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ABSTRACT 

When the fluid velocity in petroleum pipelines is insufficient, solids including sand, corrosion products 
and non corrosion products will be deposited on metal surface, triggering localized pitting corrosion.  
Owing to the inherent difficulty to detect and design against, the pitting process is extremely insidious.  
Industry lacks a reliable preventive method to tackle this issue, leading to significant safety concerns.  
Statistics showed that 54% of pipeline failures in Alberta were attributed to internal corrosion in 2002.  
A predominant pitting corrosion takes place under the sour environment.  Since most of the pipelines 
west of Highway 2 are sour, more attention needs to be paid in Alberta.  Although a vast amount of 
research has been conducted on understanding internal corrosion of pipelines in the past years, 
fundamental mechanisms of localized pitting corrosion still remain unclear.  In this paper, in-house 
proprietary codes were written using the Finite Element Method to simulate mass transfer governed, 
internal pitting corrosion under solids deposition in sour petroleum pipelines.  The computational 
domain includes a hemispherical pit and a thin stagnant solution film under surface deposits.  The 
moving mesh method was applied to track the pitting growth.  To determine aqueous path migration of 
ions, the electrical field was calculated from the Poisson equation with electroneutrality. The 
concentration distribution of each chemical species in the shielded solution was obtained by solving 
transient diffusion equations.  Based on the Nernst-Planck equation, pitting corrosion rates were 
consequently estimated.  As well, the effects of operation parameters on pitting corrosion rates and 
incubation time were predicted, which can assist the industry to develop a proper pigging schedule and 
prevent pitting corrosion effectively.  The anticipated scientific research with the objectives of 
establishing such a model is definitely original and innovative.  As a result, advancements in ICPM 
which require a capability to assess corrosion under solids deposition will be a reality rather than the 
exception.  This paper represents a major advancement in the science and engineering development 
needed for credible ICDA protocols to better predict petroleum pipeline internal corrosion behaviour. 
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BACKGROUND 

Localized pitting corrosion primarily appears at metal surface with defects due to a breakdown of a 
passive film, micro-structural phase heterogeneity, mechanical discontinuity, as well as diffusion of 
chloride through porous oxide film.  Pitting corrosion is extremely insidious.  A pit can be triggered 
suddenly and does not show any correlation with the surrounding physical environment.  Once pitting 
takes place, severe corrosion is concentrated on a very small area while the rest of the contact area is 
clean and corrosion-free.  Such a great ratio of cathodic to anodic area enhances the corrosion rate 
further, making pitting corrosion self-propagating and catastrophic.  Clearly safety of pipelines today has 
never been more heavily scrutinized.  Hence, it is incumbent upon the pipeline operators to avoid these 
localized failures as they are simply a major disruption to many parties and stakeholders. 
 
To date, a vast amount of research has been reported on understanding the fundamental mechanisms of 
localized corrosion as well as predicting general corrosion rates in sweet petroleum pipelines [1-4].  As 
early as 1937, Hoar [5] proposed a mechanistic model of “autocatalytic” pit propagation by considering 
the drop of pH inside the pit.  More recently, de Waard et al. [6] developed internal corrosion models to 
estimate pitting corrosion rates as a function of system pressure, temperature, CO2 partial pressure, and 
steel microstructure.  Crolet et al. [7] investigated the probability of CO2 pitting corrosion in oil wells 
through field tests.  Nesic et al. [8-9] researched carbon dioxide corrosion of mild steel in the presence 
of protective iron carbonate films.  Tan [10] utilized the wire beam electrode in conjunction with 
electrochemical noise resistance measurements to map the corrosion kinetics.  Papavinasam [11-12] 
formulated internal pitting corrosion rates for oil and gas pipelines based on field test data.  Nagatani [13] 
numerically simulated pit formation by assigning a zero-gradient of ions concentration at the boundaries 
on the metal surface excluding the pit. 
 
