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ABSTRACT

The desgn of cathodic protection sysems normdly reies on a combinaion of experience, experimenta
data and heuristics. However, problems and falures of CP sysems not only has an economic cog, it can
aso present athreet to life and the environment.

This pgper will describe the goplication of a software sysem desgned to smulate the performance of
cahodic protection sysems and predict the impact of the design paameters and the environment on its
performance.  Two agpplications are presented. The first describes an gpproach to the globd optimisation
of a ship's Impressad Current Cathodic Protection (ICCP) sysem using the boundary eement method
coupled with “Smulaed Anneding” (SA) dgorithm and search methods In the second the moddling
and optimisation of a CP sysems for dorage tanks is described including the impact of coating holidays
and stray currents.

INTRODUCTION

Cathodic protection has been widdy used for protecting sructures from corrodon. The desgn of the
cahodic protection sysems, dther saorificid anode cathodic protection (CP) or impressed current
cahodic protection (ICCP) sysem, require the solution of the Laplaces or Poisson’'s equaion with the
rdlevant boundary conditions to give the current and potentid digribution in the solution domain.  Even
for rddivdy smple geomery, andyticd <olutions ae usudly not possble Vaious numericd
aoproaches have therefore been adopted and the Boundary Element Method has been found to be the
mog proficent numerical method for the moddling of ship's cathodic protection system [1 - 4].



The dedgn god of an ICCP sysem is to produce an evenly didributed protection potentid on the
gructure as well as to reduce the power consumption of the anodes to a minimum. The avalable design

vaiables are the number of anodes (and their location) and the location of the reference cdls.  The
condraints on the desgn are the vaues of the potentid on the Structure.  In order to provide adequate

protection the potentid must be less than a specified value (eg., -800mv). In order to prevent over
protection the potentid must be greater than a gpecified vdue (eg., -900mv). By combining an
automatic optimisation procedure with the BEM modd of the ICCP sysem an optimum solution can be
obtained.

To achieve the desgn gods the BEM modd has been coupled with a “Smulated Anneding” (SA)
dgorithm and search method. The SA dgorithm is e to ded with both continuous and discretised
vaiables and was used to identify the globd minimum. The direct serch method was used to find the
actud minimum efficently.

The Boundary Element Model
The governing equation in the bounded uniform seawater medium is

kN2u=0 @
with the boundary condition in the solution domain is defined by:
G=G,+G +G @

Where u is the dectric potentid, G, is the anodic surface, G, is the cathodic surface and Gis the
insulated surface.

The boundary dement method formulation in dectro-potentid, Green's theorem gpplied to Laplaces
equation isformulated as[1]:
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Introducing dementsinto equation (3), after transformation of varigbles,
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Where U’ is weighting function, g is the norma derivative of u, q° is the normd derivative of U’ , Wis
the solution domain and N is the numbers of boundary dement.

The equaion sysem obtained by aoplying eguation (4) after the subdiitution of the boundary conditions
and separation of the unknown and known variables, is given:



[Afu} ={b} ©)

Where [A] is the coefficient matrix, {u} is the vector of unknown vaues of potentid and normd dectric
field on the boundaries and {b} is an independent vector.

The principle advantage of the boundary dement method is thet it is cgpable of providing very accurate
predictions of the potentid and current and the mesh is required only on the boundaries of the solution
domain. The normd eectric potentid is aso obtained directly as part of the BEM solution.

The bounday dement software BEASY- Corroson and CP [12] was used to invedtigate the
performance of CP and ICCP system design and predict the potentid and current vaues on the structure
and in the surrounding environmen.

OPTIMISATION METHODS

The design of the ICCP system is a critica process and has a sgnificant influence on the effectiveness
of the corroson protection of for example the wetted surface of a ship. The optimum design god is to
produce an evenly didributed dectric potentid on the hull and mgor agppendages as wdl as minimise
the power consumption required.

The objective function and condraint condition was originaly proposed in reference [10]:
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Where
P(i,u,g) istheédectric power consumption on the anodes
e isaweght factor to incorporate the power consumption in the objective function
I isthe anode electric currents
u isthe potentia at the measurement points
sisthelocation of the anodes

Uy, ad u._, is the minimum and maximum protection potentiad level on the wetted surface of
the ship (set up as-0.78 to -0.88 VoltAg/AgCI respectively)

u, = (u,U,,...,u,) is the potentid a the measurement points, which are required to satisfy the
congrant U, £Eu, £uU_.

u, isthethreshold potentid and is defined as -0.83 VoltAg/AgCl on the reference cdll
X = (X, X, X)) are the measurement points on the wetted surfece, usudly p3 n.



