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ABSTRACT

Internal pitting corrosion is a significant factor in the degradation of
pipelines used for oil and gas production. The penetration of the pipe wall by
pits is a process that consists of three stages: formation of a passive layer on
the steel surface, initiation of pits at localized regions on the steel surface
where film breakdown occurs, and pit propagation and eventual penetration
of the pipe wall. This paper reviews the various models (based on corrosion
science, clectrochemical science, and corrosion engineering approach) that
can be used to predict internal pitting corrosion of oil and gas pipelines.

Models that have been developed based on laboratory experiments are
analysed to assess the effects of experimental duration, apparatus, and
conditions on the results. Electrochemical reactions are involved in all three
stages. Applicability of electrochemical models to predict internal pitting
corrosion of pipelines is analysed. Analysis of time-series data from oil and
gas ficlds indicated no significant differences in superficial oil, water, and gas
velocities and watercut between pipelines that had failed and those that had
not. Additionally, there is no correlation of other operating parameters, such
as pipe inclination, operating pressure (both maximum and average) and
hydrogen sulfide (H,S), with pit growth rates.

None of the three models cover all elements of pitting corrosion, but each
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one of them has a few advantages on certain aspects of pitting corrosion. A
general approach to integrate the three types is outlined.

INTRODUCTION

Internal corrosion, particularly pitting corrosion, of carbon and low-alloy
steels caused by carbon dioxide (CO») and H,S is a major threat to the
integrity of pipelines. Thus, there is a need to determine the risk due to
internal pitting corrosion when designing production equipment and
transportation facilities /1. In this paper, the models that can be used to assess
and manage the risk of internal pitting corrosion of production equipment and
production facilities are reviewed. According to the U.S. Office of Pipeline
Safety, internal corrosion was responsible for 15% of all transmission
pipeline incidents between 1994 and 2004 in the U.S.A /2/. According to the
Alberta Energy and Utilities Board (AUEB) /3/, there were 808 failures
between April 2001 and March 2002, of which 425 (52.7%) resulted from
internal corrosion. The total number of failures in Alberta, Canada due to
internal pitting corrosion in both gathering and transmission pipelines (gas
and liquid) for the past 20 years are more than 5,000, averaging almost 1
failure per day /3/.

An industry-standard approach for assessing the risk of internal pitting
corrosion does not exist at the present time, although there are references in
publications of the National Gasoline Association of America, American
Petroleum Institute, and Canadian Standards Association /4/. Recently, the
Canadian Association of Petroleum Producers (CAPP) published standard
practices to control internal pitting corrosion of sweet and sour pipelines
/5,6/.

To cffectively control internal pitting corrosion, field operators require a
predictive tool that can be applied at all stages of project development and
operation. Such a tool should answer the following six questions:

1. Does internal corrosion pose a significant risk?

If so, when during operation is a failure likely to occur?
Where in the pipeline is the failure likely to occur?
What is the failure mechanism likely to be?

S g BN

Which operating parameters should be monitored to accurately predict the
failure?
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6. How can the predictions be validated and utilized in a user-friendly
manner?

The approaches that have been developed to answer these questions can
be classified broadly into methods based on corrosion science /7/,
electrochemical science /8/, and corrosion engineering /9/. In this paper, the
currently existing models are reviewed.

CORROSION SCIENCE MODELS

The corrosion science approach to developing models that predict the
internal pitting corrosion of oil and gas pipelines involves the following
steps:

e The factors influencing corrosion are assumed.

e Laboratory experiments are carried out to determine the extent of the
influence of these parameters on corrosion rates.

e A theoretical explanation (based on corrosion kinetics and/or
thermodynamics) is developed.

e The influences of various parameters are integrated.

Twelve corrosion science models are discussed below.

De Waard-Milliams Models

The model developed by de Waard and Milliams is the most-frequently
referenced model used to evaluate internal corrosion /10/. The first version of
this model was published in 1975, and it has since been revised three times.

Corrosion rates were determined in the laboratory using polished
cylindrical X-52 carbon steel specimens in a 0.1% NaCl solution, saturated
with CO, and oxygen-free N,. The corrosion rate was monitored using the
linear polarization technique. Experiments were also performed in an
autoclave for seven days, and mass losses were determined /10/.

Some of the electrodes, particularly at temperatures above 60°C, became
covered with a black layer, while the corrosion rate decreased. In a stagnant
environment, this effect was observed even at 40°C. To account for the
changes in CO, solubility and the dissociation constant, the pH was measured
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as a function of temperature for pCO, = 1 bar (corrected for water vapour
pressure).

At a constant pH level, the effect of temperature on corrosion rate is
characterized by an activation energy of 10.7 kcal/mole. Based on these
simple experiments, it was concluded that the corrosion rate of carbon steel
as a function of CO, partial pressure and temperature could be predicted,
provided that passivation does not occur. Both the de Waard-Milliams
equation and the nomogram that was subsequently developed have gained
wide acceptance. Additionally, correctional factors were introduced to
account for the effects of total pressure, scaling, and hydrocarbons.

In the earlier versions of the model, there was no significant consideration
of the effects of liquid flow velocity on the CO, corrosion rate. The corrosion
reaction was assumed to be activation-controlled, although the observed
corrosion rates were, in some cases, about twice the rate predicted /11/.
Therefore, a semi-empirical equation was developed to describe and predict
the effect of the flow rate.

In 1995, the effect of carbides on the CO, corrosion rate was addressed,
with a stipulation that the modification proposed (which would account for
differences between various low-alloy steels) should be regarded as tentative
and that it would only apply under conditions where protective films do not
form /12/.

This model can be used to predict conditions at which an iron carbonate
(FeCO,) surface layer will be formed.

Srinivasan Model

The basis of the Srinivasan model /13/ is the de Waard-Milliams
relationship between CO, and corrosion rate, but additional correction factors
are introduced. The first step in this approach is a computation of the system
pH. The dissolved CO, (or H,S) that contributes to pH is determined as a
function of acid gas partial pressures, bicarbonates and temperature.

In addition to pH reduction, the Srinivasan Model takes into account the
following three-fold role of H,S /13/:

e At very low levels of H,S (<0.01 psia), CO, is the dominant corrosive
species. At temperatures above 60°C, corrosion and passivity depend on
FeCO; formation.

e At temperatures below 120°C, the presence of even a small amount of
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H>S (ratio of pCO,/pH,S > 200) can lead to the formation of an iron
sulphide layer, mackinawite. This mackinawite layer, which is produced
on the metal surface as a function of the reaction between Fe and S, is
influenced by both pH and temperature. This surface reaction can lead to
the formation of a thin surface layer that can mitigate corrosion.

e For pCO,/pH-S < 200, a metastable sulphide layer forms in preference to
the FeCO; layer. In the temperature range between 60 and 240°C, this
layer is protective, provided that the layer contains no holidays or cracks.

At temperatures below 60°C or above 240°C, the presence of H,S
accelerates corrosion in steels because H,S prevents the formation of a stable
FeCO; layer; FeS then becomes unstable and porous and does not provide
protection. In addition, the influence of various other parameters are
integrated including an increase in the maximum operating temperature,
dissolved chlorides, increase in the gas-to-oil ratio, increase in the water-to-
gas ratio/water cut, oil type and its persistence, elemental sulphur/aeration.
increase in fluid velocity, change in the type of flow, and inhibitor type and
efficiency.

This model is useful in determining the regions of stability of both FeCO;
and FeS layers.

Crolet Model

The Crolet model /14,15/ predicts the probability of corrosion in oil wells.
It is based on a detailed analysis of field data on CO, corrosion from two oil
field operations.
Crolet stated that three complementary conditions are necessary for
internal pitting corrosion to occur /14/:
1. Water must be present and in contact with the metal;
2. The water must have a sufficient “potential corrosivity” (PC); and
3. Conditions must be favourable for corrosion to develop locally, that is,
active anodic sites must remain stable near protected or slowly corroding
areas /9,10/.

