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Principles and practical aspects of offshore cathodic
protection (CP) design have been reviewed for compari-
son. Addilionally, a brief presentation of ftraditional
methods for CP design analysis and CP criteria are dis-
cussed This paper presenis the capabilitiss of a com-
puter program system for modeling CF using the Bound-
ary Element Method (BEM). The program has capabilities
for analyses of dynamic and temporal effects on the
level of CP simuitaneously and predicts the time
dependent current density and potential behavior result-

ing from the formation of & calcareous depasit.

Introduction

WHILE METHODS FOR NUMERICAL ANALYSIS and com-
puter modeling were developed into practical tools for struc-
tural engineers more than 20 y ago, similar developments date
back anly a few years In the field of corrasion and cathodic
protection (CP). ‘

Tradltional CP design analysis procedurse, using a few
simple formulas combined with rules of thumb, are still the
dominate means for estimating anode numbers and distribu-
tions. However, over the last few years there has been an jn-

creasing interest Ih ihe development of compuier modeling

techniquas tor electrochemical systems and particularly for

applicatians in offshore CP, This trend has been related to the

Increased activity worldwide in deepwater offshore drilling
and production of oil and gas. Large offshore structures of in-
creasing 'size and complexity have been installed in still
deeper walers and in hostile environments. This Increased
complexity in combination with uncertainty in CP design
parameters has resulted in a large number of examples of
structures of unsatisfactory CP performance. This situation
hes produced a nesd for more adequaie and reliable methods:
for design of CP systems. The computer programs recently
developed have proved very useful for troubleshooting of ex-
isting structures, deslgn analysls of sacrificial and impressed
current systems, checking for interference effects, and proc-
essing of CP potential and electric fleld gradiant/current'densi-
ty readings obtained on platforms and pipelines, In turn, this
activity has provided a vast amount of accurate current densi-
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ity vs poiential data, subsequently used as boundary condi-
fions in the:computar programs.

The first computer programs using such numerical tech-
nigues, developed for offshore CP design analysis, were prob-
ably those developed by one ¢f the authers In the 19703. which
were based on the Finite Difference Method (FDM). 4 gince
then ‘a considerable number of papers have been presented
describing programs and capabilities based on numerical
tachnigues such-as the FDOM, FEM (Finite Element) and BEM
(Boundary Element Method). The BEM Is now becoming the
most popular among lhe methods noted, because of certain
advantages over other mathods.*"" Examples presented here
are malnly obtained using a new, advanced BEM-based CP
Modeling package. This system was developed for Conoco
Norway Inc. by CorrQOcean as. In cooperation with Compmech

Lid. (UK), Fegs Ltd. (UK), and Conocao Norway Inc.

Background

Corrosion of steel jn seawater occurs by a mechanism
that involves at least two reactions. The anodic. reaction,

which |s dissolution of iran, Is written as:

Fe = Fe*+ +2¢ (1)

The rate of this reaction and, therefore, the coirosion rate can
be expressed as a current density, iz, (MAIM?), and is deter-
mined by the cathodic reaction rate that normally is oxygen
reduction;

112 0y + Hy0 + 28 = 20H~ (2)

For corroding steel In seawater [i.e., at the corrosion potentlal
(Ecar)ls these two reactions batance each other. All electrons
produced by the anodic reaction are consumed by the
cathodic reaction. (Possible hydregen evolution has been
neglected.)

Corrosion and reaction rates depend on the electrochemi-
cal potential of stes! in seawater. If the potential is reduced to
a lavel called the reversible potentlal, E, (steel) or lowsr, the
reaction is subsequently increased.? Such reductions in poten-
tial are achleved in practice using GP, either by sacrificial
anodes or by-an impressed current system.

Figure 1, shows in principle, the reaction rates on the steel
and on the sacrificial anodes vs potential. The potentials of
the steel become morg negative and the potentials of
sacrificlal anodes become more positive, balancing some-
wheare betwean the open circuit potentials of the two different
metals. Provided an adequate CP design, 2 high quallty anode
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FIGURE 1 — Polarization diagram for a protected steel
structure with saerificial anodefs). E;; = open circuit
(corrosion) potential of stesi structure; E; = open cir-
cuit (catrosion) potential of anods; E., = closed circuit
potential of anode; 5, = (cathodic) p_qlauzaﬂun of stric-
ture on galvanic coupling to sacrificial anode; 73, =
(anodic) polarization of anode on galvanic coupling to
the steel structure; |, = galvanic curent = I, = |, -
Tha figure 7,/1,, i.e.; polarization of the anode, should be
as low as possible; and AE = Rl = voltage dropin the
seawater between the anode(s) and_ the structure. AEis
a function of location (i.e., of coordinates X, y, 2).

will polarize enly a few millivolis while the steel surface can

polarize 300 to 500 mV or more into the protected range.
Tradilional design procedures for CP systems involve the

calculation of anode current output applying Ohm's law;

AE

R 3)

where:

AE = *the driving force”

R = ohmic resistance.

