or when
sources are located only in one place. Because the hull of the ship has a complex geometry,
methods employing uniform node distribution are not suitable.

Element-by-Element or Node-by-Node computation Numerical methods for solving PDEs
can either solve the physics on every node or on elements between the nodes. An element-
by-element description is usually both more straightforward and computationally easier.
When calculating the deformation of a domain, elements change shape, making an element-
by-element description both hard to implement and inefficient to use. For this reason meth-
ods employing a node-by-node computation exist, these methods are usually called ‘mesh-
free’. In literature a meshfree method called method of fundamental solutions (MFS) is used
for the problem [31]. Although there appears to be no very good reason for using meshfree
methods, it is an option.

Domain or Boundary Mesh Some numerical methods for solving PDE, such as the finite
element method (FEM) make a mesh on the entire domain of the problem. Others, such as
the boundary element method (BEM) and the method of fundamental solutions (MFS) make
a mesh only on the boundary of the domain and do not mesh the interior. This can only
be done when the interior of the domain is homogeneous, isotropic and source-free. Only
having to mesh the boundary is an obvious advantage, ‘why mesh the domain if you don’t
have t0?’. This advantage is however a superficial one. A method using only a boundary
mesh will result in a system of equations in which all unknowns depend on all equations,
giving a full matrix. For methods with a domain mesh, elements have only interaction with
their direct neighbours and therefore the matrix will be very sparse. When using the same
number of elements on the boundary using FEM and BEM, say N, BEM will require memory and
runtime in O(N?) whereas FEM will require only O(NVN). Therefore in practical situations
BEM and it's meshfree version MFS only outperform FEM when the ratio boundary-to-volume
is very small. If the mesh is refined, at some point FEM will always outperform BEM, but it
might be hard to determine at what level of detail this would happen. The advantage of
BEM over FEM for small meshes has led to a wide adoption of this method in literature, see
chapter 2.
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Choice Considering the requirements it has been chosen to use a finite element method,
because it meets the criteria best. It can be used with complex geometries, it is com-
puted element-by-element, and it has a domain mesh. Furthermore all models used within
TNO are FEM-based and available in comsol’'s multiphysics software. Also the author is
well-aquinted with FEM. The implementation is straightforward. The full implementation is
explained in appendix A.

4.2.3. Analytical method
An analytical model is developed in order to gain understanding of inverse problems, and
to have an extra tool for calculating field and potential distributions for simple geometries.

Given the plane z = 0, and the half-space below it z > 0. As the seawater is by conven-

tion in the positive z direction, that half is taken. The material of z > 0, is homogeneous,
isotropic, and has permittivity € and conductivity ¢. The plane z = 0 is a perfect electrical
insulator, thereforef-2 = 0 when considering a direct current (DC) situation. This is a natural
Neumann boundary condition. In the plane is a lattice of nodes of some kind, and within a
closed domain on the plane the nodes of the lattice are numbered 1 to n.
On all of these points small hemispherical current sources exist. They are not point sources
as the current goes only into the seawater, in half of the directions. If the radii of the hemi-
spheres are small they do not influence the fields. The potential in point k caused by such
a source in point r is described by

Iy Iy
% — Xl 2mol|%, — Xl

Uk,r=2‘K'T' forfrifk. (418)

In this equation U is the electric potential in JC~', this is the energy needed when moving a
charge to this point source. Furthermore K is coulomb’s constant (8.9876 - 10° Nm? C~2),
T the material time constant in s, I the current of the source in A and % the position. The
factor 2 arises from the fact that the current is injected in only half the sphere, 2 sr. The
positive direction for the current is in positive z direction, and the voltage drops when going
from %, to X;. Note that these sources satisfy the boundary condition because the normal
derivative of the potential in the plane is zero for this flat surface.

The observation point ¥, must not coincide with a source point %, as then the potential
will not be defined. Therefore a second lattice of points will be used for observation of the
potentials. The potential at a node k is then:

Uy = —h + 2 Foet I (4.19)
“7 2mo||%, — %] 2mol|®, — Z, |l 2m0||%, — %l '
This can also be put into a matrix form:
U=R-I. (4.20)

Calculating the solution to the forward problem now is very straightforward. Note however
that in no way current conservation is imposed on this system. Also no reference is yet
chosen, this has to be done before applying Robin type boundary conditions. When the
Ag/Agcl reduction potential is chosen as a reference, the potential difference with the refer-
ence is the voltage V in V. Equation (4.20) can then be rewritten as

V=R-1-"U,, 4.21)

where U, is the potential with respect to the ag/agci potential very far away from system.
The fact that this potential is unknown, and cannot be measured straightforwardly, makes
applying Robin conditions difficult. For the purpose of this model U,, = 0 is chosen. For a
linearised Robin-type boundary condition goes:

1
—I = 8- pV,+ 6, 1% (4.22)
,
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Here 0 < § < 1 denotes the damage fraction, p* and p° are the coefficients of the linear-
ised polarisation curve and alpha is the surface area of the hemisphere. However, when
combining eqgs. (4.18) and (4.22) it becomes impossible to describe the influence of a Robin
node on another node. The system must be rewritten.
Using eq. (4.18) and reversing cause and effect. The entire system of equations could be
written:

RY.Vv=1I (4.23)

In this system of equations Robin boundary conditions can be added as an entry in R™1.
This however requires two matrix inversions. One to make R™!, then add the boundary
conditions and invert again to solve the system. R~! cannot be compiled directly as the
currents cannot be written in terms of the voltages as the voltages are continuous and the
currents discrete. The entries in R after this process are not insightful as they bear no direct
relation to the geometry any longer. Given the difficulties of the implementation of Robin type
boundary conditions, and that doing so would not aid the purpose of the analytical model,
making inversion insightful, it is not done. Instead damages are added as a distribution of
current sources, like the anodes, which are Neumann boundaries.

In summary the analytical model is a tool for evaluating methods of inversion that can
be applied on Neumann problems on a flat geometry, but not on Robin problems.

4.3. Inverse problem assembler

Measurements Inverse Objective function
problem
Transfer function | assem- | Objective gradient function
bler

Figure 4.3: Block view of the Inverse problem assembler

The inverse problem assembler takes the transfer function and the measured data and
generates an objective function, and if possible a gradient of that objective function as well.
The structural diagram of this step can be seen in fig. 4.3.

4.3.1. Defining the error

The most common way to define the objective is the sum of the squares of all the individual
errors made in the estimation of the measured voltages. This objective metric is known as
the residual sum of squares (RSS). It is commonly used for optimisation problems. For a
general problem

A-u=f (4.24)
The residual is defined:
{uWy=A-u—f. (4.25)
And one tries to find the solution
u' = argmin || (w)]|?. (4.26)
u
Here || ... || denotes the euclidean- or 2-norm. As this is the only norm used in this thesis

the subscript 2 will be omitted and the subscript will be reserved for indices.

