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Abstract 

 

Corrosion is the primary mechanism resulting in facility failures in oil industry, 

where downhole tubulars, above-ground gathering pipelines and buried transmission 

pipelines constitute the important facilities. Corrosion modelling is advantageous over 

experimental studies, and has been essential for industrial corrosion management.  

Internal corrosion of pipelines occurs in CO2-containing single-phase water or oil-

water emulsion flow due to dissolved CO2 in water. Corrosion of X65 pipeline steel 

under various flow conditions is studied with a home-made flow loop. A semi-empirical 

model is developed based on computational fluid dynamic (CFD) simulations to predict 

the corrosion rate of the pipe steel in CO2-saturated oil-water emulsion flow.  

The high-temperature high-pressure conditions encountered in steam-assisted gravity 

drainage (SAGD)/CO2 co-injection systems introduce major corrosion concerns to 

downhole tubulars. A semi-empirical mode is developed to predict the tubular corrosion 

rate under the SAGD/CO2 co-injection conditions. The corrosion rate is very small when 

a compact scale is formed. 

The CO2 storage is used worldwide to help reduce CO2 emission. However, 

supercritical CO2 conditions in sites can lead to severe corrosion to steel tubing. To 

predict corrosion rate of the steel tubing under CO2 storage conditions, a mechanistic 

model, which includes a water chemistry sub-model and an electrochemical corrosion 

sub-model, is developed. The predicted solution pH and corrosion rates are well 

consistent with the experimental results.  
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External corrosion is the dominant threat to structural integrity of abandoned 

pipelines in soils. Studies of corrosion of X52 pipeline steel in a simulated Regina soil 

solution show that the iron oxidation and oxygen or water reduction are electrochemical 

anodic and cathodic reactions, respectively, depending on the dissolved oxygen level. 

Porous corrosion products reduce somewhat the corrosion rate. A mechanistic model 

enabling prediction of the long-term corrosion rate is developed. Corrosion kinetic 

parameters used in the model are obtained by fitting the experimentally measured 

polarization curves with a computer program. The model is validated by comparing the 

calculated results with experimental data.  
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Chapter One: Introduction 

 

1.1 Research background 

Corrosion is the gradual degradation of a metal by chemical or electrochemical 

reactions with the environment. Corrosion can result in metal loss and degrade 

mechanical properties of the metal [1], thus acting as a vital threat against asset integrity 

and production assurance, and leading to enormous economic loss. It is estimated that the 

global cost of corrosion is US$2.5 trillion, which is about 3.4% of the global Gross 

Domestic Product (GDP) [2]. Particularly, corrosion has been the primary mechanism 

causing facility failures in oil industry, which takes more than a half of all the corrosion 

cost in U.S. industries [3].  

In all stages of oil production, from downhole to above-ground equipment and 

further transportation to processing facilities, corrosion attacks metal components at 

every stage in the life of oil industry [4-6]. Downhole tubulars, above-ground gathering 

pipelines and buried transmission pipelines constitute important facilities in oil 

production and transportation. Corrosion problem of these facilities is severe, not only 

because of the hostile and corrosive environments they are exposed to, but also because 

they have a very large proportion of assets in the whole industry. It is estimated that 

42.9% of the total annual cost of corrosion in the oil and gas production industry is 

related to surface pipelines and facilities, with downhole tubing accounting for another 

33.7% [7]. 

By differentiating environments, corrosion can be classified as internal corrosion, 

which happens inside the pipe/tubing, and external corrosion on the external surface of 
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facilities. According to an Alberta Energy Regulator (AER)’s report, internal corrosion is 

the leading cause of pipeline failures, representing 54.8 percent of all releases. External 

corrosion is the second leading cause of pipeline failures, at 12.7 percent [8].  

Internal corrosion happens in most pipelines, especially those in the upstream 

gathering system. Pipelines carry raw oil fluids that typically contain water of varying 

chemistry and salinity, along with acid gases, such as CO2 and H2S. When CO2 dissolves 

in water, carbonic acid is formed and CO2 corrosion is caused. Corrosion rate of steels in 

CO2-containing environments at a given solution pH is even higher than that in strong 

acids at the same pH [9]. Approximately 28% of all corrosion-related failures in oil 

industry is attributed to CO2 corrosion [10]. 

External corrosion of pipelines occurs when the pipe steel is directly or indirectly 

exposed to the soil environment. For in-service pipelines, they are always protected from 

corrosion by coatings and cathodic protection (CP). Corrosion only takes place when 

both the coating and CP fail. For abandoned pipelines in soils, coatings are usually aged 

over a long time period of service, and CP may or may not be maintained. Corrosion is 

expected to occur on the pipeline during abandonment in the soil, causing integrity 

degradation and structural failure. The structural integrity of abandoned pipelines is 

important because abandoned pipelines are supposed to support the soil load and live 

loads above the pipeline for hundreds of years or even longer [11]. Thus, corrosion is the 

primary threat against the structural integrity of abandoned pipelines. 

To understand corrosion phenomenon and processes, and further, to develop proper 

techniques for effective corrosion control and management, methods and techniques have 

been developed for these purposes. Generally, experimental testing helps understand 
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corrosion mechanisms of metals in a certain environment under given conditions. 

However, experiment-based research is often time-consuming and expensive. More 

importantly, it is sometimes very difficult, if not impossible, to conduct the tests under 

controlled environmental conditions to simulate the reality encountered in practice.   

Corrosion modelling simulates corrosion processes based on basic physicochemical 

laws and electrochemical corrosion principles, providing a promising alternative over 

experimental testing for corrosion evaluation and long-term prediction. Corrosion 

modelling has been regarded as one of the main methods in materials selection and 

corrosion allowance determination [12]. In addition, the modelling results can provide 

guidance for facility maintenance and asset integrity management. In fact, corrosion 

modelling has been essential in helping industry to make critical decisions to evaluate the 

performance of metals and predict their reliability in a wide variety of corrosive 

environments, including those in oil industry [13].  

Although the modelling method has been used for corrosion evaluation and 

prediction in oil industry, significant gaps still exist in either further improvement of the 

modelling accuracy and reliability or development of new models for corrosion occurring 

in increasingly severe environments. The former includes the upstream gathering 

pipelines carrying corrosive oil-water emulsions, and the latter includes corrosion of 

downhole tubulars in high-temperature high-pressure CO2-containing environments, 

supercritical CO2 storage, abandoned pipelines in soils, etc. To meet the immediate 

industry needs, and at the same time, improve our understanding to steel corrosion 

occurring in various harsh corrosive environments, which were not studied or fully 

understood previously, this research develops a number of mechanistic models, which, 
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combined with numerical computation, advance our understanding to these corrosion 

phenomena and provide a reliable methodology for corrosion prediction. It is attempted 

to contribute to a strong science base in corrosion area, and develop highly feasible 

solutions for effective corrosion management in oil industry.  

 

1.2 Objectives  

The overall objective of this research is to mechanistically model a number of 

corrosion phenomena occurring under various environments and conditions encountered 

in oil industry, and to numerically predict the long-term corrosion rates under the given 

conditions. Progresses will be made in the following areas: 

• To improve the understanding of corrosion of pipeline steel in CO2-saturated 

single-phase water and oil-water emulsion flow. To develop a model enabling 

prediction of corrosion rate of the pipeline in oil-water emulsion flow.  

• To develop a model to predict corrosion rate of steel tubulars in SAGD/CO2 co-

injection system. 

• To develop a mechanistic model to predict corrosion of steel tubing in CO2 

storage. 

• To understand the corrosion mechanism of abandoned pipelines in a simulated 

soil solution, and to develop a mechanistic model to predict the long-term 

corrosion rate of the steel. 
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1.3 Contents of the thesis 

The thesis contains nine chapters, with Chapter One briefly introduces the research 

background and objectives of this work. 

Chapter Two presents a comprehensive review on the state-of-the-art of oilfield and 

pipeline corrosion relevant to this research, including: (1) mechanism of CO2 corrosion of 

pipelines and the parametric effects; (2) corrosion mechanism of abandoned pipelines in 

soil environments; and (3) existing models for prediction of CO2 corrosion and soil 

corrosion. 

Chapters Three to Eight include the research outcomes. Particularly, Chapter Three 

presents investigation of the non-uniform corrosion of an X65 steel pipe in a CO2-

saturated single-phase water using a home-made flow loop. Chapter Four includes the 

experimental study of the corrosion of X65 pipeline steel in a CO2-saturated oil-water 

emulsion flow. Corrosion mechanism and the parametric effects, i.e., fluid flow velocity, 

temperature and the oil content in the fluid, on corrosion are discussed. The CFD 

simulation is used to derive flow parameters, which are used as inputs for the corrosion 

rate prediction by a developed semi-empirical model. In Chapter Five, the development 

of a semi-empirical mode to calculate and predict corrosion rates of both injection and 

production steel tubulars in SAGD/CO2 co-injection system is present. Chapter Six 

introduces the development of a mechanistic model, which enables water chemistry 

calculation and corrosion rate prediction of steel tubing, for CO2 storage. Chapter Seven 

studies the corrosion mechanism of abandoned pipelines made of X52 steel in a 

simulated soil solution and the parametric effects, i.e., the content of dissolved oxygen 

(DO), solution pH, Cl- concentration and immersion time. Chapter Eight presents a 



6 

 

mechanistic model, which combines both mass transfer of corrosive species in the soil 

solution and electrochemical reactions at the steel/solution interface, to predict long-term 

corrosion rate of the steel in the soil solution. A computational program, which is able to 

derive corrosion kinetic parameters for corrosion rate determination, is developed. 

Chapter Nine summaries the main conclusions that are drawn from this research. 

Recommendations for the future work are also given. 



7 

 

Chapter Two:  Literature review 

 

2.1 Corrosion as a primary mechanism resulting in facility failures in oil industry 

In oil industry, crude oil is produced from the underground reservoirs. Before it 

reaches the end users, the oil must be transported and processed. At any stage in the oil 

industry, oil flows through tubulars, piping and pipelines, all of which should withstand 

the designed operating conditions, and work safely to prevent oil from leaking. Once oil 

leaking occurs, the consequence is serious, resulting in contamination of surrounding 

soils and water, increased safety concern of nearby people and communities, and direct 

and indirect economic loss to both the company and the society. Failures can happen on 

the facilities due to a lot of reasons, such as mechanical damage, welding defects, 

fabrication defects, etc. Particularly, corrosion has been acknowledged as the leading 

cause, and is responsible for around 33% of all failures encountered in oil industry [10]. 

The essential condition for corrosion to happen is the formation of a corrosion cell. A 

basic corrosion cell is comprised of an anode (where an oxidation reaction occurs), a 

cathode (where the reduction reaction occurs), and a conducting electrolyte [14]. As 

shown in Figure 2.1, a vulnerable metal can be both the anode and the cathode. The only 

difference is that the anodic area corrodes while the cathodic area does not. Instead, the 

cathodic area becomes the place for cathodic reactions, such as the reduction of H+ and 

O2, to happen. The conducting electrolyte is usually a salt solution. The salinity or 

resistivity of the solution also affects the corrosion rate.  



8 

 

 

Figure 2.1 Components of a corrosion cell [14]. 

 

In the oil industry, almost all facilities and equipment are made of steels, especially 

carbon steels [7], various corrosive environments and operating conditions in different 

production sectors have been found to result in a wide variety of corrosion types, 

including general corrosion, localized corrosion, stress corrosion cracking (SCC), flow-

accelerated corrosion (FAC), erosion, erosion-corrosion, hydrogen-induced corrosion 

(HIC), microbially influenced corrosion (MIC), etc. [15].  

With respect to locations where corrosion happens, it can be classified into internal 

corrosion, which happens at the interior of facilities and/or equipment, and external 

corrosion at the outer surface of the facilities. The above-ground pipelines in the 

upstream gathering system carry raw fluids, which are not yet processed, between oil 

wells and processing facilities. The pipelines usually suffer from severe internal 

corrosion. The constituents of the carried fluids are very complex. While the majority 

part could be oil and water, CO2 also exists at an appreciable content. CO2 corrosion 

happens on pipelines when CO2 gas is dissolved in water to form carbonic acid. 

Moreover, a mixture of oil and water can make a multiphase flow, in which the fluid flow 
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affects the corrosion process and corrosion rate, adding to adverse effects from other 

factors, such as temperature, solution chemistry, etc. 

The downhole environment is always highly corrosive, including corrosive gases 

CO2 and H2S, which are produced with oil extraction at high content, brine water and 

multiple chemical species, etc. [16, 17]. Field data indicated that the corrosion rate of 

carbon steel downhole tubulars can be up to 10 mm/year or above [18, 19]. With the 

growing demand for oil and gas in modern society, the oil exploration and production go 

into even deeper reservoirs [20], where the environments become more hostile and more 

corrosive, and are under high temperature and high pressure. Futhermore, technologies 

for enhanced oil recovery (EOR), such as SAGD for heavy crude oil production [21], 

water injection [22] and gas injection [23, 24], introduce massive amount of water and 

high-temperature high-pressure gases to the reservoir. All of them result in generation of 

extremely corrosive environments. 

Pipeline abandonment occurs when a pipeline permanently ceases to provide service 

due to the situation that it reaches its maximum service life or the pipeline is no longer 

able to provide safe and economical service [25]. For abandoned pipelines that are left in 

soils, there will not be fluids and high internal pressure inside the pipelines after they are 

cleaned and processed as required [26]. Internal corrosion shall not be a big issue for 

them, only if a pipe is totally perforated at some locations after a long time left in the 

ground and water with corrosive species flows in. However, external corrosion could 

happen. Abandoned pipelines can be buried in a typical soil environment as shown in 

Figure 2.2 [11]. The pipeline outer surface is surrounded by soil, and the water content in 

the soil varies a lot depending on the level of water table and the precipitation. Gases, 



10 

 

such as O2 and CO2, can dissolve in the wet soil and create a corrosive environment. 

Because the abandoned pipelines are generally aged, they may not have coatings on the 

outer surface, or have old coatings like coal tar or polyethylene (PE) tape, which have 

degraded and lost the ability for corrosion protection. When the outer surface of the 

abandoned pipeline is directly exposed to soil or contacts electrolyte generated from the 

soil environment, external corrosion will occur.  

ATMOSPHERE

SOIL

Precipitation

Soil gas

Buried pipe

Water table

Unsaturated zone

Water saturated zone

 

Figure 2.2 A schematic diagram of the soil environment experienced by the buried 

pipeline [11]. 

 

2.2 CO2 corrosion of above-ground pipelines and downhole tubulars 

2.2.1 CO2 corrosion mechanisms 

CO2 corrosion is the most prevalent corrosion form in oil industry. Since it was 

recognized in the 1940s, extensive work has been conducted to study the corrosion 

mechanism and corrosion rate of steels under specific conditions, and the corrosion 

control techniques [27]. Carbon steel corrosion under CO2–containing environments is 
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very complex, especially in the downhole environments. Attempts to elucidate the 

corrosion mechanism and the involved electrochemical reactions have never been 

stopped. A well-established mechanism is critical to develop accurate models for the 

corrosion prediction and evaluation.  

CO2 corrosion of carbon steels occurs subject to dissolution of gaseous CO2 in 

aqueous phase [27], which is common in hydrocarbon production and transportation. 

Dissolved CO2 in water generates carbonic acid, which then partially dissociates to form 

hydrogen ions and other species such as bicarbonate ions and carbonate ions. The 

relevant chemical reactions include: 

 

(l)2(g)2 CO    CO                                                                                                            (2-1) 

322(l)2 COH   OHCO                                                                                                (2-2) 

 HHCO  COH -

332
                                                                                                  (2-3) 

 HCO HCO -2

3

-

3                                                                                                      (2-4) 

 

The combination of CO2 with water to form carbonic acid, which is also known as CO2 

hydration, is a slow process. As a result, it becomes the rate-determining step (RDS) in 

CO2 corrosion [28]. The overall corrosion reaction of steels in CO2-containing 

environments is: 

 

2322 HFeCOOHCOFe                                                                                      (2-5) 
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This corrosion reaction can be further described by electrochemical anodic and cathodic 

reactions. The anodic reaction is primarily the oxidation of iron: 

 

  e2FeFe 2
                                                                                                            (2-6) 

 

The cathodic reactions in CO2 solutions are pH dependent. At pH < 4, the dominant 

reaction is the proton reduction.  

 

2H22H   e                                                                                                             (2-7) 

 

When pH is between 4 and 6, and under moderate to high CO2 pressures (
2COP > 10 bar), 

the reduction of carbonic acid is the dominant cathodic reaction.  

 

-

3232 HCO2H2CO2H  e                                                                                       (2-8) 

 

The reduction of HCO3
- ions is only important in more alkaline solutions where the 

solution pH is larger than 5.  

 

-2

32

-

3 COH22HCO  e                                                                                            (2-9) 

 



13 

 

The reduction of water becomes important when the CO2 partial pressure is much smaller 

than 1 bar and pH > 5 [29]. 

 

  OH2H2OH2 22 e                                                                                           (2-10) 

 

In the presence of organic acids such as acetic acid (HAc), the acid could be reduced 

to introduce an additional cathodic reaction by [30]: 

 

-

2 Ac2H22HAc  e                                                                                           (2-11) 

 

When the solubility of FeCO3 is exceeded, corrosion scale, i.e., iron carbonate, can 

be formed by: 

 

3

2

3

2 FeCOCOFe                                                                                                  (2-12) 

 

2.2.2 Effect of fluid flow 

FAC refers to the corrosion that is remarkably enhanced by fluid flow conditions. In 

addition, erosion corrosion could happen and lead to more severe metal loss when sand 

particles are entrained in the fluid. 

There have been extensive studies investigating the effect of fluid flow on CO2 

corrosion of pipelines. The majority of the work [31-33] were conducted on steel 

specimens using autoclave or rotating electrode techniques. These testing methods suffer 
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from the shortcoming that they are incapable of reproducing the hydrodynamic 

conditions, such as wall shear stress and fluid flow patterns, which are typical of the pipe 

flow. As a result, the obtained results are not representative of the reality of pipeline 

corrosion. Alternative methods, such as flow loops [34, 35], have been developed in 

laboratory to enable generation of fluid dynamics similar or even identical to that of the 

actual pipe flow. 

The CO2 corrosion of pipelines under flow conditions occurs under a synergistic 

effect of electrochemical reactions, mass transfer and wall shear stress [36, 37]. It was 

suggested [9] that the fluid flow can enhance the transport of species to and away from 

the steel surface in the absence of protective scales. This idea was further illustrated by a 

mechanistic model [29], which demonstrated that the thickness of the liquid boundary 

layer is smaller at higher flow velocities, thus exhibiting a lower resistance to the 

transport of corrosive species from the bulk solution to the steel surface. It was also 

suggested that the fluid flow affected the formation and protective property of the surface 

scale. Zhang and Cheng [38] studied the role of fluid hydrodynamics in FAC of an X65 

pipeline steel in CO2-saturated oilfield formation water. They found that an increasing 

flow rate and shear stress could thinner or even remove the iron carbonate scale, leading 

to increased corrosion of the steel. 

Oily phase contained in the fluid remarkably affects the corrosion of the steel pipe 

[39, 40]. Generally, when the interior of a pipe is oil-wetted, i.e., the steel surface is 

covered by oil, corrosive species existing in aqueous phase are not able to reach the steel 

to cause corrosion. Thus, the oil can inhibit internal corrosion of pipelines. However, the 

maintenance of oil-wetting of pipe steel depends on the properties of the oil-water 
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emulsion and the fluid hydrodynamics, such as the amount of oil relative to that of water, 

flow velocity, temperature, pipe size, etc. [41]. 

 

2.2.3 Effects of pressure and temperature 

Zhang et al. [42] studied corrosion of X65 pipeline steel under a low CO2 partial 

pressure and supercritical CO2 conditions. It was suggested that the supercritical CO2 

corrosion was mechanistically identical to CO2 corrosion occurring at low pressures. The 

change in CO2 partial pressure did not affect the chemical and electrochemical reactions 

occurring during steel corrosion. However, the corrosion rate at supercritical CO2 

conditions was much higher than that at low CO2 pressures because more CO2 was 

dissolved in water and generated a more acidic condition.  

Previously, Henry’s law was used to calculate the concentration of dissolved CO2 in 

water [43]. However, Henry’s law constant, which is valid for the low CO2 pressure 

conditions, does not apply and gives conservative results for high CO2 pressure 

conditions [44].  

Lin et al. [45] studied the effect of pressure on CO2 corrosion of steels. The results 

showed that an increased CO2 partial pressure contributed to increasing thickness of the 

corrosion scale and its grain size. There was a critical pressure at which the thickness and 

grain size of the scale reached the maximum value. 

Generally, temperature affects electrochemical reactions, mass transfer rate and the 

formation of corrosion product film on the steel surface. Wu et al. [46] investigated 

corrosion of a carbon steel in a static oilfield produced water saturated with supercritical 

CO2. It was showed that the corrosion scale formed at a higher temperature was more 
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protective than that formed at a lower temperature, which was due to the faster formation 

of the film at elevated temperatures. The film became more compact and continuous with 

the elevated temperature. When the iron carbonate scale was formed on the steel surface, 

corrosion could be reduced by increasing energy barrier for electrochemical charge-

transfer reactions, and a blocking effect on the transport of reacting species towards the 

steel surface [9]. Liu et al. [47] confirmed the protective effect of corrosion scale, and 

suggested that the corrosion rate of the SAGD produced gas lines was low or moderate 

even though the produced gas contained H2S and CO2, and experienced very high 

temperatures. 

At normal conditions, the dominant scale formed during CO2 corrosion of steels is 

made up of FeCO3. Growth of FeCO3 is temperature-dependent. The scale is not 

protective until the temperature is above 50 oC [27]. At elevated temperatures, i.e., 150 

oC or above, the corrosion products contain a mixture of FeCO3 and Fe3O4 or exclusively 

Fe3O4. The Fe3O4 can be generated by [48]: 

 

  8H2OFeO4H3Fe 432

2 e                                                                            (2-13) 

 

Tanupabrungsun [48] proposed that Fe3O4 may provide more protection to the steel 

than FeCO3, which was attributed to its ability to passivate the steel. However, for the 

Fe3O4 scale generated under high temperature high pressure conditions, there has been 

limited investigation in terms of its role on steel corrosion.  
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Temperature also affects the solubility of CO2 in solutions. Generally, the amount of 

dissolved CO2 decreases when temperature is increased [49].  

 

2.3 Corrosion of abandoned pipelines in soils 

2.3.1 Corrosion mechanism 

Corrosion of abandoned pipelines in soils happens when the pipelines are either 

directly in contact with the soil or in contact with electrolyte trapped under disbonded 

coating. The soil environment remarkably affects the corrosion behavior of the 

abandoned pipeline. Previous studies on corrosion of steels in soils showed that soil 

corrosion depended on a number of factors, including soil resistivity, dissolved salts, 

moisture, pH, oxygen concentration, bacteria, etc. [50]. Difference in physical properties 

and chemical composition of soils from site to site can lead to totally different corrosion 

behavior and corrosion rates.  

In general, the anodic reaction in soil corrosion is the oxidation of iron, as shown in 

Reaction (2-6). Oxygen is the dominant cathodic depolarizer in aerated soils, and the 

reduction of dissolved oxygen in water is [51]: 

 

-

22 OH44O2HO  e                                                                                           (2-14) 

 

If the soil is at near-neutral pH condition, cathodic reaction may also include the 

reduction of water (Reaction (2-10)). 
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The generated Fe2+ and OH- from the electrochemical reactions further react to form 

corrosion products Fe(OH)2 on the steel surface, which can reduce the corrosion rate 

[52]:  

 

2

2 Fe(OH)OH2Fe  
                                                                                            (2-15) 

 

The Fe(OH)2 is not stable, which, when exposed to aerated conditions, will transform 

to FeOOH, Fe2O3 and Fe3O4. The relevant chemical and electrochemical reactions may 

include [53, 54]: 

 

3222 Fe(OH)4OH2O4Fe(OH)                                                                            (2-16) 

OHFeOOHFe(OH) 23                                                                                           (2-17) 

OH2OFe2Fe(OH) 2323                                                                                          (2-18) 

OH6OFe2O6Fe(OH) 24322                                                                               (2-19) 

 

Although the corrosion products formed on the steel surface are supposed to affect 

the steel corrosion rate in soils, their protectiveness is still under debate, and has not yet 

been fully understood [51].  
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2.3.2 Parametric effects 

Gassing condition is one of the most important parameters that affect corrosion of a 

pipeline in soils. The two common gases, i.e., CO2 and O2, can affect both the corrosion 

mechanism and corrosion rate. Generation of CO2 is associated with the rotten plants 

and/or microbial metabolism in the soil [55]. As mentioned above, when CO2 dissolves in 

water, a weak acid, i.e., H2CO3, is formed to decrease the solution pH and enhance the 

steel corrosion. Different from CO2, dissolved oxygen directly participates in the cathodic 

reaction during corrosion of the steel in soils [53]. It was found that the presence of DO 

significantly accelerated the corrosion rate [63]. Moreover, the DO concentration affects 

the composition of corrosion products [65]. Particularly, the presence of oxygen is in 

favor of the growth of passive film on steel. 

Oxygen can be consumed by corrosion reactions and/or plant breathing. Thus, 

transportation of oxygen from the bulk soil to the steel surface is critical to the corrosion 

reaction. Any soil properties affecting the oxygen transportation will also affect the 

corrosion rate of the steel. Soil moisture can affect the oxygen transportation in soils. 

Gupta et al. [56] suggested a “critical soil moisture content”, above which corrosion of 

steels was decreased because the oxygen diffusion in the soil solution was slower than 

that in porous dry soils. Other soil properties, such as soil type and soil particle size, also 

influence the corrosion by affecting the oxygen content or oxygen diffusion [57]. 