In water-cuts between 25 and 40%, the risk of corrosion remains low at
moderate flow rates and low pressure. At high pressure, corrosion occurs at
water-cuts of 0.5 to 5%.
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Potential corrosivity is defined as the maximum uniform corrosion rate
that could be produced by the medium in the absence of any protective effect.
The corrosion rate will remain low if the potential corrosivity is low. On the
other hand, high potential corrosivity does not necessarily imply a higher rate
of corrosion. Potential corrosivity represents the maximum possible corrosion
rate of carbon steel in a CO,-containing medium. It is, therefore, a parameter
that can be readily measured in the laboratory.

In the Crolet model the parameters that influence potential corrosivity are:
pH level, H,CO;, CO,, acetic acid, temperature, and flow rate.

The potential corrosivity values of the Crolet model and the corrosion
rates given by the de Waard and Milliams nomograms are very similar and
show good overall agreement.

The nature and physical chemistry of CO,-containing production waters
influence localized corrosion. Whereas laboratory experiments can be carried
out to measure the potential corrosivity of CO,-containing media, localized
CO, corrosion has proven to be extremely difficult to reproduce. The Crolet
model identifies three categories of wells /14,15/:

1. Corrosive (C): Wells with a lifetime of less than two to three years.

2. Possibly corrosive (P): Wells with potential corrosion problems.

3. Non-corrosive (N): Wells in which no corrosion problems have been
encountered over a period of at least eight years, in spite of significant
water cut.

This model defines the conditions for the formation of FeCO; and the
influence of acetic acid on its stability.

Nesic Models

Nesic used a theoretical approach by modelling individual
electrochemical reactions occurring in a water-CO, system /16/. The
processes modelled in this system are the electrochemical reactions at the
metal surface and the transport processes of all the species in the system,
including H', CO,, H,CO5, and Fe*".

Version 1 of the Nesic model focuses on the electrochemical reactions
occurring in an acidic solution with dissolved CO,. Glass-cell experiments
were used to study the corrosion mechanisms and to determine the constants
used in the model. The experimental results were then used to propose a
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mechanistic CO, corrosion model.

The Nesic model requires the following inputs: temperature, pH, CO,
partial pressure, oxygen concentration, steel, and flow geometry.

The predictions of this model are similar to the 1995 version of the de
Waard and Milliams model. Most of the constants in the Nesic model can be
determined experimentally, and they are physically relevant. Since the model
is theoretical, it can be expanded to include other corrosion-influencing
factors, e.g., transport processes. This could lead to more accurate predictions
of protective film formation or the inclusion of an inhibitor effect in a
physically meaningful way /16,17/.

When the concentrations of Fe?* and CO;> ions exceed the solubility
limit, they combine to form solid iron carbonate films. Nucleation of
crystalline films is a very difficult process to model mathematically.
Additionally, in many corrosion situations, the rate of precipitation is
considered to be controlled by the crystal growth rate, rather than the
nucleation rate.

Version 2 of the Nesic model /18/ can be used to predict the equivalent of
a scaling tendency (that is, the ratio between the precipitation rate and the
corrosion rate) before any film is formed.

Using this model, two main cases of scaling can be identified:

1. When the precipitation rate is much lower than the corrosion rate

(expressed in the same units), the result is a porous and unprotective film.
2. When the precipitation rate is much higher than the corrosion rate, a

dense protective iron carbonate film forms.

The film thickness and porosity have been correlated empirically with
results from corrosion loop experiments /16,18/. It is recognized that
protective iron-carbonate corrosion-product films are crucial in predicting the
actual corrosion rate at higher temperatures and pH, and that mechanistic
modelling of the morphology of these corrosion films is a difficult task. The
weaknesses of the model are primarily related to the lack of reliable
experimental data at higher temperatures and CO, partial pressures.
Additionally, the effects related to the presence of conducting surface films
(e.g., iron carbide or iron sulphide) need to be introduced.
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Mishra Model

Corrosion of steel in CO, solutions is considered to be a chemical-
reaction-controlled process. In the Mishra model /19/, a corrosion-rate
equation was derived on the basis of fundamental reaction rate theory and
was then compared with empirically determined relationships reported in the
literature /10/. The prediction of this model is similar to the empirically
developed models; the model, however, accounts for the effects of steel
microstructure and the flow velocity of the solution on the corrosion rate. The
application limit for this model occurs when the corrosion process begins to
be diffusion-controlled, usually after the formation of a stable corrosion
product scale on the steel surface /19/.

Anderko Model

This model /20/ has been developed to calculate the corrosion rates of
carbon steels in the presence of CO,, H,S, and brine. It combines a
thermodynamic model (that provides realistic speciation of aqueous systems)
with an electrochemical model (based on partial cathodic and anodic
processes on the metal surface). The partial processes taken into account by
this model include the oxidation of iron and reduction of hydrogen ions,
water, carbonic acid and hydrogen sulfide.

The model also includes the formation of iron carbonate and iron-sulfide
scales and their effect on the rate of general corrosion as a function of
temperature and solution chemistry. The accuracy of the Anderko model has
been verified by comparing calculated corrosion rates with laboratory data
under conditions that may or may not be conducive to the formation of
protective scales. Good agreement between the calculated and experimental
corrosion rates has been obtained. This model incorporates the effects of
temperature, pressure, solution composition, and flow velocity /20-22/.

Oddo Model

Protective films formed by the deposition of mineral scales have long
been known to reduce or eliminate corrosion. FeCO; (or Fe;0,) layer
deposition is accounted for in the de Waard and Milliams model; however
calcite-scale deposits will also reduce or eliminate corrosion. Another scale-
correction factor is introduced to account for the effects of calcium carbonate

180



Papavinasam et al. Corrosion Reviews

scale on the overall corrosion rate. A correction factor, Fo.., is defined.
Local turbulence caused by a choke, a constriction in the pipe, an ¢lbow, a
drop, etc., will increase the scaling tendency locally. The transition zone
between scaling with no corrosion and corrosion with no influence of the
saturation of scaling materials is not clearly defined /23/.

Dayalan Model

This model consists of a computational procedure and a computer
program to predict the corrosion rates of carbon-steel pipeline caused by
CO»-containing flowing fluids in oil and gas field conditions /24/. The
computational procedure is based on a mechanistic model for CO, corrosion
and was developed from basic principles. The model takes into account the
CO, corrosion mechanism and the kinetics of electrochemical reactions,
chemical equilibrium reactions, and mass transfer. A procedure that was
developed to predict uniform CO; corrosion rates in the absence of scale was
cxtended, using a mechanistic model of scale formation, to measure
conditions where FeCOs layer formation occurs.

An iterative approach is used to predict the corrosion rate. Initially, the
program calculates the corrosion rate assuming that there is no scale on the
metal surface. The fraction of the metal surface that is covered by scale is set
to zero, and the value of Ay, (the fraction of the metal surface that is bare)
becomes 1 for this step /24/.

Pots Model

This mechanistic model predicts the CO, corrosion rate and the effects of
fluid flow /25/. The model, also referred to as the Limiting Corrosion Rate
(LCR) model, provides a theoretical upper limit for the corrosion rate based
on the assumption that the rate-determining steps are the transport and
production _of protons and carbonic acid in the diffusion and reaction
boundary layers.

Comparison with experimental data confirms that the LCR Pots model
provides an upper flow limit. For {low velocities below 3 m/s under non-
scaling conditions, there is reasonable agrecement with single-phase flow
experimental data and with pH values controlled by the partial pressure of
CO;. Inclusion of the charge-transfer kinctics provides a way to get
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agreement at higher flow velocities. For flow velocities up to 1 m/s, corrosion
rates predicted by the model agree with that predicted by the de Waard-
Milliams nomogram /25/.

SSH Model

The SSH model is a worst-case scenario model, derived mainly from
laboratory data below 100°C and from a combination of laboratory and field
data at temperatures above 100°C /26/.