4.3.2. The use of the gradient
The gradient of { is important to know as for an optimum of a continuous function the gradient
is zero:

v{IEWHII*) = o. (4.27)

Also if an evaluated point is not the solution, a new point for evaluation has to be chosen.
To determine this point the gradient is required by some solver algorithms. Therefore the
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gradient has to be evaluated by the solver of the inverse system. If the gradient is known
analytically this evaluation is straightforward and very fast, for every evaluated point the
gradient is evaluated once. If the gradient is not specified analytically it is usually evaluated
using a finite difference approach, this requires two function evaluations per dimension of
the gradient, and therefore it is very slow indeed.

4.3.3. Analytical model
For the analytical model the objective function can be defined in terms of the matrix R. The
system is given as in eq. (4.21):

V=R-I (4.28)

For the inverse method VV has only to be calculated for locations of the measurement elec-
trodes. So IV € R™ were m is the number of measurement points.

The vector I can be split in two parts. I* € R™e is the vector of known anode currents,
usually these are only a few. R® € R™* ™ is the matrix that contains the entries from R
corresponding to [%. Likewise I¢ € R is the vector of unknown (cathode) currents, which
is the larger part. R° € R™*"c is the matrix that contains the entries from R corresponding
to I¢. The system of eq. (4.28) can then be rewritten as

V =R%*-I*+R°-I (4.29)
V™ is the vector of measured voltages, then for a tested I¢ the objective is
m m
I = V™ = (R 19+ RS- I)|[2 = "7 = ) (V™ = (RO 14 R - [)F. (4.30)
i=1 i=1

Obtaining the derivative of this objective function is straightforward. Because the voltages
V are proportional to the currents I¢ by matrix R¢ the Jacobian matrix of the residuals is
simply R€.

aIc, aIc,
Jque) = : - : = —R¢ (4.31)
aIc, aIc,
and the gradient of the objective becomes
V(lISII?) = —2¢"Re. (4.32)

4.3.4. Finite element model
In case of the FEM model the objective function can be written in a similar fashion as in the
previous section. For the FEM model is given in the previous section

Au=F. (4.33)

When inverting the problem the information of the polarisation curve equations is not present
because the polarisation curve depends on the damage fraction, which is unknown. How-
ever, at some points the value of V, and thus the value of u is known. If these known values
are added as Dirichlet conditions, the system becomes

Aoy =fi (4.34)

Here it is defined that .
ft=f+Dj", (4.35)

were D is a time-area matrix that links current densities to charges. This matrix is only
dependent on the geometry.

The residual can be defined as the current in these Dirichlet points. These currents
should be zero.

(G =-4(47 Fig) (4.36)
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The resulting Jacobian is

06 .. 0%
9j 3y 1

JEG*N = A =—A-A" " -D, (4.37)
ot 2jtn

and consequently the objective function is
v(IiSI®) = —2¢"A- A7 - D. (4.38)

The obvious disadvantage here is that the inverse A"_1 has to be calculated. This re-

quires that this inverse is well-defined and stable. This can be evaluated by calculating the
condition number of the matrix. For the FEM the condition number of A is however generally
about 10'° — 102 which is appalling. This means that using the numeric model might lead
to very noisy results, or even very wrong results. This will be verified by simulation.
The condition number of this matrix can be improved in two ways. The first way is by adding
more reference electrodes. If all FEM nodes are part of a reference electrode the condition
number is one, as should be. The second way is by radically simplifying the geometry. On
the simple geometry on test, if the number of reference electrodes is increased to the un-
realistic number of a thousand, the condition number is still 108 — 10°, which is not good
enough.

4.4. Regularisation

Objective function Regularised objective function

Objective gradient function | Regularisation| Regularised objective gradient function

The system of equations describing the inverse problem has many more unknowns than
equations. This means that the solution of this system will not be unique. Because of this
the system is said to be ill-posed in the sense of Hadamard [38]. The challenge is to find
within the many possible solutions the correct one. Equations can be added in order to give
preference to solutions that satisfy some condition, this process is called regularisation.

One of the most used regularisation methods is the method of Tikhonov, named after
the soviet mathematician who invented it [38]. What Tikhonovs method does is adding a
term to the objective function eq. (4.26) so it becomes

u' = argmin (SN + 22|IT - u||?). (4.39)

I'is the set of equations that is added and A2 is a scalar weight factor. Usually T is a constant
square matrix but it does not necessarily have to be.

In this method it is chosen to let the regularisation matrix approximate the Laplacian
operator in order to favour solutions that have small Laplacians in all points and therefore are
smooth. This is sensible because very abrupt details or smoothed details will result in very
similar signature, especially when evaluating as far away from the ship as codedepth. Other
smoothing or low-pass regularisation matrices could have been possible as well but this one
is chosen because it can easily be constructed regardless of the underlying geometry [5,
ch3.2].

4.4.1. Regularisation of the analytical model
For the analytical method the sources are located on a square lattice, much like the pixels
of an image. Therefore the effect of regularisation is that of a Laplacian convolution filter,
that is:

r-I¢ (4.40)
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and
h %, I€™ (4.41)

give the same result. In eq. (4.40) %, denotes the two-dimensional convolution. I€ is a
vector but I°™ is matrix. Both contain the same entries. h is the Laplacian (edge detection)
filter kernel:

1oz 1

P B B (4.42)
12 1
3 3 3

Various implementations of this kernel are however possible. The frequency domain beha-
viour of the filter kernel is shown in fig. 4.4. The x and y axes are in units of the Nyquist
frequency. If the lattice of the sources is refined the relative frequency behaviour will stay
the same, but the regularisation will give different results as the Nyquist frequency shifts.

Magnitude
F-Y
L

Figure 4.4: Spatial frequency domain response of the Laplacian filter.

4.4.2. Regularisation of the FEM model
The Laplacian regularisation condition can be translated into saying that on each element
the current density should be the average of that of its neighbours [5, ch3.2]. For this to
be implemented the element connectivity of the mesh has to be derived. The matrix " will
then be a sparse square matrix of which all elements (i, j) will be —1 if element i and j are
neighbours. The diagonal entries will be the sum of the number of neighbours. The effect
of this regularisation matrix is dependent on the actual discretisation of the geometry. For
an irregular mesh is not possible to define a frequency response, but the effect of mesh
refinement is the same as with the analytical model.

The gradient of the added regularisation term is

20T T - w. (4.43)

This term can then be added to the gradient.

