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Abstract

The electromagnetic fields from corrosion currents and corrosion protection devices
contribute to the underwater EM signatures of marine vessels. These fields are of
interest as they affect the susceptibility of the vessel to underwater multi-influence
mines and provide insight into the protection offered against corrosion. Therefore there
have been many approaches developed to evaluate these corrosion related signatures.

The method presented here involves using a boundary element method (BEM). The
surface of the domain is meshed using triangular elements, and the BEM equations
are formed using normalised moments for these elements. This allows the required
integrals to be calculated by polynomials. These equations are solved using a point
successive over-relaxation method (PSOM) providing values for the potential and its
normal derivative on the boundary. The magnetic fields are evaluated using a new
approach which eliminates the requirement to mesh the volume of the domain.

Calculations were performed for a model hull in a box of seawater. The model con-
sisted of 5132 surface elements. Each interation of the PSOM took about one second on
a normal PC. The speed of convergence depended on the integrity of the paintwork on
the hull. For high resistance films, the method was extremely stable and a few hundred
iterations were sufficient, while several thousand were needed for low resistance films
with the currents emanating from ICCP anodes. Calculations to date have explored
the algorithm and convergence, without too much emphasis on polarization data or
comparison with experimental data, which is subject to further development.

1 Introduction

The electromagnetic signatures of marine vessels due to corrosion and corrosion protection
devices are important for detection and identification purposes (Jeffery & Brooking [1]).
Corrosion currents in the sea around the vessel give rise to characteristic electric and magnetic



fields. This paper considers how information on the electrochemical potentials at the interface
between the hull and seawater may be used to calculate an electric potential around the
vessel. As seawater is conducting, currents flow in the water and magnetic fields result. We
confine ourselves to considering static fields although both static and low frequency fields
are present. This problem has already been studied in the literature (Zamani & Porter [2],
Wang et al. [3]) but we believe that alternative methods may be used which have some
advantages.

We assume the sea is represented by a finite rectangular box with insulating boundaries
which is filled with homogeneous seawater and the ship is floating centrally on the top surface.
The task of calculating the electromagnetic fields in the box may be addressed by various
methods, but we choose the Boundary Element Method (BEM) as the water is homogeneous.
The "boundary" in this case is the bottom of the box, its front, rear, left and right faces, the
surface of the submerged part of the hull and propeller, and that part of the surface of the
sea on the top face outside the vessel. The boundary is then covered with discrete elements
which we choose to be triangles. The nodes in the problem are taken to be the centroids of
the triangles, and the electric potential over a triangle is assumed to be the same as its value
at its centroid (i.e. constant elements).

2 Implementation of the BEM.

The derivation of the BEM form considered in this work can be found in Brebbia [4]. The
basic equation describing the model is

Hu=Gq (2.1)

where, for this model of a ship corroding in seawater, u is a vector of the potentials on each
element, and q is the outward normal derivative of the potential on each element. This may
also be thought of as the negative of the outward normal component of electric field emitted
from each element.

The governing equation within the domain can be shown (Brebbia [4]) to be Laplace’s
Equation, which in three dimensions has solution
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This function is used as the weighting function in the calculation of the coefficient matrices
in eqn (2.1), where matrices elements are obtained as follows

ﬁfrj 0 (L) dI', when i # j,

on Rij

Hij = 1 a (_1 1 . (2.3)
i frj on \ B, dl’ + 2 when i = j
1 1
Gij= o~ dr; , Vi, j 2.4
i 47T /1':], R’L,] J b ( )



where I'; is the surface of triangle j and n is the outward unit normal to I';.

Here the ‘4’ subscript indicates the source element whilst ‘j’ refers to the element over
which the integral is evaluated.

The method used to compute the necessary integrals is taken from Allan [12], and Allan &
Watt [13]. This method involved the adoption of a local coordinate system for each element
integrated over which placed the element on a (z,y) plane with origin at the element’s
centroid. By removing all the scaling from the triangular elements, it is possible to calculate
normalised moments for the triangle which depend only on a unique shape parameter of the
triangle.

With these known, the required integration can be calculated by forming a polynomial
with the unique shape parameter as the variable, and then differentiating. This method
has been tested against more conventional ones and has been shown to provide extremely
accurate values (Allan & Watt [13]).

Once formed, eqn (2.1) was solved using a point successive over-relaxation method
(PSOM) (Jannson [8]). This scheme has a major advantage over more popular ones used for
solving large sets of equations in that it allows direct manipulation of boundary conditions
for each individual unknown as it iteratively seeks solutions. On the outer surfaces of the
seawater box, the boundary conditions are relatively simple. If you wish the box to be insu-
lating, the q values can be set to zero, whilst if you wish them to be conducting, the u values
may be set to zero. On the hull and propeller, complex polarization relations linking v and
q for each element need to be applied (Adey et al. [10], Zamani & Porter [2|), although for
the analysis reported here, a linear relation has been used.