Soil resistivity affects steel corrosion, and depends on the soil moisture and the 

contained soluble ions [50]. Usually, a high soil moisture and ionic concentration is 

associated with a low soil resistivity, leading to a high corrosion rate. Ikechukwu et al. 

[58] found that the soil resistivity was more important than soil pH to affect the steel 
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corrosion. Soil resistivity is actually a combined effect of multiple chemical ions, such as 

Cl-, all of which affect the corrosion of steel pipes in soils [59, 60]. 

 

2.4 Corrosion prediction models 

2.4.1 Modelling as an effective methodology for corrosion management 

Corrosion is a natural process. To effectively control corrosion problems, it is 

important to evaluate the corrosion data and predict the residual service life. 

Experimental testing is essential to determine the corrosion mechanism of a metal in 

certain environments and the parametric effects on corrosion. However, experimental 

testing suffers from the shortcoming that it is, sometimes, unable, or at least difficult, to 

reproduce the reality. Moreover, the modelling can predict corrosion of metals during 

long-term exposure to environments, which is usually impossible to test by experimental 

methods.  

Prediction models are developed based on either field or experimental data. A well-

established corrosion prediction model should be able to describe the direct or indirect 

(underlying physical-chemistry process) relationship between corrosion rate and the 

inputs correctly, thus giving correct predictions. The reliability of a corrosion prediction 

model is strongly dependent on the mechanism and parameters obtained from 

experimental studies or field data. However, when a model is established, it can be useful 

to evaluate and predict corrosion under similar conditions and even extrapolate to some 

other conditions. 

Corrosion prediction models have been developed for several decades. Rossum [61] 

derived an early external corrosion model to predict pitting corrosion rates of ferrous 
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metals in soils in 1969. De Waard and Milliams [62] proposed the earliest model to 

predict CO2 corrosion in 1975. Since then, more models have been developed based on 

them for CO2 corrosion prediction [63]. Some oil companies, such as BP [64], developed 

their own models to predict CO2 corrosion to guide their operations.  

According to numerical methods used to correlate with the corrosion mechanism and 

processes, the developed models can be grouped into three categories, i.e., empirical 

models, semi-empirical models and mechanistic models [9].  

Empirical models: These models have very little or no theoretical background. Most 

constants used in them have no physical meaning – they are just best-fit parameters to the 

available results. When calibrated with a very large and very reliable experimental 

database, these models can give good interpolation. However, any extrapolation leads to 

unreliable results. Addition of any new knowledge to these models is rather difficult and 

often requires recalibration of the whole model. Alternatively, correction factors can be 

added with a large degree of uncertainty related to their interaction with the existing 

empirical constants. 

Semi-empirical models: These models are only partly based on firm theoretical 

hypotheses. They are for practical purposes extended to areas where insufficient 

theoretical knowledge is available. Some of the constants in these models have a clear 

physical meaning while others are arbitrary best-fit parameters. Calibrated with a 

sufficiently large and reliable experimental database, these models can enable good 

interpolation predictions. However, extrapolation can lead to unreliable and sometimes 

physically unrealistic results. New knowledge can be added with moderate effort by 

adding correction factors and/or by doing a partial recalibration of the model constants. 
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Mechanistic models: These models describe the mechanisms of the underlying 

reactions and have a strong theoretical background. Most constants in this type of models 

have a clear physical meaning. Many of the constants are easily found in the literature, 

while some still have to be obtained by comparing the predictions with available 

experiments. When calibrated with a reliable (and not necessarily large) experimental 

database, this type of models enable accurate and physically realistic interpolation, and 

good extrapolation predictions. It is easy to add new knowledge to these models with 

minor modification of the existing model and without having to recalibrate all the model 

constants. 

Obviously, mechanistic models possess unique advantages over the empirical/semi-

empirical models in corrosion prediction. Nevertheless, the complex nature of corrosion 

processes makes it quite difficult to develop a mechanistic model under all conditions. In 

oil industry, the accuracy and reliability of a corrosion prediction model are equally 

important. Moreover, the simplicity of modelling operation and production of 

straightforward outputs are also pursued [64]. 

 

2.4.2 Modelling of CO2 corrosion of pipelines in fluid flow 

Norsok M506 model [65] is an empirical model developed by the Norwegian 

petroleum industry to predict CO2 corrosion of pipelines in fluid flow. In this model, the 

corrosion rate was expressed as a function of temperature, solution pH, wall shear stress 

and CO2 fugacity. The effect of flow on corrosion was included through the relationship 

between the corrosion rate and wall shear stress. However, the calculation of wall shear 

stress only applied for the water and gas mixture, where oil was not considered. 
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Kanwar et al. [66] established an empirical model based on their experimental 

studies of CO2 corrosion in oil/water fluid flow using a horizontal pipe loop. The 

corrosion rate was written as: 

 

bckPCR 
2CO                                                                                                                (2-20) 

 

where CR is the corrosion rate, mm/year; k is a corrosion rate coefficient; 
2COP  is the CO2 

partial pressure, MPa; τ is the wall shear stress, N/m2; and c and b are constants.  

De Waard et al. [62, 67-72] developed a series of semi-empirical models which were 

used for CO2 corrosion prediction in flow conditions. The base equation to calculate CO2 

corrosion rate, Vcorr (mm/year), was expressed as [70]: 
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                                                                                                             (2-21) 

 

where Vr is the highest possible reaction rate, mm/year; and Vm is the highest mass 

transfer rate of corrosive species, mm/year. The following relationships were applied: 
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where actualpH and 
2COpH  are the actual pH of the solution and the pH of pure water 

dissolved with CO2, respectively; Uliq is the fluid flow velocity, m/s; and d is the internal 

diameter of the pipe, m. For different steels, the equation used for calculation of Vr can be 

different. The effects of protective scale and various species, such as H2S, oil, organic 

acids and inhibitors, on corrosion rate were considered with correction factors [68]: 

 

Total corrosion rate=
dorangicaciinhibcondoilSHscalecorr F

2
FFFFFV                             (2-24) 

 

where scaleF , 
SH2

F , oilF , condF , inhibF  and 
dorangicaciF  represent the effect factors of the 

protective scale, H2S, oil, water condensate, inhibitors and organic acids, respectively. 

Many semi-empirical models, such as the Hydrocor developed by Shell, Cassandra 

implemented by BP, etc. [63], were developed based on this model.  

Mechanistic models for CO2 corrosion prediction can be divided into two groups, 

i.e., electrochemical models and mass transport based electrochemical models. One 

typical electrochemical model, i.e., “Point model” [73], was developed based on the 

model of Grey et al. [74, 75] and extended to predict the corrosion rate of steels caused 

by CO2, H2S, organic acids and/or O2. In the “Point model”, simplified Tafel equations 

were directly used to derive the current densities of anodic reactions and activation-

controlled cathodic reactions. For the current density of an individual cathodic reaction 

that may be controlled by a combination of activation and diffusion steps, the equation 

was expressed as [73]: 
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where ic is the current density of the cathodic reaction, A/m2; ict is the component of the 

charge transfer current density, which is calculated with the simplified Tafel equation, 

A/m2; and ilim is the component of the diffusive limiting current density, which is a 

function of mass transfer coefficient and the concentration of the species in the bulk 

solution, A/m2. The “Point model” can predict corrosion rate with simple calculations. 

However, it did not consider the scale formation and the effect on corrosion processes. 

The predicted results represented the worst-case scenario for steel corrosion. 

The mass transport based electrochemical models considered the identical chemical 

and electrochemical reactions to the “Point model”, but the methodology was more 

complicated. The corrosion rate was calculated based on the concentration of reactive 

species on the metal surface. Transport of the species between the metal and bulk 

solution and the transport of species through porous corrosion scale were determined with 

the species conservation equation [76]: 

 

j

jj
R

x

N

t

C












 )()(
                                                                                                 (2-26) 

 

where Cj is the concentration of species j, mol/L; Nj is the flux of species j, mol m/(L s); 

Rj is the source or sink of species j due to chemical reactions, mol/L s; t is time, s; x is 

spatial coordinate, m; and ε is volume porosity of the scale. The ε changes with time, and 
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the change rate is a function of the precipitation rate and undermining rate [77]. The flux 

of species can be described by Nernst-Plank equation, which includes three components, 

i.e., diffusion, electro-migration and convection: 
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                                                                     (2-27) 

 

where μj is the mobility of species j, kg/(m s), which can be determined by the 

relationship with diffusion coefficient via Nernst-Einstein equation Dj = RTkμj; κ is 

surface permeability of the scale, and there is an empirical correlation κ= ε1.5 [29]; R is 

the ideal gas constant, 8.3143 J/mol K; F is Faraday’s constant, 96485 C/mol; φ is the 

electric potential in the solution, V; ν is the instantaneous velocity, m/s; and Dj is the 

molecular diffusion coefficient of species j, m2/s. 

Currently, many models are developed based on the methodology of the mass 

transport based electrochemical model, which enables predictions of both uniform and 

localized CO2 corrosion [16, 29, 77-82]. Song et al. [43, 83, 84] developed a series of 

mechanistic models to predict CO2 corrosion rate in oil and gas production and 

transportation systems.  

The CO2 corrosion prediction models mentioned above simplified the calculations by 

considering single phase fluid flow only. An integrated CO2 corrosion-multiphase flow 

model was proposed [85], where a multiphase model was used to simulate the flow 

pattern in oil/water multiphase flow.  
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In our group's previous work, Xu and Cheng [86] developed a finite element based 

model to predict CO2 corrosion rate in flow conditions. Three interrelated sub-models, 

i.e., fluid hydrodynamics, mass-transfer and electrochemical corrosion sub-models, were 

well integrated to reflect the parametric effects, such as flow velocity, CO2 partial 

pressure, pH and temperature, on the steel corrosion. The mutual effects of these 

parameters were included in the corrosion modelling. The fluid hydrodynamic sub-model 

applied on the fluid carried by the pipeline. It was assumed that CO2 was dissolved in 

water to form the CO2-saturated, incompressible, single-phase fluid. The Navier-Stokes 

equations and k-ε turbulence model were used to calculate the fluid flow velocity along 

the pipe, where a sufficiently long pipe segment was selected to obtain a fully developed 

fluid flow, i.e., the turbulent dynamic viscosity was a constant along the center of the 

pipe. The mass-transfer sub-model applied on the fluid/steel interface. The Nernst-Planck 

equation was used to study the convection, diffusion and migration processes of relevant 

corrosive species and their concentration gradients in the fluid. Since the fluid flow was 

in a steady state, i.e., a fully developed fluid was assumed, the concentrations of various 

corrosive species were uniform in the bulk solution except the boundary layer of the 

fluid. Inside the boundary layer, the species transported from and to the surface of the 

pipe steel by convection, diffusion and electro-migration. The mass-transfer coefficient of 

individual species was included in the sub-model. In the electrochemical corrosion sub-

model, steel corroded in CO2-saturated brine water. The dissolution of iron dominated the 

anodic reaction, and the cathodic reactions included the reduction of hydrogen ions and 

carbonic acid. The solution pH was set at about 5, i.e., the typical pH value of brine water 

saturated with CO2 in the field. The anodic dissolution reaction was charge-transfer 
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controlled, and the reaction kinetic parameters, such as exchange current densities and 

Tafel slopes, were temperature and pH dependent. The cathodic reactions were mix-

controlled, including both charge-transfer step and mass-transfer step. The anodic and 

cathodic current densities were written based on different reaction kinetics equations. 

While this model was able to provide an accurate prediction of uniform CO2 corrosion 

rate, the numerical calculations were quite complicated, and it took too much time to 

calculate the corrosion rate. 

 

2.4.3 Modelling of CO2 corrosion in CO2 storage and high-temperature high-pressure 

conditions 

Nowadays, there has been work to mechanistically model the corrosion of steel 

tubing under high CO2 pressure conditions, which, however, are not necessarily identical 

to those encountered in CO2 storage. For example, Xiang et al. [87] proposed a model to 

predict the uniform corrosion rate of CO2 transportation pipelines in supercritical CO2-

SO2-O2-H2O environments. While the model gave a good prediction of the steel 

corrosion by comparison with the testing results, the corrosive fluid was not 

representative of that in CO2 storage. Moreover, CO2 was treated as a solvent, and SO2 

and O2 were regarded as the corrosive species. Han et al. [44] developed a coupled 

electrochemical-geochemical model to predict corrosion of mild steels in high pressure 

CO2-saline environments. Although the solution pH was well modelled, the model did 

not consider the corrosion scale and its effect on corrosion rate, which caused the 

prediction results relatively conservative. 
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High temperature is able to increase CO2 corrosion rate by enhancing reaction 

kinetics. At the same time, it also promotes the formation of compact corrosion products 

that reduce the corrosion rate. An elevated temperature can even change the corrosion 

mechanism by introducing new corrosion products, i.e., Fe3O4. All these scenarios make 

it difficult to model CO2 corrosion under high temperature or high-temperature high-

pressure conditions. So far, there has been few prediction model available in the 

literature.  

Case et al. [88] tried to use an OLI software to study the corrosive activity of 

produced fluids under SAGD conditions. Both pH profiles and carbon steel corrosion 

rates were estimated. However, little information available about the OLI software limits 

the interpretation and further modification of the model. 

 

2.4.4 Modelling of steel corrosion in soils 

There are numerous factors affecting pipeline corrosion in soils. Some factors, such 

as temperature, soil moisture and resistivity, would even vary with time. To develop a 

model that consider all affecting factors is very difficult. Empirical or semi-empirical 

models tend to neglect the underlying corrosion processes or take average of the effect of 

variations over time by establishing a direct relationship between corrosion rate with 

some important parameters [50].  

Combining theoretical analysis and the National Bureau of Standards (NBS) data of 

different ferrous metals in a variety of soils for varying time periods, Rossum [61] 

derived an empirical model: 
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nKtP                                                                                                                          (2-28) 

 

where P is the pit depth, K is a constant, t is time, and n is another constant that depends 

on the aeration state of soils. This model tried to build the direct relationship between the 

pit depth and time. Constants were used to account for the effect of all other factors. 

Based on this model, many empirical models have been developed either by modifying 

the equation format or correcting the constants. For example, Velazquez et al. [89] 

proposed a pitting corrosion predictive model of buried pipelines as: 

 

nttKP )( 0                                                                                                                (2-29) 

 

where t0 is the pit initiation time.  

Obviously, Rossum’s model and those based on this model fail to account for many 

factors that have great effects on the soil corrosion. Thus, the applicability of Rossum’s 

model is very limited. A more complex semi-empirical model was then proposed by 

Alamilla et al. [90], which was able to estimate the localized corrosion damage on buried 

steels in soils by: 

 

)]pH(exp[ ps4Redox3210p  EqEqqqCv                                                             (2-30) 
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where vp is the minimum average corrosion rate; C0 is a scale factor; q1 - q4 are constants 

related to environments; ρ is the soil resistivity; Eredox is the redox potential; and Es-p is 

the soil structure potential. 

Both empirical and semi-empirical models share the same disadvantage that they are 

strongly dependent on the available data in the development and modification process. 

However, database for specific conditions, such as the soil conditions along an 

abandoned pipeline, is usually not available, making it impossible to develop an accurate 

model for corrosion evaluation and prediction on the abandoned pipeline. Moreover, 

different from operating pipelines, abandoned pipelines suffer from structural failures due 

to corrosion occurring over a certain area, rather than corrosion pits.  

To date, there have been a few work published about mechanistic models developed 

to study pipeline external corrosion. However, all of them focus on corrosion of operating 

pipelines with external coating and CP applied. Song et al. [52, 84, 91, 92] developed a 

series of models to study corrosion of pipeline steels under different modes of coating 

disbondment, gas environments containing O2 or CO2 or both, and CP conditions. These 

models cannot be used on abandoned pipelines. One of the reasons is that most of them 

are developed with data obtained in a NS4 solution, i.e., the simulated electrolyte trapped 

under disbonded polyethylene tape coating [55] where the CP is shielded, rather than 

typical soil solutions. Furthermore, those models do not consider the effect of corrosion 

product film on the further corrosion process.  
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2.5 Summary 

Corrosion emerges as the primary mechanism resulting in facility failures in oil 

industry. Development of accurate and reliable models to predict long-term corrosion 

rates of steels becomes an important methodology for corrosion management. However, 

most existing corrosion models are empirical ones, lacking theoretical background. In 

addition, models used for typical corrosive environments such as SAGD/CO2 co-injection 

systems, CO2 storage and abandoned pipelines in soils are either not available, or the 

existing models suffer from apparent limitations and need further improvements. All of 

them constitute the gaps to be addressed for enhanced asset integrity management in oil 

industry. 
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Chapter Three: Non-uniform corrosion of steel pipe in CO2-containing fluid flow *

                                                 

* This work has been published as: Q. Li, Y.F. Cheng, Non-uniform corrosion of steel pipe in CO2-

containing fluid flow, Materials Performance, 55 (2016) 58-62. 

 

3.1 Introduction 

CO2 corrosion of carbon steel pipes can be affected by a wide variety of factors, such 

as CO2 partial pressure, temperature, pH, flow velocity, water chemistry, and pipe size 

and inclination [9, 27, 31, 38, 93-95]. Particularly, fluid hydrodynamics plays an 

important role in pipeline internal corrosion. While the rotating electrode techniques and 

jet impingement apparatus have been used to study CO2 corrosion in flow conditions 

[96], a flow loop is able to produce fluid hydrodynamic conditions that are better 

representative of those encountered in the pipeline. 

When a flow loop was used for internal corrosion studies, there has been limited 

work to investigate the uniformity of corrosion occurring inside the pipe, i.e., whether the 

steel electrodes installed at the top and the bottom of the same cross section of a pipe 

experience an identical corrosion. Generally, corrosion of a pipe at its top and bottom 

sections can be affected by many factors, such as flow condition, scale formation, etc. To 

date, there has not been relevant work conducted to characterize the corrosion uniformity 

of a flow pipe. 

This work was to investigate corrosion of X65 steel specimens, which were installed 

at the top and the bottom of a flow pipe, respectively, in a CO2-saturated single-phase 

brine water through a home-designed flow loop system. Electrochemical measurements, 

including open-circuit potential (OCP), electrochemical impedance spectroscopy (EIS) 
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and galvanic potential and current, morphological characterization and CFD simulation 

were combined for the purpose. 

 

3.2 Experimental 

Specimens used in this work were cut from a sheet of X65 pipeline steel, with a 

chemical composition (wt. %): C 0.04, Si 0.2, Mn 1.5, P 0.011, S 0.003, Mo 0.02, and Fe 

the balance. The specimens were machined into cylindrical shape, with a diameter of 10 

mm, and welded to a copper wire on one end. The cylindrical surface of the specimen 

was sealed with a polytetrafluoroethylene (PTFE) tape, leaving an exposed surface area 

of 78.5 mm2. The electrode assembly is shown in Figure 3.1. The working face of the 

electrode was ground sequentially up to 1000 grit silicon carbide paper, rinsed with 

distilled water and degreased in acetone, and then dried with a blow dryer. 

 

Figure 3.1 Schematic diagram of the electrode assembly. 
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The test solution contained 1 wt. % NaCl + 0.1 wt. % NaHCO3 to simulate the brine 

water in gathering pipelines. By saturating with CO2 gas (99.95%), the pH of the solution 

was brought to ~5.8.  

The schematic diagram of the home-designed, lab-scaled flow loop is shown in 

Figure 3.2. It consisted of a centrifugal pump, reservoir, heating element, thermocouple 

combined with a temperature controller, cooling assembly, a supersonic flow meter, a 

reference electrode (RE) (saturated calomel electrode, SCE), a testing unit where two 

steel specimens were installed by thread at both the top and the bottom of the unit, i.e., 

electrode assemblies I and II, respectively, and the connecting pipe and fittings. The 

solution was supplied from the 4 L reservoir and circulated through the loop driven by 

the centrifugal pump. The flow velocity was 1 m/s. The flow velocity was measured with 

the supersonic flow meter. The inner diameter of the cylindrical connecting pipe was 17 

mm, the testing unit has a square cross-section and its dimension was 17 mm × 17 mm. 

The length of the testing unit was 400 mm. The solution was heated to the testing 

temperature (60 ± 1 oC), and circulated in the bypass pipe path. After the electrode 

assemblies were installed in the testing unit, the solution flowed to the loop system. CO2 

bubbling was maintained throughout the testing. 
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Figure 3.2 Schematic diagram of the experimental set-up of the flow loop system. 

 

Electrochemical corrosion measurements were performed with a Gamry Reference 

600 system on the three-electrode cell, where a platinum wire was used as counter 

electrode (CE), the SCE as RE, and the steel specimen as working electrode (WE). A 

steady state OCP was achieved prior to electrochemical measurements. The EIS was 

measured with a sinusoidal potential disturbance of 10 mV in the frequency range from 

100 kHz to 0.01 or 0.05 Hz. To ensure the reproducibility of the results, each test was 

repeated three or more times. The galvanic potential and current between the two steel 

electrode assemblies as shown in Figure 3.1 were measured through a zero-resistance 

ammeter (ZRA). After corrosion testing, the electrodes were removed from the testing 

unit and immersed into deionized water to clean out soluble salts. The electrodes were 
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then dipped into acetone for further cleaning, dried and stored in a desiccator. The 

morphology of the electrode was characterized with a scanning electron microscope 

(SEM).  

The CFD simulation was performed using a commercial software package of 

ANSYS 14.0 (Meshing with ICEM CFD 14.0, and simulation calculation with Fluent 

14.0). Figure 3.3 shows the 3-D structure of the flow field model created according to the 

dimension of the testing cell installed in the flow loop. A straight, cylindrical pipe was set 

at both the inlet and outlet ends. The fluid was assumed as incompressible. The fluid 

density and viscosity was set as 983.3 kg/m3 and 0.467 × 10-3 kg/m s, respectively, at the 

operating temperature of 60 oC. The fluid flow was in the turbulent range, and a standard 

k-ε turbulent model was used. It was assumed that the fluid flow direction was 

perpendicular to the cross-sectional face of the pipe.  

 

Figure 3.3 The 3-dimensional structure of the flow field model of the testing unit for 

CFD simulation. 
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3.3 Results 

Figure 3.4 shows the OCP measured on the steel electrodes installed at the top and 

bottom of the testing unit in the solution at a flow velocity of 1 m/s. It is shown that the 

OCP is shifted positively with time. Moreover, the bottom electrode is always associated 

with the more negative OCP than that of the top one.  
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Figure 3.4 Open-circuit potentials measured on the top and bottom electrodes as a 

function of time. 

 

Figure 3.5 shows the galvanic current and potential measured between the top and 

the bottom electrodes installed in the testing unit under the same testing condition as that 

in Figure 3.4. The bottom and the left axes show the galvanic current change over 3600 s 

period for each testing time. The top and right axes show the galvanic potential at 

different testing time. The potential difference refers to the potential of the bottom 
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electrode minus that of the top electrode. Thus, a negative potential difference means that 

the potential of the bottom electrode is smaller than that of the top one. Negative galvanic 

currents observed mean that electrons flow from the bottom electrode to the top one. The 

galvanic potential results indicate that the bottom electrode is more anodic and active 

than the top one. Furthermore, as the time increases, the galvanic potential and current 

decrease. 
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Figure 3.5 Galvanic current (curves) and potential difference (★) measured between 

the top and the bottom electrodes installed at the testing unit as a function of time. 

 

Figure 3.6 shows the EIS measured on both electrodes under the same condition as 

that in Figure 3.4. It is shown that, for both electrodes, the impedance is featured with a 

semicircle over the whole frequency range, indicating that they have an identical 

corrosion mechanism. At individual times, the impedance semicircle measured on the top 
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electrode is larger than that measured on the bottom electrode. Since the size of the 

semicircle is proportional to the charge-transfer resistance, the top electrode has a larger 

charge-transfer resistance, and thus experiences a smaller corrosion rate, than the 

electrode at the bottom of the testing unit. 
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Figure 3.6 EIS measured on the bottom (a) and the top (b) electrodes as a function 

of time. 

 

Figure 3.7 shows the surface morphologies of the steel electrodes installed at the top 

and the bottom of the testing unit as a function of time. It is seen that, generally, at 

individual testing times, the corrosion scales formed on the bottom electrode contain 

cracks, while the scales formed on the top electrode is relatively less porous. Moreover, 

as the time is increased, the scale formed on both electrodes become more continuous 

compared to those formed initially. 

  

  

(a) (b) 

(c) (d) 
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Figure 3.7 SEM images of the morphology of the electrode surface at different 

location and testing time: (a) Top – day1, (b) Bottom – day 1, (c) Top –day 2, (d) 

Bottom – day 2, (e) Top –day 3, (f) Bottom – day 3. 

 

Figure 3.8 shows the contour of the fluid flow velocity in the testing unit at the inlet 

velocity of 1 m/s. It is seen that, upon fluid flowing from the cylindrical inlet to the 

testing unit or from the testing unit to the cylindrical outlet, a fluid disturbance occurs at 

the transition. However, at locations far away from the transitions, the flow regime in the 

testing unit is steady and continuous. Figure 3.9 shows the contour of flow velocity of the 

transverse plane of the testing unit where the two electrodes are located. It is seen that the 

distribution of the flow velocity is central symmetrical. 