4.5. Inverse solver

The inverse solver is the step of the method that finally reconstructs the damage. It takes
the regularised objective function and finds its minimum using the gradient of the regularised
objective function. The block view of the inverse solver can be seen in fig. 4.5.

Many solver algorithms exist for finding the minimum of an objective function. In literature
all types varying between direct solvers [9] and genetic algorithms [43] have been used. If all
solvers are ordered from simple to complex, based on the computational effort they require,
these are on the opposite ends. Generally simple solvers have more strict requirements
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Figure 4.5: Block view of the inverse solver.

on the objective function and the more complex solvers have less. The normal strategy for
choosing the solver algorithm is to pick the simplest one for which the objective function
meets the requirements. For instance in matlab all common algorithms are built-in and they
provide a selection table based on this strategy [36]. For this problem the objective function
has the following properties:

1. ltis ill-posed in the sense of Hadamard (but regularised);
2. ltis continuous with the input;

3. It has an analytical jacobian and gradient;

4. It has a continuous jacobian and gradient;

5. Itis unconstrained.

Direct solvers do not handle ill-posed problems very reliably. They give results but one
never quite knows if it is the optimum, therefore they should not be used.

The next step in complexity are the gradient-based quasi-newton algorithms such as the
Broydon-Fletcher-Goldfarb-Shanno (BFGS) or Levenberg-Marquardt (LM) algorithms. These
are fast algorithms that use the gradient for determining the steps to make. These algorithms
cannot handle constraints. These algorithms are very suitable.

The next step in complexity are the interior point methods. These can handle constraints
and do not require gradients, but do use them if known analytically. As constraint handling
is not necessary a gradient based algorithm is chosen.

4.6. Software implementation

In section 4.6 the flow of the implementation in software can be seen. A large part of the
software relies on the proprietary software of comsol(blue steps) and matlab(red steps).
The green steps are self-built matlab routines.
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Figure 4.6: Flow of the sofware implementation. Blue steps are done in comsol, green steps are built in matlab,
red steps are built-in matlab routines.
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4.7. Simulation experiments

4.7.1. Analytic model inversion

A first important question to ask on damage reconstruction models is: “What damages can
be reconstructed and what cannot?”. This question can been subdivided with the character-
istics of the damage: location, appearance, extent, number. In order to answer this question
a series of tests using the analytical model have been conducted. For these first tests the
most simple model of a ship has been used: a floating square slate of 60 x 60m. On this
slate 9 points are homogeneously placed at locations (x,y) = ({10, 30, 50},{10,30,50}) in
all permutations. Of these 9 points the position of the one at (10, 10) is an anode. A the other
points measurement points will be placed. This geometry is shown in figs. 4.7 and 4.8. The
o denotes the location of the anode, the + denote the positions of the reference electrodes.
These symbols will be used throughout further figures. In this figure the slate extends to the
axis and the edges of the figure. Different configurations of the damage distribution have
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Figure 4.7: Location of anode an measurement electrodes on the slate.

been tested.

For each tested scenario 6 plots are made, ordered in 2 columns and 3 rows. An example
is shown in fig. 4.9. The plots in the left column show the forwardly calculated scenario and
the plots in the right column show the reconstruction by the inverse method.

The plots in the first row show a voltage distribution. Equipotential lines are displayed and
the colour in between the equipotential lines denote the potential.

The plots in the second row show the current density distribution. Equal-current-density
lines are plotted and their colour denotes the current density.

The plots in the third row show the norm of the signature at codedepth. Equal-signature
lines are displayed and their colour denotes the norm of the electric field. The contour of
the projection of the slate is also plotted. For a square slate the codedepth is not defined,
but for this geometry the codedepth is chosen at z = —10m. The results and conclusions
of these tests are listed in this section but the full set of images is added in appendix B.

Location of the damage and measurement points The location of the damage has
a high influence on resolvability. The first conclusion that can be drawn is that damage
reconstruction is hard when the damage is located beyond the measurement points, see
figs. B.9 and B.10. This result is expected, as the damage gets outside the damaged area
the sensors will not show very different measurement values.

Secondly the resolvability is dependent on the distance of the damage to the measurement
points. If the damage is far away from all sensors the effect on the sensors is slight, and the
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Figure 4.8: 3D-view of the geometry used for the analytic model inversion.

solution tends to a smoothed current distribution in a large area. Therefore the prediction
of the signature of small damages far from the sensors is not that good, compare figs. B.3
and B.4.

Thirdly damages very close to anodes cannot easily be resolved as the effects of cathodes
and anodes cancel at the measurement points, compare figs. B.5 and B.6.

Fourthly, resulting of the previous observations, the damage reconstruction is best when the
measurement electrodes are distributed homogeneously, and not for instance just around
the edge. This can be seen from figs. B.7 and B.8.

Appearance and extent of the damage Because of the regularisation all solutions res-
ulting from the method are smooth. This means that very localised and abrupt damages are
resolved to smooth damages as well. From figs. B.9 and B.10 it can be seen that an smooth
and an abrupt damage located in the same point results in the exactly the same output from
the inverse method. When evaluating the signature near the ship this will make a difference
on the correctness of the prediction. Generally smooth damages are reconstructed better.
Extensive damages fulfil the regularisation requirement better by themselves and are there-
fore reconstructed better, compare for instance figs. B.11 and B.12.

Number of damages Different damages can be reconstructed as separate damages
when they are not too close. Generally if they are closer together than the measurement
electrodes are they will not be seen as separate damages, see for instance figs. B.13
and B.14. For the prediction of the signature this will have not a significant effect how-
ever.

With the 8 measurement electrodes on the slate configurations up to three separate dam-
ages can be reconstructed, but with more damages the prediction of the signature will not
be worse, see figs. B.15 and B.16.
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4.7.2. Finite element model inversion simulation

The finite element model has been tested with the same kind of scenarios as the ana-
lytic model, but under enhanced conditions to make up for the ill-conditioned mathematical
model. A dense grid of 52 reference electrodes has been placed on a flat rectangular boat,
see fig. 4.10. One anode is present, a damaged patch can be placed and moved around.

Figure 4.10: Configuration for the Finite Element Model Inversion.

The simulation results should mainly show the effects of the ill-conditioned model, and how
this could be improved by adding measurement points or simplifying the geometry.

When testing the finite element model the results were as expected not very good. In
fig. 4.11 it can be seen that inversion of a simple geometry using 52 reference electrodes
does not give very accurate results. This also translates in an unresolved signature, and a
bad performance against the second metric. More often the results are even worse, and no
estimation of the damage can be made at all.