The objective function provides a messurement of the uniformity of the potentid digributions on the
wetted surface of the ship with a particular anode arrangement.

The globd optimisstion agorithm proposed in this pgper is “Simulated Anneding” which is a computer
samulation method based on a strong andogy between the physcd anneding process of solids and the
problem of solving large combinatorid optimisation problem [14 - 16].

The man advantage of this gpproach is the subgantid independence from the specific design problem.
The only inputs to the optimistion method are a proper cost (objective) function whose minimisation
leads to a solution of the problem, and smple “tuning” of the SA parameters in order to improve the
search according to the function behaviour. The man disadvantage of method is the high computation

cos due to the large number of functiond evauations (eg., BEM solutions). The flow chat of the
proposed SA dgorithm is shown in Fgure 1.

The actud minimum was achieved by a pendty method [11]. The expended objective function of the
dgorithm is defined as [10]:

rxgrg F(,s,, P)= f(,s,u, P)+ram ©)

Where X, = X, X,,..., X, ae the anode locations, L is the totd numbers of anodes and D is the domain of
the wetted surface. r is a pogtive weghting coefficient that ensures that; during the optimisation the
congraints G(i,s,u,P) are not violated. The effect of this function is to cregte an atifidd minimum in the
vicinity of the boundary. Theconstreintsaede‘inedtomeafollowingthreshold:

G(,s,u, P) = gauk au 3010
1 g

Where the second term of (10) is a defined threshold potentid and N is a threshold number of measured
potentias that meet U, £U; £U,, in the next trid computation, G(i,su,P) therefore is an overdl
messurement to the potentid didribution of a particular anode arangement. The optimisation behaviour
relies on the choice of weighting coefficient r and the exceeded condraints. These parameters have been
chosen based on the experience during the optimisation process.

|ICCP OPTIMISATION OF A SHIP

A sample ship with alength of 30 meters was investigated. The geometry of interest in the boundary
element mode was the wetted surface of the hull and major appendages. The |CCP system evauated
included 2 anodes and a centre controlled power supply.

In the present design, the ship has two propdlers and rudders and the propellers are made of nicke-
duminum-bronze dloy (NAB) and moddled as solid disks with equivdent surface area as the red
eements. The shaft is made of sted and the propellers and shafts were assumed to be uncoated because
of turbulence engendered by propeler movement. The ship hull and ruddes ae dso made of ded,
which is coated to provide initid protection from corrosion.

With such a desgn, there is a dgnificant risk of gdvanic corroson on the sed surface. The high water
veodty and turbulent flow can accderate the corroson. The highly turbulent flow of seawater on the
aurface of propdler can cause pitting, crevice dtack, eroson, cavitation damage, and corrodon fatigue
Fouling increases the locdised corroson, which is accderated as metdlic ions ae leeched from anti-
fouling pant. As sed surfaces are coated, severe locd attack can occur rapidly on any damaged surface
due to the very high current dengty caused by the galvanic action.



The ddfinition of the paint daus location and dameged aess in the computer modd are based on
observations of the same and dmila dass of ships in dry-dock after the ships have served a certain
period of time. Pants and codaings ae normdly damaged on parts of the hull, especidly on the &t zone
around propdlers.

To determine the characterisics of the damaged pant, the conductivity of old and new pant was
measured and compared. Observation reveds that there are a lot of smdl, locd bare sed areas on the
damaged paint surfaces. In the present computer model, the postions of the damaged pant surface and
percentage of bare sted surfaces on the damaged paint surface are a datisticd representation of the
obsarvations of the red ships.

The equivdent conductivity (impedance) of the damaged paint surfaces is based on the ratio of the bare
steel to that of the painted surface. The equivdent conductivity of the damaged paint surface is then
modelled as a percentage of the polarisation response of ded. The perfect panted sted hull was

moddled as insulated surfaces.

In the computer modd fa the sample ship, 15% of the pant suface on the ship hull, mosly
concentrating on the &t zone around the propdlers is defined as damaged paint. The conductivity of the
damaged paint surfaces is defined as 10% polarisation response of the sed.

The ship is surrounded by an infinite region of seawae and was moddled by a bounday of the
solution domain far away from the ship hull region of interest. The seawaer was defined with a congant
conductivity of 5 /m in the computer modd. All dements are 9-point quadratic dement. The boundary
element mesh discretization of the ship conggts of 821 dements and 4350 nodes.