Currently, more and more sour reservoirs are being developed by reason of limited petroleum resources 
in the world.  Compared to a sweet environment with just CO2, the presence of H2S alters the corrosivity 
of the produced fluid in a sour system.  Shannon and Boggs [14] revealed that the initial rate of 
corrosion of steel coupons by oil-water-H2S mixtures depends on the H2S concentration.  Sardisco and 
Pitts [15] claimed that overall reaction was controlled partially by interface reaction and by 
transportation of ions/electrons across film during corrosion of iron under H2S-CO2-H2O environment. 
Anderko and Young [16] proposed a comprehensive thermodynamic/kinetic computational model for 
H2S-CO2-Brine corrosion of carbon steel.  Sun and Nesic [17] present a mechanism of H2S corrosion of 
mild steel through glass cell experiments. 
 
Scale formation has been recognized to be an important factor on preventing metal loss under sour 
environment.  A variety of corrosion products have been hitherto observed in the scale, including 
amorphous ferrous sulfide FeS, Machinawite Fe1+xS, cubic ferrous sulfide FeS, troilite FeS, pyrrhotite 
Fe1-xS or FeS1+x, smythite Fe3+xS3, as well as pyrite FeS2 depending on the chemistry, structure, and 
formation of iron sulfide.  Criaud and Fouillac [18] stated that the scale formed in the wells was FeS 
corrosion product due to reaction of dissolved sulfides with steel rather than a FeS mineral deposit from 
the produced brine.  Martin and Annand [19] found that the presence of suspended FeS increases the 
corrosion rate because of an increase in the cathodic reaction through hydrogen adsorption by the 
suspended FeS particles.  Lichti [20] concluded that sulfide films reduced corrosion rates even when 
present in minute amounts. 
 
Although an abundance of research results has been published, the mechanism of localized pitting 
corrosion in sour environment is not well understood yet.  Some conclusions are confusing and 
contradict one another.  Since many failures have happened under the deposited solids in oil and gas 



pipelines and petroleum industry has a desire to grasp a better understanding of localized pitting 
corrosion in sour environment, the authors of this paper were motivated to numerically simulate under-
deposit pitting corrosion in sour petroleum pipelines. 
 

THEORETICAL MODELING 

Precisely predicting localized pitting corrosion rates in a sour environment is extremely challenging.  
This is because a variety of engineering and science disciplines have been involved, such as multiphase 
flow, multiphase mass transfer, chemical reactions, electrochemical reactions, thermodynamics, and iron 
sulfide chemistry.  As well, these governing equations are time-dependent, nonlinear, and inter-related.  
Some of them are beyond the current modeling knowledge from first principle.  As a first study, 
essential simplification assumptions were made through targeting those important chemical/physical 
phenomena only.  Specifically, this work considered the pipelines to be made up of low-alloy carbon 
steel.  Inside the shielded solution under the deposits, major chemical reactions were CO2 hydration, 
carbonic acid dissociation, biocarbonate anion dissociation, H2S dissolution, H2S dissociation, and 
hydrogen sulfide anion dissociation.  The chemical species mainly included CO2, H2CO3, H+, HCO3

-, 
CO3

2-, H2S, HS-, S2-, and Fe2+.  Among them, H+, H2CO3, and Fe2+ were electroactive species, where H+ 
and H2CO3 were reduced at the cathodic surface but ferrous ion was the product of iron dissolution at 
anodic surface.  No inhibitors were applied in the H2S-CO2-H2O system.  The gradient of electric 
potential in the solution was calculated in consideration of electroneutrality.  As compared to 
mackinawite, pyrrhotite and symthite, the stoichiometric type FeS (e.g., cubic ferrous sulfide, troilite, 
greigite and pyrite) dominated the scale formation. 

Pitting Corrosion Rate 
Corrosion is the deterioration of a material through an electrochemical process [2-4].  Based on this 
concept, this paper defined the corrosion rate as the mass flux of Fe2+ ion leaving the metal surface.  In a 
dilute solution, transportation of Fe2+ ion could be in the form of diffusion, electro-migration, as well as 
convection.  As a consequence of negligible convection under the deposits, the Fe2+ flux was solved 
from the following Nernst-Planck equation: 
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where J denotes the mass flux in mol/(m2·s); D the diffusivity in m2/s; C the concentration in mol/L; F 
the Faraday’s constant in C/mole; z the valence in mole/mol; ℜ  the ideal gas constant in J/(mol·K); T 
the absolute temperature in K; and Φ symbolizes the electric potential in V.  Once the distributions of 
Fe2+ ion and electrical field in the solution were computed, pitting corrosion rate could be acquired. 