04

an 4 s
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05 0.5

(a) forward, true distribution (b) inverse, estimated distribution

Figure 4.11: Comparison of forward and inverse hull voltage distributions calculated with the FEM model

4.7.3. Interpretation of the simulation experiments

The simulation using the analytic model gives a limiting case of how well inversion is pos-
sible. The finite element model does not perform up to this limit as it runs in to mathematical
difficulties because of the bad condition number, which has to be solved for any numeric
model attempting inversion. Signature prediction is not possible with the numeric inverse
method.

With the current results the construction of an inverse method is abandoned.






Brute Force Method

5.1. Introduction

The brute force method is an alternative way of trying to reconstruct the damage distribu-
tion without making an inverse model. This chapter develops the brute force method and
develops the simulations in which this method is used.

5.2. The Brute Force Method

Measurements
_ Calculated
Physics ———{Forward| Measurements [Parameter [ Reconstructed Damage
Geometry ——— solver fiting | . Estimated Signature
Damage Distribution

Figure 5.1: Structure of the brute force method.

The structure of the the brute force method can be seen in fig. 5.1. The damage distri-
bution § is described by a function of nine point locations and nine associated parameters.
9 Dn
=17~
0(%,y,2) = —5—1. (5.1)

=14,

Here p,, is the n-th parameter. And r;, is the distance to point n:

1y = Gtn = 02+ O — )2 + (20 — 2)%. (5.2)

The points must be chosen around the hull so they give a good spatial coverage. For
instance equidistantly on a plane or a hemicylinder under the ship. By putting the points
closer to the hull the effects of the points become less overlapping.

The point locations are fixed, but the parameters associated with these points can be varied.
The forward model, which is well posed, is calculated iteratively with different parameters.
By fitting the resulting measurements to the real measurements by varying the parameters
the damage distribution can eventually be found. Brute is however the correct description
for this method, it is a time consuming method, and it does not give any insight in signature
management measures, but it will work.

The results of this method are enhanced by running it for different anode current settings.
More configurations of the anodes give more datapoints and make therefore the fit easier.

33
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Also when the optimisation of the parameters is done, and the parameter for only one point
is the highest, it might be possible to redistribute the points around that one point, in order
to get a higher resolution.

5.3. Brute Force Inversion Simulations

The brute force inversion routine is constructed fully in comsol Multiphysics. A geometry is
built and damage applied, the model is solved forwardly to generate measurement data. An
external function is written which implements eq. (5.1). This function is passed parameters
from comsol. Then an optimisation routine is used to fit the parameters to the measure-
ments. The goal of this simulation is to see how well inversion is possible when using
realistic physics.

In order to test the robustness of the brute force method, additional simulations are run
where noise is added to the measurement data.

The brute force inversion works. When given a single damage the algorithm is able to
locate this into one of nine sections using twelve reference electrodes. In order to arrive at
the global optimum of the objective function is mandatory to start in multiple points because
there are a lot of local optima. Convergence is enhanced by using different anode current
combinations and large anode currents as to move far up the polarisation curve. The brute
force algorithm takes five to six hours to calculate the damage distribution on the simple
geometry used. Results of the brute force method are shown in fig. 5.2a and fig. 5.2b.
It can be seen the signature estimation is not that great. Although the general damage

=

(a) Forward codedepth signature (b) Solved codedepth signature

Figure 5.2: Comparison of forward and inverse hull voltage distributions calculated with the brute force model

location is determined correctly, it is spread out too much so at codedepth the signature is
not well estimated. This is improved by increasing the number of sensors and interpolation
points. How many interpolation points then are needed in order to resolve the signature?
And how many sensors are needed to obtain this result?

The solution converges around a correct damage distribution if the number of sensors is two
times the number of interpolation points. With less is does not always produce good results.
This ratio (2:1) is much higher then it is for the analytical method (1:9). The difference is
attributed to the difference in physical model and configuration, but more research into this
is recommended.

The number of interpolation points needed depends on how well the signature should be
predicted. In the simulation of fig. 5.3 a model of the ship Quest is fitted with 140 sensors,
and the signature is predicted with an RMS error of 13.6%, and the maximum signature
value is 13% off. As most ships today have between one and eight reference electrode
sensors, 140 is a very large number.

5.3.1. Robustness analysis

The measurements of the reference electrodes are up to 200 mV apart when an anode or
damage is close, but typically only 10 to 20 mV. The amount of noise or measurement error
that can be sustained before the results deteriorate is also about this amount.
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(b) Solved damage distribution. Green = 0%, red = 100%.
(a) Forward damage. White = 0%, purple = 100 %.
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Figure 5.3: Comparison of forward and inverse damage distributions and signatures of the Quest with 140 refer-
ence electrodes. E = 13.6%.

5.3.2. Interpretation of the simulation experiments

The brute force model is shown to work. The results of the brute force method can come
close to the results of the analytical method but require both a lot of computation time and
many more measurement electrodes.

The simulations show therefore what is possible using inversion, and how inversion can be
attained. It also shows that implementing damage estimation in a signature management
system will require improvements in the method, especially in calculation times. But as most
ships of today have only a few reference electrodes, implementing damage estimation is not
likely to be possible. If damage estimation is to be implemented on future ships they should
have more reference electrodes. Preferably a hundred or more, but the number depends
on how well the signature should be resolved. Is E = 15% good enough, and is E even the
best metric?






Scale-Model Experiments

6.1. Objectives

At TNO a scale model testing facility is developed. The objectives of this facility are:
« Verification of the electro-chemical modeling approach;
+ Validation of polarisation curves;
» Obtaining typical signature datasets;
» Prototyping IccP systems and signature management measures;
+ Verification of the inverse method.

The first and second of these objectives are the most important, because they have to be
met before the others can. Therefore these two are important to this research as well. As
the scale model facility is unique it has to be developed from scratch. Therefore many
experiments focus on the validation of this test set-up.

6.2. Measurement Set-up and Materials

The test set-up developed at TNO consists of a number of parts. First is the open water
tank in which the model will be placed and the signature measurements will be taken. This
tank has inner length of 5.50 meters, inner width of 1.83 meters and a depth of 1.9 meters.
It is made out of high-density polyethylene (HDPE), a suitable material because it does not
conduct electricity and that will not take part in any electro-chemical reactions.
On the floor of the tank a measurement array is mounted. The array consists of 7 sensors
mounted in line that measure the electric field in the water in three axes. The measurement
array is adjustable in distance below the water level.
Above the water a motorised frame is constructed that can move in x and y direction. (For
the purpose of the scale model: +x is towards the front of the ship, +y to starboard, and
+z into the water.) To this frame either the scale model or the the calibration source can be
mounted. These can then be moved around controlled by a script running on a connected
computer. The tank with the measurement array and the calibration source can be seen
in fig. 6.1. The alignment of the frame is done using a laser, see fig. 6.2. The calibration
source is a device that is used to calibrate the measurement array. It consist of a variable
DC current source, an ammeter and two electrodes. The electrodes are made of platinum, a
very noble metal. They have a surface area of 1.00 cm? on either side, and they are placed
in a rigid frame 300 mm apart, 200 mm below the waterline. The resulting electric field and
current distribution can be calculated very precisely. By comparing measurements to the
predicted values the sensors can be calibrated.