Starting values of the quantities u and q are guessed and then the discrepancy between
the i elements of Hu and (Iq is regarded as an indicator of the defects in the values of u;
and ¢;: one may write

;= i+ H%_ ((Hu); - (Gq),) (2.5)

where the old values of u and q are used on the right to compute a new value of %; on the
left. Here r is a relaxation factor which may be greater than 1 (over-relaxation) or much
less than 1 if a more delicate touch is needed to obtain convergence. As soon as a new value
of u; is calculated, the corresponding ¢; can be calculated from the polarization relation on
element 7. The procedure is repeated for all ¢, then iterated until convergence is obtained.
It is straightforward to incorporate other conditions onto the elements, i.e. an Impressed
Current Cathodic Protection (ICCP) system can easily be modelled where there are anodes

attached to the hull which fix the values for v and ¢ at the relevant elements (Zamani &
Porter [2]).

3 Calculation of the Electromagnetic Fields

Once the equations have been solved as outlined above, values for u and ¢ are known for every
element on the boundary of the model. All that remains is to calculate the electromagnetic
fields due to these potentials and their derivatives at positions within the domain.



3.1 Electric Fields

While deriving the theory behind the BEM (Brebbia [4]) an equation appears which provides
the potential at a point (4, 7, k) within the domain,

n n
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The matrices G and H will need to be recalculated for eqn (3.1) to be used since the point
(1,7, k) is not one for which the matrix elements have been previously calculated. Once the
potentials have been calculated, the application of numerical differentation to calculate the
negative of the gradient of V at this point provides the electric field. Obviously the number
of points at which the potential must be calculated depends on the algorithm used for the
numerical differentiation but despite this it is a fairly direct process to calculate the electric
field. Alternatively, the electric field may be calculated directly from the u and q vectors
(Allan [12]).

3.2 Magnetic Fields

The method usually adopted by industry appears to be the following. The interior of the
domain is meshed and E is calculated at each node (Kermorgant [11]). From this the current
density can be calculated and then the magnetic field at a point can be calculated by the
Biot-Savarts Law which becomes the following summation over the entire volume

1 JxXR
H= — s 2
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The main drawback of this method is that after having used BEM to restrict the mesh to
the boundary to calculate u and g, it is undesirable to now mesh the entire volume of the
domain. However, all the relations used to arrive at the magnetic field strength are linear
which implies that a linear formula exists which goes straight from the u and q values to H.

A numerical calculation of the magnetic field from surface potentials using a simple test
geometry of a cube showed that it is indeed plausible to calculate the magnetic field at an
arbitrary point within the domain directly from the surface potentials. Before embarking
on a proof of this, it is necessary to state explicitly what is being claimed. We are claiming
that the magnetic field arising from the current within an arbitrary conducting domain with
no internal sources of current can be calculated solely from the electric potential on the
boundary.

3.2.1 Vector Identities and Theorems

The following vector identities and theorem can be found in most textbooks that cover vector
calculus (Lorrain et al. [16]). Nonetheless, since they play a crutial role in the development
of a proof of the conjected theorem, they have been quoted below along with a proof for the
theorem.



Identity 1. Let f be a scalar function and A a vector function, then
V-(fA) = (Vf)-A+f(V-A).
Identity 2. Let a and b be scalar functions, then
V (ab) = aVb + bVa.
Identity 3. Let f be a scalar function, then
V x (Vf)=0.
Identity 4. Let f be a scalar function and A a vector function, then
VX (fA)=(Vf) x A+ f(VxA).

Identity 5. Let A be a vector function and let v be a volume enclosed by the surface s, with
ds pointing in the direction of the unit normal out of the volume, then

/SAXdSZ_/v(VXA)dU

Identity 6. Consider a vector R such that R = r—r' (wherer = (x,y, z) andr' = (2',y',2")).

Then 1 1

/U Vfdv = / fds (3.3)

where v 1s a volume bounded by the surface s, and ds points in the direction of the unit
normal out of the volume.

Theorem 1. For any function f,

Proof. Let a be any constant vector. Using vector identity 1
a-/Vfdv = /V-(fa)dv—/f(v-a)dv
= / fa-ds —0 (from the divergence theorem and V -a = 0)

= a-/sfds.

Since a is an arbitrary vector,

/vadv:/sfds.