Adam Model

Adam’s model, developed from the operating conditions of condensate
wells, can be used to predict corrosion rates in gas condensate wells based on
operating conditions, temperatures, and flow rates /27/.

Nyborg Model

Nyborg integrated the 1993 and 1995 versions of the de Waard Milliams
models with a commonly used three-phase fluid-flow model. The
temperature, pressure and liquid flow velocity profiles derived from this
fluid-flow model are used to calculate CO, partial pressure, pH, and
corrosion rate profiles along the pipeline /28-30/.

ELECTROCHEMICAL MODELS

The penetration of a pipe wall by a pit is a process that consists of three
stages:
I. Formation of a passive layer on the steel surface;
2. Initiation of pits at localized regions on the steel surface where film
breakdown occurs; and
3. Pit propagation and eventual penetration of the pipe wall.

Since electrochemical reactions are involved in all three stages, each
phase of pitting corrosion can be modelled using electrochemical principles.
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Passivity Models

Passive films generally form as bi-layers, with a compact layer adjacent
to the metal and an outer layer comprised of a precipitated phase. They may
incorporate anions and/or cations from the solution (in this case a salt film).
Since passivity is still observed in the absence of the outer salt film, it is
attributed to the compact layer. Porous salt films are often unstable, and are
nearly impossible to study by ex-situ methods. Although salt films can have a
dramatic effect on the passive film properties, electrochemical modelling
assumptions have not been critically applied.

Several models for passive films on metals are reviewed in this paper.
Validation of experimental results for each of these models, however, has not
been consistent. Despite the fact that passive films on metals play a vital role
in pitting corrosion, little systematic research has been undertaken to
correlate the pitting susceptibility of carbon steel and the quality of the
passive film on its surface.

Mozt Model
Mott proposed the earliest models used to examine the growth kinetics of

the passive film /31/. This model assumes that:

e Layer growth is due to the transport of metal cations across the oxide
layer to the film/solution interface where they react with the electrolyte.

e The penetration of cations through the layer is assisted by the high
electric field strength that is assumed to exist within the oxide.

e The field strength is constant throughout the layer.

e There is no potential drop across the layer.

e The rate-limiting step (RLS) for the layer growth is the emission of metal
cations from metal into the layer at the metal/layer interface.

Mott-Cabrera modified the above place-exchange model with the
following assumptions:
¢ Anion diffusion is responsible for layer growth.
e The RLS is the emission of an anion from the environment into the layer
at the layer/environment interface.
e The field strength in the layer is independent of thickness.
e The activation energy of the RLS increases linearly with thickness.

183



Vol. 24, Nos. 3-4, 2006 Review of Models to Predict Internal
Pitting Corrosion

Griffin Model
Griffin /32/ developed a simple kinetic model to relate the experimentally

measurable features to the microscopic rate parameters of the passivation

process, with the following assumptions:

e The oxidative hydrolysis of surface metal atoms produces adsorbed
cations, and these cations dissolve away from the electrode surface.

e Passivation occurs when the rate of cation dissolution decreases as the
cation coverage increases. The process occurs due to the stabilizing
influence of the oxide lattice bond formation.

e The only feature that distinguishes an isolated adsorbed cation from a
cation in the oxide layer is the presence of a full complement of nearest-
neighbour cations.

Using the results from cyclic voltammetric experiments, the Griffin
model can be used to determine the factors that stabilize the passive layer on
a metal surface.

Fleischmann Model
Defining passivation as the consequence of an ordered monomolecular

two-dimensional film of a definite chemical phase, Fleischmann /33/

proposed the following:

e Using potentiostats suitable for measuring at high frequencies,
measurements of the kinetics at constant potential will yield valuable
information about the initial stages of passivation.

e Kinetics of growth can be obtained by considering that passivating
centres of monomolecular height grow two-dimensionally on electrodes.

o The passivating centres are cylindrical in shape.

e If the nuclei are distributed over the surface in a completely random
manner, an allowance for all possible forms of overlap between growing
centres is made.

With the Fleischmann model, the rate constants for the nucleation of the
passivation layers and their growth can be calculated using
chronoamperometric (current-time curves) experiments conducted in the
millivolt region.
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Sato Model
In the Sato model /34/, an anodic growth rate of Fe is assumed to result

from a process in which the activation energy increases linearly with

thickness. It is also assumed that the oxide is an ordered Fe;O, - Fe-O; and
that the rate can be calculated using concentrations, activation energies, and
potential gradients.

According to this model:

e The film is a face-centred cubic lattice with an oxygen lattice parameter
between 4.2 and 4.16. The potential of this system is equal to the sum of
all the potential differences that exist between the metal and the solution.

e Under the steady growth region, cquivalent numbers of iron and oxygen
ions are transferred from the metal and solution phases into the oxide.

Based on these assumptions, the authors experimentally derived a rate
cquation that is of the same form as the kinetic equation. The Sato model can
use data from both potentiostatic and galvanostatic experiments to calculate
thermodynamic parameters including entropy and enthalpy of passive film
formation.

Sarosala Model
The Sarosala model /35/ is based on Devillier’s theory /36/, which states

that:

e A solid insulating film of constant thickness, d,, spreads over the
electrode from random nuclei;

e The resistance of the layer-pore interface determines the rate of reaction;
and

e The rate of reaction depends on the resistance of the electrolyte in the
‘pores’.

This model takes into account both the intrinsic conductivity of the
surface layer and its possible thickening by ionic transport through the
material. Using fast-sweep cyclic voltammograms, both the thickness of the
passivating layer and the degree of surface coverage can be determined.

Macdonald Model
Macdonald /37/ advanced a “point defect” model (PDM) to explain the
growth, breakdown, and impedance characteristics of passive films on metal
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surfaces. The most important assumptions of this model are:

e  Whenever the external potential, V., is more noble than the passivation
potential, a continuous passive film will form on the surface of a metal.

e A passive film is assumed to be an oxide of composition Mux,. The
passivation potential, E,,, is the lowest potential at which the metal can
be covered by an oxide film, which restricts the dissolution current.

e A passive film contains a high concentration of point defects, metal
vacancy, electrons, and holes.

e Passive films are characterized by high electrical fields (10° V/cm) and
are assumed to be of the same order as that required for dielectric
breakdown.

e Field strength is a function of the chemical and electrical characteristics
of the film and is, therefore, independent of thickness, even under
potentiostatic conditions.

e Electrons and electron holes in the film matrix are in their equilibrium
states, and the electrochemical reactions involving electrons (or electron
holes) are rate-controlled at either the metal/film or the film/solution
interface.

e For those processes that involve metal and oxide vacancies, the rate-
controlling step is assumed to be transport of the vacancies across the
film.

Using the Macdonald model and current-time plots, parameters that
describe the dependencies of the potential drop across the barrier
film/environment interface on the applied voltage and pH, and kinetic
parameters for dissolution of the film can be calculated. These calculations
require that many assumptions be made regarding the various constants
described in the model.

Ambrose Model
Another important and practical consideration is ‘repassivation,” which
describes events that follow the rupture of a passive film /38/.
According to the Ambrose model:
o The repassivation process involves film coverage as well as anodic metal
dissolution.
o The rate of coverage of the exposed metal determines the morphology of
the corrosion attack.
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¢ Low film coverage rates lead to the large active metal dissolution areas
that are characteristic of pitting.

o The partition of the anodic current transient (into coverage and metal
dissolution components) becomes important in the presence of large
active metal dissolution areas.

e Immediately after the mechanical passive film rupture, the penetration
rates of localized corrosion depends on the kinetics of repassivation.

Ambrose also showed that a powerful tool to distinguish between the
soluble and insoluble reaction products of the repassivation process is the
rotating ring-disc electrode.