(e) (f) 
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Figure 3.8 Contour of flow velocity of the vertical plane of testing cell at a flow 

velocity 1 m/s. 
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Figure 3.9 Contour of flow velocity of the transverse plane of the testing unit at a 

flow velocity 1 m/s. 
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3.4 Discussion 

The CO2 corrosion of steel pipe in the solution with pH is 5.8 is featured with the 

dominant cathodic reactions: reduction of carbonic acid (Eq. (2-8)), reduction of 

bicarbonate ions (Eq. (2-9)) and reduction of water (Eq. (2-10)) [97]. The anodic reaction 

is the dissolution of iron (Eq. (2-6)). 

As proposed previously [95], the iron dissolution is followed by formation of FeCO3 

scale in CO2 environments, either chemically (Eq. (2-12)) or electrochemically: 

 

-

33 e2HFeCOHCOFe                                                                                    (3-1) 

     

The formed scale is able to slow down corrosion of the steel by acting as a blocking layer 

[9]. The precipitation of the FeCO3 scale depends on many factors, one of which is the 

concentration of ferrous ions in the solution. When the [Fe2+] in the solution is too small 

to meet the required solubility for FeCO3 scale to form, the steel electrode is not 

sufficiently protected.  

Fluid flow plays a critical role in integrity of the iron carbonate scale formed on the 

steel surface. It has been acknowledged that fluid flow is able to thin and damage the 

surface film [38]. The morphological observation of the scale in Figure 3.7 demonstrates 

that the scale is not sufficiently compact and contains cracks. Thus, the formed scale 

under the testing condition is not protective. As seen in EIS measurements in Figure 3.6, 

the impedance semicircle reduces in size with time, indicating the increased corrosion 

rate of steel electrode under fluid flow. 



45 

 

The OCP measurements indicate that the steel electrodes installed at the top and the 

bottom of the testing unit in flow pipe have certain potential differences (Figure 3.4), 

indicating that the electrodes have different electrochemical activities. This is further 

demonstrated by the galvanic potential and current measurements in Figure 3.5. Both 

galvanic potential and current measurements show that the bottom electrode is more 

active than the top one. Thus, the pipe bottom would experience enhanced corrosion 

compared to the top, as indicated by the impedance measurement results in Figure 3.6.  

The non-uniform corrosion activity between the top and bottom of the flow pipe can 

be attributed to the different structures of iron carbonate scale formed on the pipe 

surfaces. It is seen from Figure 3.7 that the scale formed at the pipe bottom contains more 

and wider cracks, and are more porous than that formed at the top of the pipe. As a result, 

the bottom part of the pipe is more electrochemically active than the top part which is 

covered by a relatively more continuous scale.  

This work shows that the fluid dynamics does not contribute to the corrosion non-

uniformity. The CFD simulation shows that the top and the bottom of the flow pipe 

experience an identical flow condition in the single-phase fluid flow. Thus, the structural 

difference of the scale formed at the top and bottom of the pipe is not due to the fluid 

dynamic factor.  

The hydrostatic pressure in the flow pipe might play a role in affecting the scale 

formation. Under fluid flow, the dynamic pressure on both top and bottom electrodes is 

identical. However, the hydrostatic pressure exerted on them can be different, where the 

electrode at the bottom is under pressure from the fluid while the electrode at the top is 
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not. According to Eq. (3-2) [98], the hydrostatic pressure on the bottom electrode is 163.8 

Pa larger than that on the top electrode. 

 

ρghp                                                                                                                          (3-2) 

 

where p is the hydrostatic pressure (Pa), ρ is the density of the fluid (983.3 kg/m3), g is 

the gravity acceleration rate (9.8 N/kg), and h is the height of water, i.e., the height of the 

testing unit in the pipe (17 mm).  

It has been accepted [99-101] that the hydrostatic pressure can affect corrosion of 

metals. Sun et al. [99] investigated the corrosion behavior of a high-strength low-alloy 

steel in 3.5% NaCl solution under hydrostatic pressures. It was found that a high pressure 

accelerated the corrosion process remarkably. Beccaria et al. [100, 101] found that the 

susceptibility to pitting of aluminium and nickel can be increased with increasing 

hydrostatic pressure. The effect of hydrostatic pressure on the integrity of corrosion scale 

is being studied in the authors' lab. The detailed mechanism of how hydrostatic pressure 

affects the corrosion rate and corrosion scale will be reported in the further work. 

 

3.5 Summary 

The steel electrodes installed at the top and the bottom of a flow pipe possess 

different corrosion activities in CO2-containing environments. The steel electrode at the 

pipe bottom is more active than the one installed at the pipe top. Thus, the flow pipe 

experiences a non-uniform corrosion between its top and bottom parts in a single-phase 

fluid flow. 
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While fluid flow could degrade the integrity of iron carbonate scale formed on the 

steel surface, the fluid dynamics does not contribute to the corrosion non-uniformity. The 

electrodes installed at the top and bottom of the pipe experience identical fluid conditions 

and mechanics. The larger corrosion activity of the bottom electrode can be attributed to 

the higher hydrostatic pressure compared to the top electrode. 
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Chapter Four: Corrosion of pipelines in CO2-saturated oil-water emulsion flow *

                                                 

* This work has been published as: Q. Li, H. Hu, Y.F. Cheng, Corrosion of pipelines in CO2-saturated oil-

water emulsion flow studied by electrochemical measurements and computational fluid dynamics 

modeling, Journal of Petroleum Science and Engineering, 147 (2016) 408-415.  

 

4.1 Introduction 

For internal corrosion of pipelines made of carbon steels in upstream oil gathering 

systems, the presence of oily phase in the fluid remarkably affects the flow regime [41, 

71], thus making the corrosion more complex. Maintenance of the pipe steel by oil-

wetting, which can inhibit corrosion of the steel, depends on a number of factors, such as 

the ratio of the amount of oil to that of water, flow velocity, temperature, pipe size, pipe 

inclination, etc. [41]. The corrosion behavior of pipelines in CO2-containing oil-water 

emulsion flow has so far not been fully understood.  

A flow loop is able to produce fluid hydrodynamic conditions that are representative 

of those encountered in pipelines, such as wall shear stress and fluid flow patterns. By 

virtue of CFD simulation, the flow loop provides an ideal alternative to investigate the 

fluid flow in pipelines and its effect on steel corrosion [102]. 

In this work, the corrosion of an X65 pipeline steel in CO2-saturated oil-free 

solutions and oil-water emulsions was investigated using a home-made pipe flow system. 

Electrochemical measurements, including EIS and potentiodynamic polarization curves, 

were conducted to determine the corrosion mechanism and rates under various 

conditions. Parametric effects, such as flow velocity, temperature and the content of oil in 

the fluid, were determined. The CFD simulation was performed to understand the 

distribution of oil in the fluid and to derive relevant parameters, which were used by a 
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semi-empirical model to predict CO2 corrosion rate of the pipeline in oil-water 

emulsions. 

 

4.2 Methodology 

4.2.1 Electrode and solution 

Specimens used in this work were cut from a sheet of X65 pipeline steel, with a 

chemical composition (wt. %): C 0.04%, Si 0.2%, Mn 1.5%, P 0.011%, S 0.003%, Mo 

0.02% and Fe the balance. The specimens were machined into cylindrical shape, with a 

diameter of 1.000 cm and the working surface area of 0.785 cm2. The specimens were 

welded to a copper wire, and sealed into a sample holder with epoxy resin. The working 

face was ground consequentially up to 1,000 grit silicon carbide paper, rinsed with 

distilled water, degreased in acetone, and then dried with a blow dryer. 

The test solution was made of analytical grade reagents and deionized water. The 

chemical composition of the base solution was 1 wt. % NaCl solution. Varied contents of 

heavy paraffin oil, with a density of 0.830 g/cm3, were added to prepare oil-water 

emulsions with the aid of trace amount of a surfactant. The viscosity of the oil at 35 °C, 

45 °C, 60 °C and 75 °C were 59.0 cSt, 30.2 cSt, 21.8 cSt and 14.3 cSt, respectively. The 

base emulsion contained 10 wt. % oil. High-purity CO2 (99.95%) was purged into the 

solution and emulsion continuously. The pH values of the base oil-free solution and oil-

containing emulsion at 45 oC were 4.00 and 4.09, respectively.  
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4.2.2 Flow loop system 

A home-made flow loop system, as shown in Figure 4.1, was used in this work. It 

consisted of a centrifugal pump, a reservoir, a heating unit, a thermocouple combined 

with a temperature controller, a cooling assembly, a supersonic flow meter combined 

with a sensor, an electrochemical testing cell where a WE, a CE and a RE were installed, 

pipes and two valves. The test solution/emulsion was contained in a 4 L reservoir, and 

circulated through the pipe driven by the centrifugal pump. The fluid flow velocity was 

controlled by adjusting valves, and measured at the cylindrical pipe with the supersonic 

flow meter. The inner diameter of the pipe was 17 mm, and the cross dimension of the 

electrochemical testing cell was 17 mm × 17 mm, and the length of the cell was 400 mm. 

 

Figure 4.1 Schematic diagram of the home-made flow loop system. 
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4.2.3 Experimental setup and electrochemical measurements 

The solution/emulsion was purged with CO2 at least 1 h prior to testing, and was then 

heated to the testing temperature, and circulated in the bypass pipe. The three electrodes 

were installed in the testing unit and assembled in the loop system. The CO2 purging was 

maintained throughout the test. 

Electrochemical measurements were performed on the three-electrode testing unit 

with a Gamry Reference 600 system, where the steel specimen was used as WE, a carbon 

rod as CE and a SCE as RE. The OCP of the steel working electrode was monitored until 

it achieved a steady state. The EIS was measured with a sinusoidal disturbance potential 

of 10 mV in the frequency range from 100 kHz to 50 mHz. The steel electrode was 

maintained at its corrosion potential (Ecorr). After the EIS measurement was finished, 

potentiodynamic polarization curves were measured immediately by scanning the 

potential from −600 mV to +600 mV relative to Ecorr at a potential sweep rate of 0.5 

mV/s.  

 

4.3 CFD simulation and model development 

4.3.1 CFD simulation settings 

An ICEM CFD 15.0 module was used to construct the flow field model and do the 

meshing. Figure 4.2 shows the portion of a 3-dimensional meshed structure of the fluid 

flow in the electrochemical testing unit. A straight cylindrical pipe was set at both the 

upstream and downstream of the unit to help maintain a fully developed and stable flow 

condition. The tetrahedral mesh was used.  
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Figure 4.2 A portion of 3-dimensional meshed structure of the fluid flow in the 

electrochemical testing unit. 

 

In CFD simulation, the fluid was assumed to be incompressible. The effect of 

temperature fluctuations on fluid flow was negligible under an isothermal condition. 

Phase changes were not included in this work, and there was no mass transfer between 

the phases. 

At the pipe inlet, the velocity inlet boundary condition was used to define the actual 

velocity of the fluid. At the outlet of the pipe, the pressure outlet boundary condition was 

used. The wall boundary condition was used to bind the fluid and the solid region. 

The CFD simulation and analysis was carried out using Fluent 15.0, where the 

standard k-epsilon turbulent model was used. Due to the relative simplicity of the loop 

geometry, standard wall functions were selected. It was assumed that the fluid was 
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stagnant at the wall of the pipe, and there was no slip boundary condition at the wall. The 

pipe wall roughness was set as 0.5. There were two phases, i.e., oil and water, contained 

in the fluid. A volume of fluid (VOF) model was used to simulate the two-phase fluid 

flow, where phase 1 was oil and phase 2 was water. 

Under-relaxation factors, including momentum, volume fraction, turbulent kinetic 

energy and turbulent dissipation rate, were set as 0.3. A second order upwind 

discretization scheme was used for calculations of momentum equation, volume fraction, 

turbulent kinetic energy and turbulent dissipation rate. The convergence criterion was 

based on the residual value of the calculated variables including momentum, energy, 

mass, etc. The simulation was time dependent (transient), which was featured with 400 

steps, 0.05 step size, and 100 iterations at each step size. 

 

4.3.2 Corrosion model description 

To accurately predict the corrosion rate of the steel under oil-water flow conditions, 

various parameters were included as inputs. These included temperature, CO2 partial 

pressure, flow velocity, oil content, etc. The corrosion rate, CR (mm/year), was calculated 

by [17]: 

 

)
2671

(8.0

CO

6.03.0

2
)(15.31 TTePV

L

P
CR


                                                                              (4-1) 

 

where ∆P/L is the pressure drop gradient, N/m3; V is the water cut; 
2COP  is the carbon 

dioxide partial pressure, MPa; and T is temperature, K. The method in Eq. (4-1) is able to 
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predict corrosion rate of steels for low viscosity oils, with carbon dioxide partial 

pressures up to 0.79 MPa and temperatures up to 90 oC. For corrosion prediction in this 

work, the flow-related variable, i.e., the pressure drop gradient, was determined by the 

CFD simulation. 

 

4.4 Results 

4.4.1 Polarization curve measurements 

Figure 4.3 shows the potentiodynamic polarization curves of X65 steel in CO2-

saturated oil-free base solution and base oil-water emulsion, respectively, at 45 oC and 

various fluid flow rates. A diffusive limiting current density is observed for all measured 

cathodic curves over a certain potential range, and increases with the increasing flow 

velocity. This indicates that mass-transfer plays a big role in the cathodic process during 

corrosion of the steel in the system. The anodic curves almost copy each other at various 

fluid flow velocities. When the cathodic potential is sufficiently negative, e.g., more 

negative than -1 V (SCE), the diffusive current phenomenon disappears, and the cathodic 

curves become independent of the flow velocity. Furthermore, the slope of the diffusive 

limiting cathodic current density increases with the flow velocity. 
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Figure 4.3 Potentiodynamic polarization curves of X65 steel in CO2-saturated oil-

free solution (a) and oil-water emulsion (b), respectively, at 45 oC at various fluid 

flow rates. 
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Figure 4.4 shows the polarization curves of X65 steel in CO2-saturated base oil-free 

solution and base oil-water emulsion, respectively, at the flow velocity of 1 m/s and 

various temperatures. It is seen that both the anodic and cathodic current densities 

increase with temperature in the absence and presence of oil in the solution. With the 

increasing temperature, the slope of the diffusive limiting cathodic current density 

decreases. At 75 oC, a diffusive current density is not observed in the cathodic curves. 
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Figure 4.4 Polarization curves of X65 steel in CO2-saturated oil-free base solution 

and base oil-water emulsion, respectively, at flow velocity of 1 m/s and various 

temperatures. 

 

Figure 4.5 shows the polarization curves of X65 steel in CO2-saturated solutions at 

45 oC and flow velocity of 1 m/s, but with various oil contents. It is seen that, with the 

increase of the oil concentration in the fluid, both the cathodic and anodic current 

densities decrease.  
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Figure 4.5 Polarization curves of X65 steel in CO2-saturated solutions at 45 oC and 

flow velocity of 1 m/s, but with various oil contents. 

 

4.4.2 EIS measurements 

Figure 4.6 shows the Nyquist diagrams of X65 steel in CO2-saturated base oil-free 

solution and base oil-water emulsion, respectively, at 45 oC and various fluid flow rates. 

It is seen that all impedance plots are featured with a capacitive semicircle in the high 

frequency range and an inductive loop in the low frequency range. With the increase in 

flow velocity, the size of the semicircle becomes smaller. 
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Figure 4.6 Nyquist diagrams of X65 steel in CO2-saturated oil-free solution (a) and 

oil-water emulsion (b), respectively, at 45 oC at various fluid flow rates. 
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Figure 4.7 shows the Nyquist diagrams of X65 steel in CO2-saturated base oil-free 

solution and base oil-water emulsion, respectively, at flow velocity of 1 m/s and various 

temperatures. The impedance feature is same as that in Figure 4.6, and the size of 

semicircle is reduced with the increasing temperature. 
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Figure 4.7 Nyquist diagrams of X65 steel in CO2-saturated oil-free solution (a) and 

oil-water emulsion (b), respectively, at flow velocity of 1 m/s and various 

temperatures. 

 

Figure 4.8 shows the Nyquist diagrams of X65 steel in CO2-saturated solutions at 45 

oC and flow velocity of 1 m/s, but with various oil contents. Again, the impedance keeps 

unchanged. The size of the semicircle increases with the increasing oil content. 

The electrochemical equivalent circuit shown in Figure 4.9 is used to fit the 

impedance parameters, and the results are shown in Table 4.1, where Rs is the solution 

resistance, CPE is the constant phase element, Rp is the charge transfer resistance, RL is 

the inductive resistance, and L is the inductance.  
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Figure 4.8 Nyquist diagrams of X65 steel in CO2-saturated solutions at 45 oC and 

flow velocity of 1 m/s but with various oil contents. 
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Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE-T Fixed(X) 0 N/A N/A

CPE-P Fixed(X) 1 N/A N/A

Rp Fixed(X) 0 N/A N/A

RL Fixed(X) 0 N/A N/A

L Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

 

Figure 4.9 Electrochemical equivalent circuit for impedance data fitting, where Rs is 

the solution resistance, CPE is the constant phase element, Rp is the charge transfer 

resistance, RL is the inductive resistance, and L is the inductance. 

 

4.4.3 CFD simulation 

Figure 4.10 shows the simulated distribution of oil in oil-water emulsion with 

various oil contents at flow velocity of 1 m/s and 45 oC. Obviously, in the absence of oil 

in the fluid, the steel wall surface is totally water-wetted. With the increasing oil content, 

the oily phase occupies more space in the pipe flow, and the pipe wall becomes 

intermittently oil-wetted. The oil-wetting opportunity increases with the increase in oil 

content in the emulsion. 
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Figure 4.10 CFD simulated distribution of oil in oil-water emulsion with various oil 

contents at flow velocity of 1 m/s and 45 oC. 

 

4.5 Discussion 

4.5.1 CO2 corrosion of pipelines in oil-free fluid flow 

The CO2 corrosion reactions of a carbon steel depend on the solution pH and 

temperature [95]. In this work, the CO2 saturated solutions have a pH of about 4.00 and 

4.43 at 45 oC and 75 oC, respectively. The dominant cathodic reactions are the reduction 

of hydrogen ions (Eq. (2-7)) and carbonic acid (Eq. (2-8)), and the anodic reaction is the 

oxidation of iron (Eq. (2-6)). 

The anodic reaction can occur by multiple steps, with intermediate products such as 

FeOHads adsorbed on the steel surface, which contributes to the formation of an inductive 

loop in Nyquist diagrams [38]. Moreover, the FeCO3 scale can form and precipitate on 
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the steel when the product of [Fe2+] × [ 2

3CO ] exceeds the solubility of iron carbonate. 

The FeCO3 scale can slow down corrosion of the steel by acting as a diffusion barrier to 

the corrosive species. 

This work demonstrates that the mass transfer of reactive species, such as H+ and 

H2CO3, across the solution boundary layer towards the steel surface is important in the 

cathodic process. As the increasing fluid flow can reduce the thickness of the solution 

boundary layer, the diffusive limiting current density, which is inversely proportional to 

the thickness, increases, as shown in Figure 4.3. The accelerated cathodic process 

contributes to increased corrosion rate of the steel, as confirmed by the reduced charge-

transfer resistance in impedance measurements, as seen in Figure 4.6 and Table 4.1.  

Table 4.1 Electrochemical parameters fitted from the measured impedance data. 

Velocity Temperature Oil content Rs CPE Rp RL L 

(m/s) (oC) (%) (Ω cm2) (Ω-1cm-2s-n) (Ω cm2) (Ω cm2) (H cm-2) 

0.25 45 0 12.81 2.0E-03 65.55 15.75 69.21 

0.5 45 0 12.49 2.4E-03 62.52 15.94 46.52 

1.0 45 0 13.97 2.9E-03 53.38 19.29 25.14 

1.5 45 0 13.28 3.1E-03 47.74 15.78 20.12 

1.0 35 0 14.24 2.7E-03 54.84 31.64 84.12 

1.0 60 0 10.85 2.2E-03 48.47 10.68 15.69 

1.0 75 0 9.016 3.5E-03 34.53 6.448 6.285 

0.25 45 10 14.13 1.6E-03 92.59 18.96 91.77 

0.5 45 10 13.37 1.9E-03 71.92 22.11 69.3 

1.0 45 10 13.85 2.7E-03 57.28 20.24 27.97 

1.5 45 10 13.57 3.2E-03 49.6 18.19 22.58 

1.0 35 10 15.17 2.6E-03 57.95 26.58 42.89 

1.0 60 10 11.12 1.8E-03 54.98 11.94 15.35 

1.0 75 10 9.287 1.7E-03 40.93 5.799 12.17 

1.0 45 20 14.26 1.9E-03 63.21 26.4 29.21 

1.0 45 50 19.84 1.8E-03 81.44 25.75 93.57 
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Generally, an elevated temperature increases the corrosion reaction kinetics. At the 

same time, the iron carbonate scale is prone to form at high temperatures, which results in 

decreased corrosion rate. The present work shows that, at low solution pH, such as the pH 

smaller than 5, the increased corrosion kinetics, rather than the scale formation, 

dominates the temperature effect. As shown in Figures 4.4 and 4.7 and Table 4.1, as the 

temperature is elevated, the anodic current density increases and the charge-transfer 

resistance reduces, indicating the increasing corrosion rate. Moreover, the anodic 

polarization curves in Figure 4.4 indicate that the steel shows an active dissolution state 

in the solution. This also eliminates the possibility of the scale formation on the steel 

surface. At high temperatures, the diffusivity of reactive species, i.e., H+ and H2CO3, 

increases, resulting in increased limiting current densities as shown in Figure 4.4.  

 

4.5.2 Corrosion of steel pipe in oil-water emulsions 

The similar polarization and impedance features measured in oil-water emulsions in 

this work show that the presence of oil in fluid flow does not affect the corrosion 

mechanism of the steel. The impedance results in Table 4.1 show that the increasing oil 

content in the fluid would increase the charge-transfer resistance, i.e., reduce the 

corrosion rate of the steel. The results are consistent with the previous work [38]. 

As simulated in Figure 4.10 for the flow pattern in oil-water emulsions, the presence 

of oil increases the chance of oil-wetting of the pipe wall, serving as a physical barrier to 

isolate the steel from the corrosive environment. Under fluid flow, the oil wetting can be 

reduced due to increasing chances of oil-in-water, i.e., the chance of the water-wetting of 
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the steel pipe increases. Moreover, an elevated temperature could cause the partial or 

even complete removal of the oil layer from the pipe wall surface. 

The corrosion rates of the steel in oil-free solution and 10% oil-water emulsion as a 

function of flow velocities and temperatures, as well as the dependence of the corrosion 

rates on the oil contents in oil-water emulsion are shown in Figure 4.11. Clearly, the 

presence of oil in the fluid reduces the corrosion rate of the steel. Moreover, the corrosion 

rate decreases with the increasing oil content. However, the increasing flow velocity and 

temperature can increase the corrosion rate. 
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Figure 4.11 Corrosion rates of the steel in oil-free and 10% oil-water emulsion as a 

function of flow velocity (a) and temperature (b), as well as the dependence of 

corrosion rate on the oil content (c) in oil-water emulsions. 
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4.5.3 Corrosion prediction model and modelling validation 

With the CFD simulation conducted on the flow loop, the pressure drop gradient on 

the steel electrode can be determined. Table 4.2 shows the pressure drop gradient 

obtained under various testing conditions in this work. Take the determined pressure drop 

gradients and relevant testing parameters into Eq. (4-1), the corrosion rate of the steel can 

be calculated. Figure 4.12 shows the comparison of the modelling corrosion rates with 

the results obtained from experimental testing. It is seen that the modelling results are 

relatively consistent with the testing results, indicating the reliability of the semi-

empirical equation in combination with the CFD modelling for corrosion prediction. The 

slight difference between them is probably due to the fact that there are different 

properties of the oil used in this work from that used in the reference [103]. 

Table 4.2 Pressure drop gradient determined by CFD modelling for various flow 

conditions. 

Velocity Temperature Oil content Pressure drop gradient 

(m/s) (oC) (%) (N/m3) 

0.25 45 0 231 

0.5 45 0 454 

1.0 45 0 2026 

1.5 45 0 4605 

1.0 35 0 2689 

1.0 60 0 1355 

1.0 75 0 1162 

0.25 45 10 476 

0.5 45 10 2064 

1.0 45 10 4914 

1.5 45 10 9784 

1.0 35 10 6875 

1.0 60 10 1990 

1.0 75 10 1213 

1.0 45 20 5552 

1.0 45 50 6756 
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It is noted that a universal model that can be applicable to all conditions for corrosion 

prediction does not exist. The method in Eq. (4-1) is a kind of semi-empirical model, with 

a certain applicability in terms of the corrosive environments and operating conditions. It 

is of great importance that this work proves the feasibility of CFD modelling and 

derivation of operating parameters that can be used for corrosion prediction. 
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Figure 4.12 Comparison of the modelled corrosion rate with that obtained from the 

experimental testing. 
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4.6 Summary 

In CO2-saturated fluid flow, which is either the oil-free solution or oil-water 

emulsion, the mass-transfer of corrosive species, such as H+ and H2CO3 in this work, 

dominates the cathodic process during corrosion of the pipeline steel. With the increase in 

the fluid flow velocity, the mass transfer is accelerated, as indicated by the increasing 

diffusive limiting cathodic current density, contributing to increasing corrosion of the 

steel. 

The steel corrosion is increased by elevated temperature. At low solution pH, such as 

the pH smaller than 5, the increased corrosion kinetics, rather than the scale formation, 

dominates the temperature effect on the steel corrosion. 

The presence of oil in the fluid decreases the steel corrosion, and the effect is 

amplified with the increasing oil content. This is attributed to the increased opportunity 

that the pipe wall becomes oil-wetting when the fluid contains more oil. Moreover, the 

presence of oil in CO2-saturared fluid flow does not affect the corrosion mechanism of 

the steel. 