Fe2+ Ion Transportation 
Conservation of Fe2+ ion in the solution was governed by Fick’s Second Law which takes the general 
form as follows: 
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where R represents the source term of chemical reactions in the solution.  In this context, generation of 
Fe2+ ion through electrochemical reactions at metal surface was not applied as the source term.  Instead, 
it was taken into account via the boundary conditions.  In other words, the boundary condition of Fe2+ 
ion at anode was assigned from the anodic corrosion current density, whereas a zero concentration of 
Fe2+ ion was applied at cathode as a consequence of scale formation.  Initially, the concentration of Fe2+ 
ion in the shielded solution was assumed to be identical to that of the bulk solution in chemical 
equilibrium. 

Electrochemical Reactions 
Via a multi-step mechanism, the electrochemical reaction in the anode is expressed as: 
 
 −+ +→ eFeFe 22  (3) 
 
Once the electrical potential at the anode is acquired, the anodic corrosion current density can be 
calculated by the Tafel’s law.  That is, 
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where +2Fe

i  represents current density of iron oxidation in A/m2; +2,0 Fei  signifies the exchange current 
density of iron oxidation in A/m2; Φa denotes anodic potential in V; Φrev symbolizes a reversible 
potential of iron oxidation in V; and b is the Tafel slope of oxidation in V.  In turn, the exchange current 
density of iron oxidation is given by [8] 
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where refi ,0  symbolizes the reference exchange current density; 

refH
C

,+ and refCOC ,2
 are the reference 

hydrogen ion and carbon dioxide concentration, respectively.  Hence, the surface concentrations of H+ 
and CO2 contribute to corrosion rate through the exchange current density.  When the anodic corrosion 
current density is achieved, the mass flux of the iron ion at anode will be determined through 
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At the cathode, oxygen’s influence on the corrosion process is through the oxygen reduction reaction.  
Nonetheless, transport of oxygen is very rare unless there is an operational upset and incomplete de-
oxygenation of water mixed into the oil and gas pipeline systems.  As a result, oxygen reduction is 
negligible under a very small oxygen concentration.  Additionally, this study neglected reduction of 
water which is important only in high overpotential regions such as when the pH is greater than 5 and 
partial pressure of CO2 is far less than 1 bar as per similar work performed by Nesic et al. [21].  That is, 
the H+ reduction and H2CO3 reduction are the two cathodic reactions. 
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The partial cathodic corrosion current densities of H+ reduction and H2CO3 reduction were determined 
from a general form [8] as follows: 
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where ic stands for the current density of any cathodic reaction in A/m2; i0 the exchange current density 
of cathodic reaction in A/m2; Φc cathodic potential in V; Φ rev a reversible potential of cathodic reaction 
in V; b the Tafel slope of cathodic reaction in V; and ηscale a scale factor at cathode.  The exchange 
current densities of H+ and H2CO3 reduction at cathode were obtained from Eq. (5) as well. 

Scale Factor 
The scale behaves as a barrier for ions infusion/effusion from/to the external solution-scale side to/from 
the internal scale-metal side.  Here, the scale factor was approximated using the volumetric porosity of 
the scale which was given by [8] 
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where M and ρ represent the molecular mass and the density, respectively.  Determination of the 
concentrations of the precipitated FeCO3 and FeS were below described.  First, the solubility product 
constants (Ksp) of FeCO3 and FeS were collected.  Following this, the molar concentrations of Fe2+, S2-, 
and CO3

2- close to the cathode were calculated.  Subsequently, the precipitated amount of FeCO3 and 
FeS was solved from [22-24] 
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Consequently, the volumetric porosity of the scale was obtained.  Furthermore, the criterion to determine 
whether FeCO3 and FeS will be spontaneously precipitated during scale growth was a negative Gibbs 
free energy change.  Namely, 
  
 0ln0 <+∆=∆ cQRTGG  (13) 
 
where ∆G0, R, T and Qc represent standard free-energy change, gas constant, absolute temperature, and 
reaction quotient, respectively. 