Nucleation Models

There is much current debate concerning the initial steps of pitting
corrosion. The a priori approach emphasizes the inherent microscopic defects
such as inclusions, grain boundaries, and scratches on the metal surface. The
a posteriori approach emphasizes the non-uniformity that becomes visible on
the metal surface after a passive metal is placed in a corrosive media /39/.

The a priori approach assumes that heterogeneity is present on the
passive metal, while the a posteriori approach assumes that an induced
heterogeneity is present at the interface between the passive metal and the
corrosive media.

In a posteriori assumptions, stochastic or fluctuation processes are
thought to initiate pitting. Certainly, pit-initiation experiments seem to be
subject to a much larger degree of experimental variation than other
electrochemical experiments. The origin of this variation, however, is still
open to discussion. Both the stochastic and deterministic approaches have
value. and they are certainly not mutually exclusive.

Okada Model
The Okada /40/ model describes a passive metal in a corrosive
environment where aggressive ions are transported and adsorbed through the
passive film with spatial fluctuations. According to this model:
® During the initial stage, metal ions dissolve uniformly through the passive
film, and the passage of the current transports halide ions by electro-
migration; the ions are then absorbed on the surface of the passive film.
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e If the transport is perturbed resulting in a concentration of aggressive ions
on the passive film surface, the dissolution rate changes locally causing
variations in the ion flux.

e The system becomes unstable and, ifi the perturbation increases with time,
promotes local destruction of the passive film.

e If the perturbation decreases, however, the passive metal dissolves
uniformly, and no pits appear.

e Increases or decreases in the disturbance determine the possibility of pit
nucleation. Thus, the pit initiation process is considered a probability
event.

This model describes the critical wavelengths [(A).] for perturbation,
where any disturbance in the solution accelerates the local dissolution of the
passive film. A rough estimate of the wavelength of perturbation (that is, the
point where instability sets in) can be made for typical values of parameters.
The Okada model shows a clear distinction between those processes that lead
to pit nucleation and those that do not.

By determining the potential developed as a function of chloride ions, we
can calculate a, — the transfer coefficient for conduction in the passive layer.

Shibata Model

Shibata /41/ considered pit generation events to be stochastic and
analyzed it using a series or parallel combination of elemental-birth
stochastic processes. The equations for survival probability, P, and time for
pit generation, were formulated for each model, and the corresponding curves
between In(P) and time were also obtained. To determine which of the
Shibata models to use, the distribution of the time for pit generation must be
fitted to a specific model by numerical or graphic simulation.

Using the approach required by this model, the analysis ofi induction time
for generation of pits may help to determine the dependency of the
parameters responsible for pit initiation on the thickness and other properties
of the passivating film.

Sharland Model

Sharland /42/ pointed out that assumptions made from a random pit-
initiation experiment are not necessarily valid and that, therefore, the
underlying mechanisms governing random pit initiation are not necessarily
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resolved. In this model, he investigated the nature of these underlying

corrosion mechanisms.
According to the Sharland model:

e The process of pit initiation is deterministic, that is, the process can be
described by a set of well-behaved differential equations.

e The long-term behaviour of the system is governed by a strange attractor,
leading to the chaotic behaviour of the direct measures of the system.

e This attractor is embedded in a phase space of small dimension, that is,
the system could be modelled by a small set of differential equations.

* This model does not indicate which variables govern the system.

Sharland claimed that, with a little physical insight into the problem, it
may be possible to construct a deterministic model of the pit-initiation
process /16/ if the factors leading to chaotic behaviour are understood.

Baroux Model
The Baroux /43/ model analyzes corrosion in two stages:

e The first stage of pit initiation — the nucleation process — leads to local
breakdown of the passive layer resulting in direct contact between the
base metal and the corrosive solution. The current increases markedly,
and part of the dissolved metallic cations are hydrolysed, resulting in a
local acidification. If this dissolution current is high enough to maintain a
sufficient acidity despite the cation dissolution towards the bulk solution,
the pit nuclei cannot repassivate, and a stable pit is generated. Thus, the
pit nucleation process is described as a deterministic process
characterized by an incubation time.

e The second stage of pit initiation — namely the stabilization process — is
considered as probabilistic in nature and is characterized by a pitting
probability. In other words, it is assumed that the incubation process does
not necessarily lead to pit nucleation, but rather to a sensitized state from
which a pit can occur.

The Baroux model can be used to determine the pit-generation rate, which
can then be used to characterize steel in different environments.

Salvarezza Model
In the Salvarezza model /44/, the rate of birth and growth of a pit is
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defined in terms of the rate of conversion of a surface site into a pit-

nucleation centre, while the rate of death is defined in terms of the probability

of a pit dying.
According to the Salvarezza model:

e  When the current exceeds a given value, the system becomes irreversible,
and stable pits are formed.

e The pit-initiation process can be considered as stochastic or deterministic,
depending on the time and potential duration of the experiment.

e The centres of pit nucleation are strongly dependent on the properties of
the passivation layer and the presence of inclusions at that point.

This model can be used to determine the frequency of nucleation and the
probability of pit death.

Hebert Model
The Hebert model /45/ is based on the hypothesis that:

e For metal immersed in a dilute sodium-chloride solution, initiation occurs
when the concentration of dissolved metal exceeds a minimum critical
value that can be determined experimentally.

e Only the period prior to the passivity breakdown is considered since, after
this, many of the assumptions made are no longer valid.

e The system is solved numerically using a technique that linearizes the
non-linear terms about a trial solution.

e [teration is performed until convergence is reached.

Although this model was primarily developed to measure the crevice
corrosion of aluminum, the general nature of the model may make it
applicable to other types of localized corrosion as well as other systems. The
complex mathematical calculations, however, require utilisation of modern
computer power.

Williams Model
The Williams model /46/ is based on the following assumptions:

e The initiation of internal pitting corrosion requires the production and
persistence of gradients of acidity and electrode potential on the surface
roughness scale of the specimen.

e Fluctuations in the gradients, leading to the birth and death of events,
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could arise because of fluctuations in the boundary layer in the liquid at
the metal surface.

e A pit becomes stable when its depth significantly exceeds the thickness of
the solution boundary layer.

e The solution boundary layer has two parts, one part being defined by the
roughness of the surface, and the other by the hydrodynamic boundary
layer.

e Local acidification would arise as a result of the hydrolysis of metal ions
in the solution formed as a result of the slow dissolution of the passive
metal.

e This passive metal-dissolution current could be considered variable over
the surface because of inhomogeneities in the alloy composition or
because of inclusions.

e A critical local solution composition can be defined, in terms of pH, for
the initiation of pitting corrosion.

e The nucleation rate is determined by the time required to establish this
critical local pH.

According to this model, the initiation of pitting corrosion is caused by
the production and persistence of gradients of acidity and electrode potential
on the surface roughness scale of the metal. The observed fluctuations are
related to fluctuations in the hydrodynamic boundary-layer thickness. A pit
becomes stable only when it exceeds a critical depth related to the surface
roughness.

The Williams model can be used to determine the frequency of nucleation
and the probability of pit death.

Bertocci Model

In the Bertocci model /47/ the current transients observed are assumed to
indicate that the passive film has locally broken, causing anodic oxidation of
the exposed metal, part of which forms a new passive film and part of which
dissolves. The passive film is then weaker and more susceptible to further
breaks, at least for a limited time, after which the breakdown rate probability
returns to the initial value. The kinetics of repassivation may be temporarily
slower, since some local acidification of the solution at the breakdown site
may have occurred because of oxide precipitation.

According to Bertocci, the breakdown probability depends on the
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intensity and is assumed after a breakdown to increase by an amount
proportional to the electric charge passed, multiplied by a weighting factor
that decreases monotonically with the time elapsed.

This stochastic model can reveal qualitative information regarding the
probability of passive layer breakdown.