By the CFD simulation and the parameter derivation, a semi-empirical model is 

developed to predict the corrosion rate of steels in CO2-saturated fluid flow. 
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Chapter Five: Modelling and prediction of corrosion of steel tubulars in SAGD/CO2 

co-injection and production systems 

 

5.1 Introduction 

The rapid growth of Canadian bitumen production is primarily attributed to the use 

of in-situ recovery technology such as SAGD, where a pair of horizontal wells are drilled 

into the oil reservoir, and the high temperature steam is injected into the upper tubular to 

heat the bitumen, causing it to drain into the lower tubular for pumping to the surface 

[104]. At the same time, to reduce the greenhouse gas (GHG) emission and to enable the 

sustainability of energy industry, carbon capture and storage (CCS) system and 

technology have been developed, where the captured CO2 is stored permanently in deep 

geological formations or injected it into mature oil fields for EOR [23]. 

Reservoir simulations predict that, upon injection, a large fraction of the added CO2 

will remain underground without adversely affecting cumulative oil production. Hence, 

the steam/CO2 co-injection can be an effective way to significantly reduce the GHG 

emission during bitumen production by SAGD.  

The oil industry has a great interest in the initiative of co-injection of CO2 with steam 

into bitumen reservoirs. However, there is a concern that CO2, once dissolved in liquid 

existing in the injection and production tubulars, may cause corrosion of the tubulars. To 

date, there has been few relevant work reported to investigate corrosion in the 

SAGD/CO2 co-injection system. 

This work developed a model to predict the corrosion rate of tubular steel under the 

SAGD/CO2 co-injection and production conditions. The parametric effects, including 
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temperature, pressure, CO2 partial pressure, pH, oil phase, solid phase, etc., on the 

corrosion mechanism, formation of the corrosion scale and the corrosion rate of the steel 

were considered and quantified. Recommendations were provided to further improve the 

modelling and prediction accuracy.  

 

5.2 Solubility of CO2 in water 

Determination of the pH of an electrolyte is crucial to corrosion evaluation of steels 

in the corrosive environments. In fact, in-situ measurement of the solution pH, especially 

under the high temperature SAGD conditions, is frequently difficult, if not impossible. 

Analysis of water chemistry can give pH values, but the electrolyte has undergone 

cooling, depressurization and exposure to atmosphere. Thus, the result is not 

representative of the reality in service. Derivation by modelling of solution pH based on 

the involved chemical reactions and their reaction equilibrium constants provides a 

reliable alternative for this purpose.  

For water condensate in injection tubular and the produced water in the production 

tubular, the primary chemical reactions are similar to those listed in Eqs. (2-1) ~ (2-4). At 

temperatures higher than 100 oC, large amount of steam exists in the gas phase. Thus, the 

equilibrium reaction between water and steam should also be considered, and the reaction 

is expressed as [105]: 

 

(g)2(l)2 OH    OH                                                                                                            (5-1) 
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Equilibrium constants that describe water and CO2 are expressed as: 

 

(l)2(g)22 OHOHOH / afK                                                                                                       (5-2) 

(aq)2(g)2(g)2 COCOCO / afK                                                                                                     (5-3) 

 

where K is the reaction equilibrium constant, f is gas fugacity, a is the activity of species 

in water. 

The fugacity of gas i, fi, is defined as: 

 

Pyf iii                                                                                                                         (5-4) 

 

where ϕi and yi are the fugacity coefficient and mole fraction of component i, 

respectively. The activity of species i, ai, is defined as: 

 

iii xa                                                                                                                            (5-5) 

 

where γi and xi are the activity coefficient and mole fraction of species i, respectively. 

Equilibrium constants OH2
K  and 

2COK  are dependent on both temperature and 

pressure [106] as: 

 

)
)(

exp(
0

0

),(),( 0

RT

VPP
KK i

PTPT


                                                                                      (5-6) 
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where R is the ideal gas constant, T is Kelvin temperature, P and P0 are the total pressure 

and reference pressure (P0 is taken as 0.1 MPa or water saturation pressure), K0 is the 

equilibrium constant at the reference pressure, and iV  is the average partial mole volume 

of component i in the pressure interval from P0 to P. 

The average partial mole volume of pure water OH2
V  (cm3/mol) and gaseous CO2 

(g)CO2
V  (cm3/mol) are (T is supposed to be no smaller than 373.15 K) [105]: 

 

OH2
V = 18.1 + 3.137×10-2 (T - 373.15)                                                                          (5-7) 

(g)CO2
V = 32.6 + 3.413×10-2 (T - 373.15)                                                                       (5-8) 

 

The values of K0 of water and CO2 at the reference pressure are obtained by: 

 

4

c

103

c

72

c

5

c

20

OH 101812.1104969.1104298.8108127.21077.2log
2

TTTTK  

                                                                                                                                        (5-9) 

3

c

92

c

5

c

30

(g)CO 10593.110156.110992.3668.1log
2

TTTK                              (5-10) 

 

where Tc is temperature in oC. 

Activities of water and CO2 can be calculated using Margules expressions [105]: 

 

2

COOHOH 222
)2()ln( xxAA MM                                                                                     (5-11) 
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2

OHCOCO 222
2)ln( xxAM                                                                                               (5-12) 

 

Margules parameter AM is zero when temperature is lower than 100 oC. At temperatures 

above 100 oC, it’s expressed as [105]: 

 

252 )15.373(10927.1)15.373(10084.3   TTAM                                         (5-13) 

 

The equation suggested by Panagiotopoulos and Reidto [107] was used to calculate 

the gas fugacity coefficient. A minor revision was made on the initial equation for 

simplicity by assuming that the binary interaction parameter kij is equal to kji: 
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                                                                                                                                      (5-14) 

 

The volume of the compressed gases can be derived by solving the equation of state 

(EOS). In this work, the Redlich-Kwong (RK) EOS was used, which is given by [108]: 

 

)(5.0 bVVT

a

bV

RT
P





                                                                                              (5-15) 
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where V is mole volume of the gas phase at pressure P and temperature T, and a and b are 

parameters characterizing the intermolecular attraction and repulsion, respectively.  

In CO2-water mixtures, the mixture constants, amix and bmix, were used to replace a 

and b in Eq. (5-14), and are calculated by the standard mixing rules [105]: 

 

2222222222 COCO

2

COCOOHCOOHOH-OH

2

OH

1 1

mix 2 

 

 ayayyayayya
n

i

n

j

ijji                     (5-16) 

2222 COCOOHOH

1

mix bybybyb
n

i

ii 


                                                                             (5-17) 

 

where  

 

22 COCO a = 8.008×107 - 4.984×104T (bar cm6 K0.5/mol2)                                             (5-18) 

OHOH 22 a = 1.337×108 – 1.4×104T (bar cm6 K0.5/mol2)                                                 (5-19) 

)1( OHCOOHOHCOCOOHCO 22222222   kaaa                                                               (5-20) 

OHCO-OHCOOHCOOHCO 22222222
yKyKk                                                                        (5-21) 

TK 4

OHCO 10422.74228.0
22



                                                                                (5-22) 

TK 42

CO-OH 10037.410427.1
22

                                                                         (5-23) 

 

The 
OH2

b =15.7 cm3/mol, and 
2COb =28.25 cm3/mol.  

For pure water, the mole fractions of water in the gas phase and CO2 in the liquid 

phase can be expressed as: 
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                                                            (5-25) 

 

where the activity of water, OH2
a , is: 

 

)1(
222 COOHOH xa                                                                                                      (5-26) 

 

The activity of CO2, 
222 COCOCO ma  , where 

2COm  is: 

 

OH

CO

CO

2

2

2

508.55

x

x
m                                                                                                        (5-27) 

 

If salts are contained in the water, the mole fraction of water in the gas phase is still 

calculated by Eq. (5-24), but the activity of the water, OH2
a , is rewritten as [105]: 

 

)1(
222 COOHOH saltxxa                                                                                             (5-28) 

 

where  
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2CO508.55 mm
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x

salt

salt

salt









                                                                                   (5-29) 

 

where υ is the stoichiometric number of ions contained in the dissolved salt, and saltm  is 

the molality of a salt compound. 
2COm is calculated with Eq. (5-27) except that: 

 

saltxxx 
22 COOH 1                                                                                                     (5-30) 

 

The mole fraction of CO2 in saline solutions is: 
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                                                      (5-31) 

 

where the activity coefficient 
'

CO2
  represents the salting out effect, which means salts 

exist in the solution reduce the solubility of gases in the solution, as [105]: 
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                                                (5-32) 

 

where   and are coefficients that are defined as a function of temperature by: 

 

24 /2648/074.110217.2 TTT                                                                         (5-33) 
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25 /5259/12.20103.1 TTT                                                                             (5-34) 

 

The activity of CO2 in saline solutions is '

COCOCOCO 2222
ma  . An iterative method is 

used for computation. 

 

5.3 Determination of solution pH 

After dissolution of CO2 in water, carbonic acid and other relevant species are 

formed, as illustrated in Eqs. (2-2) ~ (2-4). For the CO2 hydration reaction, the chemical 

reaction equilibrium is written as [97]: 

 

OHCO

COH

hy

22

32

aa

C
K                                                                                                              (5-35) 

 

where Khy is the CO2 hydration equilibrium constant, and 
32COHC  is the concentration of 

H2CO3, mol/L.  

For dissociation of carbonic acid, the reaction equilibrium constant is defined as 

[97]: 

 

32
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COH

HCOH
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C
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K



                                                                                                            (5-36) 
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where Kca is the equilibrium constant for dissociation of H2CO3, and H
C  and -

3HCO
C  are 

the concentrations of H+ and HCO3
-, respectively, mol/L.  

For the reaction in Eq. (2-4), the equilibrium constant of the bicarbonate dissociation, 

Kbi, is: 

 

-
3

-2
3

HCO

COH

bi
C

CC
K



                                                                                                             (5-37) 

 

The dissociation of water follows: 

 

-

2 OHHOH                                                                                                           (5-38) 

 

The reaction equilibrium constant for water dissociation is defined as: 

 

OHOHHwa 2
- / aCCK                                                                                                     (5-39) 

 

where Kwa is the equilibrium constant for dissociation of water; and -OH
C  is the 

concentration of OH-, mol/L.  

In the water condensate containing dissolved CO2 in the SAGD/CO2 injection 

system, it is reasonable to assume that, in addition to the chemical species mentioned 
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above, others do not affect corrosion of the steel due to negligible amount. The following 

relationship is derived according to the electro-neutral theory: 

 

 
OHCOHCOH 2

33

2 CCCC                                                                                       (5-40) 

 

In the production water, a number of species are present, such as NaHCO3 and NaCl. 

The relationship is revised as: 

 

 
ClOHCOHCOHNa 2

33

2 CCCCCC                                                                (5-41) 

 

where Na
C  and Cl

C  are concentrations of Na+ and Cl-, respectively. 

By combining all equations listed above and considering the charge neutrality and 

mass balance, the following expression is derived to determine the concentration of 

hydrogen ions: 

 

02)(
22 COcabihysolHwaCOcahysol

2

H
bicarb

03

H
  PKKKKCKPKKKCCC        (5-42) 

 

where C0
bicar is the initial concentration of bicarbonate ions, mol/L. When the solution is 

saturated with FeCO3, the equation is rewritten as: 
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         (5-43) 

 

where 
3spFeCOK  is the solubility of iron carbonate. 

As stated, when the concentrations of Fe2+ and CO3
2- ions present in the solution 

exceed the solubility limit, solid iron carbonate is formed by Eq. (2-12) and deposited on 

the steel surface. The solubility is defined as [109]: 

 

 2
3

2
3 COFespFeCO CCK                                                                                                     (5-44) 

 

where 2Fe
C  and 2

3CO
C  are the concentrations of Fe2+ and CO3

2, respectively-, mol/L. It’s 

noted that all equilibrium constants mentioned above are included in Appendix A. 

After the concentration of hydrogen ions is calculated, the solution pH is determined 

by: 

 

)log(pH
H C                                                                                                            (5-45) 

 

A computational code, which integrates all equations and constants as listed, is 

written based on Visual Basic, where solutions to the equations are derived by Newton’s 

method. The user-interface is shown in Figure 5.1. The solution pH can be obtained upon 
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provision of various input conditions, such as temperature, operating pressure, CO2 

partial pressure, and concentrations of various species contained in the solution, etc. 

 

Figure 5.1 The user-interface of the computational code for determination of the 

solution pH. 

 

5.4 CO2 corrosion of steel tubular in water condensate in SAGD/CO2 injection 

system 

To calculate the corrosion rate of steel tubulars in water condensate in SAGD/CO2 

injection system, it is assumed that the water condensate is present as a water film over a 

certain area, rather than isolated water droplets, on the steel surface. Corrosion of the 

steel occurs uniformly in the water film. The corrosion rate, Vcorr, is calculated using Eq. 

(2-21). 

The calculated corrosion rate Vcorr is only used for CO2 saturated bulk water, without 

considering the formation of corrosion product film. In addition, the presence of 

protective scale and various species, such as H2S, oil, organic acids and even inhibitors, 

would affect the corrosion rate. Thus, correction factors must be determined to improve 

the corrosion rate calculation. 
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Under conditions encountered in the SAGD/CO2 injection and production systems 

(such as high temperature and near-neutral pH conditions), the iron carbonate scale is 

anticipated to form on the steel surface to protect the steel from further corrosion. The 

scaling temperature, Tscale, above which the protective scale can be formed, is determined 

by [67]: 

 

)0.6log(6.7

2400

2CO

scale
P

T


                                                                                           (5-46) 

 

The scaling factor, Fscale, for corrosion protection when the scale is formed above the 

scaling temperature is expressed as [67]: 

 

7.6)log(6.0
2400

)log(
2COscale  P

T
F                                                                        (5-47) 

 

The scaling factor gives a minimum estimation of the protectiveness of the scale. 

However, it is noted that the risk of the film breakdown may undermine the 

protectiveness of the scale, and, sometimes, even lead to pitting corrosion. Moreover, the 

scale can be thinned by fluid flow. 

Previous work showed [67] that the corrosion rate of steels exposed to condensed 

water phase in CO2 environments decreases with time. The condensation factor, Fcond, is 

used to include its effect as: 

 

Fcond =0.1, when condensate rate (g/m2 s) < 0.25 
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Fcond =0.4 × condensate rate, when condensate rate < 2.5                                           (5-48) 

Fcond =1, when condensate rate ≥ 2.5 

 

5.5 CO2 corrosion of steel tubulars in oil-water emulsion in SAGD/CO2 production 

system 

To determine the corrosion rate of steel tubulars in oil-water emulsions contained in 

the SAGD/CO2 production system, the following assumptions are made. The oil-water 

emulsion is uniform in the tubular and on the steel surface. Since the water cut is above 

60% in the production tubular, water is assumed as the continuous phase and oil as the 

dispersive phase. If the steel is oil-wetted, corrosion does not occur. Under water-wetting, 

the steel corrosion happens. Previous work [39] found that the addition of oil in the 

electrolyte reduces the corrosion rate of steels. Thus, the corrosion rate of the steel 

tubular in production system is first calculated in oil-free water. An oil-inhibitive factor is 

then added to account for the effect of oil on the steel corrosion. 

The oil-inhibitive factor, Foil, is calculated as [110]: 
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     (W ≥ Wbreak, Foil ≤ 1)           (5-49) 

 

where W is the average water fraction in the liquid, α is the angle of the tubular deviating 

from the vertical direction, and Wbreak is the breakpoint of water in oil-water emulsion, 



86 

 

which indicates the interfacial tension between oil and water. Generally, the smaller the 

Wbreak, the more water is present in the emulsion. The Wbreak is expressed as: 

 

83.00166.0break  APIW o     (20 < oAPI < 50)                                                    (5-50) 

 

where the oAPI gravity is used to express the density of oil. A small value is associated 

with a high oil density. 

At high water cuts, the validity of Eq. (5-49) is limited. An additional constraint is 

added: 

 

Foil ≥ W                                                                                                                         (5-51) 

 

At a very small flow velocity or near stagnant conditions, 

 

1  ,
90

oilliq  FU


                                                                                                         (5-52) 

 

5.6 Corrosion of steel tubulars in oil-water-sand multi-phased fluid 

Inorganic sands contained in the fluid would enhance corrosion of steel tubulars by 

two mechanisms [111], i.e., breakage of the protective scale and exposure of the steel to 

corrosive medium, and depolarization of the anodically or cathodically controlled 

corrosion process by plastic deformation and/or disruption of the steel surface. The 

erosion rate for mild steels in sand-containing fluid can be calculated by [112]: 
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0.556

w

0.344

p

2.148

perosion 0.223 CdUE                                                                                       (5-53) 

 

where Eerosion is the erosion rate, mm/year; Up is the flow velocity of solid particles, m/s; 

dp is the particle diameter, µm; and Cw is the sand concentration, wt. %. The enhanced 

steel corrosion by sand induced erosion can thus be quantified by modifying the 

corrosion rate with the erosive effect factor 

 

5.7 Quantitative prediction of corrosion rate of steel tubulars in SAGD/CO2 co-

injection and production systems 

5.7.1 Corrosion rate of the injection tubular 

The operating conditions of the SAGD/CO2 co-injection tubular are shown in Table 

5.1. It is seen that there are two sets of operating conditions to be considered in this work. 

The total operating pressures of the tubular are 1,500 kPa and 3,000 kPa. It is believed 

that the pressures provided by industry are the gauge-measured ones. Thus, the absolute 

pressures, i.e., the gauge pressure plus atmospheric pressure, of the injection tubular are 

1,601 kPa and 3,101 kPa, respectively. In the following analysis, the operating pressure 

of the steel tubular refers to the gauge-measured value. 

Table 5.1 The operating conditions of the SAGD/CO2 co-injection tubular. 

 Condition 1 Condition 2 

Total operating pressure, gauge (kPa) 1,500 3,000 

Total operating pressure, absolute (kPa) 1,601 3,101 

Water content in steam (wt. %) 5 10 

CO2 content in steam (wt. %) 5 10 

Steam chemistry Very clean 

Steam flow velocity (m3/h) 6 ~ 8 

Tubular diameter (mm) 102.9 
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• CO2 partial pressure 

The CO2 contents under the two operating conditions are 5 wt. % and 10 wt. %, 

respectively, as shown in Table 5.1. The ratio of pressures is proportional to the ratio of 

molar quantities. With the molar weights of CO2 and steam, which are 44 g/mol and 18 

g/mol, respectively, the CO2 partial pressure, 
2COP , under condition 1 can be calculated 

as: 

 

PP 









18

 weighttotal90%

44

 weighttotal5%
44

 weighttotal5%

2CO                                                     (5-54) 

 

where P is the total operating pressure of the tubular. Similarly, the 
2COP  under condition 

2 can be calculated in the same way. With the known parameters, the calculated 
2COP  

under conditions 1 and 2 in Table 5.1 are 33 kPa and 146 kPa, respectively. 

 

• Operating temperature 

Without extra information provided, the operating temperature is taken as the steam 

saturation temperature at absolute pressure of the steam (determined by subtracting the 

CO2 partial pressure from the total pressure). By referring to the data base edited by the 

National Institute of Standard and Technology (NIST) [113], the operating temperatures 

are obtained as 201.4 oC and 235.8 oC, respectively.  

 

• Average fluid density 
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Based on the volume fraction of liquid (water) and gas (steam and CO2) phases 

present in the fluid, the average density of the fluid can be calculated by: 

 

8.1

 weighttotalsteam %

863.0

 weighttotal water%

 weighttotal
density Average





                          (5-55) 

 

where the values 863.0 and 8.1 refer to the density of water and steam at condition 1, i.e., 

863.0 kg/m3 and 8.1 kg/m3, respectively. From Table 5.1, the weight fractions of water 

and steam in the fluid under condition 1 are 5% and 90%, respectively. Under condition 

2, the weight fractions of water, and steam are 10% and 80%, respectively. For the two 

operating conditions, the average densities of the fluid for conditions 1 and 2 are 9.0 

kg/m3 and 19.3 kg/m3, respectively. 

 

• Thickness of the water condensate film 

The diameter of the tubular is 0.1029 m. The weight of the fluid per unit length under 

the two sets of operating conditions are calculated to be 0.0731 kg and 0.1537 kg, 

respectively, from the tubular volume and the average density of the fluid, which is 

calculated above. 

The water contents in steam are 5 wt. % and 10 wt. % under the two conditions. The 

thickness of the water condensate film can be calculated by: 

 

])([4/1 22

OH2
  ddV                                                                                     (5-56) 
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where δ is the thickness of the water condensate film, m; OH2
V  is the volume of the water 

condensate, which is calculated from the weight and density of water, m3; and d is the 

diameter of the tubular, m. Assume a layer of uniform water condensate, the thicknesses 

of the condensate film are 0.5 mm and 1.2 mm, respectively, under the two operating 

conditions listed in Table 5.1. 

 

• Flow velocity of the steam 

As seen in Table 5.1, the flux of the steam flow is 8 m3/h. The flow velocity is 

calculated as: 

 

m/s 0.267
s/hm 3600(0.1029)π1/4

/hm 8
22

3

liq 



A

Q
U                                              (5-57) 

 

where Q is the flow flux, m3/h; and A is the cross-sectional area of the tubular, m2. It is 

noted that the actual flow velocity of liquid phase (water condensate) can be smaller than 

that of steam as calculated above. The corrosion rate calculated based on the above 

formula is thus somewhat conservative. 

 

• Condensing rate and condensation factor 

With the density of water condensate and its flow velocity under given conditions, 

the condensing rate can be calculated by multiplying the two values. For example, the 

condensing rate under condition 1 in Table 5.1 is 863.5×103 g/m3 × 0.267 m/s = 2.3 × 105 
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g/m2·s >> 2.5 g/m2·s. According to the criterion expressed in Eq. (5-48), the 

condensation factor, Fcond, under the two conditions are both set as 1.0.  

During corrosion of the steel tubular in water condensate, the concentration of Fe2+ 

increases while H+ ions and dissolved H2CO3 are consumed. When the product of the 

concentrations of Fe2+ and CO3
2- exceeds the solubility limit, 

3spFeCOK , of FeCO3, the iron 

carbonate scale starts to precipitate. Under the operating conditions, Fe3O4 could also be 

formed due to the reaction of FeCO3 with water [114]. Since the flow velocity of the 

liquid is small, the water solution is expected to be saturated with FeCO3 or Fe3O4 or 

both. Thus, the solution pH at the saturation condition is used to calculate the corrosion 

rate of the steel. 

Based on all calculated parameters summarized above, the corrosion rate of the steel 

tubular in SAGD/CO2 co-injection system is shown in Table 5.2. Important findings can 

be obtained from modelling of the steel corrosion in SAGD/CO2 co-injection tubulars. It 

is seen that, in the absence of iron carbonate scale, the corrosion rate of the steel tubular 

is quite high in water condensate, especially under condition 2, where the corrosion rate 

is up to 2.26 mm/year. However, after the scale is formed on the steel, corrosion of the 

steel is remarkably inhibited. Compare the corrosion rate of the scale-covered steel with 

that of bare steel, the latter is over 100 times higher than the former. Obviously, if the 

scale remains intact on the steel surface, the injection tubular will maintain its integrity in 

the system. 
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Table 5.2 The calculated parameters for calculation of the corrosion rate and the 

corrosion rates of the steel tubular in SAGD/CO2 co-injection system. 

 Condition 1 Condition 2 

Temperature (K) 474.55 508.95 

2COP   (Bar) 0.33 1.46 

pH 
Non-saturated 4.86 4.70 

Saturated 5.74 5.44 

Vr  (mm/year) 80.08 309.08 

Vm  (mm/year) 0.51 2.28 

Vcorr - scale free (mm/year) 0.51 2.26 

Fscale 0.044 0.008 

Fcond 1.00 1.00 

Vcorr - with scale (mm/year) 0.0224 0.0181 

 

5.8 Corrosion rate of the production tubular 

5.8.1 Corrosion rate of the steel in oil-water emulsions 

The operating condition of the production tubular is shown in Table 5.3. It is seen 

that, identical to the injection tubular, there are two operating conditions where corrosion 

is to be modelled. The fluid in the production tubular contains oil, water and solid sands. 

Thus, the fluid is under a multiphase flow condition. It has been known that the presence 

of sands could lead to erosion corrosion. Thus, a high corrosion rate of the steel is 

expected.  

The total operating pressure of the production tubular is ranged from 500 kPa to 

2,000 kPa. The temperature is the equilibrium temperature at each pressure. Generally, 

although steam does not exist in the fluid, the equilibrium temperature is not simply the 

boiling temperature of water at individual pressures. The presence of oil and its 

composition and properties will affect the equilibrium temperature. However, with 

limited information provided and also for simplification of numerical calculation, the 
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equilibrium temperatures are assumed to be the boiling temperatures of water at each 

pressure, which are 159 oC and 215 oC, respectively. 

Table 5.3 Operating conditions of the production tubular in SAGD/CO2 co-injection 

systems. 

 Condition 1 Condition 2 

Total operating pressure (kPa) 500 2,000 

Oil-water emulsion composition (wt. %) Oil: 25 ~ 30;  Water: 75 ~ 70 

Sand content (wt. %) 0.6 ~ 0.7 

CO2 content in oil-water emulsion (mol %) f(pressure) 

Emulsion flow velocity (m3/h) 20 

Tubular diameter (mm) 102.9 

 

The composition of the oil-water emulsion is given in a range. To model the most 

corrosive environmental condition, the oil composition is set as 25% and water the 

balance (the presence of oil can inhibit the steel corrosion). The chemistry of the SAGD-

produced water from Bridle's work [115], as shown in Table 5.4, is used for the ionic 

strength selection and pH calculation. The species with a content no larger than 1 mg/L 

are eliminated from the work.  