Concentration of H+ Ion and Other Chemical Species 
Distribution of contribution of the H+ ion in the shielded solution was computed from Eq. (2) as well.  
When the gaseous carbon dioxide was dissolved in the solution, its concentration was calculated using 



the solubility and partial pressure of carbon dioxide in the system.  Through the aqueous carbon dioxide 
hydration, carbonic acid was generated.  That is, 
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where kf and kb symbolize the rate constants of forward and backward reactions, respectively. 
Subsequently, carbonic acid partially dissociated to form bicarbonate and carbonate ions through the 
following two steps: 
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The aqueous H2S is an additional reservoir of H+ ions as a weak acid.  The initial concentration of H2S 
in the solution was determined from its solubility constant and partial pressure in the system.  The 
aqueous H2S partly dissociates in two steps: 
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As a result, the generation rate of H+ ion concentration was expressed as 
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Similarly, distribution of concentration of other chemical species could be determined as well. 

Gradient of Electrochemical Potential 

Electric field in the solution was governed by the following Poisson’s equation: 
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where ε represents the dielectric constant.  In terms of electro-neutrality, a perfect balance between the 
positively and negatively charged species was expected everywhere in the solution, leading to 
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Hence, distribution of electrochemical potential gradient was computed from  
 
 02 =∇ φ  (22) 
 
For low-alloy carbon-steel pipelines, the anodic potential was achieved from the Pourbaix diagram [25].  
Specifically, 
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The cathodic potential was solved from the balance between the anodic current and the sum of all 
cathodic currents.  Namely, 

 
 −++ +=

3
2 ,,, HCOcHcFea iii  (24) 

OVERALL SIMULATION PROCEDURE 

General Procedure 

As aforementioned, pitting corrosion was governed by a set of time-dependent, non-linear equations 
coupled with concentration of each chemical species, source term of each chemical reaction, corrosion 
current densities at the anode and cathode, and gradient of electrical potential.  An iteration method with 
an implicit scheme had to be applied for this study.  Prior to time evolution, all material properties and 
physical constants were collected.  During iteration, the computational domain was firstly updated based 
on the corrosion rate acquired from a previous iteration.  After electric potentials at the anode and 
cathode were determined, gradients of electrical potential in the solution were achieved by solving the 
Poisson’s equation with electroneutrality.  Subsequently distribution of concentration of each species 
was obtained by applying chemical reaction rate as the source term whereas electrochemical reaction 
rates were assigned as the boundary conditions.  As a result, the growth rate of a pit was calculated.  
Time evolution would not cease until the pit size approached the size of the deposited particle. 

Finite Element Method and Moving Mesh 

In this paper, the pit was simplified to be hemispherical.  As demonstrated in Figure 1, the computational 
domain consisted of the pit as well as a thin solution film under a settled particle with a flat bottom.  The 
Galerkin Finite Element Method was employed [26-28] to derive the variational formula of the partial 
differential equations as well as corresponding boundary values.  The mesh was generated using the 
linear triangular elements in the Axisymmetric coordinate system.  The moving mesh method [29-30] 
with a fixed node number was applied to track the pit growth. 

Initial and Boundary Conditions 
Initially, concentration of each species in the shielded solution was assumed to be in chemical 
equilibrium and identical to that of bulk liquid.  Based on the given partial pressure of CO2 and H2S in 
the system, the initial CO2 and H2S concentrations were first determined.  From the equilibrium 
constants of each chemical reaction which were summarized in Table 1, the initial concentrations of 
H2CO3, HCO3

-, CO3
2-, H2S, HS-, and S2- were then obtained.  To solve the distribution of concentration 



of each chemical species, an impermeable condition was applied at the left and top boundaries.  The 
concentration at the right boundary was considered to be equal to that of the bulk.  At the anode and 
cathode, the Neumann boundary conditions were applied for those species without chemical reactions or 
electrochemical reactions.  The corrosion current densities were utilized only for those electroactive 
species.  A zero concentration was employed for the iron ion at the cathode.  With respect to the 
electrical field, the Dirichlet boundary conditions were applied at anode and cathode whereas a zero-
gradient potential was assigned at other boundaries. 
 