The scale model itself is a wedge shaped plastic ship. It has a length of 1140 mm and
a draft of 230 mm. The side panels are 1100 x 330mm rectangles, with 3 x 10 mounting
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Figure 6.2: Laser alignment of the moving frame to the measurement array.

holes spaced equidistantly. On these mounting holes 100 x 100mm patches of uncoated
steel can be placed, but also sacrificial anodes of zinc, titanium ICCP anodes, or 4g/agci
reference electrodes. On the stern of the ship Nickel-Aluminium-Bronze circlular plates,
representing propellers, can be mounted. The materials have all been constructed in a way
they can be quickly fitted in the mounting holes. If any mounting holes are not used they are
closed with nylon bolts. This way different configurations can be quickly prototyped. The
scale model, configured for sacrificial anode cathodic protection, can be seen in fig. 6.3.
The same configuration can be seen in fig. 6.4 but then in the water. Further blueprints of
the set-up can be seen in appendix C.

On the inside of the scale model electrical connections are made to a multi-cable block
and from there the connection to the power sources and the measurement equipment on
the shore is made. This measurement equipment comprises 3 16-channel analog-to-digital
converters (ADCs), connecting to both the scale model and the measurement array. Up to
4 DC power sources, rated 50V/6A, are available. The ADC and the sources connect to
a central computer using a serial connection. The computer runs labview software that
controls both the measurements and the sources. This computer also communicates to
the computer controlling the moving frame, giving move commands and receiving position
measurements. A schematic of the test set-up can be seen in fig. 6.5.
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Figure 6.4: Sacrificial anode cathodic protection system test set up in the water.

6.3. Sensors selection for electric potential and field meas-
urements

6.3.1. Method

In order to do electric field and potential measurements sensors are required, but these
cannot be bought ready for use, therefore they had to be developed. Because the meas-
urements are done in an electrolyte care has to be taken that the potentials and fields of
interest are measured and not some electrochemical potential of the electrode material. For
both field and potentials measurements reference electrodes are needed. These reference
electrodes are chemically buffered so they will be very stable in different chemical environ-
ments. The application of the reference electrodes for potential measurement is shown in
fig. 6.6. Note the exact similarity with the archetypical Daniell-Cel (fig. 6.7), two metals in
a solution containing these metal’s ions, these solutions make contact through something
porous or a salt bridge, and the metals connect to a voltmeter. The potential of the redox
reaction at the hull is measured against the strongly buffered silver-silverchloride (ag/agct)
redox reaction. It has to be noted that in many modern reference electrodes the silver chlor-
ide solutions is replaced by an organic matrix which contains the silver and chloride ions.

For measuring the electric field inside the electrolyte the configuration of fig. 6.8 is used.
By using two equally strong buffered electrodes it is certain their electro-chemistry is equal
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Figure 6.6: Potential measurement schematic.

Figure 6.7: Daniell Cel.
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and just the external field is measured. Because of the shape of the sphere the electric field
measurement has to be divided by 1.5 [17]. The first main experiment conducted was the
testing of two different types of reference electrodes fitted in 3 axes in a sphere. The first
has a liquid silver chloride solution in a glass tube, the second a silver chloride matrix. The
goal of this experiment was to select the best type of sensor for further tests.

Secondly the reference electrodes were fitted in ten three-axial spherical sensors, which
were tested and calibrated in order to select the best seven. It was expected that the art
of quality production would not be mastered directly. In this last test the calibration source
is moved over a 10 sphere sensor array, and in combination with simulation experiments
of that configuration the calibration(see fig. 6.9) quantities for the sensors are obtained as

well.



6.3. Sensors selection for electric potential and field measurements 41

Silver Wire

/ N\

VvV o «+— Porous Contact

Silver Chloride Matrix

Insulator

Electrolyte
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Figure 6.9: Simulation set-up for calibration.

6.3.2. Results

One sensor with glass tube electrodes (containing solved silver chloride) and one with pellet
electrodes (with a silver chloride matrix) were made and tested. Both types of sensor were
placed in water with a conductivity of 0.143 S/m. After the sensors were first placed in water
measurements were done. No source was yet present so the measured values represent an
offset with noise. Initially the offset and noise values were very high, but after one hour they
had become stable. Values for offsets and noise of both sensors of a stable measurement
are given in table 6.1. These represent a typical measurement under equal circumstances.
Note that the sensor axes are labeled A, B and C, as they do not align with the x, y and z
axes. This had to be done because the sensors had to be mounted in z direction. It can be

Sensoraxis | A B C Sensoraxis | A B C
Offset (mV) | -0.616 3.089 -0.727 Offset(mV) | 0.55 -2.826 -2.852
Noise (WV) | 256  107.2 52.9  Noise (V) | 767 1305 715

(a) Pellet electrodes (b) Glass electrodes

Table 6.1: Comparison of pellet and glass reference electrodes.

seen that the offsets of both sensors are comparable, but the noise of the glass electrodes is
much higher. This was the case for every single measurement. After this the sensors were
tested with the calibration source. The amplitude of the signal produced by the calibration
source is about 1 mV. The noise of the glass electrodes made it very difficult to discern the
signal. The signal of the pellet electrodes was very linear with the calibration source current.
Because of the superior performance of the pellet electrodes these were chosen for use in
the scale model set-up. This choice was also practical because the pellet electrodes are
only 5 mm in thickness, but the glass electrodes 40 mm. Therefore the sensors could be
made as small as 32 mm in diameter. Ten sensors were produced, and the seven with the
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smallest noise values were installed in the set-up.

All ten sensors were tested with the calibration source. The calibration source was
moved over the sensors, to stop for 3 minutes exactly over every sensor. This scenario
was simulated in comsol as well. The measured and simulated values of the electric field
were compared. The result of this comparison for one sensor are shown in fig. 6.10. It can
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Figure 6.10: Comparision of simulated to measured sensor calibration measurements.

be seen that the measured and simulated values for the x and y direction differ a factor
of 1.6. No explanation has yet been found. The measured and simulated values for the z
direction differ up to 10 mV m~" when the source is closest to the sensor, but this difference
becomes smaller as the source goes further away.