According to Table 5.4, the initial ionic strength of the produced water is calculated 

to be 0.066 mol/L.  

Table 5.4 Chemical composition of the SAGD-produce water [115]. 

Species Content (mg/L) Molar concentration (mmol/L) 

Ca2+ 8 0.2 

Na+ 1420 61.7 

K+ 148 3.8 

HCO3
- 237 3.9 

Cl- 2200 62.0 
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The flow flux of the oil-water emulsion is 20 m3/h (Table 5.3). The flow velocity is 

calculated as: 

 

m/s 0.668
s/hm 3600(0.1029)π1/4

/hm 20
22

3

liq 



A

Q
U                                            (5-58) 

 

The CO2 content in oil-water emulsions is not known. Since the CO2 partial pressure 

is critical in calculation of the corrosion rate, a range of 
2COP is assumed. With the 

condition of the operating temperature, CO2 partial pressure and water chemistry, the 

solution pH can be obtained by the developed computational code. Figures 5.2 and 5.3 

show the calculated solution pH and scaling factor, Fscale, as a function of CO2 partial 

pressure under the total operating pressures of 500 kPa and 2,000 kPa, respectively. The 

CO2 partial pressure of 0.1 ~ 2.5 bar is selected for the total operating pressure of 500 

kPa, and 0.1 ~ 10 bar for the operating pressure of 2,000 kPa condition. 
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Figure 5.2 Solution pH and scaling factor calculated at various CO2 partial 

pressures (Operating pressure 500 kPa, and flow flux 20 m3/h). 
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Figure 5.3 Solution pH and scaling factor calculated at various CO2 partial 

pressures (Operating pressure 2,000 kPa, and flow flux 20 m3/h). 
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The properties of oil in SAGD operation are not given. If the API density of the oil in 

the production tubular is between 20 and 50, such as API 21, the oil effect factor, Foil, is 

calculated to be 0.69 by Eqs. (5-49) and (5-50). However, according to Eq. (5-51), the 

Foil should not be smaller than the fraction of water in the emulsion, i.e., 0.75. Moreover, 

Foil should be 1 if Eq. (5-52) is considered. Since the addition of oil is able to reduce the 

steel corrosion at relative low flow velocities, the value 0.9 is used for Foil in this work to 

reflect the inhibitive effect of oil. A corrective factor can be obtained based on the real 

API if provided. 

Combine the calculated corrosion rate Vcorr with the Fscale and Foil, the minimum 

corrosion rate of the steel can be determined. Assume that the steel is at the maximum 

corrosion rate when the scale is not formed, or the formed scale does not provide 

sufficient protection to the steel. The maximum corrosion rate is simply the calculated 

corrosion rate, Vcorr, i.e., the corrosion rate without protection from scale and inhibition 

by oil. Both the minimum and maximum corrosion rates of the steel tubular in oil-water 

emulsions in the production system are shown in Figures 5.4 and 5.5 under the operating 

pressures of 500 kPa and 2,000 kPa, respectively. 
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Figure 5.4 Maximum and minimum corrosion rate at various CO2 partial pressures 

(Operating pressure 500 kPa and flow flux 20 m3/h). 
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Figure 5.5 Maximum and minimum corrosion rate at various CO2 partial pressures 

(Operating pressure 2,000 kPa and flow flux 20 m3/h). 
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5.8.2 Corrosion rate of the production tubular in oil-water-sand fluid 

To simulate the effect of sands on the steel corrosion, the size and concentration of 

sands are selected as 250 μm and 0.7 wt. %, respectively. The sand size is consistent with 

others' work conducted on oil pipeline corrosion [116], and the content of sands takes the 

upper percentage present in the production tubular, as shown in Table 5.3. It is assumed 

that the flow velocity of sands is approximately identical to that of the oil-water 

emulsion, which is calculated to be 0.668 m/s. The erosion rate of the steel due to sands 

can be calculated from Eq. (5-53), and is equal to 0.51 mm/year.  

Consider the low content of sands contained in the emulsion, the synergism of 

corrosion and erosion is ignored. The total metal loss of bare steel, i.e., the scale-free 

steel tubular, in oil-water-sand fluid is simply the summation of corrosion rates shown in 

Figures 5.4 (operating pressure 500 kPa) and 5.5 (operating pressure 2,000 kPa) and the 

calculated erosion rate. It can be found that, at small CO2 partial pressures, the erosion 

rate is comparable to the corrosion rate. Thus, the sand-induced erosion is important to 

degrade the steel tubular. As the increase in 
2COP , the corrosion rate increases rapidly. 

The erosion rate becomes much smaller than the corrosion rate, and does not make a big 

contribution to the steel degradation. 

When a layer of protective scale is formed on the steel surface, the corrosion rate of 

the steel is much smaller than the calculated erosion rate. However, it is not meaningful 

to add the corrosion and erosion rates to obtain the total metal loss. The presence of scale 

would inhibit the erosion induced by sands, especially when the sand content is low in the 

emulsion. However, the sands in flowing condition are able to damage, such as causes 



99 

 

breakage or local thinning, the scale. When the scale is broken locally, localized 

corrosion would occur. Since the sand content is small and a large amount of oil is 

present, it is expected that there is a small possibility to encounter the sand induced scale 

breakage and localized corrosion. 

 

5.9 Summary 

A model is developed to calculate and predict the corrosion rate of both injection and 

production steel tubulars in SAGD/CO2 co-injection system. A computational code is 

written to enable calculation of the pH of CO2-saturated solutions present in the steel 

tubulars based on mechanistic analysis of chemical reactions and use of the reaction 

equilibrium constants. In addition to solution pH, the effects of CO2 partial pressure, 

scaling factor, oil and sands on the steel corrosion are quantified.  

For the injection tubular, the CO2 corrosion rates of the steel in water condensate are 

0.0224 mm/year and 0.0181 mm/year under the operating pressures of 1,500 kPa and 

3,000 kPa, respectively. The formation of a compact scale, which may be composed of 

iron carbonate and Fe3O4, under high temperatures plays a great role in protecting the 

steel from corrosion. 

For the production tubular, the corrosion rate of steel in oil-water emulsions is 

derived under two situations. In the presence of a layer of compact scale, the corrosion 

rate of the steel is quite small; while the maximum corrosion rate is obtained on the scale-

free steel. Since the CO2 content in oil-water emulsions is not given, the corrosion rate of 

the steel as a function of CO2 partial pressure is derived. Moreover, the oil effect factor 

cannot be quantified because the property of the oil is unknown. However, the inhibitive 
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effect of oil is limited. The presence of sands in oil-water emulsions could potentially 

result in erosion of the steel. When a compact scale is formed, the role of erosion in steel 

corrosion is negligible. When the steel tubular is free of scale, erosion could contribute to 

an enhanced corrosion. Since the sand content is low, the effect of sands on the corrosion 

rate is not expected to be significant, especially when oil is present. 

Under the SAGD/CO2 co-injection and production conditions, a layer of compact 

scale would be formed on the surface of steel tubulars, effectively protecting the tubular 

from corrosion attack. The research findings from this work confirm that corrosion is not 

an essential threat to the integrity of steel tubulars in SAGD/CO2 co-injection systems. It 

is noted that this conclusion does not consider breakdown of the scale. Once it occurs, the 

corrosion rate of the steel increases remarkably. Moreover, localized corrosion could 

happen.  

Investigation of corrosion of steel tubulars in SAGD system is quite limited 

compared to corrosion research in other areas of petroleum production. This causes 

limited data available for verification of the modelling results. Although laboratory 

testing could provide corrosion data on steel coupons installed in high temperature high 

pressure autoclaves, the testing conditions, such as hydrodynamic condition, scale-

formation condition, etc., are not representative of the reality in SAGD systems. Thus, the 

lab testing data are not expected to be useful for the modelling verification. It is 

recommended that reliable lab testing methods be developed to enable reproduction of 

the corrosive environment where the steel tubular is experienced in SAGD system. 

Furthermore, it is recommended that corrosion monitoring techniques be developed and 

installed in-situ for instant corrosion measurements in the field. 



101 

 

Chapter Six: Modelling of corrosion of steel tubing in CO2 storage *

                                                 

* This work has been published as: Q. Li, Y.F. Cheng, Modeling of corrosion of steel tubing in CO2 

storage, Greenhouse Gases-Science and Technology, 6 (2016) 797-811. 

 

6.1 Introduction 

The global warming observed over the past 50 years is attributed to human activities, 

from which CO2 emission due to fossil fuel burning makes the largest contribution [23]. 

Besides CO2 injection in wells, which is primarily for enhanced oil recovery purpose, 

CO2 storage in sites, such as saline formations and exhausted oil/gas fields, is also a 

practically effective solution to reduce CO2 emission, and has been operated worldwide 

over the recent years.  

Under CO2 storage conditions, CO2 is present under supercritical conditions at 

temperatures over 31 oC and the pressure of about 7.38 MPa [24]. In the presence of 

water, dissolved CO2 can make a very corrosive environment. Generally, cement is 

applied to the exterior of the steel tubing [117] for reinforcing purpose, and also 

protecting the tubing by isolating them from the surrounding environment. However, the 

cement can be intrinsically incomplete or fail to reach the expected height due to poor 

cementing job [118, 119]. Moreover, cement can become degraded in the harsh downhole 

environments. Stress cracking may happen on the cement due to the earth and rock 

movement [120]. When the protection from surrounding cement fails, the tubing would 

suffer from severe corrosion. The corrosion rate of carbon steel tubing as high as 10 

mm/year [18, 19] was reported. 
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Experimental work has been performed to study corrosion of steels under 

supercritical CO2 conditions, but suffering from the difficulty to reproduce the realistic 

environmental conditions. Instead, modelling has been emerging as an effective 

alternative to enable prediction of the steel corrosion and facility reliability under harsh 

environmental conditions such as that of the CO2 storage. Some models have been 

developed for corrosion prediction under high CO2 pressure conditions. Nevertheless, 

they either did not apply for the CO2 storage conditions [87] or gave too conservative 

results because important factors that affect the steel corrosion were not included. For 

example, Han et al. [44] developed a coupled electrochemical-geochemical model to 

predict corrosion of mild steels under high pressure CO2-saline environments. The model 

did not consider the effect of scale formation on the corrosion rate, thus causing relatively 

conservative predictive results. 

In this research, a new mechanistic model was developed to predict the corrosion of 

steel tubing under CO2 storage conditions. The uniqueness of this model is in the 

integration of a number of interrelated sub-models that describe and quantify individual 

steps occurring during corrosion processes. The parametric effects, including CO2 partial 

pressure (up to 60 MPa), temperature (up to 120 oC), salinity of brine water and the 

presence of geological species (H+, Na+, Ca2+, OH-, Cl-, HCO3
-, SO4

2-), on the steel 

corrosion were modelled. Moreover, the corrosion rate was determined by consideration 

of the effect of a protective scale formed on the steel surface. The modelling results were 

validated by the laboratory testing data obtained from controlled experimental work, and 

by the data collected from available literature. The limitations of the model were also 

discussed. 
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6.2 Overview of the model 

Figure 6.1 shows the physical block of the model developed in this work, where the 

cement is absent from the tubing, exposing the steel to ground water directly. CO2 is 

dissolved in water, and various chemical species are at an equilibrium state initially. 

During corrosion, the species are either consumed or generated at the steel/solution 

interface, accompanying diffusion of ions in the solution. Corrosion scale is formed on 

the steel surface, and affects both the diffusion of species and the corrosion rate of the 

steel. 

The mechanistic model for corrosion of steels under CO2 storage conditions 

considers three interrelated processes, i.e., chemical reactions including homogeneous 

reactions occurring in the solution and heterogeneous reactions occurring at the gas/liquid 

interface (CO2 hydration) and on the steel surface (scale formation), electrochemical 

reactions at the steel/solution interface, and mass transfer of corrosive species in the 

solution. The following assumptions are made to facilitate numerical calculations: 

• Precipitation of inorganic CaCO3 and CaSO4 on the steel surface and their 

effect on corrosion are ignored; 

• The concentration of corrosive species is uniformly distributed along the 

axial direction of the tubing; and 

• One-dimensional computational domain from the steel surface to the 

liquid/gas interface is used for modelling purpose. 
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Figure 6.1 Schematic diagram of the physical model in the mechanistic modelling. 

 

6.3 Water chemistry sub-model 

6.3.1 Chemical reactions and reaction equilibrium constants 

In brine water systems containing H+, Na+, Ca2+, OH-, Cl-, HCO3
-, SO4

2- and CO2(aq), 

at temperature below 120 oC and the total pressure of 60 MPa, the following chemical 

reactions, along with their reaction equilibrium constants, are considered: 
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where K is the reaction equilibrium constant, f is the gas fugacity, a and γ are activity and 

activity coefficient of species in the solution, and m is the mole quantity (mol/kg H2O) of 

the species. The values of OH2
K  and 

(g)2COK  will be discussed later, and the other 

equilibrium constants are available in literature [109, 121-124].  

It is noted that the fugacity and activity, rather than pressure and concentration, are 

used to quantify the CO2 partial pressure and the concentration of species, respectively, in 

order to improve the accuracy of modelling results under high pressure CO2 conditions. 

 

6.3.2 Solubility of CO2 in H2O 

In CO2-brine systems, the equilibrium constants OH2
K  and 

2COK  are dependent on 

temperature and pressure [106], as indicated in Eq. (5-6).  

The average partial molar volume of pure water ( OH2
V =18.1 cm3/mol) and CO2 

( (g)CO2
V =32.6 cm3/mol, (l)CO2

V =32 cm3/mol), and the K parameters at reference pressure 

are obtained from the literature [106, 125]. 
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2

c

5

c

20

(l)CO 10380.510368.1169.1log
2

TTK                                                        (6-8) 

 

where Tc is temperature, oC. 

At subcritical CO2 temperatures and pressures, there is a phase change between 

gaseous CO2 and liquid CO2. 
0

(l)CO2
K  is used to replace 0

(g)CO2
K  when the following 

conditions are met: 

• Temperature is below 31 °C (the round-off value of the critical temperature of 

pure CO2); 

• The calculated volume of the compressed gas phase is < 94 cm3/mol (the round-

off value of the critical volume of pure CO2) [106]. 

Mole fractions of water in the gas phase, OH2
y , can be calculated by Eq. (5-24). The 

dissolved CO2 concentration in the liquid phase, 
2COm , is calculated with Eq. (5-27). 

 

6.3.3 Fugacity coefficient 

The fugacity coefficient can be derived from the EOS, which is able to calculate 

properties of CO2-water mixtures. In this work, the Redlich-Kwong (RK) EOS, i.e., (Eq. 

(5-15)), is used to determine the fugacity coefficient and volume of the compressed gas 

[108]. 

In CO2-water mixtures, the constants, amix and bmix, are used to replace a and b, and 

are calculated by Eq. (5-16) and (5-17) [106]: 

 

22 COCO a = 7.54×107-4.13×104·T·bar·cm6·K0.5·mol-2                                                 (6-9) 
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22 COOH a = 7.89×107 T·bar·cm6·K0.5·mol-2                                                                 (6-10) 

 

22 COCO b =27.8 cm3/mol, and 
OH-OH 22

b =18.18 cm3/mol. The value of 
OH2

y  is very small 

and negligible, which gives 
2COy =1 by mixing rules. The fugacity, 

2CO  and 
OH2

 , can 

be calculated in a direct, non-iterative manner by: 

 

)ln()]()[ln(               

)()ln()
2

()()ln()ln(

mix

mixmix

2

mix

5.1

mixmix

mix

5.1

1

mixmix

RT

PV

bV

b

V

bV

bRT

ba

V

bV

bRT

ay

bV

b

bV

V kiki

n

ik
k

















 



            (6-11) 

 

6.3.4 Activity coefficients 

Activity coefficients of components in the liquid phase represent the thermodynamic 

properties of concentrated brine solutions, which are different from those in dilute 

solutions. Pitzer’s model [126], which was derived from Debye-Huckel’s method, is used 

to calculate the activity of water, and activity coefficients of cations, anions and neutral 

species in the solution. The third-order virial terms are neglected in this model due to 

their small contributions. 
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The activity of water is: 
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Activity coefficients of other species are calculated by: 
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where   is the osmotic coefficient of water, M , X  and N  are activity coefficients for 

cations, anions and neutral species, respectively, a and c represent anions and cations, 

respectively, OH2
M  is molecular weight of water,   and C are Pitzer parameters, and can 

be found in Table 6.1, the second virial coefficients, λni, represents the interactions 
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between ions and neutral species, and ψijk for each cation-cation-anion and anion-anion-

cation triplet can be found in Table 6.2 and 6.3, respectively.  

Table 6.1 List of   and C Pitzer parameters. 

）0（ ,
）（1 , ）2（ and C  Reference 

Na+-Cl- [127] 

Na+-HCO3
- [128] 

Na+-CO3
2- [128] 

Na+-OH- [129] 

Na+-SO4
2- [130] 

H+-Cl- [131] 

H+-SO4
2- [132] 

Ca2+-Cl- [130], [133] 

Ca+-OH- [133] 

Ca+-SO4
- [130], [134] 

 

Table 6.2 The   term for neutral species relevant to this model. 

  Reference 

CO2-CO2 [135] 

CO2-Na+ [135] 

CO2-Ca2+ [122] 

CO2-Cl- [136] 

CO2-HCO3
- [135] 

CO2-CO3
2- [135] 

CO2-SO4
2- [134] 

 

• I is the ionic strength and is calculated as 
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where zi is charge of species. 

Table 6.3 The   term for three-ion interaction relevant to this model. 

  Reference 

Na+-H+-Cl- [137] 

Na+-Cl--HCO3
- [138] 

Na+-Cl--CO3
2- [139] 

Na+-Cl--OH- [137] 

Na+-HCO3
--CO3

2- [132] 

Na+-HCO3
--OH- [140] 

Na+-CO3
2--OH- [140] 

Na+-Ca2+-Cl- [130] 

Na+-Ca2+-OH- [122] 

Na+-Ca2+-SO4
2- [130] 

Na+-H+-SO4
2- [141] 

Na+-Cl--SO4
2- [130] 

Na+-HCO3
--SO4

2- [132] 

Na+-OH--SO4
2- [132] 

Na+- CO3
2--SO4

2- [140] 

Ca2+-H+-Cl- [133] 

Ca2+-Cl--OH- [133] 

Ca2+-Cl--SO4
2- [130] 

Ca2+-H+-OH- [133] 

Ca2+-H+-SO4
2- [133] 

Ca2+-SO4
2--OH- [133] 

 

• Debye-Huckel limiting slope is defined as: 
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where No is Avogadro’s number, dw is the density of the solvent, k is Boltzmann’s 

constant, ε is the dielectric constant or the relative permittivity of water, and ε0 is the 
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permittivity of free space. Both density of water and dielectric constant can be found in 

Appendix B.  

• Parameter F in Eq. (6-12) is expressed as: 
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where the ionic strength dependence of the second virial coefficient, 

MXB , is described 

as: 

 

I

MX

I

MXMXMX eeB 21 )2()1()0(   
                                                                             (6-21) 

 

The parameters 
)0(

MX , 
)1(

MX  and 
)2(

MX  are specific to the electrolytes. Generally, for 1-1, 1-

2 and 2-1 types of electrolytes (or in other words, either cation M or anion X is univalent), 

α1 = 2.0 kg1/2, and β(2) = 0 kg1/2 for most cases. For 2-2 type electrolytes (or higher 

valence pairs), α1 = 1.4 kg1/2, α2 = 12.0 kg1/2. 
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• The third virial coefficient of a single electrolyte, CMX, is defined as: 

 

||2/ XMMXMX zzCC                                                                                                 (6-26) 

 

CMX or 

MXC  is specific to electrolytes. 

• The second virial coefficient that accounts for the interactions between ions with 

the same sign is given in the following form: 

 

ijijij I '
                                                                                                           (6-27) 

)(Iij

E

ijij                                                                                                              (6-28) 

)('' Iij

E

ij                                                                                                                  (6-29) 

 

where θij is a single parameter for each pair of anions or cations, and the source is shown 

in Table 6.4. Functions )(Iij

E  and )(' Iij

E  refer to the electrostatic unsymmetrical 

mixing effects, and depend on ionic strength and the type of electrolyte pair. When ions i 

and j are of the same charge, )(Iij

E  and )(' Iij

E  are zero, else they can be expressed as 

[142]: 
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Table 6.4 The 
ijθ  term for same-charge ion interaction relevant to this model. 

ijθ  Reference 

Na+-H+ [137] 

Na+-Ca2+ [130] 

H+-Ca2+ [133] 

Cl--HCO3
- [138] 

Cl--CO3
2- [138] 

Cl--OH- [137] 

Cl--SO4
2- [130] 

HCO3
--CO3

2- [140] 

CO3
2--OH- [140] 

CO3
2--SO4

2- [132] 

OH--SO4
2- [143] 

 

 

6.4 Electrochemical model 

6.4.1 Electrochemical reactions 

The corrosion reactions under supercritical CO2 conditions are identical to those 

occurring under normal conditions. The iron oxidation is the anodic reaction, and 
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cathodic reactions include the reduction of proton and carbonic acid. The anodic and 

cathodic current densities, according to Tafel equations, are: 
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where 
0

a,ji and 
0

c,ji  are the anodic and cathodic exchange current densities, respectively, 

A/m2; E is the corrosion potential, V; Earev,j and Ecrev,j are the anodic and cathodic 

reversible potentials, respectively, V; and ba,j and bc,j are the anodic and cathodic Tafel 

slopes, respectively, V/dec. 

The exchange current density depends on the surface concentrations, C, of the 

species involved in electrochemical reactions and temperature, and can be calculated by: 
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where the values of i0ref, a1, a2, a3, Tref, Erev and b for each reaction can be found in Table 

6.5. 
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Table 6.5 Electrochemical parameters of anodic and cathodic reactions included in 

the model [29, 97, 144, 145]. 

  H2CO3 reduction H+ reduction Fe oxidation 

i0ref 2m

A
 0.018 0.03 1 

a1  -0.5 0.5 1 for 
2COP <1 bar; 0 for 

2COP 1 bar 

refHC  mol/L 10-4 10-4 10-4 

a2  0 0 
2 for pH<4; 1 for 4<pH<5; 

 0 for pH>5; 

ref CO2
C  mol/L N/A N/A 0.0366 

a3  1 0 0 

ref COH 32
C  mol/L 10-4 N/A N/A 

HΔ  J/mol 50,000 30,000 37,500 

Tref K 293.15 293.15 298.15 

Erev V pH
3032

F

RT.
-  pH

3032

F

RT.
-  -0.488 

b V 
F.

RT.

50

3032
 

F.

RT.

50

3032
 

F.

RT.

51

3032
 

Note: ΔH is the activation energy and Tref is the reference temperature. 

 

For a spontaneous corrosion process, the potential of the steel, E, can be calculated 

from the charge balance equation on the steel surface by: 

 

 
ca n
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c
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i

a ii                                                                                                                  (6-38) 

 

where na and nc are the total number of anodic and cathodic reactions, respectively. 
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The corrosion rate, CR (mm/year), is determined with the rearrangement of 

Faraday’s law as: 

 

Fe

Fe

FeFe  16.1365243600
2

i
M

F

i
CR 


                                                                (6-39) 

 

where FeM  is the molecular weight of iron, and Fe is the density of iron. 

 

6.4.2 Mass transfer model 

Eqs. (2-26) and (2-27) are used to describe the mass transport of species in the water 

film. Under CO2 storage conditions, the water film is usually stagnant. Thus, the 

convection is negligible. In addition, electro-migration is also neglected due to its small 

contribution to the overall flux of species [55]. The electroneutrality equation is used as: 

 

0
1




n

j

jj zC                                                                                                                   (6-40) 

 

The molecular diffusion coefficient of different species is shown in Table 6.6. Note that 

the values are for the reference temperature 298.15 K. Eq. (6-41) can be used for 

correction of the coefficients at other temperatures by: 
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where 
4

OrefH 109.8
2

μ  m2/s at the reference temperature of 298.15 K, and 
OH2

μ  is 

calculated as: 
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)15298(0010530)15298(32721

OrefHOH
k

2
kk

22
10






T

T..T..

μμ                                                                 (6-42) 

 

Table 6.6 Molecular diffusion coefficient of species included in the model (298.15 K). 

refiD  Diffusion coefficient (m2/s) Reference 

CO2 1.96×10-9 [146] 

H2CO3 2.00×10-9 [147] 


3HCO
 1.105×10-9 [76] 

2

3CO
 0.92×10-9 [147] 

H+ 9.312×10-9 [76] 

OH- 5.26×10-9 [76] 

Cl- 2.032×10-9 [76] 


4HSO  1.33×10-9 [76] 
2

4SO  1.065×10-9 [76] 

Na+ 1.334×10-9 [76] 

Fe2+ 0.72×10-9 [147] 

Ca2+ 0.792×10-9 [76] 

 

The overall species conservation equation can be rewritten as: 
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For the chemical reactions listed above, the generation/consumption rate of species j, Rj, 

is calculated from the forward and backward reaction rate constants and the concentration 

of the involved species. It is found that the net change of bicarbonate ions and carbonate 

ions is larger than that of CO2 due to their larger forward and backward reaction rate 

constants [19]. The net change rate of CO2 and H2CO3 are considered as [22]: 

 

3222 COHhyb,COhyf,CO CkCkR                                                                                       (6-44) 

32222 COHhyb,COhyf,COH CkCkR                                                                                      (6-45) 

 

where hyf,k  and hyb,k  are the forward and backward CO2 hydration rate constants, 

respectively. 