Oldfield-Sutton Model
Oldfield-Sutton /48/ developed a deterministic approach of characterizing
localized corrosion. This model has been tested quite widely and forms the
basis for many models developed later. The central theme of this model is the
development a critical crevice solution (CCS), which is defined in terms of
pH and chloride concentration. The permanent breakdown of the passive film
and the onset of rapid corrosion occur only beyond the CCS.
In this model, the onset of crevice corrosion is treated as four-stage
process:
e The environment becomes de-oxygenated due to restrictions on the
transport of oxygen.
¢ The cathodic reaction switches to the outside of the crevice, and changes
occur in the crevice solution.
e The crevice solution becomes sufficiently aggressive for the permanent
breakdown of the passive film and the onset of rapid corrosion.
e The crevice begins to propagate.

The Oldfield-Sutton model is developed for stainless steels, but the
theoretical treatment can be applied to other metals including carbon steel.

Xu Model

The basic approach of the Xu model /49/ is that the electric field varies
through the surface layer thickness and between concave and convex regions.
For an idealized single concave roughness, the electric field within the film
may be calculated by solving a boundary value problem. For a non-active pit,
the whole pit wall is in the passive state. Breakdown occurs when the
electrostatic pressure at the film/solution interface of the local site exceeds
the compressive film strength.

Adsorption of aggressive ions, such as chloride ions, reduces the surface
energy at the film/electrolyte interface. The higher the concentration of the
aggressive ion in the solution, the higher its surface coverage ratio due to
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adsorption and thus the lower the surface energy. At high concentrations of
aggressive ions, the electrostatic pressure at the concave sites will more
easily reach the value required for local breakdown to occur. Thus,
aggressive ions are required for pit initiation.

Using a boundary variation and a trial-and-error technique /50/, the
current and potential distribution along the pit depth can be calculated to
determine the depth of the pit that is active, and hence susceptible to
propagation.

Lillard Model
Lillard /51/ developed a model based on the concepts of the Oldfield-

Sutton /48/ model (effects of mass transport) and the Xu model /49/ (ohmic

control). The Lillard model analyzes the factors that contribute to the

initiation and propagation of crevice corrosion using SPICE (simulation
program with integrated circuit emphasis). By arbitrarily fixing the values of
the criteria required to initiate crevice corrosion, the model generates current
and potential distributions within the crevice incipient to the initiation of
crevice corrosion.

These basic criteria of the model are:

e A critical crevice solution pH must be developed.

e A geometric solution resistance down the length of the crevice is
necessary so that Egeiee < Epas and a sufficiently high dissolution rate
exists at the active site.

e The driving force of this model is represented by E.y, which is the
algebraic sum of anodic, cathodic, and ohmic overpotential.

e Different positions inside the crevice are characterized by different
resistances.

¢ Four resistances are defined:

- Rpass - resistance associated with the passive dissolution inside the
crevice,

- R,q - resistance associated with the active site inside the crevice,

- Ry - potential dependent resistances in the active region, and

- R, - polarization resistance.

¢ During calculations, the positions of these resistances are suitably altered
so that the model converges for the predetermined basic criteria.

Though this model was primarily developed to monitor crevice corrosion,
its basic concepts can also be applied for the pitting corrosion of other metals
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and alloys. The crevice depths (which are susceptible to further corrosion)
can be calculated using the primary knowledge of critical-crevice solution
(pH) and active dissolution kinetics. However, the accuracy of the model’s
prediction of the time taken for a crevice to occur may be less than the actual
time taken, because of the various predetermined and arbitrary values used in
the model.

The important outputs of this model are: critical depth as a function of
crevice gap, and critical gap/depth combinations as a function of crevice
initiation.

Bardwell Model
In this model, iron is protected from pitting by a halide-containing
solution. The surface is covered by a passive layer the thickness of which is
greater than the critical thickness /52/.
In this model:
e Pitting initiates in the presence of halide ion only if the passive layer
reaches a certain critical thickness.
e The critical state of the layer growth corresponds to a critical oxide
thickness, as opposed to critical oxide composition.

Dawson Model
In the Dawson model, pit initiation is considered an electro-crystallization

process with chloride ions playing a major role in pit formation, with the

adsorbed intermediate produced on the metal surface /53/.

According to this model:

e Pit growth and arrest are essentially seen as a kinetic competition between
the formation of non-passivating species [MOMOHCIl],4 and
[MOMHCI],4, and passivating species [MOOH],q and [MOMOH],,.
Passive film rupture is considered to be a normal occurrence that
increases in intensity with increasing potential and/or aggressive ion
concentration.

e The electrostatic model involving chloride-ion adsorption on the outer
film is, therefore, considered.

e Progression from the initial film rupture to pit propagation is also
controlled by the potential, chloride ion and diffusion, within both the
crack and the growing pit.

e With increasing potential, the influence of adsorbed intermediates on the
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metal-dissolution kinetics becomes increasingly important.

Hebert Model
According to Hebert, before a crevice is formed, the metal surface

corrodes uniformly at a low rate.

The basic criteria of this model are:

e Since corrosion within the crevice progresses, metal species are
concentrated in the crevice, and oxygen is depleted from it /54/.

e When the cathodic reactant has been removed from the crevice, a net
anodic reaction within the crevice is balanced by oxygen reduction on the
metal outside the crevice.

e Chloride ions migrate into the crevice in response to the potential gradient
that now exists.

e The hydrolysis of metal ions causes acidification of the crevice.

e Initiation occurs when the concentration of dissolved metal exceeds a
certain minimum critical value.

McCafferty Model

This competitive adsorption model claims that pitting is inhibited when
aggressive ions (CI') and inhibitive ions compete for sites on the metal
surface /55/. If the ratio of the surface coverage of aggressive to inhibitive
ions exceeds a certain critical value (0,.;), then breakdown of passivity
occurs accompanied by pitting.

MacDonald Model
MacDonald developed a point-defect model /56/ to investigate the steady-

state properties of the passive films that form on metals and alloys in aqueous

environments. He further developed a deterministic model /57/ to describe
the statistical nature of passive film breakdown and pit nucleation, based on
the following criteria:

¢ A solute-vacancy interaction model (SV) is needed to account for the
effects of minor alloying elements, such as Mo and W, on the pitting
resistance of iron-based alloys.

e The point-defect model upon which the SV is based proposes that
passivity breakdown occurs because of an enhanced flux of cation
vacancies from the film/solution interface to the metal/film interface. The
excess vacancies arriving at the interface between the metal and the film
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cannot be absorbed into the metal at a sufficiently high rate.

e Accordingly, the vacancies accumulate to form a vacancy condensate at
the metal/film interface, which then grows to a critical size.

e The film then collapses locally to form a pit that will continue to grow if
conditions are not conducive for repassivation.

The distribution in breakdown probability is sensitive to the mean cation
vacancy diffusivity, but not to the standard deviation. As the distribution is
shifted to more positive values, the cation vacancy diffusivity becomes
smaller, indicating that the passive film becomes more resistant to
breakdown. Increasing halide activity and decreasing pH are predicted to
shift the distributions in breakdown probability to more negative values,
thereby rendering the passive films more susceptible to breakdown.

The MacDonald model can be used to predict the steady-state thickness of
the passive layer and its breakdown.

Propagation Models

The final stage of pitting corrosion is the formation and continuous
propagation of stable pits. In propagation models, the growth of pits is treated
as deterministic. When the pit becomes sufficiently large, the conditions and
processes taking place are closely related to those occurring in crevice
corrosion.

Nagatani Model
Nagatani /58/ developed a model based on the following considerations:

e A pit starts to grow from a single defect on the metal surface.

¢ During pitting corrosion, anionic species diffuse toward the metal surface.

¢ After diffusing anions arrive at the metal surface, the metal dissolves into
solution because of the hydrolysis of metal ions; this process is controlled
by the diffusion of anions.

e Concentration of the diffusing anions satisfies the Laplace equation under
the quasi-stationary approximation.

Using a three-dimensional computer simulation for pit formation, the
geometry of a pit can be obtained.