RESEARCH CONTENTS AND RESULTS ANALYSIS 

In this context, the CO2-H2S-H2O system was designed with an initial pit radius of 48 µm and a solution 
film thickness of 30 µm.  The base case has a uniform temperature of 25 oC, CO2 partial pressure of 1 
bar, and H2S partial pressure of 0.75 bar. 

Distribution of Electrochemical Potential 

Figure 2 illustrates distribution of electrochemical potential inside the pit with anodic potential of - 
0.562 V and cathodic potential of - 0.290 V.  Figure 3 and Figure 4 demonstrate the gradients of 
electrical potential in the radial and vertical directions, respectively.  It is interesting to note that there is 
a high potential gradient at the pit mouth. 

Distribution of Ions Concentration 
Figure 5 displays distribution of iron ions in the solution.  As expected, a higher iron ion concentration is 
located at the anode, which effuses into the bulk solution through the pit mouth and then a micro-
channel between the settled solids and the metal surface.  Apparently, a deep pit or a long micro-channel 
will make iron ion effusion difficult, causing an elevated iron ion concentration inside the pit.  Figure 6 
depicts the distribution of hydrogen ion concentration.  It is observed that a high H+ ion concentration is 
inside the pit, leading to a low pH value.  Figures 7 and 8 plot the distribution of carbonate ions and S2- 
ions, respectively.  It can be seen that anions are infusing into the pit from the bulk solution. 

Pitting Corrosion Rates 
Figure 9 describes the pitting growth rate of the base case with an initial iron ion concentration of 0.05 
mg/L.  It is found that the corrosion rate is very small at the beginning.  Approximately several months 
later, the corrosion rate increases remarkably.  Figure 10 illustrates variation of the pH value at the 
anode over time, indicating that pH keeps decreasing inside the pit.  Figure 11 reveals the variations of 
electrical potentials at anode and cathode.  It is demonstrated that the anodic potential keeps increasing 
whereas cathodic potential decreases continuously.  Figure 12 depicts the corrosion current densities at 
anode and cathode, respectively.  It is revealed that during the incubation period, the corrosion current 
densities are much less. 
 
When the pit size is close to the deposited particle size, the effect of convection on the ion transportation 
cannot be neglected anymore.  The convection will be able to take the generated H+ ions away, which 
makes H+ ions difficult to be accumulated inside the pit.  As a consequence, the “autocatalytic” pitting 
phenomenon may not take place.  In other words, the pit may grow unstably or cease to grow depending 
on the degree of influence of convection on ions transportation.  If the suspended or dissolved solids 
keep accumulating at this site, a corrosive environment (with a low pH value) under the deposited solids 



can be maintained for pitting propagation further.  Pipeline failures tend to be inevitable only when the 
solids lump is large enough as well as can stay the same site longer than the incubation time. 

Effects of Environmental Conditions on Pitting Corrosion 
Table 2 lists the cases designed to comprehend the effects of environmental parameters on sour pitting 
corrosion.  Figure 13 illustrates the pitting corrosion rates with respect to the initial iron ion 
concentration.  It is noted that a low initial iron ion concentration in both the pit pre-cursor and the bulk 
fluid results in a long incubation period for pitting.  Figure 14 plots the pitting corrosion rates as a 
function of H2S partial pressure when the CO2 partial pressure was fixed at 1 bar.  It is demonstrated that 
as the H2S partial pressure increases, the pitting corrosion rate will be raised under a fixed CO2 partial 
pressure.  Figure 15 shows the effect of CO2 partial pressure on pitting corrosion rates when H2S partial 
pressure was fixed at 0.75 bar.  As well, the pitting corrosion rates are boosted under an elevated partial 
pressure of CO2.  Figure 16 depicts the influence of system temperature on the pitting corrosion rates.  
When temperature increases from 25 oC to 75 oC, pitting corrosion will be enhanced accordingly. 