I = current output from-anode.

The driving force for a sacrificial anode design AE is equal to
the total IR«drop in the seawater between the anode and the
protected structure, normally defined as the difference be-
tween the protection potential of steel, Ey o, and the closed
alreuit potential of the anode, E,pous {Figure 1).

|deally, the ohmic _resistance AR includes the fallowing
elements:

R =R, + R+ Ry (4)

where:

Ry = anode-to-electrolyte resistance or simply ““‘anode resist-
ance.”

R. = 'cathode (or steel structure}to-electrolyte resistance, and

Ry = any metallic resistance(s) in the structure, (i.e., cables)
between anode and cathode.

The twe latter.elements of Equation(5)(i.e., B, and A, are
usually considered negligible. There is strong evidence from
offshore measurements that the contribution represented by
R, Is considerable. This element refers to potential distribu-
tion over the protected structure and may be quite high locally
at complex nodes, at pile guides and pile slesves, etc. How-
ever, while the anode resistance may be calculated using
basic and simple methods and formulas, this is not the case
for R.. Advanced computer medeling utilizing methods as
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noted (s the answer to this problem. Problems and errors men-
tioned have been accepted when using the traditional design
procedures, and have been compansated for by using solid
safety factors, Thus, the anode current output is calculated
applying the tallowing equation:

I AE
a = —
Ra (5)
where:.
|y = anode curreni,
AE = Eprot - Eannde-

R, = anode resistance,

The anode resistance is obtained using a formula that nv
cludes the seawater/electrolyte resistivity and parameters
defining the anode geometry.

Design criteria

Steel |s protected against corrosion in seawater when
polarized to —800 mV vs the Ag/AgCliseawater reference elec-
trode. Under conditions where there Is a danger for corrosion
fatigue, 'overprotection with hydrogen evalution may also
represent a problem. Potentials down to — 1050 mV vs Ag/AgCl
seawater are considered safe except for the high strength
stegls.

For sections of steel structures buried in mud, the
anaerobic conditions create a hazard for SRB (sulffate reduc-
ing bacteria) corrosion. 1t is normally anticipated that a poten-
tial of —900 mV vs Ag/AgCl is required to reduce the corresion
to an acceptable level under such cenditions.

The current density required per square meter to polarize
steel to a protective potential levael, defines the number of

anodes required, regarding output capacity as well as to
satisfy the total amount of electricity (A-h) required through-
out the life of the structure. Table 1 shows the current density

requlrements for different geographical areas reproduced

from DnV codes.

Meodeling utilizing the BEM
The electrostatic potential (AE) reflecting the flow of elec-

tric current in the seawater from anodic to cathodic sites, obey

the Laplace equation:

V2E =0 (6)

TABLE 1 — Guidance on minimum design
current densities (mA/m?) for
CP of bare steel

Initial Mean Final
value value yvalue

Narth Sea (northern) 60 120 100
Narth Sea (southern) 130 100 20
Arabian Gt ' 120 80 80
India 120 90 80
Australia 120 40 80
Brazil 120 90 80
Gulf of Mexico 100! 80 70
West Africa 120 80 80
Indonesia 100 80 70
Pipslines (burial specified) 50 40 30
Risers in shafts with flowing _

seawater 180 140 120
Risers in shafts wilh stagnant

seawaler 120 a0 8a
Satine muc (ambient termperatare) 25 20 15
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Calculation of the potential and current density distributions
over the surfaces of a protected structure involves the solution
of this equation for adegquate boundary conditions. In addition
to definition of the geometry, such boundary conditions must
comprise equations or data describing the relationship be-
iween potential and current density for the anodie and
cathodic surtaces. The current density must furthermore
satisty the relationship:

dE

= —f—

an (7

wheré

i = current density.

@ = conductivity of the electrolyte (seawater).
n = normal to the surface area in question.

Previously, numerical methods like the FDM and FEM have
been more commanly used. Over the last few years, however,
the BEM has been developed to a level whereby it may be used
with great advantage for CP modeling. Most examples pre-
sented below have besn obtained using a program system that
includes a BEM-based analysis module. '

Following Brebbia, el al., the boundary element method
yields the following fundamental matrix equatlon for a
homogeneous system:'%%3

(8)

T
prm
no
i

where H and G are denoted influence matricas, and Eand g are
potential and field normal to surface-elements, respectively. (E
may be added as a constant depending on which referance
electrode the potential is referred t6.) For constant elements,
the matrices H and G are defined for an element number i
refative o elemant | by the surface integrals as foliows:

ST
e I —-ds

H. =
Yo g ©

1 1

T (10)
where:
r,, the radius vectar from element | toward element |,

n] = the normal vector to element J.