196



Papavinasam et al. Corrosion Reviews

Matamala Model
Matamala /59/ empirically created an analytical expression using
variables such as pH, chloride-ion concentration and temperature :

E, = 2570 - 5.81T + 0.07 T pH - 0.49T log|CI],

where E; is the passivation potential. CI is the chloride-ion concentration.
These expressions are very specific and do not convert easily to other
systems without further experimental verification.

Smyrl Model
In an attempt to analyze the effects of minor components on the

propagation of a crack, Smyrl /60/ developed a model that determines the

potential distribution in a crack from the distribution of the flux. The
important assumptions of the Smyrl model are:

o The crack is wedge-shaped with a geometrically sharp tip, and it extends
through the thickness of the material.

e The coordinate system moves with the crack tip, so that the sides of the
crack appear to move with the velocity away from the tip.

e The flow pattern of the liquid is determined by the fluid mechanics of the
system.

¢ The velocity profiles are not changed by the mass-transfer processes;

e At greater distances from the crack tip, inertial and pressure forces
determine the fluidflow characteristics, except near the crack walls where
viscous forces are also important.

e Migration effects are not important under these conditions.

The potential distribution along the pit length can be determined from the
measurable parameters including velocity, mass-transfer coefficient, and bulk
concentrations of the reactants. For the diffusion layer region, the integration
could be carried out directly to obtain an analytic result. Tedious calculations
are the main drawback of this model. Nevertheless, it can provide valuable
information on potential differences from comparatively easily measurable
quantities.

The model further predicts that the potential difference between two
points would be directly proportional to the bulk concentration or the
reactant, and inversely proportional to the square of the pit width. Hence, an
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approximate estimate of potential difference between two points can be
obtained from the measured pit width.

Fan Model
Fan /61/ developed a very simple model to correlate the potential drop

with the pit-propagation rate. It is based on the following considerations:

o Corrosion potential shifts in the noble direction when active dissolution
occurs.

e Current passing through the passive film is equivalent to the amount of
passive layer dissolution.

e The pit area is used as the corroded surface area.

® Any increase in exposed surface due to growth of pits is ignored.

Though the model is qualitative, information on pit propagation can be
obtained from the potential change.

Molo Model
Molo /62/ used a stochastic principle to measure pit growth. This model

applies to a process initiated at reacting inclusions in the metal and

determines the development of quasi-hemispherical pits.
The model is based on the following main hypotheses:

o Pits are initiated at reacting inclusions on the metal surface. The mean
number of inclusions per unit of area, <n,>, depends on the material.

o Pit-initiation events are randomly distributed in time, and the distribution,
(A)o, depends on the corrosion conditions.

o The pit-surface concentration is sufficiently low to make it possible to
ignore the overlapping of pits.

e The growth rate of each pit, (A);, depends on the area of the active
interface.

e Pits are unstable when they are nucleated and become stable only after
they have grown beyond a critical volume, V, from which a critical time,
L, can be derived.

The Molo model can be used to determine the distribution of pits and the
critical volume required for pits to stabilize.
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Tester Model
Tester /63/ developed a simple model to distinguish between two distinct

phases of pit growth.
According to this model:

¢ During the early period of dissolution, the electrode surface is flush with
the surface of the cavity. A semi-infinite approach is used to model the
diffusion process that causes the electrolyte concentration to increase at
the metal surface.

e Once saturation of the dissolving cation species occurs at the metal-
solution interface, after the initial period, a quasi steady-state period of
diffusion control commences.

The time-dependent reactant depletion can be obtained from this model.
These expressions may be approximate, but they can provide a reasonable
basis for assessing the reactant concentration in a crack and the factors that
can affect it. From the reactant depletion rate, the pit growth rate is
determined.

Beck Model

Since the geometry and migration effects exert opposite and nearly equal
influences on the dissolution rate, Beck’s model assumes that they cancel
each other out /64/. In this model, the depth of the pit can be determined as a
function of time.

Ateya Model

Ateya /65/ proposed a model to determine the electrochemical conditions
and the ongoing electrode reactions within cracks in metals during cathodic
charging.

The Ateya model assumes the following:
* A narrow, deep slot with an outer surface is maintained at a large negative
potential so that the only reaction taking place at the outer surface is
hydrogen evolution. The cross section of the slot is a rectangle with
dimensions A and B, and depth L, such that A << L and A << B, in which
case the reaction can be considered to occur only on the outer surface and on
the side walls.
* A more precise condition for validity of the equations is X >> A, where X is
the characteristic distance defined.
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* It is assumed that mass transfer in the electrolyte takes place by molecular
diffusion and ionic migration.

e The electrolyte is a simple acid that dissociates completely to give
monovalent ions.

This model can be used to calculate the pit growth rate.

Ben Rais Model
In the absence of convection, Ben Rais ef al. /66/ obtained an analytical

solution to calculate the current delivered as a function of time from the

corroding sample.
The four main approximations of this model are:

o Diffusion and migration effects are calculated assuming the solution is
very dilute.

e Saturation at the bottom of the pit is considered without taking into
account the effects of supersaturation, pH variation and ionic strength.

e Metal hydrolysis is neglected.

e The curve expressing the variation of the corroded area as a function of
time is heavily schematized.

Using Faraday’s law, the pit growth rate can be calculated from the
current.

Melville Model

Doig and Flewitt /67,68/ considered the variation of potential occurring
down a stress corrosion crack, assuming Tafel kinetics. Melville /69/
extended Doig and Flewitt’s analysis to examine the effect of an arbitrary
relationship between the current and the potential at a crack tip to obtain
analytic solutions for those conditions where the variation in potential is
small. The potential drop in a pit can be determined by studying the
electrochemical reactions.

Galvele Model

In a sequence of papers, Galvele /70-72/ constructed a complex model of
pitting corrosion. In the first paper, assumptions from the Pickering model
/50/ were used, but, instead of a single-charge transfer reaction, a more
general expression was considered for the anodic reaction occurring inside
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the pit.

The Galvele model assumes that:

e Dissolution takes place at the bottom of the pit, and no reaction takes
place on the walls of the pit. In this way, a unidirectional pit model is
obtained using a simple mathematical procedure.

e The pH of the bulk solution could have been given any value, but is given
as a boundary condition. Hydrolysis equilibrium is very quickly reached.

e Aggressive anion salt acts as a supporting electrolyte for the ionic species.

¢ Modifications are made by considering full hydrolysis of the metal ions
and the effects of ion migration and buffers. Contributions due to
convection are ignored.

e The main reason for passivity breakdown at the initial stages of pit
growth is localized acidification due to metal ion hydrolysis.

e The pitting potential is the critical point at which a minimum X:-i value for
pit initiation is reached, where X is the pit depth and i is the current
density.

This model can be used to obtain the relationship between the
concentration of chemical species and the product of pit depth (X) and
current density (i).

Alkire Model
The important assumptions made in the Alkire /73/ model are:

e Metal dissolution is the only electrochemical reaction that occurs inside a
pit.

e During dissolution, the metal surface is assumed to remain smooth and
perpendicular to the side walls.

e During dissolution, the solubility of the metal salt is not exceeded, and
therefore precipitation does not occur.

¢ Initially, the concentration within the pit is uniform prior to the
application of power.

e At the base of the pit, the concentration gradient in the metal salt is
proportional to the current flowing through the pit.

e As the metal dissolves, the pit becomes longer. For short-duration
unsteady-state experiments, the elongation of the pit is less than 0.03% of
the initial length, whereas for longer-duration steady-state experiments,
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the variation in pit length during dissolution can be accounted for using
Faraday’s law.

This model can be used to determine conditions leading to the
autocatalytic growth of pits.

CORROSION ENGINEERING MODELS

A corrosion engineer typically determines the risk caused by internal
pitting corrosion from field operating conditions, from in-line inspection
(ILI) data, and from on-line monitoring techniques.