 

6.4.3 Formation of corrosion scale 

When the product of concentrations of Fe2+ and 2

3CO  exceed the solubility limit 

(
3spFeCOK ) of FeCO3, solid FeCO3 starts to precipitate on the steel surface. The 

precipitation rate is temperature and pH dependent, and is expressed by [89]: 

 

)1(
333FeCO3 FeCOspFeCOfFeCO  SKkR                                                                                 (6-46) 
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where σ is the ratio of surface area over the volume of the precipitate, and is set to be 105 

m-1 [57]; 
3

2
3

2
3 spFeCOCOFeFeCO / KCCS   is the supersaturation of FeCO3; and 

3FeCOfk  is the 

rate constant, and is expressed by [89]: 

 

kRT
ek

4.64851
2.28

f
3FeCO



                                                                                                         (6-47) 

 

The precipitation process is considered to be irreversible, and the precipitation rate is 

rewritten as [148]: 

 

),0max(
33 FeCOFeCO  RR                                                                                                 (6-48) 

 

The volumetric porosity ε describes the morphology of the scale, and can be expressed 

as: 
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33
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                                                                    (6-49) 

 

where 
3FeCOM  is the molecular weight of FeCO3, 115.8 kg/kmol; and 

3FeCO is FeCO3 

density, 3900 kg/m3. The variation of the volumetric porosity with time, for any space in 

the system, can be expressed as: 
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6.5 Modelling solutions 

6.5.1 Initial and boundary conditions 

When corrosion of a steel achieves an equilibrium state, chemical reactions and the 

reaction equilibrium constants in Eqs. (2-1), (5-1) and (6-1) ~ (6-5) are combined with 

the electroneutrality equation (Eq. (6-40)) to calculate the activities of all species. The 

activity of H+ is used to determine the solution pH by: 

 

)log(logpH
HHH   Ca                                                                                    (6-51) 

 

The activities of all involved species are used as the initial conditions, assuming that the 

activities are uniform in the solution. At the liquid/gas interface, the boundary conditions 

are different for individual species. The CO2 concentration is constant, and can be 

determined by the equilibrium constants mentioned above. For other species, a zero-flux 

boundary condition is applied. 

On the steel surface, for the species that are not involved in electrochemical 

reactions, a zero flux (Nj=0) is applied. For those participating in the electrochemical 

reactions, i.e. H+, H2CO3, Fe2+, etc., the flux on the steel surface can be determined by: 

 

Fn

i
N

j

j

j                                                                                                                     (6-52) 
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where nj is the number of moles of electrons exchanged per mole of species j. 

 

6.5.2 Numerical methods 

For the chemical/electrochemical reactions, the boundary conditions and the scale 

formation equation are nonlinearly coupled. They should be solved simultaneously and 

continuously. The finite difference method (FDM) is used to solve the unsteady ordinary 

and partial differential equations, with non-uniform space interval grids created for the 

one-dimensional model. For Eq. (6-43), the central implicit scheme is used as: 
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where Δt is the time increment, n+1 and n represent new and old points, respectively, Δxi 

is the size of grid i, and Δxi+1 and Δxi-1 are the sizes of grids adjacent to grid i. If the 

precipitation of FeCO3 is considered, a negative 
3FeCOR is added to Eq. (6-53) for Fe2+. 

For 2

3CO , the flux on the steel surface also has a negative
3FeCOR .  

A comprehensive MATLAB code is written based on the developed water chemistry 

sub-model and electrochemical corrosion sub-model, coupled with mass-transfer 

equations and the scale formation equation. This enables calculation of corrosion rate of 

the steel under CO2 storage conditions. The modelling results and the model validation 

are described as follows. 

 



122 

 

6.6 Water chemistry sub-modelling results and validation 

In order to model the corrosion of steel in CO2 storage, the water chemistry 

associated with the corrosion process must be determined. This includes the 

concentrations (activities actually) of species existing in the solution. Particularly, the 

species' concentrations are used as the initial or boundary conditions for the modelling 

calculation. As hydrogen ions are involved in many chemical reactions, the 

concentrations of the relevant species can be represented by the H+ concentration. As 

noted in Eq. (6-51), the solution pH is used as to quantify the concentration of H+. 

Determination of the pH is the vital step to accurately predict corrosion rate of the steel 

under specific water chemistry conditions. 
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Figure 6.2. Solution pH calculated from the developed model as a comparison with 

published data Crolet and Bonis [149], Meyssami et al. [150] at 42 oC and various 

CO2 partial pressures. 
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The developed water chemistry sub-model is validated by the published data. It is 

realized that there are just a few publications containing pH data under high pressure and 

high temperature CO2 conditions. Figure 6.2 shows the calculated solution pH from the 

developed model as a comparison with published data at 42 oC and various CO2 partial 

pressures. It is seen that, with the increase of the CO2 partial pressure, the solution pH 

decreases rapidly first. When the CO2 partial pressure is over 50 bar, the pH drops slowly 

and reaches a relatively steady value. The model accurately predicts this trend. Moreover, 

the modelling pH data are very close to the testing ones.  
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Figure 6.3 Solution pH obtained from the developed model as a function of NaCl 

concentration at 25 oC under 1 bar CO2. 
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Since the solution salinity affects the solubility of CO2 in solutions and thus the 

solution pH, the variation of solution pH as a function of various NaCl concentrations at 

25 oC under 1 bar CO2 is modelled, and the results are shown in Figure 6.3, where some 

published data are present for comparison [151, 152]. It is seen that the pH decreases 

with the increasing NaCl concentration. Compare to the other two published models, this 

model gives the best prediction to the experimental data. 

Furthermore, the modelling pH results are compared with the data from Duan and Li 

[122] over a wide CO2 pressure range at 77 oC in Figure 6.4. It is seen that the results 

obtained from the developed model almost copy with those published. 
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Figure 6.4 Modelling pH results are compared with the data from Duan and Li 

[122] over a wide CO2 pressure range at 77 oC. 
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In summary, the developed water chemistry sub-model is able to determine the pH of 

solutions generated under supercritical CO2 storage conditions. Moreover, the modelling 

results are confirmed by the published data for validation purpose.  

 

6.7 Electrochemical sub-modelling results and validation 

6.7.1 Modelling and validation of corrosion rate of steels 

Figure 5.5 shows the comparison of the predicted corrosion rates by the developed 

model with data from the experimental work and published literature under supercritical 

CO2 conditions. For the experimental work, the testing solution is 1.8 g/L NaCl solution. 

The testing temperatures are 30 °C, 60 °C, 90 °C, and 120 °C, and the pressures are 0.3 

MPa, 1.4 MPa, and 7.5 MPa. The testing period is 5 days. The published results were 

obtained under different corrosive conditions. When the corrosion rate is obtained from 

the developed model, the input conditions are kept identical to those where the tests were 

conducted. It is seen that the modelling results are relatively consistent with those 

obtained in the experiments and from the published literature, demonstrating the 

reliability of the developed model in corrosion prediction under supercritical CO2 

conditions. 
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Figure 6.5 Comparisons of the predicted corrosion rates by the developed model 

with data from the experimental testing and published literature (Cui et al. [153], 

Zhang et al. [42], Choi and Nesic [125], Choi et al. [154], Hassani et al. [155] and 

Hua et al. [156]) under supercritical CO2 conditions. 

 

6.7.2 Effect of the solution layer thickness on corrosion of the steel 

It has been confirmed [148] that a thick diffusive boundary layer of the solution 

results in a small corrosion rate due to increased resistance to mass transport. Without 

knowledge of the solution layer thickness, the prediction of corrosion rate does not make 

sense, at least theoretically. Figure 6.6 shows the dependence of the corrosion rate on the 

solution layer thickness at 80 oC and 10 bar and 95 bar CO2 partial pressures, 

respectively. It is seen that, as the solution layer becomes thicker, the corrosion rate 

decreases. When the solution layer is over 1 cm in thickness, the corrosion rates keeps 
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approximately constant. Thus, a critical thickness of the solution layer exists, above 

which the corrosion rate alters slightly. This phenomenon is attributed to the fact that 

corrosion would not be affected by the solution layer thickness if it exceeds the thickness 

of the diffusive boundary layer, where the diffusion and concentration gradients of 

corrosive species determine the corrosion rate of the steel. Thus, the critical solution 

thickness refers to the thickness that corrosive species in the solution have the initial 

equilibrium concentration before the corrosion reaction starts.  
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Figure 6.6 Dependence of corrosion rate on the solution layer thickness at 80 oC and 

10 bar and 95 bar CO2 partial pressures, respectively. 

 

To consider the effect of the mass-transfer step of corrosive species on steel 

corrosion, the solution layer thickness should exceed the critical thickness of the diffusive 

boundary layer. In this work, a solution layer thickness of 5 cm, which is thicker than the 
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critical diffusive boundary layer, is chosen for numerical calculation and the corrosion 

rate modelling. 

 

6.7.3 Effect of temperature on corrosion of the steel 
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Figure 6.7 Calculated solution pH and corrosion rate as a function of temperature in 

simulated oilfield produced water (CaCl2 15 g/L, NaHCO3 1.1 g/L) at 82.74 bar of 

CO2. 

 

Generally, temperature can affect the corrosion of steel in three aspects. First, with 

the elevated temperature, the solubility of CO2 in water decreases, making the solution 

less acidic. This would decrease the corrosion rate of the steel. Figure 6.7 shows the 

calculated solution pH as a function of temperature in simulated oilfield produced water 

(CaCl2 15 g/L, NaHCO3 1.1 g/L) at 82.74 bar of CO2. Second, an elevated temperature 

would decrease the reaction energy barrier and enhance the mass transfer of corrosive 
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species, increasing the corrosion rate. Finally, when a protective scale is formed on the 

steel surface during corrosion, i.e., FeCO3 scale in CO2 corrosion, the increased 

temperature can reduce the solubility of FeCO3 and facilitate its precipitation. Thus, the 

corrosion rate of the steel is reduced remarkably. Obviously, the role of the elevated 

temperature in steel corrosion is complex, depending on the dominant factors at specific 

temperature ranges. It can be seen from Figure 6.7 that, when temperature is below 60 oC, 

the corrosion rate increases with the temperature because the corrosion scale formed at 

this temperature is not protective. At temperatures above 90 oC, the scale can protect the 

steel from corrosion attack. Thus, the corrosion rate at high temperatures is much smaller 

than that at low temperatures. 

 

6.7.4 Effect of CO2 partial pressure on corrosion of the steel 
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Figure 6.8 Dependence of corrosion rate of the steel on CO2 partial pressure in 25% 

NaCl solution, as well as comparison with the published data under this condition 

(Choi et al. [154]). 

 

Figure 6.8 shows the dependence of corrosion rate of the steel on CO2 partial 

pressure in 25% NaCl solution at 65 and 90 oC, as well as the comparison with the 

published data under this condition [154]. It is seen that, at a relatively low temperature 

of 65 oC, the corrosion rate increases with the increasing CO2 partial pressure; while at 90 

oC, the corrosion rate decreases as the CO2 partial pressure is increased. The modelling 

results are consistent with the experimental data. As analyzed, the results indicate the 

essential effect of temperature on the corrosion rate of steels via the protectiveness of the 

formed scale FeCO3. 

A further look at the comparison of the modelling data with the experimental 

measurements shows that, at 65 oC, there is a big difference between the predicted 

corrosion rates and the experimental results. The possible reason for this discrepancy is 

that the corrosion products formed at low-temperatures during CO2 corrosion also include 

Fe3C [154], which has different protective effect on corrosion from FeCO3. This gives an 

insight into the improvement of the model for a more accurate prediction. 
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6.7.5 Time dependence of corrosion rate  
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Figure 6.9 Time dependence of corrosion rate of steels in brine water at 80 oC and 

10 bar and 95 bar CO2 partial pressures. 

 

For corrosion systems with a product scale formed on the steel surface, the corrosion 

rate of the steel usually decreases with time. It is mainly due to the fact that the scale 

formation is time dependent. Along with time, the scale becomes thicker, more compact 

and thus more protective, decreasing the corrosion rate. This also applies for supercritical 

CO2 corrosion of steels. As shown in Figure 6.9, the time dependence of corrosion rate of 

the steel in brine water at 80 oC and 10 bar and 95 bar CO2 partial pressures is modelled. 

It is seen that the corrosion rate decreases quickly first, and then reaches a relatively 

steady state gradually. This gives the profile of the corrosion rate in the solution, 

depending on evolution of corrosion scale with time. 
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6.7.6 Time dependence of porosity of the corrosion scale 
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Figure 6.10 Time dependence of the scale porosity under the same condition as that 

of Figure 6.9. 

 

As modelled above, the corrosion rate of the steel decreases with time, which is due 

to the improved protectiveness of the scale formed on the steel surface. Porosity is an 

important indicator of the scale structure, and thus, the protective ability of the scale to 

corrosion. The time dependence of the scale porosity is modelled under the same 

condition as that of Figure 6.9, and the results are shown in Figure 6.10. It is seen that, 

indeed, the porosity of the scale decreases with time at both CO2 partial pressures. 

Moreover, there is a smaller porosity for the scale formed at a higher CO2 partial pressure 

such as 95 bar than that formed at a lower CO2 partial pressure, i.e., 10 bar. As analysed 

above, the dissolved CO2 causes generation of Fe2+ ions, and facilitates precipitation of 

the FeCO3 scale. 
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6.7.7 Distributions of the species concentration in the solution 

Under high CO2 partial pressure conditions, the pH of the bulk solution can be low. 

However, on the steel surface, both H+ and H2CO3 are consumed in cathodic reactions. A 

high pH environment can be generated locally. Figures 6.11 shows the modelled 

distributions of the concentration of various species in the solution at 80 oC and 10 bar 

and 95 bar CO2 partial pressures, respectively. Based on the concentration of H+ ions, the 

pH of the bulk solution, i.e., the solution away from the steel surface, is calculated to be 

3.78 and 3.26 at 10 bar and 95 bar CO2 partial pressures, respectively. Due to the low 

solution pH, FeCO3 cannot be formed in the acidic conditions. However, on the steel 

surface, the solution pH are 5.63 and 5.58 at 10 bar and 95 bar CO2 partial pressures, 

respectively. The elevated pH makes it possible to deposit FeCO3 scale on the steel 

surface. 

Furthermore, it is seen from Figure 6.11 that the concentrations of CO2, H+ and 

H2CO3 are smaller on the steel surface than those in the bulk solution away from the 

steel. Both H+ and H2CO3 are consumed in electrochemical cathodic reactions at the 

steel/solution interface, and the CO2, upon hydration, is involved in corrosion reactions 

on the steel surface. The direct corrosion products, HCO3
- and Fe2+, are generated on the 

steel surface. Their concentrations are larger than those in the bulk solution.  
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Figure 6.11 Distributions of the concentration of various species in the solution at 80 

oC and a) 10 bar, b) 95 bar CO2 partial pressure. 
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6.8 Limitations of the model 

The reliability and applicability of a developed model rely largely on validation by 

available data. As stated, there have been so far limited experimental works conducted to 

investigate corrosion of steels under supercritical CO2 conditions. Moreover, the 

published results are scatter and conducted under a wide variety of environmental 

conditions. Although big efforts have been made to collect the literature data for model 

validation, there is still a space to have further, complete validations.  

The developed model focuses on prediction of the uniform corrosion rate of tubing 

steel in CO2 storage. It models the situation that the cement to support the tubing is 

absent, exposing the tubing steel directly to corrosive environments over a sufficiently 

big area. However, in reality, another common corrosion scenario is the generation of 

micro-annulus or crevices in the cement, resulting in localized pitting corrosion occurring 

on the tubing [154, 156]. Thus, a modification of the model to make it applicable for 

modelling the local solution chemistry/electrochemistry and enabling the localized 

corrosion prediction is required. 

 

6.9 Summary 

A mechanistic model is developed to predict the corrosion rate of steel under the 

supercritical CO2 storage conditions. The model integrates a number of sub-models that 

quantify various interrelated steps contributing to the steel corrosion. Moreover, the 

environmental parameters and conditions used are representative of those encountered in 

CO2 storage.  
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The water chemistry sub-model is able to determine the solution pH and the 

concentration of involved species. To correct the non-ideal environmental conditions, 

both gas fugacity coefficient and ion activity coefficient are used to quantify the effect of 

high pressure and high salinity environmental conditions on corrosion. In the 

electrochemical corrosion sub-model, both charge-transfer and mass-transfer steps and 

their effect on corrosion are quantified. The scale formation is considered due to its effect 

on the corrosion rate. The modelled corrosion rates are consistent with the testing and 

literature results, demonstrating the reliability of the model in corrosion prediction for 

steel tubing in CO2 storage. In addition to prediction of the corrosion rate, the model is 

able to determine the parametric effects, including temperature, CO2 partial pressure, 

solution salinity, solution pH, time, etc., on steel corrosion. Moreover, the model enables 

determination of the effect of corrosion scale and its porosity on steel corrosion. The 

distribution of the concentrations of various species existing in the solution is also 

modelled.  

There are still spaces to improve the model. These include a complete validation by 

data obtained under more relevant conditions, and a modification of the model for 

prediction of localized corrosion. 
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Chapter Seven: Mechanism of corrosion of X52 pipeline steel in a simulated soil 

solution 

 

7.1 Introduction 

According to a report from AER, the recorded pipelines in Alberta have a distance of 

415,512 km, of which about 17% is discontinued or abandoned [8]. When it comes to 

nationwide and worldwide level, the distance of pipelines to be abandoned can be much 

higher. Moreover, new pipeline constructions triggered by the increasing oil and gas 

demands also prompt the increase in abandonment of old pipelines. The integrity 

management of the abandoned pipelines, which are left in soils, for sake of economic, 

environmental and social concerns, has become a more and more urgent problem and 

needs close considerations and research work.  

External corrosion of abandoned pipelines happens due to the interaction between 

pipe steel and the surrounding soil when the applied coating is missed over a certain area. 

The soil environment remarkably affects the corrosion behavior of abandoned pipelines. 

Previous studies on corrosion of ferrous metals in soils showed that the soil corrosion of 

metals can be related to a number of factors, including soil resistivity, dissolved salts, 

moisture, pH, oxygen concentration, the presence of bacteria, etc. [50]. Differences in the 

physical property and chemical composition of soils from various places may lead to 

totally different corrosion behavior and corrosion rates. It is thus important to study 

pipeline corrosion in a certain soil environment where the pipeline is to be abandoned. 
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Investigation of corrosion of pipelines steels in simulated soil solutions is a common 

method to study soil corrosion. It has the advantages of easy to control soil chemistry, 

solution pH, gas content, etc. [51, 53, 157].  

In this work, the corrosion of an abandoned X52 pipeline steel was studied in a soil 

solution simulating the Regina clay soil. Electrochemical measurements, including OCP, 

linear polarization resistance (LPR), and potentiodynamic polarization, were conducted 

to determine the corrosion mechanism and corrosion rate. The microstructure and 

corrosion morphology were characterized with optical microscopy and SEM. X-ray 

diffraction (XRD) was used to analyze the composition of corrosion products generated 

on the steel surface. Parametric effects, including DO concentration, solution pH, Cl- 

concentration and testing time, on the steel corrosion were studied and discussed. 

 

7.2 Experimental 

7.2.1 Material, specimen and solution 

Specimens used in this work were cut from an abandoned X52 steel pipe, with a 

chemical composition (wt. %): C 0.24%, Si 0.45%, Mn 1.4%, P 0.025%, S 0.015%, V 

0.1%, Nb 0.05%, Ti 0.04% and Fe the balance. The specimens were machined into a 

cubic shape. After sealed in epoxy resin, the specimen has a square working face with an 

area of 1.0 cm2. The specimen was ground consequentially from 120 to 1000 grit emery 

paper, polished with 1 μm diamond pasta, and then rinsed with distilled water and 

degreased in acetone. 

For microstructural characterization, the specimen was etched with 4% nitric acid 

(ethonal balanced) for 5 s. The optical view of the microstructure of X52 steel is shown 
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in Figure 7.1. It is seen that the steel mainly consists of polygonal ferrite and pearlite, 

which is typical of the microstructure of low strength pipeline steels. 

 

Figure 7.1 Optical view of the microstructure of X52 steel. 

 

The solution used in this work simulated the chemical composition of the Regina 

clay soil (Table 7.1). The solution was made of analytical grade reagents and deionized 

water. The base condition was open to air at ambient temperature (22 ± 1 oC). The 

content of DO was measured with an EXTECH instruments SDL150 oxygen meter, and 

the value was 7.7 (± 0.1) mg/L. The pH of the base soil solution was 7.40 (± 0.14) 

measured with a pH meter (Oaklon Acorn pH meter). Mixed gases of CO2 and N2 were 

purged into the solution to adjust the solution pH. To study the effect of Cl- concentration 

on the corrosion behavior, additional NaCl with controlled concentrations was added in 

the base solution. 

Ferrite 

Pearlite 
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Table 7.1 Chemical composition of the simulated Regina soil solution. 

Compound NaHCO3 NaNO3 NaCl Na2SO4 CaSO4•2H2O K2SO4 MgSO4•7H2O 

Concentration 

(g/L) 
0.0755 0.0014 0.0092 0.0773 1.116 0.0619 0.662 

 

7.2.2 Electrochemical measurements 

Electrochemical measurements were performed on a three-electrode system, where 

the steel specimen was used as WE, a carbon rod as CE, and a SCE as RE, using a Gamry 

Reference 600 electrochemical system. Prior to electrochemical measurements, a steady 

state OCP of the steel was achieved in the test solution. LPR plots were measured by 

scanning the potential from -15 mV to +15 mV relative to corrosion potential at a 

potential sweep rate of 0.1667 mV/s. Potentiodynamic polarization curves were measured 

by scanning the potential from −500 mV to +500 mV relative to corrosion potential at a 

potential sweep rate of 0.5 mV/s.  

 

7.2.3 Surface morphology observation and corrosion product composition 

characterization 

The SEM (Model FEI XL 30) was used to characterize the surface morphology of 

the steel electrodes after various times of immersion in the soil solution. After that, 

corrosion products were removed carefully from the steel surface by chemical methods, 

according to ASTM G1-03 [158]. An optical microscope was used to observe the 

morphology of the steel substrate. 



141 

 

The XRD (Rigaku Multiflex X-ray Diffractometer) was used to characterize the 

composition of the corrosion products. A range from 20 o to 90 o was scanned with the 

step width of 0.02 o and the scan rate was 2 o/min. 

 

7.3 Results 

7.3.1 Potentiodynamic polarization curve measurements 

Potentiodynamic polarization curves of X52 pipeline steel are measured immediately 

after the OCP becomes stable and after 30 days of immersion in the base soil solution, 

and the results are shown in Figure 7.2. It is seen that, after the OCP is stable, the steel 

shows an active dissolution behavior in the anodic curve. There are two transition points, 

i.e., points a and b, in the cathodic branch. The polarization curve between points a and b 

shows a diffusive limiting current density, indicating the diffusion controlled cathodic 

reaction in this potential range. After 30 days of immersion in the solution, the corrosion 

potential is shifted negatively. There is no diffusive limiting current density in the 

cathodic branch. A “passivated” behavior can be found in the anodic branch. 
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Figure 7.2 Potentiodynamic polarization curves of X52 steel immediately after the 

OCP becomes stable and after 30 days of immersion in the base soil solution. 

 

Figure 7.3 shows the polarization curves of X52 pipeline steel in the soil solutions 

with different DO concentrations, i.e., 7.7 ppm (base condition), 3.9 ppm and 0.4 ppm, 

respectively. It is seen that the corrosion potential is shifted negatively when the DO 

concentration decreases. In the cathodic branch, the diffusive limiting current density is 

obvious at a high DO concentration. When the DO concentration is reduced to 0.4 ppm, 

the limiting diffusive current density is not observed. Moreover, the anodic curves almost 

overlap each other when the DO concentrations are 7.7 ppm and 3.9 ppm, while a 

passivation phenomenon is observed at the DO concentration of 0.4 ppm. 
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Figure 7.3 Potentiodynamic polarization curves of X52 steel in the soil solution with 

different DO concentrations. 

 

When the base soil solution is purged with various gasses, the solution pH is 

measured. The pH values are around 6.21 and 5.77 during bubbling with 5% and 10% 

CO2, respectively. The polarization curves of the steel measured in the soil solutions with 

various pH are shown in Figure 7.4. It is seen that the anodic branch almost copy each 

other at pH 6.21 and 5.77. When the solution is up to 7.40, the anodic current density 

decreases at individual potentials. For the cathodic branch, the diffusive limiting current 

density is found in the base solution with pH 7.40, but is not observed at the other two pH 

conditions.  
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Figure 7.4 Potentiodynamic polarization curves of X52 steel in soil solution with 

different solution pH values. 

 

Figure 7.5 shows the polarization curves of X52 steel in the soil solutions containing 

various Cl- concentrations, i.e., 5 ppm (base condition), 50 ppm, 500 ppm and 5000 ppm, 

immediately after the OCP becomes stable and after 30 days of immersion in the 

solution. It is seen that, after the OCP is stable, the steel is in an active dissolution state. 

The increase in Cl- concentration would increase the anodic current density, and there is 

no apparent effect on the cathodic current density. After 30 days of immersion in the 

solution, the steel becomes passivated at anodic potentials. The anodic current density 

increases with the increasing Cl- concentration. However, the cathodic current density is 

independent of the Cl- concentration. The corrosion potential of the steel is shifted 

negatively after 30 days of testing in the solution.  
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Figure 7.5 Potentiodynamic polarization curves of X52 steel in the soil solutions 

containing various Cl- concentrations (a) Immediately after the OCP is stable, (b) 

After 30 days of immersion in the solution. 
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7.3.2 Open circuit potential and linear polarization resistance measurements 

The OCP of X52 steel in the base soil solution as a function of time is shown in 

Figure 7.6. It is shown that the OCP shifts negatively when immersing in the solution, 

and becomes gradually stable at around -758 mV (SCE).  