With the measurement array of the seven best sensors installed the shift of the offset
was tested over two periods of 14 hours. This is a long period, as a typical measurement
using the scale model will take about half an hour. The results of this experiment can be
seen in fig. 6.11. Itis to be noted that the y-axes of the graphs are scaled differently. It can
be seen that the offsets for the different sensors drifted by amounts varying from 0.01 to 1.73
mV; Also as the abolute value of the offset becomes large, the ADC changes it's scaling as
to accommodate this voltage, but this results in a lower resolution. The resolution of the ADC
is 6.5 digits. Depending on the offset the last digit can represent 0.001 (sensor 1.3), 0.01
(sensor 1.2) or 0.1 (sensor 1.1) mV; The rate of change of the offset is for only 2 sensor
axes higher than 0.05 mV h~'. The signal level on the sensors when using the scale model
is typically no larger than 1 mV, and the duration about half an hour. It is concluded that the
shift in offset is small enough not to influence a single measurement significantly, but that
offsets should be measured before every measurement. Increasing the signal level might
improve the results. The easiest way of increasing signal level is positioning the sensors
closer to the scale model. When the signature is measured at a lower depth it will show
more details and local effects, and it increases the signal level.

6.4. Sacrificial Anode Cathodic Protection

6.4.1. Method

In order to validate the polarisation curves, the first measurement with the ship was with a
sacrificial anode cathodic protection system. The set up for this can be seen in fig. 6.3. On
the front of the ship six 10 x 10 cm steel patches are mounted. On the rear of the ship six
zinc anodes are mounted. Inside the ship all of the anodes are connected and all of the steel
patches as well. A connection between anodes and steel is made via a shunt measurement
resistor of 1 Q. The ship is then placed in the water and multiple runs are measured. These
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Figure 6.11: Offset shift over a period of 14 hours.

are then compared to the reference simulations.

6.4.2. Results

The scale model with sacrificial anode protection was sailed over the measurement array.
The measurements of each sensor form the signature on a line at the depth they are placed.
The measurements of the sensor directly underneath the keel of the ship can be seen in
fig. 6.12. It can be seen that the y component is small as the ship is symmetric in y = 0.
The x component is negative, representing a current from stern to bow. The z component
changes sign near the middle of the ship at x = 0, as is to be expected.

When the data of all seven sensors is plotted in a two-dimensional plot the entire sig-
nature of the ship at the sensor depth is obtained. Such a signature plot can be seen in
fig. 6.13. This plot looks capricious. Partly this is due to the small signal-to-noise ratio of
the underlying data. But it is also due to the fact that resolution in y direction (2.4 cm) is 10
times smaller than the resolution in x direction (20 cm), and in order to print the image the
data is interpolated to pixel size. Simulation software like comsol uses smoothing image
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Figure 6.12: Electric field components at y = 0

filters when plotting coarse data, but this is not done here because it would not show the
actual measurements.

The measurement with the scale model and sacrificial anode cathodic protection was
repeated four days later. The results of this second measurement can be seen in fig. 6.14.
When comparing figs. 6.13 and 6.14, it can be seen they differ quite a lot. This also can be
seen from the comparison of the data of one sensor in fig. 6.15. The z and x components are
14% larger after 4 days, and the y component looks differently altogether, much larger and
the location of the maximum value has shifted 0.3 m. For the increase in current there
is no obvious or explanation. The set-up was not changed in any way. On both days
the conductivity of the water was the same as well. The change in y component might
be attributed to a slight rotation of the scale model of these days. Also corrosion on the
mounted side of the port-side steel was detected, which might create an asymmetry.

The next day a third experiment was done. The results can be seen in fig. 6.16. They
are not quite what would be expected. Instead of further increasing or staying the same,
the measurements for x and z decreased to 75% of the values the day before. It might
be that the polarisation curve changes the first week the materials are in the water, but it
would not be expected to change both ways rapidly. Only one change to the test set up
was made on the 30th of January; in order to reduce the forces on the ship it was sailed
slower than before. On the 25th and 29th the sailing speed had been 2.5 mm s~ on the
30th 1.0 mms~". Further tests showed that indeed the currents increase with increasing
sailing speed, but not enough data points are as of yet obtained to show the exact relation.
Although little research has been conducted into corrosion under flow conditions, literature
does indeed suggest that increasing speed increases the current, see for instance [35] and
their second figure. But it also suggest this effect should only occur at much higher speeds.

Comparison of the scale model experiments with sacrificial anode protection with a simu-
lation is somewhat difficult as polarisation curves under flow conditions are not yet available.

6.5. Impressed current cathodic protection

After the test with the sacrificial anodes has been conducted, an IcCP system is implemented
on the scale model. The initial current setting is the current measured at the sacrificial
anodes. The main goal of this test is the implementation of a functioning IcCP system.
Because of the complex results of the previous tests, tests with the ICCP system are not
possible in the scope of this research.
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6.6. Verification of the inverse method

In order to verify the inverse method, the ICCP system has to be functional and reference
electrodes have to be fitted at the hull. A damage distribution is added to the scale model
by placing uncovered steel patches on the hull. The measurements of the reference elec-
trodes are the input for the inverse method. The outcome of this method is a reconstructed
damage distribution and signature. The reconstructed damage distribution is compared to
the actual one. The actual signature of the scale model is measured and compared to the
reconstructed (simulated) signature.

6.7. Interpretation of the scale model experiments

As the test set-up for scale model experiments had to be devised and built from scratch
without much relevant literature it was difficult to do so. It can be concluded that a lot of
relevant physics and chemistry is still unexplored, major questions remain unanswered:

* Why do the sensors show offsets?
* Why do these offsets shift?
* In what way are polarisation curves influenced by flow rates, and why?

Nonetheless the results are a good first step in attaining the goal, verification of the inverse
method. Underwater electric field measurements are possible, but not yet perfect. It can
be concluded that a scale model set-up is possible, although more research is needed to
fully understand all the measurements.
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Figure 6.13: Signature of the scale model with sacrificial anode protection, measured at z = 1.10m below the
waterline on the 25th of January.
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Figure 6.14: Signature of the scale model with sacrificial anode, measured at z = 1.10m below the waterline
protection on the 29th of January.
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Conclusions

Three methods for inversion are developed: the analytical method, the numeric (FEM) method
and the brute force method. The analytical method is used in simulations for exploring the
limits of inversion. The numeric method runs into mathematical difficulties, simulation shows
how well it performs. The brute force method is an attempt to obtain damage distributions
of real ship geometries by just using the forward model and a lot of computing power.