Accuracy of the dectrochemica andyss is dependent upon the materid polarisation involved in the
boundary dement modd. In this computer modd, linear representation of the polarisation was used
which matches the sarvice condition. In generd experimenta polarisation data [13] should be used in
the investigation.

The anode currents determine the potentid level on the hull surface and an iterative process of adjusting
the anode currents and running the BEM software obtains the required vaues.

As the objective of the smulated annedling dgorithm is to evduae the globa minimum and diginguish
the locd minima the anode position is rdocaed based on the computation result from SA  dgorithm
while boundary dement mesh discretizetion is kept unchanged. In this case, the dmulated anneding
dgorithm was used to evduae the objective function f(i,s,u,P) with the condrants the minimum
digance in this study was sat up roughly as 1.0 meter gpart and this found to be the good representetive
to the globa map of the investigated optimisation problem.

The ship hull under evauation comprises a 3-D profile. To reduce the degree of co-ordinate varidions, a
map of the ship hull is dretched into a 2D plane around 20 meters by 4 meters. The mesh discretization

was desgned to represent the mod likdy pogtions that the anode will be moved to in the SA
movements

The SA dgorithm was run over 4 times with initid coordingte x =(20, 3),(8,2),(5,3),(151). The
globd minimum was found in each case and SA dgorithm dopped successfully on the globd minimum

irrespective of where the initid anode was located. The SA movements are about 200 for each case and
the effective SA movements related the initid co-ordinates are 29, 25, 18 and 34 respectively.

The process of convergence of the normdised objective function f(i,s,u,P) when the initid co
ordinate is located & x = (15,1) is illusraed in Hg 1. The SA dgorithm moves to the promisng globd

region and searches between locd and globd minima The globd minimum is found successfully where
the condraints are being deyed even if the locaion between the locd and globd minimum very doses



The objective function osdllates in the vidnity of the globd minimum locaion dnce the complexity
characterigtics of the geometric on the aft zone.

The find optimum location of anode and dectric potentia on the ship hull is illudrated in Hg 22 The
dectric potentid of the initid anode podtion & x = (15,1) and find optimised location & x = (33) dong
a line on the ship hull bdow water line 1.25 meters and dong the ked line are shown in Hg 3to Fg 6
respectively.

The result obtained represents a more evenly digtributed dectric potentid on the ship hull. That is one of
the mogt dgnificant benefits of the optimisation process The reduction in the aea of under or
overprotection achieved by the optimum process endbles the ICCP system to protect the ship hull from
corrosion more effectively.

MODELING CP INTERFERENCE NEAR CHEMICAL STORAGE TANKS

In this dudy the desgn of a CP sysem to protect the externd surface of floors on a number of large,
above ground chemicd dorage tanks located in dose proximity to each other was investigaied [18]. This
problem offers a ggnificant chdlenge if CP interference is to be minimized. What makes this task
difficult is that, in some cases, the tank floors are uncoated. Thus large CP currents are required to fully
protect the ged. The effect of this large current combined with the sted floor being located a ground
levd and immediately adjacent to buried pipdines and ded foundations crestes the ided Stuaion for
CP interference.

Three 565 m diameter tanks are podtioned 28m gpat (845 m from tank center to tank center) and
digned in a row. The externd floors of dl three tanks ae cathodicdly protected using four anode
groundbeds, as shown in Hg 7. Each tank was protected usng its own DC power source employing a
current of 80A per tank (i.e. tota arrent 240A). The DC circuit was desgned so that the two anodes
protected each tank floor diametricdly postioned 14m from the edge of each tank, with each anode
contributing to 50% of the totd current requirement for the tank. Thus the two outer anodes carried a
current of 40A each while the two inner anodes discharged a current of 80A each

The anodes were 0.2m in diameter. 10m long, and initidly buried verticaly so thet the tops of the
anodes were located 20m below the ground surface. To ensure that the CP interference was not
underestimated the soil resigtivity was assumed to be uniform and equd to the surface resdtivity of 50-
ohm m. The pipdine was located immediatdly above one of the inner anodes and extended in adirection
away from both the tanks and the anodes. Once again, to ensure that the CP interference was not
underestimated, the coating defects were located immediately above the anode and at the extremity of
the pipe, i.e. 65m from the anode.