3.2.2 Proof of the Theorem

We begin the proof of this statement by considering the following example. There exists a
current, source with density J’ in a volume dv’ at position r', so the Boit-Savarts Law states
that the magnetic flux density at an arbitrary point r may be written as

_,LL()JIXR

dB_E B

dv' (where R=r —1'). (3.4)
This can be expressed using the vector potential as

!
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To find A it is necessary to integrate over the entire volume v’, but we may also note that
J = o'E' = —¢'V'v/ where ¢’ is the conductivity at the point r' and u’ is the electric
potential there. Therefore the necessary integral may be expressed as

!
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Using theorem 1 found in subsection 3.2.1, along with some basic vector identities quoted
there, transforms eqn (3.6) into
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Identity 6 allows the final term in the above to be written as
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The necessary application of curl to this gradient terms results in it making no contribution
to the magnetic field which leaves

_ Mo o Ho U oy
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as the part of the vector potential which contributes to the magnetic flux density. If it is
assumed that the conductivity in the domain is constant, then

!
A= —@a'/ Y s (3.9)

is the vector potential at the point r.
Using vector identity 4, we see that



so the magnetic flux density becomes

Mo, [
B=-1 / U ds' xR (3.10)

and hence the magnetic field may be calculated from

H——— '/ s xR (3.11)
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which is now just the integral over the surface of the domain, with u’ being the electric
potential on the surface.

3.2.3 Non-Constant Conductivity

The proof of eqn (3.11) relied upon there being constant conductivity within the domain,
which is not guaranteed for many domains including ones filled with seawater. However this
condition is unnecessary if further terms are included. Return to eqn (3.8) but assume that
the conductivity of the volume is not constant. This means that to calculate the vector

potential, the term
VI
— (Vo) dv'
IE:
must be included.
If the domain can be divided into two subdomains, in each of which the conductivity is
constant, separated by some surface s then it is easy to show that

VI VI
/, = (V'o")dv' = /E (0 — o) ds.

This is another surface integral over a new surface residing within the domain. Hence the
potentials on this surface need to be calculated using eqn (3.1), but once this is done the
above integral may be calculated and the magnetic field found.

The details of the proof can be found in (Allan [12]), where additional results are pre-
sented.

4 The Modelling of a Ship.

Having developed and tested the procedures described above, they were then implemented
on a model of an aircraft carrier with a 50,000 tonne displacement. The box of seawater
occupies the space |z| < 250m, |y| < 150m, and |z| < 50m. The ship floats in the top surface
parallel to the x-axis with bow at £ = 170m and propeller centred at x = —82m, y = Om,
and z = 41m. The boundary was meshed with 5132 triangles in all. On the model, the hull
was coated with a protective paint which was initially intact, i.e. had high resistance. The
effect of this in the real world would be that very little corrosion would occur (Zamani &
Porter [2]), resulting in small amounts of current flowing in the sea about the vessel so the
expected values of the magnetic field would be extremely small. Since the propeller of the



ship does not have a coating and a comparatively small area, the majority of the sea currents
would be focused on this region meaning that a large peak was expected in the magnetic
field about this area.

At this point it should be stated that the polarization data used at is from a idealized
linear relation. Hence the current density was calculated from the surface potentials using a
polarization ‘gradient’ which could be altered to account for the level of protection offered
by the paint coating.

A plot of the magnitude of the calculated magnetic field at 20m below the base line of
the hull is shown in figure 1. Evaluation of the field at this level is standard practice for
signature engineers.

|B| at 20m below base line with a perfect paint coating.

1Bl

1.4e-09
1.2e-09
1e-09
8e-10
6e-10
4e-10
2e-10

Figure 1: The magnitude of the magnetic field for the ship with a well coated hull at 20m
below base line.

From the plot it can be seen that the magnitude of the field is indeed very small, and
there is a sharp peak in the vicinity of the propeller. The size of the |B| values is not cause
for great concern as it is a direct consequence of the conditions on the hull.

To show that the methods described above are capable of modelling more realistic sit-
uations a number of test calculations have been investigated. These were the cases where
there are areas of paint damage on the hull, and when the ICCP anodes were activated to



try and counter the effect of the paint damage. Firstly, we considered the case when the
paint on the hull in the region 133.8 < z < 153.8 was damaged. This damage was modelled
by altering the gradient of the idealized linear polarization relation used. In the first case,
the damage was not overly severe, with this gradient made 1000 times larger. Physically this
could occur due to either a thinning of the paint coating by a factor of one thousand, or an
increase in conductivity of the paint by one thousand. The resultant effect on the magnitude
of the magnetic field is shown in figure 2.