Data provided by an oil production company were examined to determine
if there was any correlation between pipeline failures and operating
conditions. For each pipeline, the records consisted of monthly values for the
average daily oil, water and gas production, and percentage water-oil ratio
(water cut). Time series of these values were constructed backwards in time
from the most recent. For those pipelines having gaps in the records, the time
series was halted at the time of the first gap.

By including only those pipelines with records of at least 100 months, the
data for 73 bare steel pipelines were analyzed. These pipelines included 67
well lines (seven of which had failed), three satellite lines (one of which had
failed), and three transportation lines (one of which had failed). The outside
diameter and wall thickness of these pipelines ranged from 60.3 to 168.3 mm
and from 2.8 to 4.78 mm, respectively, with the most common dimensions
being 88.9 mm and 3.96 mm.

The simplest step in finding a correlation was to determine if a distinction
could be made between failed and non-failed lines with respect to simple
flow variables. The explicit dependence of flow rate on the (inside) pipe
diameter, d, was removed by calculating superficial flow velocities according
to:

T (Eq. 1)

where (O, is the volume flow rate of the fluid component & (and k = o, w and g
for oil, water and gas, respectively). The gas velocity, v,, was calculated from
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the gas production rate, which was expressed in m’/day at standard
temperature and pressure. Since the actual temperatures and pressures of the
fluids were not given in the database, the true gas volume could not be
determined, so that v. is an approximation. If the pipeline pressures and
temperatures were comparable, then the relative values of v, are correct.

To facilitate the comparison between failed and non-failed lines, the mean
value, v, and standard deviation, g;, of v, were calculated. Subscripts n and f
denote non-failed and failed lines, respectively. For any difference between
virand vy, to be significant, v,y must be outside the limits defined by v, * gy,

The data for the individual lines and for the average values can be
summarized using the following factors: flow velocity, water cut, flow
regime, pipe inclination, [1,S concentration and pressure.

Superficial Oil Velocity

Oil flow decreased with time for most failed lines, but, in all cases, v, <
0.025 m/s at the time of failure. For one line, this represented an order-of-
magnitude decrease from a peak velocity of 0.2 m/s. In Fig. 1, v, is
somewhat less than v,,, but during the entire period the difference was always
less than o,

Superficial Water Velocity

At the time of failure, v, always varied by an order of magnitude of more
than 0.04 m/s to 0.9 m/s. Sudden substantial increases in v,z occurred in two
lines about 65 months before failure. These two lines are responsible for the
increase in v, at -65 months, as shown in Fig. 1. The mean water velocity of
the failed lines, v,;, was somewhat higher than v,,, but the difference was
consistently less than o,

Superficial Gas Velocity

This quantity was calculated from the produced gas volume measured at
standard temperature and pressure (STP) and is, therefore, very approximate.
At failure, v, was <4 m/s for all nine lines, and one line exhibited very large
fluctuations. As was the case for both liquid components, v, and v,, differed
by less than o,
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Fig. 1: Time dependence of the mean superficial oil, water, and gas

velocities for failed (heavy line) and non-failed (light line) pipelines.

The dashed lines indicate the mean + standard deviation for non-

failed lines.

Water Cut

There was a wide variation in water cut among the failed lines. For two
failed lines, the water cut exceeded 90% for 200 months, but for another
failed line it was greater than 60% for less than 50 months. As shown in Fig.
2, the average water cut was somewhat higher for the failed lines than for the
non-failed lines, but the difference was always less than the standard
deviation.

Flow Regime

For multiphase flow, the aqueous-oil-gas interphases can take any one of
an infinite number of possible forms. These forms are delineated into certain
classes of interfacial distribution called flow regimes. The flow regimes
depend on the inclination of the pipe (that is, vertical or horizontal), flow rate
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Fig. 2: Time dependence of the mean water cut for failed (heavy line) and

non-failed (light line) pipelines. The dashed lines indicate the mean
* standard deviation for non-failed pipelines.

(based on production rate), and flow direction (that is, upward or downward).
For horizontal pipes, bubbly, stratified, wavy, plug, slug, and annular flow
regimes are possible /74-77/.

Figure 3 shows a plot of v; against v, for 69 lines (data for four non-failed
lines with v, > 10 m/s are not included in this figure). The velocities were
calculated from the average flow rates for the most recent 12-month period.
No distinction between failed and non-failed lines was noted, although there
were no failures for lines with v, > 3.5 m/s. Furthermore, if the transition
from stratified to slug flow occurs at v; ~ 0.2 m/s, then pipelines in both
regimes failed.

Pipe Inclination

In Figs. 4, 5 and 6, the two-dimensional pipeline side elevations derived
from pipeline and topographical surveys were compared with in-line
inspection data to predict where corrosion would occur. No correlation could
be established between pipeline elevation and internal pitting corrosion /78/.
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H,S Concentration /79/

Using different data from failed pipelines, the pit growth rate was
calculated as:

Pit growth rate = Pipe thickness/(time of first failure — time of installation).

As shown in Fig. 7, the growth rates were plotted against the partial
pressure of H,S at the time of failure. No correlation between pit growth rate
and partial pressure of H,S could be established.
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Fig. 7: % H,S versus pit growth rate.

Pressure /76/

In Fig. 8, the pit growth rates (as determined in the H,S concentration
section) were plotted against normal operational pressure and, in Fig. 9,
against maximum operational pressure. No correlation between pit growth
rates and pressure could be established.

208



Papavinasam et al. Corrosion Reviews

25
L
20
>
E
E
o 15
B
&
510
o
& 5
L
] . "
] By
0 m'll-lll . : =
0 3000 6000 9000 12000 15000
Normal Operation Pressure, kPa
Fig. 8: Normal operation pressure versus pit growth rate.
5
| |
2
E
]
5 15
[+ 4
£L
t10
2
0]
o u &
L "
OI—I“—I»—.—'—L——‘I—F s f
0 3000 800 9000 12000 15000
Maanurn Operatil g Pressure, kPa

Fig. 9: Maximum operating pressure versus pit growth rate.

DISCUSSION
The ability of models to predict the risk of internal pitting corrosion can

be summarized by assessing the answers to the following six key questions
that can be obtained by using the models.
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1. Does internal pitting corrosion pose a significant risk?

Almost all corrosion science models can answer this question, but the

accuracy of the results is not guarantced because the prediction is based on

general corrosion rates not on pitting corrosion rate. Experiments to establish

the corrosion science models outlined in this paper are clearly defined and are

carefully performed under controlled conditions. The influence of the

individual parameters is well understood. General corrosion rates leading to

the formation of surface layers under the experimental conditions relevant to

oil and gas pipcline conditions are readily available. As presented in Figs. 10-
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Fig. 13: Variation of general corrosion rate with partial pressure of CO, as
reported in References from 80 to 160. (In addition of some results
are also reported at 362, 435, 580, 725, 732, 800, 1000, and 2300

psi).

17 and Table 1, the results obtained can be influenced by various parameters
/80-160/. As can be seen from the figures, the corrosion rates differed by 5
orders of magnitude for each set of parameters.

According to electrochemical models, internal corrosion becomes an issue
if the passive layer becomes unstable. Since several passivation models are
available, there are multiple outputs. To develop and verify a unified, reliable
model, the predictions should be compared with the field data. From the
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Fig. 14: Variation of general corrosion rate with total pressure as reported
in References from 80 to 160. (In addition, some results are also
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Fig. 15: Variation of general corrosion rate with concentration of NaCl as
reported in References from 80 to 160.

comparison, a best result can then be selected.

Vast experience has been accumulated in the industry over 50 years of
operation. In theory, a corrosion engineer could, based on operating
conditions and data from monitoring techniques, predict whether internal

pitting corrosion will be an issue.
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Fig. 17: Variation of general corrosion rate with thickness as reported in
References from 80 to 160. (In addition some results are also
reported at 160, 175, 500 and 900 um).