Figure 7.7 shows the polarization resistance (Rp) determined from the LPR 

measurements in the base soil solution. Generally, the Rp increases rapidly first, and 

gradually tends to be stable around 4000 Ω·cm2 after 14 days of immersion. 
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Figure 7.6 OCP of X52 steel in basic soil solution as a function of time. 
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Figure 7.7 The Rp values fitted from the LPR measurements on X52 steel in the base 

soil solution. 

 

Furthermore, the Rp values measured in the soil solutions containing various DO 

concentrations are 10780 Ω·cm2, 3949 Ω·cm2 and 2168 Ω·cm2 for 0.4 ppm, 3.9 ppm and 

7.7 ppm of DO, respectively. Obviously, the Rp decreases as the DO concentration 

increases. 

The Rp values measured on X52 steel in the soil solutions with various pH values are 

1398 Ω·cm2 and 1945 Ω·cm2 for pH 5.77 and 6.21, respectively. A smaller Rp is 

associated with a lower solution pH. 

The LPR measurements are also conducted on X52 steel in the soil solutions 

containing various Cl- concentrations. Table 7.2 shows the Rp values as a function of Cl- 

concentration immediately after the OCP is stable and after 30 days of testing in the 
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solution. It is shown that, generally, with the increasing Cl- concentration, the Rp 

decreases. After 30 days of immersion, the Rp value measured in 5 ppm Cl- solution is 

higher than that measured after OCP is initially stable, but the Rp values are smaller at 

other Cl- concentrations. 

Table 7.2 The Rp values of X52 steel in the soil solutions containing various Cl- 

concentrations immediately after the OCP is stable and after 30 days of testing in 

the solution. 

After OCP stable 30 days 

Cl- concentration Rp (Ω·cm2) Cl- concentration Rp (Ω·cm2) 

5 ppm (Base condition) 2168 5 ppm (Base condition) 3470 

50 ppm 2184 50 ppm 2075 

500 ppm 2006 500 ppm 1795 

5000 ppm 1568 5000 ppm 1414 

 

7.3.3 SEM analysis 

SEM images of X52 steel in base soil solution at various immersion times are shown 

in Figure 7.8. It is seen that corrosion products are formed on the steel surface. The 

corrosion products are generally porous, and do not uniformly distribute on the steel. 

  

(a) (b) 
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Figure 7.8 SEM images obtained for X52 steel in base soil solution at various 

immersion times: (a, b) 10 days, (c, d) 20 days, (e, f) 30 days. 

 

Figure 7.9 shows the SEM views of the steel electrode after 30 days of immersion in 

the soil solutions containing various Cl- concentrations. It is seen that there are less 

corrosion products on the steel surface when the Cl- concentration is higher. A flower-

like structure of the corrosion products is found when the Cl- concentration is 500 ppm 

and 5000 ppm.  

(c) (d) 

(e) (f) 
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Figure 7.9 SEM images of X52 steel after 30 days of immersion in the soil solutions 

containing various Cl- concentrations: (a) 50 ppm, (b) 500 ppm, (c) 5000 ppm. 

 

7.3.4 Optical microscope observation 

After the corrosion products are removed from the steel surface, optical images of 

the steel are taken and shown in Figure 7.10. It is seen that corrosion pits are present on 

the steel in all solutions. The size of the pits formed in low Cl- concentration solutions is 

larger than that formed at high Cl- concentration solutions, as indicated by the arrows. 

. 

(a) (b) 

(c) 

Flowery 

structure 

Flowery 

structure 
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Figure 7.10 Optical images of X52 steel after 30 days of immersion in the soil 

solutions containing various Cl- concentrations upon removal of corrosion products: 

(a) 5 ppm, (b) 50 ppm, (c) 500 ppm, (d) 5000 ppm. 

 

7.3.5 XRD patterns 

Figure 7.11 shows the XRD spectra of the corrosion products on the steel specimen 

after various times of immersion in the soil solution. It is seen that Fe, γ-FeOOH and 

CaCO3 are identified, where γ-FeOOH emerges as the dominant products. 

(a) (b) 

(c) (d) 
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Figure 7.11 XRD patterns spectra of the corrosion products on the X52 steel 

specimen after various times of immersion in the soil solution. 

 

7.4 Discussions 

7.4.1 Corrosion of X52 steel in the simulated soil solution  

The soil solution used in this work is at a near-neutral pH condition. The base 

solution is open to air, and the content of DO is 7.7 ppm. The cathodic reaction is mainly 

the reduction of dissolved oxygen, and the anodic reaction is the iron oxidation.  

The XRD results show that the dominant corrosion products are γ-FeOOH, which are 

formed by chemical reactions (2-15) ~ (2-17) [53]. It is accepted that γ-FeOOH has two 

structures, i.e., small crystalline globules (sandy crystals) and fine plates (flowery 

structures) [159]. In this work, the sandy crystalline structure is found for most testing 
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conditions as shown in Figures 7.8 and 7.9, and the flowery structure is only found in Cl- 

concentrations of 500 ppm and 5000 ppm after 30 days of immersion.  

Figures 7.2 and 7.5 show that the anodic branch possesses a passivation behavior 

over a certain potential range, which is associated with the formation of γ-FeOOH. 

However, γ-FeOOH is usually porous, and can provide somewhat protection to the steel. 

Localized pitting corrosion can occur at the pores of the corrosion products. Moreover, 

the γ-FeOOH can detach from the steel easily, exposing the steel to the soil solution and 

causing corrosion.  

CaCO3 is also found on the steel surface, and it could be due to the relatively high 

Ca2+ concentration in the soil solution. The 2

3CO  is produced due to dissociation of 

bicarbonate ions upon dissolution of CO2 in the solution. 

 

7.4.2 Effect of dissolved oxygen concentration on the corrosion process 

Oxygen will be depleted on the steel surface as it is consumed in the cathodic 

reaction. The depletion rate, which is the same as the electrochemical cathodic reaction 

rate, is usually higher than the diffusion rate of dissolved oxygen from the bulk solution 

to the steel surface. As a result, when the oxygen reduction reaction becomes the 

dominant cathodic reaction, the oxygen diffusion rate determines the total corrosion 

reaction rate. The diffusive limiting current density iL can be expressed as: 

 

/bzL nFCDi                                                                                                                (7-1) 
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where Dz is the diffusivity of reactive species, n is the number of electrons/mole 

exchanged in a redox reaction, F is Faraday’s constant, δ is the thickness of the stagnant 

layer on the electrode, and Cb is the bulk concentration of the reactive species.  

In Eq. (7-1), Dz is a function of temperature. If the temperature keeps constant and δ 

does not change, iL is proportional to Cb. When the DO concentration in the soil solution 

is changed from 7.7 ppm to 3.9 ppm and 0.4 ppm, the cathodic limiting current density 

reduces, as shown in Figure 7.3. When the DO content is as low as 0.4 ppm, the limiting 

current density is not observed, indicating a change of the dominant cathodic reaction 

from the oxygen reduction to the reduction of water.  

The Rp values measured at the three DO concentrations show that the Rp increases as 

the DO content decreases. Since the Rp is inversely proportional to corrosion rate, the 

corrosion of X52 steel is reduced at a low DO concentration. In the base solution where a 

high DO content is present, the steel has a high corrosion rate. 

One disadvantage of Eq. (7-1) is that it does not consider the formation of corrosion 

products on the steel surface and its further effect on the oxygen diffusion. Generally, 

even porous corrosion products can retard oxygen to reach the steel surface and reduce 

the iL value. In Eq. (2-16), DO participates in the formation of corrosion products. More 

DO would favor the formation iron oxides. 

 

7.4.3 Effect of solution pH 

In addition to dissolved oxygen, CO2 is another gas that is commonly found in soils. 

The generation of CO2 is associated with the rotten plants and/or microbial metabolism 

[55]. The CO2 is able to dissolve in the soil solution through the steps in Eqs. (2-1) ~ (2-
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4). As a result, the solution pH is reduced. The amount of CO2 that can dissolve in water 

and the resulting solution pH are affected by the CO2 partial pressure, i.e., a higher CO2 

partial pressure can lead to a lower solution pH. 

In this work, the solution pH is between 5.77 and 7.40. It has been suggested [29] 

that the direct reduction of hydrogen ions mainly occurs when pH < 4. In CO2 solutions, 

the direct reduction of H2CO3 (Eq. (2-8)) becomes dominant when pH is between 4 and 

6. When pH > 5, the reduction of bicarbonate ions (Eq. (2-9)) becomes important. In 

addition, when pH > 5 and 
2COP  << 1 bar, the reduction of water (Eq. (2-10)) is also 

important. When the mixed gases of CO2 and N2 are purged into the soil solution, the DO 

concentration reduces to a value of around 0.4 ppm. The oxygen reduction is no longer 

important. 

By comparing the Rp values determined at three pH conditions, the decrease in 

solution pH would increase the corrosion rate of the steel.  

 

7.4.4 Effect of Cl- concentration 

From Figure 7.5, the presence of Cl- always increases the anodic current density. 

Moreover, a small Rp value is measured in the soil solutions containing higher Cl- 

concentrations, indicating that the corrosion rate of X52 steel is large at high Cl- 

concentration conditions. Similar phenomenon was also observed by other researchers 

[160-162]. Chloride ions can contribute to the anodic dissolution of steels by: [59] 

 

  e2FeCl2ClFe 2                                                                                              (7-2) 
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HCl2Fe(OH)O2HFeCl 222                                                                                 (7-3) 

 

However, Figure 7.5(a) shows that the cathodic limiting current density under the 

high Cl- concentration condition is smaller than that at the low Cl- concentration. When 

the Cl- concentration is increased in the soil solution, the salinity of the solution 

increasing, which reduces the DO content in the high salinity solution. Moreover, it was 

reported that chloride ions could reduce the rate of oxygen reduction reaction by 

inhibiting the adsorption of oxygen [163]. Thus, the oxygen diffusive current density 

decreases as the Cl- concentration increases. 

 

7.4.5 Effect of immersion time 

The OCP of X52 steel shifts to a more negative value first and becomes relatively 

stable with time. This is due to the generation and deposit of corrosion products such as 

iron oxides on the steel surface [61]. Thick and compact corrosion products can shift the 

OCP because dissolved oxygen is more difficult to be transported to the steel surface 

from the solution. 

As the corrosion products become thicker and more compact when the immersion 

time increases, the corrosion rate of the steel should reduce. Figure 7.7 shows that the Rp 

value increases first and becomes relatively stable afterward, which indicates the reduced 

corrosion rate at first, followed by a relatively stable value.  

The SEM images in Figure 7.8 help to explain the fluctuation of Rp values. As 

mentioned, the corrosion products which mainly contain γ-FeOOH are porous. Moreover, 

the corrosion products are not uniformly distributed. The product layer can detach locally 
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when it is too thick, exposing the bare steel to the solution. Corrosion occurs locally and 

generates new corrosion products. This causes fluctuations of Rp values, which is 

inversely proportional to the corrosion rate.  

Different from corrosion in the base solution, X52 steel in the soil solution 

containing Cl- concentrations larger than 5 ppm has a higher corrosion rate after 30 days 

of immersion, as shown by the lower Rp values. Combine with the optical observations in 

Figure 7.10, pitting corrosion happens on the steel when a high concentration of Cl- ions 

is included. This would increase the corrosion rate of the steel for a long-term immersion 

condition. 

 

7.5 Summary 

Corrosion reactions of X52 steel in the simulated soil solution include the iron 

oxidation, oxygen reduction and water reduction, depending on the content of dissolved 

oxygen in the solution. Corrosion products, which are mainly γ-FeOOH, reduce the 

corrosion rate by limiting the oxygen reduction on the steel surface and “passivating” the 

steel. The corrosion products are porous and not uniformly distributed on the steel.  

Reducing the content of dissolved oxygen in the soil solution can decrease the 

cathodic reaction rate and even change the dominant cathodic reaction, helping to control 

the steel corrosion. 

The CO2 dissolves in the soil solution and decreases the solution pH, causing the 

increasing corrosion rate of X52 steel. 
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Chloride ions are able to increase the corrosion rate of X52 steel by stimulating the 

anodic reaction rate, and affecting the formation of corrosion products on the steel 

surface. A high concentration of chloride ions even results in pitting corrosion. 



159 

 

Chapter Eight: Modelling of corrosion of pipelines in soil solution 

 

8.1 Introduction 

Once a pipeline is abandoned in place, it will stay in the soil for hundreds of years or 

even longer. During the abandonment, it is hoped that the pipeline can maintain the 

structural integrity, and avoid soil subsidence. Corrosion is the primary mechanism 

reducing the pipe wall thickness and degrading the pipeline integrity. It is thus crucial for 

industry to predict the long-term corrosion rate, and evaluate the risks associated with the 

pipeline abandonment. 

Experimental testing provides the key methodology to study the corrosion 

mechanism of the abandoned pipelines in the soil, and obtain the corrosion rates over a 

limited time period. Tests cannot be conducted as long as the time period for a pipeline in 

abandonment. Moreover, pipelines usually expand over hundreds or thousands of 

kilometers, passing different type of soils. It is impossible to conduct corrosion tests 

under all the environmental conditions. A well-accepted method for corrosion prediction 

is to develop a mechanistic model, which is combined with numerical computation, 

enabling determination of the long-term corrosion rate of the pipelines.  

Prediction models are not rare for pipeline corrosion. However, the majority of the 

existing models are empirical or semi-empirical ones [61, 90, 164], which lack theoretical 

background and have a poor extrapolation performance. Mechanistic models [52, 84, 91, 

92, 165-168] were developed to predict pipeline corrosion occurring under disbonded 

coating with/without CP during normal operation. Obviously, these do not apply for 

abandoned pipelines where the operation is stopped. To date, there has been no relevant 
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model available for evaluation and prediction of the long-term corrosion of an abandoned 

pipeline in soils.  

This chapter is the continuation of the research work to study corrosion of abandoned 

pipelines in soils. Based on the corrosion mechanism of X52 pipeline steel in the 

simulated soil solution determined in Chapter Seven, a mechanistic model, which 

combined both mass transfer of corrosive species in the soil solution and electrochemical 

reactions on the steel surface, was developed. The relevant electrochemical parameters 

were derived from the polarization curve measurements in Chapter Seven. A 

computational code was written, enabling calculation of the corrosion kinetic parameters, 

and determination of contributions from individual reaction to the total corrosion process. 

The modelling results were validated by experimental data.  

 

8.2 Determination of kinetic parameters 

8.2.1 A brief review of corrosion kinetic parameters used in previous modelling work 

Corrosion kinetic parameters are important constituents of a mechanistic model, and 

their values can greatly affect the reliability and accuracy of the modelling results. By 

reviewing the literature on corrosion models of steels in soils, it was found that most 

researchers used the corrosion kinetic parameters from others’ publications, not from 

their own experimental data. A summary of these parameters for soil corrosion modelling 

is shown in Table 8.1. 
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Table 8.1 A summary of corrosion kinetic parameters used in corrosion modelling 

in open publications. 

  Song et al. 

[91] 

Chang et al. 

[169] 

Chen et al. 

[168] 

Ibrahim et al. 

[170] 

Fe 

oxidation 
Fe0,i  (A/m2) 2×10-4 1×10-4 1.225×10-4 7×10-5 

bFe (V/dec) 0.04 0.06 0.133 0.3 

O2 

reduction 
2O0,i  (A/m2) 4×10-9 7×10-3 - 7.7×10-7 

2Ob  (V/dec) 0.12 0.12 - 0.2 

H2O 

reduction 

OH0, 2
i  (A/m2) 2×10-3 - - 7×10-7 

OH2
b  (V/dec) 0.12 - - 0.15 

Note: “-” means that the values were not given or not used in the papers. 

 

Obviously, the corrosion kinetics parameters as published varied significantly among 

researchers. It is realized that these models had been validated by either experimental 

testing or field data under specific conditions. Thus, any model to be developed, 

including the one for corrosion of abandoned pipelines in soils, must be based on a well-

convinced corrosion mechanism under a certain environmental condition.  

 

8.2.2 Determination of the corrosion kinetic parameters by polarization curve 

measurements 

Potentiodynamic polarization curve is a useful electrochemical measurement 

technique in corrosion study. It can provide essential information on corrosion 

mechanisms, kinetic parameters, and corrosion rate [171]. It’s a common practice to 

derive the anodic and cathodic Tafel slopes by linearly fitting the Tafel regions of the 

polarization curve, and further, to obtain the corrosion rate by using the Tafel 

extrapolation method [172]. However, the challenge to use this method is that the linear 
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portions of the Tafel regions in the measured polarization curve are supposed to extend at 

least one decade on the logi axis [173], ensuring the accuracy of the derived parameters. 

Moreover, the Tafel extrapolation method is only valid for electrochemical reactions that 

are completely activation controlled. Under an aerated condition where the oxygen 

reduction is the primary cathodic reaction, the reaction is usually controlled by mass 

transfer of dissolved oxygen, making the Tafel region disappear in the polarization curve. 

Previous work [60, 161, 174-177] was published to determine the corrosion kinetic 

parameters with polarization curves, where the Tafel region was not present. A non-linear 

least square method was used to fit the non-linear polarization curve by minimizing the 

total sum of squared differences (SSV) between the experimentally measured current 

density and the predicted one with theoretical models by [60]:  

 

 
n

jj iiSSV
1

2theoryexp )(                                                                                                  (8-1) 

 

where 
exp

ji is the experimentally measured current density, A/m2; 
theory

ji  is the theoretical 

predicted current density, A/m2; and n is the total number of data points. 

There are two types of theoretical models used to predict the current density included 

in Eq. (8-1). One theoretical model uses a typical three-parameter equation, as shown in 

Eq. (8-2), or a four-parameter equation, i.e., Eq. (8-3), in the calculation [174]: 
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where corri  is the corrosion current density, A/m2; ab  and cb  are the anodic and cathodic 

Tafel slopes, respectively, V/dec; Li  is the limiting diffusive current density, A/m2; E  is 

equal to corrEE   where E  is the applied potential, V; and corrE  is the corrosion 

potential, V. Eq. (8-2) mainly applies to anodic and cathodic reactions that are both under 

activation control, while Eq. (8-3) applies to cathodic reactions that are mixed controlled 

by including the diffusive limiting current density.  

The other theoretical model is based on the mixed potential theory [178]. The total 

current density is the sum of current density contributions from all reactions. For 

corrosion of steels in an aerated soil solution, the iron oxidation is the anodic reaction that 

is under charge-transfer control (i.e., activation controlled). The cathodic reactions 

include the oxygen reduction and water reduction, where the water reduction is also 

under charge-transfer control, but the oxygen reduction is usually under both mass-

transfer and charge transfer control. Total corrosion current density is the sum of anodic 

and cathodic components, and can be expressed (counter-part back reactions are 

neglected [161]) as: 
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where Fei , OHO 22
 and ii  are the current densities for the reaction of Fe oxidation, O2 

reduction and H2O reduction, respectively, A/m2; Feb , OHO 22
 and bb are Tafel slopes for the 

reaction of Fe oxidation, O2 reduction and H2O reduction, respectively, V/dec; 
2OL,i is the 

limiting diffusive current density of dissolved O2, A/m2; and overpotential revEE  , 

where revE  is the reversible potential, V. 

The first theoretical model is mainly used to fit weak polarization curves [174], 

which is also called pre-Tafel region of the polarization curves [175], and E  is usually 

smaller than 70 mV. The second theoretical model can fit Tafel region of the polarization 

curves where  70 mV. With a comparison of the two models, the first one is simple, 

and is able to determine the corrosion rate directly. The second model can determine both 

corrosion rate and the exchange current density, which will be included in the 

mechanistic model to be developed in this work. 

The superposition model, which is based on the second theoretical model, was first 

proposed by Wanger and Traud [179], and further developed by Flitt [177] and Caceres 

[60] to determine the corrosion kinetic parameters. To make the calculation easy, Alfaro 
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[180] tried to simplify the complex code by using the solver function embedded in Excel 

to do the curve fitting. Actually, the biggest difference between the available programs 

used in the parameter fitting is the algorithms to solve Eq. (8-1). In Caceres’s work, the 

Nelder-Mead Simplex algorithm was used [60]. The solver function in Excel [181] 

includes three algorithms, i.e., generalized reduced gradient (GRG) nonlinear, LP 

simplex and evolutionary, which can solve different problems. Several other algorithms 

can also be used in non-linear regression, including the Gauss-Newton, the Marquardt-

Levenberg, and the steepest descent methods [182].  

Polarization curves of X52 steel in the simulated soil solution are shown in Figure 

7.2. To determine the corrosion kinetic parameters, including anodic and cathodic 

exchange current densities, anodic and cathodic Tafel slopes and, if applicable, diffusive 

limiting current density, a computational program is written in this work based on the 

second theoretical model by including Eqs. (8-4) ~ (8-7). Resistance polarization takes 

effect when a corrosion product film is formed on the steel surface. To correct the ohmic 

IR drop in order to obtain the true potentials, the following equation is used [177]: 

 

IREE  wtrue                                                                                                               (8-8) 

 

where wE  and trueE  are the determined potential and the “true” potential, respectively, V; 

I is the current, A; and R is the film resistance, Ω. 

To have the best algorithm for the modelling calculation, various algorithms 

mentioned above are quantified. For some relatively simple algorithms, such as Gauss-
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Newton, the Marquardt-Levenberg, etc., codes are written with MATLAB software and 

used in calculation. For the complex algorithms, Excel and/or MATLAB are used in 

calculation by embedding them in the software. It is found that not all algorithms can be 

used for the parameter determination. The reason is that some of them are not able to 

solve problems with so many unknown parameters, e.g., seven unknown parameters in 

this work. Moreover, parameters determined by some algorithms possess negative values, 

which are unacceptable for physical parameters. Constraints are then applied to avoid 

negative values. Finally, the evolutionary method in Excel and lsqnonlin function in 

MATLAB always give a good performance and are integrated into the computational 

program in this work. They are used independently or collaboratively in the model to 

obtain the results with the minimum SSV and derive the desired kinetic parameters. 

Validation of the developed computational program is conducted by comparing the 

modelling results with the data in open publications, as shown in Figure 8.1. Both the 

experimental data and the SYMADEC prediction results are obtained from Flitt et al.’s 

work [177]. It is shown that the modelled curve almost copies the SYMADEC results, 

and the modelled curve fits very well with the experimental data. It is noted that anodic 

branch of the polarization curve in Figure 8.1 exhibits a curvature instead of a straight 

line, this could because of the deposition of a non-passivating film on the steel surface 

[177]. Thus, the recorded anodic potentials are corrected for ohmic IR drop, and the R is 

determined as 20 Ω, which is same as the value used in Flitt et al.’s work [177].  



167 

 

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1
 Experimental

 SYMADEC

 This program

P
o

te
n

ti
a
l 
(V

 v
s
. 

S
H

E
)

Current density (A/cm
2
)

 

Figure 8.1 Comparison between the modelled polarization curve with experimental 

data and SYMADEC prediction results included in Flitt et al.’s work [177]. 

 

The computational program is then used to fit the corrosion kinetic parameters from 

the polarization curve measured in Figure 7.2. The R is determined as 200 Ω to correct 

the anodic potentials. The comparison between the experimental data and the modelled 

curve is shown in Figure 8.2, where a good fitting is found both for the anodic branch and 

cathodic branches. The SSV is calculated as 4.84×10-7. The determined corrosion kinetic 

parameters are shown in Table 8.2, and are used in the model development shown as 

follows. 

To quantify contributions from both anodic and cathodic reactions, the total 

polarization curve as fitting is deconvoluted, as shown in Figure 8.3. For the total 

polarization curve in Figure 8.3, the ohmic IR drop associated with the film formation on 
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steel surface is excluded. Thus, the total polarization curve only shows contributions from 

the combination of anodic and cathodic reactions. It is seen that most of the cathodic 

reaction current density is mainly contributed by the oxygen reduction, especially when 

the potential is near the corrosion potential. Contribution from the water reduction is 

dominant only when the potential is sufficiently negative, i.e., E ≤ -1.0 V (SCE). 
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Figure 8.2 Fitting of the modelled curve with the measured polarization curve of 

X52 steel in the simulated soil solution. 
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Figure 8.3 Deconvolution of the fitted polarization curve to compare the 

contributions from individual reactions. 

 

Table 8.2 Corrosion kinetic parameters determined from the polarization curve 

fitting. 

Parameters Value 

Fe0,i  (A/m2) 1.53×10-2 

Feb  (V/dec) 0.112 

2O0,i  (A/m2) 2.40×10-5 

2Ob  (V/dec) 0.295 

2OL,i  (A/m2) 0.27 

OH0, 2
i  (A/m2) 1.21×10-4 

OH2
b  (V/dec) 0.137 
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8.3 Model development 

8.3.1 Overview of the model 

The physical block of the model developed in this work is schematically shown in 

Figure 8.4. Bare steel is immersed into the simulated soil solution, and the solution is 

open to air. After O2 is dissolved in the solution, it transports through the solution and 

reaches the steel surface. Dissolved O2 participates in the cathodic reaction and becomes 

consumed on the steel surface. At the same time, Fe2+ is produced due to the anodic 

dissolution reaction and transports into the solution. H+ and OH- in the solution also 

migrate but maintain at an equilibrium state. When the corrosion scale is formed on the 

steel surface, it affects both the mass transfer of corrosive species and the anodic 

dissolution of the steel. 