CONCLUSIONS 

 
This paper conducted a numerical study to predict pitting corrosion rates under solids deposition in a 
CO2-H2S-H2O system.  Results exhibit that an incubation period is necessary for pitting to take place.  
The incubation time will be extended under a low iron ion concentration, lower system temperature, as 
well as lower partial pressure of carbon dioxide and hydrogen sulfide.  If the size of the deposited solids 
lump is large enough, an ideal under-deposit corrosive environment can be maintained for accelerated 
pitting propagation, leading to inevitable pipeline failures. 
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TABLE 1: EQUILIBRIUM CONSTANS FOR CHEMICAL REACTIONS 

 

 

Chemical Reaction Formula Description of 
Equilibrium Constant 

Source of 
Equilibrium 

Constant 

Dissolution of CO2 )(2)(2 aqg COCO ⇔  
22

/ COCOsol PCK =   [31] 

CO2 hydration 
32,2)(2

,

COHOHCO
hyf

b

k

hykaq ⇔+

 

232
/ COCOHhy CCK =  [32] 

Carbonic acid 
dissociation 

−+ +⇔ 332

,

,

HCOHCOH
caf

cab

k

k
 323

/
COHHCOHca CCCK −+=  [31, 33] 

Bicarbonate anion 
dissociation 

−+− +⇔ 2
33

,

,

COHHCO
bif

bib

k

k
 −−+=

3
2
3

/
HCOCOHbi CCCK  [31, 8] 

Dissolution of 
hydrogen sulfide 

)(2)(2 aqg SHSH ⇔  SHSHsol PCK
22

/=   [34] 

Hydrogen sulfide 
dissociation 

−+ +⇔ HSHSH
HSf

HSb

k

k

,

,
2  SHHSHhs CCCK

2
/−+=   [35, 8] 

Hydrogen sulfide 
anion dissociation 

−+− +⇔ 2
,

,

SHHS
bsf

bsb

k

k
 −−+=

HSSHbs CCCK /2   [35, 8] 



 

 

TABLE 2: CASES OF ENVIRONMENTAL PARAMETERS ON PITTING CORROSION RATES 

 

 

Case System 
Temperature 

Partial Pressure 
of H2S 

Partial Pressure of 
CO2 

Initial Iron Ion 
Concentration 

1 25 oC 0.75 bar 1.0 bar 0.050 mg/L 

2 25 oC 0.75 bar 1.0 bar 0.500 mg/L 

3 25 oC 0.75 bar 1.0 bar 0.005 mg/L 

4 25 oC 0.75 bar 0.9 bar 0.050 mg/L 

5 25 oC 0.75 bar 0.8 bar 0.050 mg/L 

6 25 oC 1.00 bar 1.0 bar 0.050 mg/L 

7 25 oC 0.50 bar 1.0 bar 0.050 mg/L 

8 50 oC 0.75 bar 1.0 bar 0.050 mg/L 

9 75 oC 0.75 bar 1.0 bar 0.050 mg/L 
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Figure 1 - Mesh generation of computational domain 
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Figure 2 - Distribution of electrical potential in the shielded solution 
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Figure 3 - Gradient of electrical potential in radial direction 
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Figure 4 - Gradient of electrical potential in vertical direction
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Figure 5 - Distribution of Fe2+ ion in the solution 

 
 
 
 
 

9.94E-04
2.98E-03

4.97E-03

6.
96

E-
03

8.
94

E-
03

8.
94

E
-0

3
1.

09
E-

02

1.
09

E-
02

1.
29

E-
02

1.2
9E

-0
2

Radius, m

H
ei

gh
t,

m

0 5E-05 0.0001 0.00015

-4E-05

-3E-05

-2E-05

-1E-05

0

1E-05

2E-05

3E-05

C (MOL/L)
1.49E-02
1.29E-02
1.09E-02
8.94E-03
6.96E-03
4.97E-03
2.98E-03
9.94E-04

 
 
 
 

Figure 6 - Distribution of H+ ion in the solution 
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Figure 7 - Distribution of CO3
2- ion in the solution 
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Figure 8 - Distribution of S2- ion in the solution 
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Figure 9 - Variation of pitting corrosion rate 
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Figure 10 - Variation of pH value at anode
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Figure 11 - Variations of anodic and cathodic potentials 
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Figure 12 - Variations of corrosion current densities 
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Figure 13 - Pitting corrosion rates with respect to initial iron ion concentration 
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Figure 14 - Pitting corrosion rates as a function of partial pressure of H2S 
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Figure 15 - Pitting corrosion rates as a function of partial pressure of CO2 
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Figure 16 - Pitting corrosion rates as a function of environmental temperature 