Fg 8shows the potentid distribution over the tank floor with respect to a saturated Cuw/CuS0O4 reference
electrode, It shows, as predicted, that the center of the tank receives less protection than do the tank
edges. Notably potentids at the center of the tank are dightly more postive (gpproximetdy -820mv)
than the ided protection criterion of -850mV suggedting that, initidly, 80A may not be sufficient to fully
protect the tank. The ova shgpe of the contoursis indicative that the anodes are positioned too close to
the tanks. To achieve amore symmetricd distribution of protection the anodes would have to be buried
a agreater depth

Cathodic Interference on the buried Pipeline

Table 1 summarizes the effect of CP interference on the pipe as a function of the sze of the coating
defect. As intuition may sugged, locating the pipeine within the influence of the anodic fidd results in
CP current being picked up by the pipdine in the vicinity of the anode and being discharged a the
remote end of the pipdine Assuming the worst-case scenario that the corroson process involves



formation of Fe the current dengties corresponding to current discharge can be converted to metd loss
per year. The severity of this interference is now readily goparent and the results suggest that it would be
prudent to undertake further measures to hep minimize the interference

It is interegting to note that the corrosion rate is predicted to be higher when the coating defects are
gndler. This suggests tha smdler coaing defects tend to focus the interference effects, and thus
increase the damage caused by the interference on the pipdine.

One possble measure to hep minimize the interference effects is to bury the anodes a a greater depth
and therdoy minimize the anodic interference. Table 1. summarizes the effect of lowering the anodes so
that the top of the anodes is located a a depth of 70m the modd predicts that repostioning the anodes
has mgor effect on inteference leves. It not only increases the effect of CP interference but dso
relocates the corrodon dte. Corroson that was initidly located a the remote end of the pipe is now
located immediately above the groundbed. This occurs because lowering the anodes removes the anodic
fiedd a the ground levd. The pipdine is now subjected only to the cathodic fidd of the tanks. As result
current is picked up a the remote end or the pipdine and conducted dong the pipdine before being
discharged back into the ground at the point where the pipeline closaly gpproaches the tank floors.

The fact that pogtioning the anodes a grester depths reverses the current flow induced by the CP
interference suggests that there is an optimum depth & which anodes could be buried so that interference
is minimized. Determining the optimum depth could be evduaed efficently usng computer modding.
Thiswould help to minimize the number of field tests to be undertaken.

CONCLUSONS

The gpproach described here, using the Boundary Element Method software, provides a computationdly
efficient method to predict the peformance of CP sysgems and asess the impact of dectricd
interference. The models are useful not only for the design of new CP systems, but dso for the andyss
of systemsthat are undergoing modifications or additions.

Using computer modding it is possble to modd CP performance and inteference in a manner which is
enlightening regarding the processes & work. It can provide information about the levd of interference
in tems of a parameter (i.e. current dengity) that more clearly defines the severity of the effect.
Furthermore, it can provide important ingght into the factors that influence the magnitude of the effect.
This makes computer modeling a useful tool for the desgn of CP systems.

The optimisation of ICCP anode locations was peformed usng the boundary dement method coupled
with a amulated annedling dgorithm and direct seerch. The combingtion has been shown to effectivey
olve this difficult globd optimisation problem.

The SA method is computationdly expensve due to the many function evauations in the computaiond
process. At each dep the potentid didribution on the ship hull has to be predicted usng the BEM
modd. Precise adjugments to the anodes are necessxy, as the potentid solution is sengtive to the
anode current.

Further works is ongoing to achieve lower computation cost by improving the smulated anneding
method and usng more effective BEM modds.
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Depth of Area Of Current Induced Current Induced
Anodes Coding Dengty Corroson Densty at Corroson
Defect Adjacentto Rate RemoteEnd | Rate at the
Anode Adjacent to Remote End
Anode
(m) (o) (MA/n) (mmiyear) | (mANT) | (mmiyear)
20 500 -198 - 198 02
20 5 -442 - 442 05
70 500 90 11 -969 -
70 5 2370 2.7 -2370 -

Table 1. CP Interference on the Buried Pipeline
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Fig 1. Process of convergence of normalised objective function
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Fig 2. Potential distribution on the ship hull of x=(3,3)
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Fig 3. Potential distribution (mV)on the ship hull 1.32m below water line before optimisation
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Fig 5. Potential distribution (mV) on the ship hull 1.32m below water line after optimisation
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Fig 6. Potentid digtribution (mV) on the ked line of the ship hull after optimisation
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Fig 7. Top view showing the general arrangement of the tanks, the pipeling, and the anodes.
Coating defects on the pipeline were located at the extremities of the pipeline

Fig 8. Predicted Potentials on the floors of the tanks