The experiments focus mainly on proving that the simulations of the physics correspond
to reality, which is difficult because everything has to be developed from scratch. If all works
well the inverse method could be applied to scale model tests as well, but that fase of testing
was not reached in the scope of this thesis.

7.1. Conclusions and discussion on inverse methods

The developement of a method for reconstuction of the damage distribution using ICCP sys-
tem measurements led to the following conclusions:

* The best results for damage reconstruction that can be achieved in theory can be
explored by a simple analytic model[section 4.7.1];

» The inverse problem can be described using FEM, and after regularisation solved us-
ing gradient-based methods, but all results for numerical methods suffer from poor
condition numbers and are therefore unstable when implemented[section 4.7.2];

+ Brute force inversion, inversion by repeatedly calculating the forward problem, can be
employed in reconstruction the damage distribution of ships. It requires large compu-
tation times, and is somewhat sensitive to noise, but in general it works well[chapter 5];

* No very detailed description of the geometry is needed as regularisation will smooth
away details and the inverse solver performs better with fewer degrees of freedom
[section 4.4 and section 4.5];

* Rules for the placement of reference electrodes were derived. With 8 points of meas-
urement a damage reconstruction can be realised [section 4.7.1]. But resolution is
limited by the number of reference electrodes. For future ships a number of reference
electrodes of at least one hundred is advised[section 5.3].

Admittedly the results of the methods are not as perfect as hoped for. The application of
a method for damage reconstruction using IcCP system measurements is still very far off as
it would require ships with many reference electrodes, and there are only a few ships that
have more than six.
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7.2. Conclusions and discussion on scale model analysis
The development of a scale model testing facility led to the following conclusions.

* Electric field sensors based on ag/Agci reference electrodes were developed. They
showed good linearity with the field, but also large and shifting offsets that were not
explained[section 6.3];

+ Simulations and measurements of a set-up with a calibration source show good sim-
ilarity, but a factor of 1.6 difference that has not yet been explained[section 6.3.2];

+ Tests with a scale model ship with a sacrificial anode protection system show large
variations over the time of four days[section 6.4];

+ The same tests show that polarisation curves are strongly dependent on the speed
of the ship. As polarisation curves for moving electrolytes are not yet available this
poses a challenge to modelling[section 6.4].

As the scale model testing facility developed at TNO is unique, everything had to be
developed from scratch. This resulted in major challenges outside the original scope of the
project. Important questions remain unanswered. The drifting offsets of the sensors are
not explained and also the relation between the speed and the polarisation curve remains
unknown. The results indicate that the physical simulation model was too simple. Probably
the Poison equation should be expanded to the Poison-Nernst-Plank equation.

7.3. Answers to the research questions

The research questions of this thesis were:
To what accuracy and with what measurements can the damage
distribution on a ship’s hull be reconstructed?

With subquestions:
+ What type of mathematical model is best suited for inversion?
+ Can a damage reconstruction method be implemented on a scale model?
+ How could a damage reconstruction method be implemented on a ship?

To the main research question the answer is: the accuracy is limited by the number of refer-
ence electrodes. A resolution of half the distance between reference electrodes is possible
in theory, using brute fore methods.

The most suitable mathematical approach is not to construct an inverse model but to re-
peatedly calculate the forward model with different parameters until the right ones are found.
Currently the scale model testing facility is not yet developed far enough to test the inverse
method, but it is likely testing will be possible in the near future once the major open ques-
tions are answered.

It is unlikely that damage reconstruction using ICCP system measurements will be imple-
mented on ships any time soon as current ships have few (1-6) reference electrodes, which
would give a very poor resolution. If future ships will have many more reference electrodes
(a hundred or more), implementation is possible. It would however still require a lot of com-
putation power.



Recommendations

This research led to a large number of new questions that will require attention. The main
topics are:

research into quantification metrics for signature reconstruction. What does a mine
see? How should we then rate our models?

research into methods for dealing with badly conditioned models to get the best pos-
sible results;

further research in to the parameter fitting part of the brute force method. How can be
made to converge faster and always to the correct solution?

research into electric field sensor for use in water. Why do 4g/4gct sensors show
shifting offsets? How can these sensors be improved?

research into how polarisation curves change as the electrolyte flows. Can this effect
be described by a simple mathematical model?

further research into scale model with different configurations of passive and active
protection of steel and copper;

verification of the method for damage estimation with scale model experiments.

Research into these topics will continue at TNO.
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Finite element method

The domain Q is the entire volume on which the FEM is applied, and it consists solely of
seawater with material parameters ¢ and . Equation (4.5) can be rewritten to:

V- e@W®E =q®@). (A1)

Which is the strong formulation of the FEM problem.
The interior of the domain, being seawater, holds no static charge and therefore is source
free.

A.1. Discrete formulation
The strong FEM formulation of eq. (A.1) can be written in variational form

///ﬂ V- (—eVV (@®)v(E)d = ///ﬂ 4@)v(@)dO. (A2)

Where v is called a ‘test function’. v is to be specified later.
Integration by parts yields

///QsV(V(ic’))-V(v(a’c'))dﬂ=///Qq(f)v(ic’)dﬂ+//r—sw(5c’)v(£)-ﬁdr_ (A.3)

The DO, D1 and NO type boundary conditions give VV = 0 on I so they drop out. ¢ = 0
on the interior domain, so it drops out as well. But it is important to notice here that indeed
volumetric charges and boundary current densities are modelled as the same sources as
per eq. (4.9).

The domain of computation is now discretized in N elements, using n nodes. The solution
V(x) will be approximated by the finite element solution V(%) which is represented as:

n

V@) = ) wgi (@), (A4)

k=1

Where u, is the k-th coefficient of u the vector of node voltages. ¢, is the k-th basis function,
corresponding to this node. If eq. (A.3) is discretised using eq. (A.4) this yields:

///Qs(kzn:zluk)V@pk(J?))-V(v(f))dﬂz///Qq(a?)v(f)dﬂ+//r—£VV(f)v(9?)-ﬂdl". (A.5)

As the summation can be taken out of the integral

Zuk(///ﬂ eV(@r (X)) - V(v(X)dQ) = MIQ(Q)V(f)dQ+ﬂ—sVV(£)v(£).ﬁdr. (A.6)
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If now the test function v(¥) = ¢, (X) (the r-th basis function) for 1 < r < n, it can be
rewritten to

Zuk(///n eV (@i (%)) V(e (X)dQ) = ///ﬂq(a‘é)<pr(a?)d(z+//F —eVV (X)) (X)-AdT for 1 < k < n.