Assumptions are made to facilitate numerical calculations, including: 

• The effect of chemical species as listed in Table 7.1 on corrosion is neglected, but 

these species affect electro-migration happening in the solution; 

• Precipitation of Fe(OH)2 is the primary corrosion scale, and its conversion to 

other chemicals is not considered [183]; 

• One-dimensional computational domain from the steel surface to the liquid/gas 

interface is used for modelling purpose. 
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Figure 8.4 Schematic view of the physical block of the developed model. 

 

8.3.2 Electrochemical reactions 

For the aerated near-neutral soil solutions used in this work, the DO is measured as 

around 7.7 ppm. The cathodic reactions in this system include [51] the oxygen reduction 

(Eq. (2-14)) and the reduction of water (Eq. (2-10)).The iron oxidation (Eq. (2-6)) is the 

anodic reaction. 

The current densities of the iron oxidation and water reduction reactions are 

expressed as Tafel equations with a porosity ε: 
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The oxygen reduction reaction is under the mixed control, where both active reaction rate 

and diffusion rate of oxygen to the steel surface decide the total corrosion rate. The 

current density is calculated as [170]: 
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where sC
2O  and refO2

C  are the oxygen concentrations on the steel surface and at the 

air/soil solution interface, respectively, mol/m3.  

Kinetic parameters listed in Table 8.2 are substituted into the equations mentioned 

above for calculations.  

The reversible potential for each reaction is expressed as: 
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where ]Fe[ 2  is the activity of Fe2+ ions and is set as 10-6 M [170]; and ]O[ 2  is the 

activity of oxygen gas and is equal to 0.21. 

The corrosion potential, E, can be calculated from the charge balance (Eq. (6-38)) on 

the steel surface. It’s found that the corrosion potential is linked to the ratio of the oxygen 
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concentrations on the steel surface and at the air/soil solution interface, as indicated in 

Eq. (8-11). When the oxygen concentration on the steel surface decreases, because 

oxygen is consumed by the cathodic reaction, the determined corrosion potential 

decreases accordingly. As shown in Figure 7.6, the OCP shifts negatively at first, and 

then becomes gradually stable at around -758 mV (SCE). This stabilized value adds a 

minimum limit to the ratio of the oxygen concentrations in Eq. (8-11). The limit is 

determined and is included in the model calculation. 

 

8.3.3 Controlling equations 

Distribution and transportation of corrosive species in the solution follow the mass 

conservation equation (Eq. (2-26)) and electro-neutrality equation (Eq. (6-40)) [184]. The 

flux of the species is given by the Nernst-Planck equation (Eq. (2-27)), but the electro-

migration and convection components are neglected [77]. The overall conservation 

equation is rearranged in Eq. (6-43), and used in the model calculation. The diffusion 

coefficient of O2, 
2OD , equals to 1.96 × 10-9 m2/s at 25 oC [91].  

 

8.3.4 Formation of corrosion products 

The Fe(OH)2 is assumed as the primary corrosion products formed on the steel 

surface. When the products of the concentrations of Fe2+ and 
OH  exceed the solubility 

limit of Fe(OH)2, solid Fe(OH)2 starts to deposit. The Fe(OH)2 can further convert to γ-

FeOOH by reacting with O2 and water through reactions as expressed by Eqs. (2-16) ~ 

(2-17). However, the formation of Fe(OH)3 from Fe(OH)2 requires sufficient supply of 

O2, but the actual O2 concentration near the steel surface can be very low because O2 is 
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consumed by electrochemical reactions. In addition, when corrosion products are 

deposited on the steel surface, O2 diffusion to the inner steel/corrosion product interface 

will be significantly retarded. The FeOOH is formed due to aging process of Fe(OH)3 by 

dehydration, which is also indirectly affected by the O2 concentration. Thus, the 

dominant corrosion products near the steel surface is Fe(OH)2 [183]. 

The kinetics of the Fe(OH)2 precipitation is expressed as [185]: 

 

)1(

2

2

spFe(OH)
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kR                                                                                         (8-15) 

 

where 
2Fe(OH)R  is the precipitation rate of Fe(OH)2, keff is an effective rate coefficient 

(2.5×10-11 M/s is estimated based on [183]), IAP is the ion activity product, and 
2spFe(OH)K  

is the solubility constant for the reaction, which equals 1.82×10-15 at 25 oC [186]. The 

dissolution process of Fe(OH)2 is not considered, and the precipitation rate is rewritten 

as: 
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The variation of the volumetric porosity with time in the system can be expressed as: 
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where 
2Fe(OH)M  is the molecular weight of Fe(OH)2 (89.86 kg/kmol), and 

2Fe(OH)  is the 

density of Fe(OH)2 (3400 kg/m3).  

Precipitation of Fe(OH)2 scale means both Fe2+ and 
-OH ions are consumed at a rate 

proportional to 
2Fe(OH)R . Thus, a negative 

2Fe(OH)R  is substituted to Eq. (2-26) for the 

chemical reaction rate of Fe2+; for 
-OH , the chemical reaction rate is expressed as 

2Fe(OH)2R .  

 

8.3.5 Initial and boundary conditions 

Initial conditions consider the moment that the steel is not immersed in the soil 

solution, and corrosion is not yet to happen. The DO is saturated and uniformly 

distributed in the solution. Details about calculating the DO content in the solution are 

included in Appendix C. Concentrations of H+ and OH- ions are uniformly distributed, 

and their concentrations can be calculated with the input of solution pH value, which is 

measured as 7.40.  

Two boundaries are considered in this work. One is the air/solution interface, and the 

other one is the steel surface. At the air/solution interface, the O2 concentration is 

constant at a saturated condition, denoting as refO2
C . For OH- and Fe2+ ions, a zero-flux 

boundary condition is applied. On the steel surface, the boundary conditions for species 

are set as follows: 
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In addition, H+ ions are always at an equilibrium state with OH- ions in the solution. 

 

8.3.6 Methods for solving the numerical equations 

The finite difference method is used to solve the transient ordinary and partial 

differential equations, with non-uniform space interval grids created for the one-

dimensional geometry and the central implicit scheme for transient calculation.  

 

8.4 Computational results and modelling validation  

8.4.1 Modelling and validation of corrosion rate of the steel 

Corrosion rate of the steel in the simulated soil solution can be determined when the 

current density is obtained with Eq. (6-39), where the current density is calculated as 

[187]: 
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where B is the Stern-Geary coefficient, and is related to anodic and cathodic Tafel slopes, 

i.e., ba and bc, by [187]: 
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As shown in Figure 8.3, the oxygen reduction dominants the cathodic reaction in this 

system. The Tafel slope for the oxygen reduction is used in Eq. (8-22) to calculate B. 

With the values in Table 8.2 and the fitted Rp values in Figure 7.7, the corrosion rate as a 

function of time is calculated and plotted in Figure 8.5 as compared with experimental 

results.  
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Figure 8.5 Comparison of corrosion rates of the steel in the simulated soil solution 

determined by experimental testing with the modelling results. 

 

Similar to the experimental results, the predicted corrosion rate has the same trend 

that the corrosion rate reduces quickly in the first 7 days, and then becomes relative stable 
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until 30 days. Although the predicted corrosion rates are higher than the experimental 

results at the beginning, they match each other very well in the long-term period.  

Dependence of corrosion potential on time is also obtained with the developed 

model. The comparison between the experimentally measured results with the modelling 

results is shown in Figure 8.6. Obviously, the modelling result are well consistent with 

the experimental measurements, demonstrating the reliability of the developed model in 

corrosion prediction of X52 pipeline steel in the simulated soil solution. 
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Figure 8.6 Comparison of the corrosion potential of X52 steel in the simulated soil 

solution determined by experimental measurements with the modelling results. 

 

8.4.2 Time dependence of the porosity of corrosion products 

Both experimental testing and modelling results show that the corrosion rate 

decreases during the long-term immersion of the steel in the simulated soil solution, 
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which is due to the formation of a protective corrosion product film on the steel surface. 

Porosity of the film is an important indicator of its protectiveness. Generally, the smaller 

the porosity, the more protective the film, and thus the smaller the corrosion rate will be. 

Figure 8.7 shows the modelling results of the porosity of the corrosion product film as a 

function of time. It is seen that the porosity decreases continuously with time in the test 

period.  
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Figure 8.7 Time dependence of the porosity of the corrosion product film. 
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8.4.3 Distributions of the concentration of corrosive species in the solution 
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Figure 8.8 Concentration distribution of various species in the solution. 

 

Distributions of concentrations of various species contained in the solution are 

shown Figure 8.8. One major advantage of a mechanistic model over empirical and semi-

empirical ones is that it is able to determine the distribution of various species in the 

liquid phase. Generally, the distribution of the species can tell important information 

about the corrosion progress. As shown in Figure 8.8, the oxygen concentration on the 

steel surface is lower than that at the air/solution interface. This is attributed to the 

cathodic reaction where the dissolved oxygen is consumed. The high concentration of 

Fe2+ on the steel surface is due to the iron oxidation reaction. The OH- can be generated 

from both the oxygen reduction and water reduction. The concentration of H+ on the steel 

surface and at the air/solution interface are 1.44 × 10-10 mol/L and 3.98 × 10-8 mol/L, 
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corresponding to a pH of 9.84 and 7.40, respectively. Obviously, the pH value on the 

steel surface is much higher than the initial solution pH, i.e., 7.40, due to the cathodic 

reductive reactions to generate OH- in the solution. 

 

8.4.4 Effect of dissolved oxygen concentration on corrosion rate of the steel 

The mechanistic model is used to study the effect of DO concentration on the steel 

corrosion rate. Corrosion kinetic parameters for two low DO concentrations, i.e., 3.9 ppm 

and 0.4 ppm, are determined by fitting the polarization curves shown in Figure 7.3 using 

the developed computational program. When the DO concentration is 3.9 ppm, the 

corrosion mechanism is basically the same as that at the base condition (7.7 ppm). After 

corrosion kinetic parameters and operating conditions, including temperature, solution 

pH, oxygen concentration or oxygen partial pressure, are input in the model, the 

corrosion rate can be calculated. However, when the DO concentration is 0.4 ppm, the 

reduction of water becomes the dominant cathodic reduction. The equations representing 

oxygen reactions, both in the process of polarization curve fitting and model calculation, 

are removed. The calculated corrosion rates at various DO concentrations are shown in 

Figure 8.9. In addition, the experimentally determined corrosion rates of the steel in the 

soil solutions, which are calculated with the Rp values mentioned in Section 7.3.2 and Eq. 

(8-21) and (8-22), are also shown. These corrosion rates apply for conditions where the 

OCP of the steel in the soil solution immediately becomes stable. Although a deviation 

exists between the experimental result and the modelling result, especially at high DO 

concentrations, the model exhibits the trend that DO is able to increase the corrosion rate 
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of the steel. The steel in the base condition (7.7 ppm) experiences the most severe 

corrosion. 
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Figure 8.9 Dependence of corrosion rate on the dissolved oxygen concentration in 

the soil solution. 

 

8.4.5 Long-term corrosion rate prediction 

Figure 8.10 shows the predicted corrosion rate and thickness loss of the steel after 

long-term exposure in the soil solution. The prediction is a continuation of the result 

shown in Figure 8.5. For long-term corrosion, the corrosion product film is assumed to be 

porous. There exists a minimum scale porosity at which the corrosion rate keeps constant 

at a relatively low value during the long-term exposure. The porosity value is determined 

based on the minimum limit of the ratio of the oxygen concentrations on the steel surface 

and at the air/soil solution interface.  
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Figure 8.10 Predicted (a) corrosion rate and (b) thickness loss of the steel after a 

long-term exposure in the soil solution. 
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Thickness loss rate of the steel is directly related to the corrosion rate, i.e., when the 

corrosion rate is high, the thickness loss rate is also high, which is true for the beginning. 

After a long-term exposure, i.e., around a half year, the thickness loss linearly increase 

with time. The thickness loss rate is so low that the maximum thickness loss after 10 

years is only 0.3879 mm. As the thickness loss is calculated based on the uniform 

corrosion rate, it is thus seen that uniform corrosion shall not be a big threat to the 

integrity of the abandoned pipelines. 

 

8.5 Summary 

A mechanistic model, which combines both mass transfer of corrosive species in the 

simulated soil solution and electrochemical reactions on the steel surface, is developed, 

enabling prediction of corrosion rate and relevant parameters for X52 pipeline steel in the 

solution. Essential parameters used in the mechanistic model are derived from the measured 

polarization curves with the developed computational program. This program can determine 

not only the corrosion kinetic parameters, but also the contributions from each 

electrochemical reaction to the corrosion process. The developed model is validated by 

comparing the calculated corrosion rate and corrosion potential with the experimental 

data, with a very good consistence. Dependence of the porosity of the corrosion product 

film on time, distributions of various corrosive species in the solution, and dependence of 

the corrosion rate on dissolved oxygen concentration are also determined. The long-term 

corrosion rate and the thickness loss of the pipeline steel in the soil solution are given, 

which show that uniform corrosion is not a big threat to the integrity of the abandoned 

pipelines.  
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Chapter Nine: Conclusions and recommendations 

 

9.1 Conclusions 

Development of mechanistic models and numerical methods to evaluate and predict 

corrosion occurring in oil industry is the key target of this research. These include CO2 

corrosion of above-ground pipelines, corrosion of downhole tubulars in SAGD/CO2 co-

injection systems, corrosion of tubing in supercritical CO2 conditions, and corrosion of 

abandoned pipelines in soils. Primary conclusions are drawn as follows. 

A home-designed flow loop system is used to investigate corrosion of X65 steel 

specimens in a CO2-saturated single-phase brine. The steel electrodes installed at the top 

and the bottom of the flow pipe possess different corrosion activities in the CO2-

containing environments. While they experience the identical fluid mechanic condition, 

the larger corrosion activity of the bottom electrode can be attributed to the higher 

hydrostatic pressure compared to the top electrode. 

For corrosion of X65 pipeline steel in CO2-saturated fluid flow, which are either oil-

free solutions or oil-water emulsions, mass-transfer of corrosive species, such as H+ and 

H2CO3, dominates the cathodic reaction during corrosion of the steel. An increase in fluid 

flow velocity leads to increasing corrosion of the steel by accelerating the mass transfer 

step. The dominant effect of an elevated temperature on the steel corrosion at low 

solution pH, such as the pH smaller than 5, is to enhance the corrosion reaction kinetics, 

rather than the scale formation, thus to increase the corrosion rate. The presence of oil in 

the CO2-saturared fluid flow does not affect the corrosion mechanism, but decreases the 

corrosion rate. This effect is increased with the increasing oil content, which is attributed 
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to the increased opportunity that the pipe wall becomes oil-wetting. The semi-empirical 

model developed based on CFD simulation and the derived parameters is reliable to 

predict the corrosion rate of pipeline steels in CO2-saturated fluid flow. 

A semi-empirical mode is developed to predict the corrosion rate of both injection 

and production steel tubulars in SAGD/CO2 co-injection systems. A computational code 

is written to enable calculation of the pH of CO2-saturated solutions present on the steel 

tubulars based on mechanistic analysis and calculation of chemical reactions and their 

reaction equilibrium constants. In addition to solution pH, the effects of CO2 partial 

pressure, scaling factor, and contents of oil and sands on the steel corrosion are 

quantified. For both the injection and production tubulars, the CO2 corrosion rates are 

very small due to formation of a layer of compact scale on the steel surface at the high 

operating temperature conditions, effectively protecting the steel tubulars from corrosion 

attack. However, the corrosion rate can increase to high levels, especially for the 

production tubular, when the scale is broken and the sands induce erosion, in addition to 

the corrosion, to the tubular. 

A mechanistic model is developed to predict the corrosion of steel tubing under the 

supercritical CO2 storage conditions. The model integrates a number of sub-models that 

quantify various interrelated steps contributing to the corrosion processes. The water 

chemistry sub-model is able to determine the solution pH and the concentrations of 

involved species. To correct the non-ideal environmental conditions, both gas fugacity 

coefficient and ion activity coefficient are used to quantify the effect of high pressure and 

high salinity environmental conditions on corrosion. In the electrochemical corrosion 

sub-model, both charge-transfer and mass-transfer steps and their effect on corrosion are 
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quantified. The scale formation is considered due to its effect on the corrosion rate. The 

modelled corrosion rates are consistent with the testing and literature results, 

demonstrating the reliability of the model in corrosion prediction for steel tubing in CO2 

storage.  

For corrosion of X52 pipeline steel in the simulated Regina clay soil solution, the 

electrochemical anodic and cathodic reactions include the iron oxidation, oxygen 

reduction and water reduction, respectively. Corrosion products which are mainly γ-

FeOOH help reduce the corrosion rate by inhibiting both the anodic and cathodic 

reactions. However, the protectiveness is limited because the corrosion products are 

porous and not uniformly distributed on the steel surface even for a long-term period. 

Reducing the dissolved oxygen concentration in the soil solution can decrease the 

cathodic reaction rate and even change the dominant cathodic reaction, thus helping to 

reduce the corrosion rate of the steel. 

A mechanistic model, which combines both mass transfer of corrosive species in the 

soil solution and electrochemical reactions on the steel surface, is developed to predict 

the long-term corrosion progression of abandoned pipelines in the soil solution. Essential 

parameters used in the mechanistic model are derived from the measured polarization curves 

with the developed computational program. The program can not only determine the 

corrosion kinetic parameters, but also quantify contributions of individual reactions to the 

corrosion process. The developed model is validated by comparing both the calculated 

corrosion rate and corrosion potential with the experimental data, with a very good 

consistence. Dependence of the porosity of the corrosion product film on time, 

distributions of various corrosive species in the solution, and dependence of the corrosion 
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rate on dissolved oxygen concentration were also determined. The long-term corrosion 

rate and thickness loss of the pipeline steel in the soil solution are given, which show that 

uniform corrosion is not a big threat for the abandoned pipeline. 

 

9.2 Recommendations 

This research advances development of mechanistic models and numerical methods 

for corrosion prediction in oil industry. Further work is recommended to further optimize 

the models for a more accurate determination of the corrosion behavior and rate, making 

it more representative of the reality.  

1) Modelling of localized pitting corrosion of steel tubing and pipelines 

For in-service tubing and pipelines, localized pitting corrosion represents the vital 

threat to asset integrity in oil industry. The penetration of corrosion pits can be one or 

more magnitudes faster than that of uniform corrosion. Difficulties in understanding and 

quantifying the initiation mechanisms and propagation kinetics of the pits limit the 

development of reliable models to simulate the pitting corrosion. Effort should be made 

in this area to contribute to a strong science base and simultaneously, to meet the 

immediate industry needs. 

2) Investigation of corrosion of steel tubulars in SAGD systems 

SAGD is a relative new technology in enhanced oil recovery, where the extreme 

operating conditions result in corrosion unknown to use. To dates, there has been limited 

work to study the corrosion of steel tubular in SAGD systems. A more thorough 

understanding of the formation of corrosion products and their composition and structure 

at the high temperature conditions is crucial to further optimize the prediction model. In 
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addition, the field corrosion coupons installed in SAGS systems should help provide 

corrosion data to validate the modelling results.  

3) To study the corrosion of abandoned pipeline steel in soils 

It has been recognized that the simulated soil solutions are not fully representative of 

the actual soil conditions that abandoned pipelines encounter in the field. The soil types 

and their moisture, aeration and conductivity can greatly affect the transport of various 

species, especially dissolved oxygen and CO2, to the steel surface, affecting the corrosion 

mechanism and rate. Further investigation of the steel corrosion in actual soils will 

provide more realistic inputs to the developed corrosion prediction models. 
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Appendix A: Equilibrium constants for chemical reactions 

 

The equilibrium constant Khy for CO2 hydration and forward reaction constant Kf,hy 

are as follows [121]: 
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The backward reaction constant Kb,hy can be calculate by Kf,hy / Khy. 

Equilibrium constant Kca for dissociation of bicarbonate is not obtained directly, we 

have the equilibrium constant Khc [122] which describes the combination of Eq. (2-2) and 

(2-3), Kca should be further calculated with Eq. (A-4) 
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Equilibrium constant Kbi of bicarbonate dissociation is [122]: 

 

2

s

121

s

121

1

bi

))(3950004736672.01644471261.0250032199935.0(             

))(ln419625804.441389.0153551448102.29(             

ln79798156.27259146.1362088695577.01815202.151ln

PPTTT

PPTTTT

TTTK













 



203 

 

                                                                                                                                       (A-5) 

 

The equilibrium constant Kwa for dissociation of water [123]: 
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The equilibrium constants
3spFeCOK  for iron carbonate precipitation [109]: 
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Appendix B: Physical properties of water 

 

Saturation pressure of water 

When temperature is above 100 oC, the IAPWS-IF97 [188] functions to calculate 

saturation pressures of water have the following form: 
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where Ps is saturation pressure of water in bar, T is temperature in K. The parameters, n1–

n10, are listed in Table B1. 

Table B1 Parameters for Eqs. (B-2) ~ (B-5) 

n1 0.11670521452767e+04 

n2 − 0.72421316703206e+06 

n3 − 0.17073846940092e+02 

n4 0.12020824702470e+05 

n5 − 0.32325550322333e+07 

n6 0.14915108613530e+02 

n7 − 0.48232657361591e+04 

n8 0.40511340542057e+06 

n9 − 0.23855557567849e+00 

n10 0.65017534844798e+03 
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Density of water 

According to IAPWS-IF97 [188], to calculate the density of water, the specific 

volume of water,   (m3/kg), which has the following form should be calculated: 
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where π= P/P* and τ= T*/T with P* = 16.53 MPa and T* = 1386 K; R = 0.461526kJ 

kg−1 K−1. The coefficients ni and exponents Ii and Ji of Eq. (B-7) are listed in Table B2. 

Table B2 Coefficients and exponents of Eq. (B-7) in its dimensionless form 

i Ii Ji ni i Ii Ji ni 

1 0 -2 0.14632971213167 18 2 3 -0.44141845330846e-05 

2 0 -1 -0.84548187169114 19 2 17 -0.72694996297594e-15 

3 0 0 -0.37563603672040e01 20 3 -4 -0.31679644845054e-04 

4 0 1 0.33855169168385e01 21 3 0 -0.28270797985312e-05 

5 0 2 -0.95791963387872 22 3 6 -0.85205128120103e-09 

6 0 3 0.15772038513228 23 4 -5 -0.85205128120103e-05 

7 0 4 -0.16616417199501e-01 24 4 -2 -0.65171222895601e-06 

8 0 5 0.81214629983568e-03 25 4 10 -0.14341729937924e-12 

9 1 -9 0.28319080123804e-03 26 5 -8 -0.40516996860117e-06 

10 1 -7 -0.60706301565874e-03 27 8 -11 -0.12734301741641e-08 

11 1 -1 -0.18990068218419e-01 28 8 -6 -0.17424871230634e-09 

12 1 0 -0.32529748770505e-01 29 21 -29 -0.68762131295531e-18 

13 1 1 -0.21841717175414e-01 30 23 -31 0.14478307828521e-19 

14 1 3 -0.52838357969930e-04 31 29 -38 0.26335781662795e-22 

15 2 -3 -0.47184321073267e-03 32 30 -39 -0.11947622640071e-22 

16 2 0 -0.30001780793026e-03 33 31 -40 0.18228094581404e-23 

17 2 1 0.47661393906987e-04 34 32 -41 -0.93537087292458e-25 
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Dielectric constant of water 

The dielectric constant of water can be calculated by [189] 

 

))P)/(B((BCDD 1000ln1000                                                                              (B-8) 

 

where D1000, C and B are temperature-dependent parameters, which are calculated as 

follows: 

 

)TUT(UUD 2

3211000 exp                                                                                            (B-9) 

T)/(UUUC  654                                                                                                   (B-10) 

TU/TUUB 987                                                                                                    (B-11) 

 

Table B3 Values of constants for the dielectric constant of water 

U1 3.4279e+02 U6 − 1.8289e+02 

U2 − 5.0866e-03 U7 − 8.0325e+03 

U3 9.4690e-07 U8 4.2142e+06 

U4 − 2.0525 U9 2.1417 

U5 3.1159e+03   
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Appendix C: Oxygen solubility in electrolyte solutions 

 

To calculate the dissolved oxygen in the soil solution, methodology from Tronmans 

[190] was used as:  

 

effOaq 2
kPC                                                                                                                (C-1) 

 

where aqC  is the concentration of O2 in solution, mol/kg of water; k is a function of 

temperature T, which can be calculated as 

 

]
3144.8

1020.591-298)-(*)0.092(299.378-/298)ln(203.35(0.046
exp[

32

T

TTTTT
k


  

                                                                                                                                       (C-2) 

and 

 

)(
2

1eff 
n

i                                                                                                               (C-3) 

hy

ii m  ]1[                                                                                                               (C-4) 

 

which means there are n types of chemicals, such as NaCl, MgSO4, and so on.   factors 

are arranged as n  21 , κ, y and h are the constants, which can be found in 

Table C1. 

 



208 

 

 

Table C1 Values of coefficients in Eq. (C-4) for multiple chemicals 

Chemicals κ y h 

NaNO3 0.314 1.084 0.883 

Ca(NO3)2 0.021 0.947 21.04 

Na2CO3 0.34 1.1 3.13 

NaCl 0.076 1.01 4.224 

NaOH 0.102 1.0 4.309 

CuSO4 2.232 1.116 0.223 

KOH 0.102 1.0 4.309 

KCl 0.407 1.116 0.842 

Na2SO4 0.63 0.912 1.44 

K2SO4 0.55 0.912 1.44 

MgSO4 0.12 1.108 5.456 

ZnSO4 0.233 1.01 2.656 

MgCl2 0.18 0.985 2.711 

CaCl2 0.18 0.985 2.711 

 