For a three-dimensional system, the boundary elements are
plane or curved surface elements, allowing for a great reduc-
tion In the size of the numerical problem, compared to the FDM
and FEM Methods. Using plane and curved surface elements
and tubular glements, the program system has proved an ex-
celient fool for modeling, not only sections of a platform, but
complete, lerge-size platiarms of considerable complexity.

The anzlysis may be completed by the use of a global
model of the whole structure, or comprise modeling of a local
section following a set-up-as follows:

1. Global modeling of a large, complex structurs using
tobular BEM elements;.

2. Studying local distributions and effects by “zéoming
in™ on a critical section iike a node or a pile guide area of a
structure using surface elements (Figure 2).

Advaniages using BEM are first and foremost:

1. Reduction in size of the numerical problem, making it
possible and economical to model large and complex struc:
tures.

2. Combined with a userfriendly, interactive-mesh
generator, the time and efforts required for establishing the
model geometry are strongly reduced.. ”

3. Infinite problems are easy to handle.

Since the conductivity has to be-constant throughout the
regime that is modeled, it is posslble to handle layers of dif-
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GLOBAL SYSTEM

To be modeled using
BEM tube (line) elements

. ~ _,.,;/ -
~ ~L—

LOCAL SYSTEM

To be modeled using
BEM gquadrilateral elements

FIGURE 2 — Showing the principle of using global and
Iocal models: the first gives the general solotion to the
problem, and the latier shows the detailed distributions
locally.

ferent conductivity by splitting the problem into different
zones, solving the problem within each such regime separate-
ly, and maiching the solutions at the houndaries.

Behavior of exposed steel and anodes in seawatsr

The boundary conditions to be applled in the program, in
addition to structural gecmetry and slectrolytic conductivity,
are defined by the electrochemical properties of the cathodes
and anodes in seawater, and In mud If buried.

‘The electrochemical behavior of these materials (anodes
and calhodes) creates a complex potentiakcurrent density
relationship, which varies with the environmental parameters,
such as salinity, pH, oxygen concentration, temperature, and
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Potenrial

Current density i

FIGURE 3 — The Basic Data File contains polarization
curves refiecting changes in the quality of the cal-
caraous coalings with time for one set of environmental
conditions.

flowrate. Aging is another important dynamic parameter. The

aging effect is the result of the formation of a calcareous layer

upon the cathode, under satisfactory conditions of CP. This

aging parameter is defined in terms-of the materlal and elec-

trochemical and enviranmental parameters as a function of
fime. This time-dépendent (dynamic) behavior creates the

unique potential {current denslty) time relatlonship, which ac-
curately describes the “state-of-the-system” for all situations.

The aging effect systematically recoras the local and global.
etfects of sufficiant or insufficient CP-and predicts the future:

potential and current density levels on the structure.

The aging effect depends on the history of variation in the
parameters listed above for each individual surface element.
This may also Include scouring and other Incidents of damage
to coatings. Theoretical models alone are obviously not satis-
factory for estabiishing a rellable procedure for handling such
aging processes. An extensiva database, logether with a pro-
cedure, has been established for modeling the real process of
aging of cathodically protected steel in seawater and of
typical sacrificial anode alloys, The database has been col-
lected (l.e., through large-scale seawater tests and mainly
through in-situ CP and current density measurements on a
large number of offshare steel struciures),

The corrosion behavior of expesed steel in seawater (i.e.,
the reaction kinetics) are described as potential vs current
density relations, normally denoted polarization curves.
Depending on the aim of the calculation, the boundary condi-
tions may be modeled at different levels of increasing com-
plexity:

1. Constant current density.

2. Linear relation between current density and potential,

3. Time dependent nonlinear polarization curves.
~ The “level 3" complexity is required to model aging ef-
fects as described above:

Digitized potential and current density values may
describe the polarization curve for any empirical measured
condition, reflecting surtace coating quality and environ-
mental conditions in the seawatsi.

A set of sueh curves, stored In a Basic Data Flle, also
reflects different levels of aging of the surface (Figure 3).

Any of these cuyves represent an instantaneous change in
current density for a given changg In potential for a steel sur-
face element of a given history (i.e., with a spacified quality of
the calcareous coating). While curve No. 1 in this set repra-
sents a fresh or newly exposed surface, curve No. 10 repre:
sents a completely "polarized” condition (i.e., characterized
by a fully developed calcareous coating). Intermediate curves
represent intermediate stages defined by- time after stari-up,
and previous variation in current density, potential, and envi-
ronmental parameters. -

26

The Basic Data File includes curves for different fiow
rates, termperature levels, salinity, and oxygen conicentralions.
Polarization curves for sacrificial anodes are treatsd in a
simllar manner. Tests of the accuracy of the programs and
models have been carried oul for a large numberof static con-
ditlons (e.g., of camplex platform nodes, with excellent agree-
ment between calculations and measurements). Initial tests
have also demonstrated good agreement beiween measure-
ments offshore and calculations involving the time dependent,
dynamic aging processes.