(A.7)

This can be programmed as

A-u=f. (A.8)
With A an n by n matrix, u the vector of n coefficients of V" and f the input vector of the
same size.
Choosing test functions the same as the basis functions is a method known as the method
of Galerkin, after the Soviet mathematician. The main advantage of this method is that
the matrix A will be symmetrical and positive definite, making it computationally easy to
use. This is why this is a widely used method. The main alternative for the choice of basis
functions is the spectral method, which allows computationally easy solutions in k-space
or spatial frequency domain, which is not necessary in this research. Although the nice
properties of A will be partially lost when altering the system of equations later on, Galerkins
method still remains the easiest and fastest method [34].

A.2. Meshing of the domain

The mesh of the domain is built using comsol. The most common type of mesh element is
the tetrahedral one. This mesh element is very popular because the associated basis func-
tions are the most simple ones, and therefore the construction of the matrix A is straightfor-
ward as well. More complex elements may give better results for the same computational
effort. There is an entire field of mathematical science that centres around the question if
it is in given circumstances better to increase the number of elements or if it is better to
choose elements of higher order. For the simplicity of the solution however first the most
simple and straightforward elements are used.

A.3. Basis functions
Many methods for choosing basis functions exist, but the most simple are the first order
lagrangian elements. Given an element that is the convex region between the four nodes
X1 = (1, Y1, 21), %3 = (X3,¥3,23), %3 = (X3,¥3,23), X4 = (X4,Y4,24). For this element there
are four basis functions ¢ that are 1 in one node and zero in the other three.
o1(x,y,z2)=ax+by+ciz+dy
@2(x,y,z) =ax + by +cz+d,

A.9
@3(x,y,z) =azx + b3y +c3z+ds "9
03(%,y,2) = ayx + byy + cuz+d,
And it is given:
a; by ¢y dy\ /x1 X3 X3 X4 1000
ay by ¢ dp|[y1 ¥2 ¥s ya|_[0 1 0 0 (A.10)
az bz c3 d3|\z1 zp z3 2z 0.0 10 .
ay by cy dJ\1 1 1 1 000 1

So it is quite easy to derive the basis functions from the locations of the nodes. For ¢, it is
given that it has value 1 on node r, 0 on all other nodes, and that it is linear in between. For
nodes part of more than one element this will result in continuous basis functions consisting
of more parts, but still defined on every element.

The volume v of an element can be calculated using

X1 —Xg Xz —Xg X3 X4

1
v=g||det Yi—Ys Y2—Ya Y3—Valll (A.11)
Z1 = Zy Zp —Zy Z3— Zy
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where the || ... || operator denotes the euclidean norm.

A.4. Assembling system matrices and source vectors

A.4.1. Assembling A from the system
When considering a single entry of matrix A

Ay = ///Q £V(0r (D)) - V(@ (D))dO. (A12)

But ¢, and ¢, only overlap if these basis functions exist on the same element. In that case
on the element n

ar Qg
Ar,k=///£ bT‘ . bk dT]=E‘U‘(ar'ak+br'bk+Cr'Ck). (A13)
n Cr Ck

Functions around vertices directly connected by an edge overlap on more than one element
but still the matrix can be constructed in an element-by-element fashion. The contribution
of an element 7 that is the space between vertices that have the global labels «, A, u and v,

to the matrix A:
Ak,k Ax,l Ax,u Ax,v

4 = Ape Aaa Aap Ay (A.14)
7 Au.K Au,ﬂ Au,u Au,v ' '

AV,K Av,l v,u Av,v
By calculating al these element contributions, the matrix A can be built by adding these

entries to the right positions in matrix A. As these calculations can be done in an element-
by-element fashion they are easy to process in parallel.

A.4.2. Assembling f from the sources and implementing the boundary

conditions
For the vector f the process is analogous.

fr= ///Q q(ic’)(pr(ic’)dQ+//F—SVV(EC’)(pr()?)dF. (A.15)

Dirichlet boundary conditions are of the type VV = V4. If they are implemented on node
r, fr = V1 and row r of A is set to all zeroes except 4, = 1. This forces the solution
Vhr =Ur - @r =V

Neumann boundary conditions are of the type % = ifl - fi. They are described on a
node r by the integral

//F —eVV (D)@, (D) = //F ~ZJrgr Gy, (A16)

Where the positive normal direction is to the outside of . On a tetrahedral element with
boundary nodes «, A, u the contribution of the boundary to f is

fK 1 ]n(xk’yK’ZK)
fal= 35 Iy 22) |- (A17)
fu ]n(x;uy”'zu)

With a the area of the triangle «, A, u

1 = = = =
a = ll(xe = X2) X G = Xl (A.18)



60 A. Finite element method

If an element has only one or two vertices on the boundary the area term is zero and there-
fore the boundary current density has no contribution.
o v

Robin boundary conditions are of the type V — p_l(—gﬁ) = 0. They are implemented

like Neumann boundary conditions. The Robin boundary condition can be written as Z—Z =

—g -p(V). If p(V) is linearised in a point (VV), using the result of eq. (A.17), it can be written

as
fr 1 ¢ PheVi + %
fa =—§'E'0!'5 PtaVai+p° | (A.19)
fu P V9%

The V,. terms can now be moved to the left side of eq. (A.7). The value i f - adpt, wil
be from element A, ... This can then be solved iteratively by using Newton’s method.
There is some freedom in assigning boundary conditions to the boundaries of the inverse
model. For the forward model there is only one possibility as described above. When for the
inverse problem the Robin conditions are removed, because the damage is unknown, only
Neumann conditions remain. For the analytic model the damage is modelled as a Neumann
boundary solving for the potential at the reference electrodes, but the potential at infinity is
assumed to be known, which does not represent a real scenario. A Poisson equation with
only Neumann boundary condition is known to have an infinite number of solutions [34]
because the potential at infinity is not known, which means it cannot be solved straightfor-
wardly. Also, whatever the numeric method chosen, this will result in a representation of
the system that has a null space, being a constant potential offset, which means it cannot
be inverted.
Therefore, somehow, Dirichlet or Robin boundary condition must be introduced. This can
be done by modelling the reference electrodes as Dirichlet boundaries, as suggested by
[7], and then solving for the current at those points instead of solving for the voltages. This
final system can now be solved. This is done in matlab using the m1divide routine. The
currents that come out of this system are then used as a new point for the linearisation of
the polarisation curves, and the system can be built and solved again. This is repeated until
the change in currents falls below some minimal threshold.
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Figure C.1: Top view of the set-up in the TNO basin and cut through along the long side of the tank. Property of
TNO, reproduced with permission.
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Figure C.2: Top view of the set-up in the TNO basin and cut through along the short side of the tank. Property of
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