B| at 20m below base line with the paint coating slightly damaged.
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Figure 2: The magnitude of the magnetic field at 20m below base line for the ship with
slightly damaged paint in the range 133.8 < x < 153.8.

As expected, the shape of the magnitude of the magnetic field has altered. There is no
longer a distinct peak around the propeller, instead there is a larger, more evenly spread
field. The increase in the magnitude is a direct result of the increase in the polarization
gradient. This has the effect of increasing the magnitudes of the q values, which increases
the current that is flowing from the hull to the propeller and hence increasing the magnetic
fields. The peak around the propeller has been removed since the area of paint damage is
located towards the bow of the ship, so more current is now flowing from the bow of the
vessel to the propeller with the effect of spreading out the field.

The level of paint damage was then further increased for the same region of the hull, with



the polarization gradient taken to be unity for the damaged section. With reference to the
original perfect paint coating, this corresponded to either a thinning of the paint by a factor
of one million, or an increase in the conductivity of the paint by one million. The plot of the
magnitude of the magnetic field for this case is shown in figure 3.

|B| at 20m below base line with the paint coating severly damaged.
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Figure 3: The magnitude of the magnetic field at 20m below base line for the ship with
extremely damaged paint in the range 133.8 < x < 153.8.

The differences between this plot and figure 1 for perfect paint are due to similar reasons
as cited for the less severely damaged paint case shown in figure 2. Note that overall,
the magnitude has increased on the less severely damaged case which is expected since the
polarization gradient has been increased which increases the q values (hence the emitted
current) and therefore the magnitude of B will have increased.

We now consider briefly the changes in the magnetic field due to currents to be supplied
via the ICCP anodes. There are four anodes, positioned in two pairs with the members of
each pair located on either side of the hull. The first pair are located towards the front of
the hull, at z = 60.67m, while the second pair at z = —27.00m.

Figure 4 shows the result of the ICCP anodes being turned on, each supplying a current
of 1A. By comparing figure 4 with the corresponding graph for the anodes off with the same
paint damage, figure 2, it is obvious that the anodes have a large effect on the fields produced.



|B| at 20m below base line with slightly damaged paint and ICCP anodes activated.
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Figure 4: The magnitude of the magnetic field at 20m below base line for the ship with
slightly damaged paint in the range 133.8 < x < 153.8 and the ICCP anodes supplying 14
each.

The shape is no longer spread out, with the peak in the vicinity of the propeller reappearing
and the magnitude of the field increasing compared to the plots for the previous situations.
This is a direct consequence of the ICCP anodes supplying more current to the model. The
reduction in spatial extent of the peak indicates that the effect of the damaged paint on H
has to some extent been removed by the ICCP system. However this has occurred at the
expense of an overall increase in the magnitude of the field.

5 Conclusion and Discussion.

The findings presented here are broadly in agreement with other studies (Zamani & Porter
[2]) of the EM signatures of marine vessels due to corrosion. Modelling this physical problem
may involve a semi-infinite domain, hence the BEM is the most suitable numerical method
for carrying out the analysis. The coefficient matrices of the BEM are dense hence their
calculation will require tens of millions of numerical integrations to be calculated. The
accuracy of the numerical integration is crucial in BEM and can be controlled but in general



to perform a reasonably accurate integration numerically takes longer than other processes
such as differentiation, and summation. Hence a new method of calculating the integrals
was used which focused on these issues via the formation of polynomials with a unique shape
parameter as the variable (Allan [13]).

The point successive over-relaxation technique is used to solve the sets of equations in
the BEM. This had the advantage for the particular problem considered here that it allows
polarization restraints on q to be imposed at each point as soon as our estimate of u changes.

To compute the magnetic field H resulting from corrosion currents, a method was derived
which allows H to be computed directly from the electric potentials on the boundaries. This
has the great advantage that it does not require intermediate values of electric potential,
electric field and current to be calculated throughout the volume with a subsequent volume
integration of the Biot-Savarts Law to find H, but computes H directly from the output
from the BEM. This method has been validated using classical problems (Allan [12]).

Preliminary calculations for various conditions on the hull show that these methods are
perfectly capable of evaluating the electromagnetic fields. By comparing the magnetic fields
produced for the cases of a perfect paint coating, a slightly damaged paint coating, a severely
damaged paint coating, and a slightly damaged paint coating with ICCP anodes turned on, it
is clear that these methods give plausible results. Further research is necessary in these areas
with one of the key requirements being the inclusion of more realistic polarization data. Until
this has been done, no meaningful comparision can be drawn between the results provided
by these methods and experiment.

More details of the methods described in this paper and additional results and analysis
may be found in a thesis by one of the authors (Allan [12]).
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