Applications and results

Because of the size of the problems, involving models
with several thousands of elemants, efficient presentation of
the results are done graphically. The postprocessor used has:
the following capabilities: "

1. Two- and three-dimensional plots of structural seg-
ments'with anodes '

2. Iso-polentlal and iso-Gurrent density plots.

3. Potential profile and CD profile plots.

4. Checks vs codes and recommended practices.

5. Restart capabilities.

Examples of appiications and resuiis have been pre-
sented In Figures 4 to 8.

The éxamples comprise modeling of large platforms with

FIGURE 4 — Graphic plot of a global model of a plat-
form with sacrificial anodes.

=200 =T § %‘\“@-
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FIGURE 5 — Graphic plot of potential distributions fora
large section of a floating structure with impressed cur-
rent anodes.
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FIGURE 6 — Poiential disfribution aver a node corner of
a platiorm with bracelet anodes, shown: (A) for time step
1 immediately after launch, and (B) at time step 30 after
300 days.

sacrificial ‘anodes using a global mode! based on tubular
elements (Figure 4), and a large section of a simpler floating
structure with impressad cirrent anodes (Figure 5), using sur-
face elements. The next-example (Figure 8) includes a nodal
area for a platform using bracelet anodes. The potential
distributions have beer presented for time zero (launch) and
300 days after start-up (..., betore and after adequate polariza:
tion of the structure).

The change with time in pelarization of this nodal area
retlects the aging process with formation of calcareous
deposits on the steel. This dynamic aging process is even
more clearly demonstrated in Figure 7 where shading has been
used to'show the “*spread of protection" with time for a botile
leg area with pile sleeves. (Colors can be used to show these
changes more dramatically.)

One other applicalion that has proved useful over the last
4 10 5 y has been the processing of potential and electric field
gradient readings, obtained in-situ on the offshore structures.
Figure 8 shows a curve fifting used to estimate current output
from sacrificial anodes:

Readings of this type have proven a need for revision of
the traditional CP design procedures as well as of design
parameters for the North Sea.

Summary

The main areas of application of computer modeling in
offshore CP are as follows:
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FIGURE 7 — Demonstration of the dyiiamic aging proc-
ess caising a gradual polarization of the structure. Ta
demansirate this eiffect shading has bsen used: un-
shaded for unprotected areas and shaded for seciions
polarized to —800 mV or more negative vs AglagCl
reference electrode: (A) The potentlal in mV vs AglAgCI
immadiately after launching shows that the structure is
still unprotected (unshaded); (B8) Aiter 23 days oi ex-
posure, roughly half of the structure is. protecied (parlly
shaded); (C) A full protection is reached afier 94 days (all
shaded).
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FIGURE 8 — Computer models are utilized to obtain
tield gradient curves (e.g., at bracelet anodes). By curve
fitting of measured profiles to the modeled curves, exact
information on anode output is obtained. (R = 'radial
distance from the pipe.)

1. CP design analysis for new structures, such as op-

timization of anode size, number, and distribution by modeling

over the life of the structure: Included in the design analysis'is

the study of possible shadow effects in geometrically complex

sections of the platforms, and possible interference effacts

between platform, risers, and pipelines.

Application of the program may be particulanly ussfiil for
struciures of new designs or of increased size or complexity
compared to previous projects, for which no data are available
to the design engineer based on previous experience, The
same applies when going Into a new geographical area for
which the environmental condltlons may vary compared to
previous expsrience.

2. Troubleshooting hy analysis and redesign of CP
systems for existing under-protected structures: Modeling an
existing CP design and matching the results with measured
potentials, a propased redeslgn is checked by adding the sug-
gested type and number of anodes in the model, and it wlll be
demonstrated whether this is satisfactory or riot 10 cure the
problem. Through trial ‘and error, the modeﬂng will demon-
strate the optimal number and positions of anodes to bring the
potential lavel back 1o the required value.

3. Processing of potential and field gradient readings ob-
tained In-situ on the structures to disclose performance data

(current density vs potential) for the CP systems and, thersby,
also causes for possible problems: Such applications have
recently demonstrated a need for revision of design methods
and criteria for offshors CP.1

4. Study of CP and training of GP engineers by using the

‘program as a {raining simulator. Tralning simulation programs

typically may include study of the aging process for
cathodlically protected steel and the dynamics In disiribution
and redistribution of potentials and current densities.

5. The models may be used for comparison of alternative
systems and CP designs, including the developrment of new
types of anodes and their geometries. In this contexi, itisalso
used to calculate anode resistance valties as used in the more
basic analysis procedures described above.
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