2. When, during operation, is a failure likely to occur?

Based on the general corrosion rates determined in the laboratory, this
question can be answered, but again the accuracy of the results is not
guaranteed because the corrosion science models deal only with one of the
three aspects of pitting corrosion, i.e., surface-layer formation. The reasons
for this include shorter duration of experiments (and hence the pit initiation
and propagation are not observed) and disagreement between prediction of
corrosion models derived from the same set of experiments.
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Table 1
Compositions of surface layers formed in oil and gas pipelines /80-160/
Surface compositions Number of references
FeCO; 121
FeCOs, FesC 12
FeS 21
FeCOs. Fe;0, 14
Fe,C 24
FeCO;, Fe;04, Fe;0,, FeO 25
Fe O, 17
Fe;04, a- Fe;0; 15
FeCO;, Fe(OH), 18
FeCO;, Cr(OH); 13
Other (LiFesOs, FeS», CaCO;, FeqSg) 24

When stable pits are formed, that is when random nucleation and
repassivation of the pits results in the formation of a few stable pits, they
have the energy to grow continuously. At this time, internal pitting corrosion
becomes an issue. Since several nucleation models are available, there are
multiple outputs. To develop and verify a unified, reliable electrochemical
model, the predictions should be compared with the field data. From this
comparison, a best result can be selected.

The corrosion engineering approach has established threshold operating
conditions when internal pitting corrosion becomes an issue. This rule-of-
thumb approach has not always proven to be reliable.

3. Where in the pipeline is the failure likely to occur?

Corrosion science models have not been sufficiently developed to answer
this question.

A stable pit, that is a pit beyond a certain depth, propagates
autocatalytically at rates depending on the environment and on the size and
shape of the pit. When the fastest growing pit reaches the depth of the wall
thickness of the pipe, the first internal corrosion failure occurs. Since several
pit propagation models are available, there are multiple outputs. To develop
and verify a unified, reliable model, the predictions should be compared with
the field data. From the comparison, a best result can then be selected.
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Companies test, evaluate, and use many techniques to monitor pipeline
reliability. Monitoring techniques can be broadly classified into: physical
techniques, electrochemical techniques, non-intrusive techniques /161/, on-
line monitoring techniques, off-line monitoring techniques, and new
techniques. If the monitoring techniques are applied at appropriate locations,
or if the ILI technique can be used, and if the operating parameters are
accurately known, the location where the risk caused by internal corrosion
has exceeded a pre-set limit can be determined.

4. What is the failure mechanism likely to be?

In the field, one of the main causes of pipeline failure is localized pitting
corrosion, but none of the models mentioned can predict where this pitting
corrosion will occur because the corrosion science models deal only with one
(surface layer formation) of the three stages of pitting corrosion. Corrosion
science models cannot accurately predict information on localized corrosion,
because the duration of experiments conducted to develop the models is too
short for localized corrosion to begin.

By integrating pit nucleation and propagation models, the mechanism by
which the internal corrosion failure occurs in oil and gas pipelines can be
developed. Laboratory experiments are required to adapt the constituent
models to pipeline environments and to complete the knowledge required on
pitting corrosion of oil and gas pipelines. The experiments must be carried
out at pressures and temperatures similar to pipeline operating conditions.

Almost all failures are caused by localized corrosion in the form of
isolated pitting, Depending on the monitoring or inspection techniques used,
the size and shape of the pits could be determined and monitored.

5. Which operating parameters should be monitored to accurately
predict the failure?

The corrosion science modelling approach is dynamic in nature. As more
experimental data become available, the models can be updated. However,
the number of parameters required to make an accurate prediction has not
been established. None of the electrochemical models have been adapted to
oil and gas pipeline operating conditions, because of the large number of
parameters required to make the prediction (see Table 2).
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Table 2
Number of parameters required for electrochemical models
to predict internal pitting corrosion.

Pitting corrosion Number of Assumed Number of
inputs constants outputs

If it occurs 7 2 8

When it is an issue 32 82 298

6. How can the predictions be validated and utilized in a
userfriendly manner?

The models are usually validated with the laboratory data used to develop
the model. Although user-friendly computer programs have been developed
to use the models, the systematic validation of the models based on field
operational data is not usually carried out. Because of the complex
mechanisms involved and the variability of the experimental data, several
models have been developed to predict different aspects of pipeline failure.
Because of the dynamic nature of pipeline operations (for example, the fluids
transferred through the pipeline change with time), an integrated model that
takes into consideration the various operating scenarios of pipelines is
essential to predict failures caused by pitting corrosion. To facilitate
modelling, as a first approximation, the assumptions made should be
validated.

INTEGRATED CORROSION SCIENCE, ELECTROCHEMICAL,
AND CORROSION ENGINEERING MODELS

None of the three approaches alone cover all elements of pitting
corrosion, but each one of them has a few advantages on certain aspects of
pitting corrosion. A comparison of the three model approaches in terms of
their ability to characterise pitting corrosion is presented in Table 3.

There is agreement that all failures due to internal corrosion are caused by
accumulation of water at critical locations. Further it is important to
determine the roles of hydrocarbons (for example, condensates for gas
pipelines or hydrocarbons for liquid pipelines), water constituents, and
operating parameters (including pressure, temperature, and flow) on pitting
corrosion.
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Table 3

Corrosion Reviews

Comparison of corrosion science, electrochemical science, and

corrosion engineering models to predict internal pitting corrosion of oil

and gas pipelines.

Question Corrosion Electrochemical Corrosion
Science Science Engineering

If Yes? Yes No
When Yes? Yes No
Where No Yes? Yes?
What No Yes Yes
Which No No Yes
How No No Yes

The next key element is to predict when general corrosion conditions
become localized corrosion conditions that result in pipeline failures.
Corrosion science models are sufficiently developed to provide this
information. Localized corrosion conditions are established when the surface
layers are formed.

Once surface layers are formed, the next step is to determine the stability
of surface layers. Non-stable surface layers provide conditions for the
initiation and propagation of pits. Electrochemical science models are well
suited for this purpose. They provide information on electrochemical
parameters to predict the probability of initiation and propagation of pits.

In order for the model to be readily used in the field, it is important to
predict the occurrence of localized corrosion based on readily available field
parameters including steel grade, internal and external pipe diameter, pipe
position (horizontal, vertical, or inclined), temperature, pressure, partial
pressure of CO,, partial pressure of H,S, concentrations of sulfates,
bicarbonates and chlorides, and production rates of oil, water, gas and solid.

Thus by suitably integrating the three models, unified pitting corrosion
models can be developed to predict the probability of internal pitting
corrosion of oil and gas pipelines.
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SUMMARY

Because the laboratory experiments to develop the models are of shorter
duration, localized pitting corrosion (the main cause of failure in the field)
is not observed and is thus not taken into consideration in corrosion
science models. Within the limitations of the models reviewed, the
corrosion science models can predict when the surface layers will be
formed (and hence conditions for the initiation and propagation of pits
can occur), but not where in the pipeline the first failure might occur.

The clectrochemical science models are based on solid scientific
principles and carefully carried out laboratory experiments, but because
the laboratory experiments carried out to develop the models are not
relevant to oil and gas pipeline-operating conditions, these models cannot
be readily used. Within the scientific limitations of the models, they can
be used to integrate the experimentally determined conditions for surface-
layer formation (in the corrosion science models) into other aspects of
pitting corrosion. Therefore clectrochemical models can predict the
probability of pit initiation and propagation, and hence, when the first
failure might occur.

No single operational parameter (such as pipe flow, inclination, pressure,
and H,S partial pressure) can be correlated with pipeline failure. However
using the parameters measured in the field in the corrosion science and
electrochemical science models, the reliability of predicting the first
failure can be improved.

Based on the comparison of corrosion science, electrochemical science,
and corrosion engineering models, it is concluded that no single approach
is sufficient to predict internal pitting corrosion of oil and gas pipelines.
An integrated, unified model incorporating advantages of all three model
approaches could be used to predict internal pitting corrosion more
accurately than the current approach of relying on only one model type.
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